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Abstract

Estrogen is synthesized from cholesterol and high cholesterol levels are suggested to be associated
with increased risk of estrogen receptor(ER)-positive breast cancer. The cholesterol metabolite 27-
hydroxycholesterol (27-OHC) was recently identified as a selective estrogen receptor modulator
(SERM) and may therefore impact breast cancer progression. However, the mechanisms by which
27-OHC may contribute to breast cancer are not all known. We determined the extent to which 27-
OHC regulates cell proliferation in MCF7 ER-positive breast cancer cell line involving the tumor
suppressor protein p53. We found that treatment of MCF7 cells with 27-OHC resulted reduced
p53 transcriptional activity. Conversely, treatment of the ER-negative MDA-MB 231 cells with 27-
OHC induced no significant change in p53 activity. Exposure of MCF7 cells to 27-OHC was also
associated with increased protein levels of the E3 ubiquitin protein ligase MDM2 and decreased
levels of p53. Moreover, 27-OHC also enhanced physical interaction between p53 and MDM2.
Furthermore, 27-OHC-induced proliferation was attenuated using either the p53 activator
Tenovin-1 or the MDM2 inhibitor Nutlin-3 and Mdm2 siRNA. Taken together, our results indicate
that 27-OHC may contribute to ER-positive breast cancer progression by disrupting constitutive
p53 signaling in an MDM2-dependent manner.
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Introduction

Methods

Reagents

Breast cancer is the most common cancer amongst American women, with one in every
eight women developing this disease [1]. The causes of breast cancer are multi-factorial,
including environmental agents and genetic susceptibilities likely playing a role in the
pathogenesis of this disease. Estrogen Receptor (ER) alpha and its agonists, estradiol (and
estradiol-like compounds), play a significant role in the progression of ER-positive breast
cancer forms. Several therapeutic strategies have been developed against ER, however, a
significant number of ER-positive breast carcinoma patients experience drug resistance [2—
4].

27-hydroxycholesterol (27-OHC) has been characterized as an endogenous ligand for ER
[5-7]. 27-OHC is an oxysterol formed from cholesterol through the enzyme CYP27A1. This
oxysterol is the most abundant cholesterol metabolite in plasma, and also accumulates in
macrophages. In vitro, 27-OHC elicits a signaling response via ER at concentrations as low
as 0.1 uM [6]. In the plasma of healthy human subjects, 27-OHC is found at concentrations
of 0.2-0.6 UM, and these concentrations can increase dramatically under conditions such as
hypercholesterolemia [8]. Thus, fluctuations in 27-OHC may modulate ER and potentially
contribute to the pathogenesis of ER+ breast cancers. While it has been established that 27-
OHC is an endogenous selective ER modulator (SERM) and that it exacerbates breast cancer
pathophysiology [5, 9, 10], its role in molecular events following ER activation in the
context of breast cancer pathogenesis is not fully understood.

The tumor suppressor protein, p53 plays an important role in apoptosis, cell cycle and
senescence. Under normal conditions, wild type p53 is in *‘stand by’” mode. Under
genotoxic stress, p53 is activated to prevent anomalous cell proliferation and neoplastic
development. Hence, p53 has been extensively studied as an anticancer target and as a
cancer prognostic tool to diagnose and treat several types of cancers [11-17]. Levels of p53
are regulated by the E3 ubiquitin ligase, Mouse Double Minute 2 protein (MDMZ2). MDM?2
tags p53 to undergo ubiquitination and subsequently proteasomal degradation [18-20]. In
this report, we determined the effects of 27 OHC on cell proliferation in the context of p53
and MDM2 regulation. We found that 27-OHC via ER inhibits p53 transcriptional activity in
an MDM2-dependent manner, resulting in cell proliferation.

27-OHC was purchased from Santa Cruz Biotechnologies (Santa Cruz, CA), the p53
activator, tenovin-1 from Tocris Bioscience (Ellisville, MO), Nutlin-3 and Fulvestrant from
Cayman Chemicals (Ann Arbor, Ml), the reporter constructs encoding p53 response
elements conjugated to the firefly luciferase gene from SA Biosciences (Frederick, MD),
and B-estradiol from Sigma-Aldrich (St. Louis, MO). All cell culture reagents, with the
exception of fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) were from
Invitrogen (Carlsbad, CA). Human MCF7 and MDA-MB 231 cell lines were purchased from
ATCC (Manassas, VA).

Mol Cell Biochem. Author manuscript; available in PMC 2016 April 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Razaetal.

Cell culture

Page 3

The human ER-positive breast cancer cells MCF7 and ER-negative breast cancer cells
MDA-MB-231 were grown in phenol red-free DMEM/F12 medium containing 10 %
charcoal dextran stripped fetal bovine serum (FBS) and 1 % antibiotic/antimycotic mix.
Cells were maintained at 37 °C in a saturated humidity atmosphere containing 95 %air and
5% COs».

Cell proliferation assays

Proliferation assays were conducted on black 96 well plates using CyQUANT Direct Cell
Proliferation Assay purchased from Invitrogen (Carlsbad, CA), which quantifies cell number
using DNA content and membrane integrity. Cells were processed for proliferation as per
manufacturer’s protocol and read using Spectra MAX GEMINI EM (Molecular Devices).

Dual luciferase assays

Dual Luciferase Reporter Assay System (Promega; Madison,WI) was used to determine the
effect of 27-OHC on p53 activity. MCF7 and MDA-MB-231 cells were incubated for 18 h
with transfection ready p53 response element conjugated with firefly luciferase construct
and constitutively expressing Renilla Luciferase construct (SA biosciences; Valencia,CA)
using Lipofectamine 2000 (Invitrogen; Carlsbad, CA) as per the manufacturer’s
recommendations. Firefly luciferase readings were normalized against constitutive Renilla
luciferase readings.

Western blot analysis

Treated MCF7 cells were washed with PBS, trypsinized and centrifuged at 5000 g. The
pellets were washed with PBS and homogenized in M-PER tissue protein extraction reagent
(Thermo Scientific; Waltham, MA) supplemented with protease and phosphatase inhibitors.
Denatured proteins (5 pg) were separated in 10 or 12.5 % SDS-PAGE gels, transferred to a
PVDF membrane (Millipore; Billerica, MA) and incubated with antibodies to p53 (1:1000,
Thermo Scientific; Waltham, MA), or MDM2 (1:1000, Santa Cruz; Dallas, TX). p-actin was
used as a gel loading control for the whole cell homogenates. The blots were developed with
enhanced chemiluminescence (ECL Clarity kit, Bio-Rad; Hercules, CA). Bands were
visualized on a PVDF membrane and analyzed by LabWorks 4.5 software on a UVP
Bioimaging System (Upland, CA).Quantification of results was performed by densitometry
and the results analyzed as total integrated densitometric values (arbitrary units).

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) in cell homogenates was performed for p53 and MDM2
using ““Catch and Release’” immunoprecipitation kit (Millipore; Billerica, MA) according to
the manufacturer’s protocol. Briefly, 3 x 108 MCF?7 cells were homogenized in Mammalian
Protein Extraction Reagent (MPER) supplemented with protease and phos-phatase inhibitors
(Thermo Scientific; Waltham, MA). The homogenates containing the equivalent to 500 pg of
total protein content were incubated with 2 pg of p53 mouse antibody (1:1000; Thermo
Scientific; Waltham, MA) or 2 pg of MDM2 mouse antibody (1:1000; Santa Cruz; Dallas,
TX) overnight in the spin columns followed by elution. 5 pL of the eluate from p53 antibody
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precipitated protein-antibody complex was resolved on a SDS-PAGE gel followed by
transfer onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad; Hercules, CA) and
incubated with MDM2 antibody followed by development with enhanced
chemiluminescence ECL clarity (Bio-Rad; Hercules, CA). Analogously, 5 uL of the eluate
from anti-MDM2 antibody precipitated protein-antibody complex was resolved on a SDS-
PAGE gel followed by transfer onto a PVDF membrane and incubated with p53 antibody
followed by development with enhanced chemiluminescence ECL clarity. Bands were
visualized on a PVDF membrane and analyzed by LabWorks 4.5 software on a UVP
Bioimaging System.

Double immunofluorescence staining

Coverslip seeded cells were rinsed with PBS and fixed in cold acetone, blocked with 10 %
normal goat serum and incubated overnight at 4 °C with p53 antibody (anti-rabbit) and
MDM2 (anti-mouse). p53 was conjugated to Texas Red and MDM2 to Alexa Fluor 488. All
coverslips were washed and mounted with Vectashield containing DAPI and visualized with
a Zeiss LSM 510 META confocal system coupled to a Zeiss Axio-phot 200 inverted
epifluorescence microscope (Carl Zeiss Microscopy; Dublin, CA). Quantification of percent
overlap was determined using MetaMorph Microscopy Automation and Image Analysis
Software (Molecular Devices).

Small interfering RNA

The cells were transfected with MDM2 siRNA using Lipofectamine 2000 (Invitrogen;
Carlsbad, CA) and incubated for 48 h, followed by their respective treatments. Non-
silencing control (scrambled) siRNA was obtained from Santa Cruz Biotechnologies
(sc-37007; Dallas, TX). The siRNA to MDM2 sense and antisense strands were
GCUUCGGAACAAGAGACCC and GGGUCUCUUGUU CCGAAGC (Santa Cruz; Dallas,
TX).

Statistical analysis

Results

All the assays were carried out in triplicates. The significance of differences was assessed by
unpaired ¢test and one-way analysis of variance (One-Way ANOVA) followed by Tukey’s
post hoc test. Statistical analysis was performed with GraphPad Prism software 4.01.
Quantitative data for all experimental analyses are presented as mean values = SEM with
unit value assigned to control and the magnitude of differences among the samples being
expressed relative to the unit value of control.

27-OHC increases proliferation in ER+ breast cancer cells

27-OHC has been reported to be a novel SERM and an agent that can promote ER+ breast
cancer growth [5, 6, 9, 10]. As cell proliferation is considered a hallmark of tumor growth
and cancer progression [21], we measured proliferation with and without 27-OHC treatment
in ER-positive MCF7 and ER-negative MDA-MB 231 cell lines. Treatment of MCF7 with
0.1 or 1 uM 27-OHC increased cell proliferation by about 80 % compared to treatment with
vehicle (Fig. 1a). Treatment with estradiol of MCF7 cells also increased proliferation in a
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magnitude comparable to that of 27-OHC. On the other hand, the ER-negative cells MDA-
MB-231 did not exhibit significant proliferation when treated with 27-OHC (Fig. 1b). These
result are in accordance with the recent discovery that 27-OHC binds to ER and exacerbates
ER-positive breast cancers [6, 7].

27-OHC reduces transcriptional activity of p53

In breast cancers, p53 is often mutated implicating a disruption and deficiency in its activity,
contributing to breast cancer progression. Moreover, p53 is a promising target in breast
cancers [16, 22]. MCF7 is one of the few breast cancer cells which has wild type p53, most
ER+ breast cancer cell lines have mutated p53 [23, 24]. We used MCF7 cell line which is
also very commonly used and has shown promise in breast cancer therapeutic studies as a
reference cell model [25, 26]. Published work suggests that 27-OHC stimulates cell
proliferation in breast cancer cells but not in normal breast epithelial cells [5, 6, 9]. Since
MCF7 expresses wild type p53 it is vital to examine the impact of 27 OHC on p53 activity
[23, 24, 27, 28]. Subsequently, we transfected cells with a luciferase reporter linked to a p53
receptor element and treated with 27-OHC. Treatment of MCF7 with 0.1 or 1 uM 27-OHC
significantly decreased p53-driven transcription by ~25 % compared to incubation with
vehicle (Fig. 2a). Interestingly, treatment with estradiol did not induce significant changes in
p53 activity compared to vehicle (Fig. 2a). In the ER-negative MDA-MB 231 cells, 27-
OHC, either at 0.1 or 1 pM, exerted no significant effect on p53 activity (Fig. 2b). To
corroborate if the action by 27-OHC which reduced p53-mediated transcription was via ER,
we used fulvestrant, an ER inhibitor. We found that when 27-OHC was concomitantly
treated with fulvestrant, the 27-OHC-induced p53 inactivation was attenuated (Fig. 2c). This
result suggests that inhibitory actions of 27-OHC on p53 are ER mediated.

27-OHC regulates p53 and MDM2 expression

Regulation of p53 degradation is important to maintain its activity. MDM2 plays a critical
role in regulating p53 levels by enhancing p53 inactivity and degradation. MDM2 catalyzes
p53 degradation by flagging it for destruction. In contrast, during DNA damage MDM?2
undergoes self-ubiquitination and downregulates its protein expression, which leads to the
upregulation of the DNA damage response through p53 [18, 19]. MDM2 is overexpressed in
human cancers where it causes the disruption of p53 signaling and potentially other
oncogenic pathways [18, 19]. We determined the effect of 27-OHC on p53 and MDM2
expression levels using Western blot analyses. We found that treatment of cells with 27-
OHC decreased p53 expression levels by ~50 % and increased MDM2 expression levels by
~28 % compared to vehicle (Fig. 3a—c). This result suggests that 27-OHC downregulates
p53 expression and upregulates MDM2 expression.

27-OHC enhances p53 and MDM2 dimerization

The relationship between p53 and MDM2 has been widely studied. MDMZ2 is known to bind
to p53 and shuttle it to the cytoplasm for degradation [18, 29]. To determine whether 27-
OHC enhances this interaction between MDM2 and p53, we first performed a co-
immunoprecipitation assay. We found that treatment with 27-OHC increased MDM2 and
p53 binding. When MDM2 was blotted against p53 immuno-precipitated lysate or when p53
was blotted against MDM2 immuno-precipitated lysate, an increase in binding was observed
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(Fig. 4c). We also used double immunofluorescence staining to observe p53-MDM?2 co-
localization. Subsequently, we found that upon 27-OHC treatment, a significant increase in
overlap of labeled p53 and MDM2 at the nuclear envelope was observed (Fig. 4a, b). This
result indicates 27-OHC enhances physical interaction between p53 and MDM2.

27-OHC increased proliferation via MDM2 mediated p53 inactivity

To determine whether 27-OHC promotes cell proliferation via p53 inactivation; we treated
cells with the p53 activator, Tenovin-1 [30]. We found that Tenovin-1 significantly increased
p53 transcriptional activity (Fig. 5a) and inhibited 27-OHC-induced proliferation (Fig. 5b).
This result suggests that p53 inactivation is necessary for 27-OHC-induced cell proliferation.
Given that upon stimulating cell proliferation with 27-OHC, p53 levels decreased, MDM?2
levels increased and p53-MDM2 binding increased (Figs. 3, 4). We determined if 27-OHC-
induced proliferation was due to MDM2-dependent p53 degradation. We treated cells with
the MDM2-p53 interaction inhibitor, Nutlin-3 [31]. We found that Nutlin-3 markedly
blocked 27-OHC-induced cell proliferation comparable to that of basal levels (Fig. 5¢). This
result suggests that MDM2-p53 binding is required for 27-OHC-induced cell proliferation.
To investigate if specifically MDMZ2 expression is necessary for 27-OHC-induced cell
proliferation, we knocked down MDM2 using siRNA. We determined that upon knocking
down MDMZ2, 27-OHC-induced cell proliferation reduced to basal levels of proliferation
(Fig. 5d, e). This data strongly suggests that 27-OHC requires MDM2-mediated p53
degradation to induce cell proliferation.

Discussion

The goal of this study was to elucidate cellular mechanisms involved in 27-OHC-induced
proliferation in breast cancer cells. Our results demonstrate that 27-OHC decrease p53
activity and protein levels, effects that are at the origin of the observed increase in cell
proliferation. Our study also shows that 27-OHC increases MDM2 levels and enhances the
interaction between p53 and MDMZ2. We further show that 27-OHC-induced proliferation is
dependent on MDM2-mediated p53 degradation. Our results are the first showing that 27-
OHC through the ER, exacerbates breast cancer cell proliferation via the p53-MDM2 axis.

P53 is a highly regulated protein in the cell and has a short half-life [32]. Loss of p53
function and/or perturbations in its signaling pathways via mutations plays an important role
in several cancers [33-35]. p53 plays an important role in “‘guarding the genome’” from
genotoxic stress and regulates apoptosis, cell cycle, senescence and metabolism. Lack of
functioning p53 leads to abnormalities in cell cycle and apoptosis which may lead to cancer
progression. Approximately, 23 % of breast cancers exhibit a p53 mutation and loss of p53
function via mutation is still one of the main molecular characteristics of breast carcinomas,
while other more spontaneous cancers such as ovarian, intestinal, and lung cancers have
higher incidences of p53 mutations [16, 36]. In this report, we show that the cholesterol
oxidation metabolite 27-OHC dysregulates p53 expression and function.

We report that 27-OHC, a SERM, inhibited wild type p53 activity, while interestingly,
estradiol, a standard and endogenous ligand for ER had no effect on p53 activity. This
demonstrates that 27-OHC may contribute to ER-positive breast cancer progression via
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different mechanisms compared to known estrogens. To verify that 27-OHC exerted it
effects via ER, we treated cells with fulvestrant, an ER inhibitor, concomitantly with 27-
OHC and found that it blocked the p53 transcriptional inactivation effects of 27-OHC when
treated alone. This demonstrates that while 27-OHC and estradiol activate the same receptor
(ER), the downstream events appear to be distinct. Estrogen level regulation in humans has
been extensively studied and are primarily targeted for hormone therapy using interventions
such as aromatase inhibitors and ovarian ablation [37]. Although hormone therapy is
relatively effective, such therapy is challenged by endocrine resistance and recurrence of
breast cancers. Hormone therapy is designed specifically to reduce estrogen levels only [38,
39]. The recent discovery that 27-OHC also activates ER and promotes ER-positive breast
cancer progression, may explain why hormone therapy may not be as effective. Furthermore,
a recent study by Nelson and colleagues demonstrated that the gene expression profile in
MCF-7 breast cancer cells grown in the presence of 27-OHC was remarkably different
relative to estradiol-treated MCF-7 cells, with 788 unique genes in the 27-OHC profile that
are different from the estradiol profile of 8141 genes [5]. In the above mentioned study, 27-
OHC and estradiol regulated 1511 shared genes [5]. Understanding the role of 27-OHC in
ER-positive breast cancer may reveal novel molecular mechanisms that play a role in breast
cancer progression, resistance, and recurrence of breast cancers.

There is a positive correlation between cholesterol and 27-OHC levels in humans. Patients
with hypercholes-terolemia have higher levels of 27-OHC and thus may be at a greater risk
for developing ER-positive breast cancer [5]. 27-OHC is synthesized from cholesterol
through hydroxylation by a cytochrome P-450 enzyme, sterol 27 hydroxylase (CYP27A1),
localized in the inner mitochondrial membrane of the liver. 27-OHC is a substrate for bile
acid synthesis, and when bile acid levels are adequate, excess levels of 27-OHC are
catabolized by CYP7B1 [40, 41]. In support of hypercholesterolemia as a risk factor for
developing breast cancers, the use of cholesterol lowering agents, such as HMG-CoA
reductase inhibitors (statins), has been associated with better prognosis and breast cancer
survival rates [42]. Furthermore, Cruz et al. showed that in ER-positive mammary tumor
cells, simvastatin blocked 27-OHC-induced cell proliferation [9].

Our results add further insights into the potential cellular mechanisms by which 27-OHC
influences cancer cell progression. We show that 27-OHC increases levels of the E3
ubiquitin ligase MDM2 and its interaction with p53. MDMZ2 is known to regulate p53
activity by flagging it for ubiquitination and proteasomal degradation [29]. Since DNA
damage is a potent activator of p53, prior to DNA damage MDM2 binds to both p53 and
ribosomal protein RPL26 resulting in ubiquitination and proteasomal degradation. Upon
DNA damage, p53 and MDM2 undergo posttranslational modifications, inhibiting their
interaction and subsequently activating p53 activity [12, 18]. In the presence of 27-OHC,
MDM2, and p53 interaction is enhanced, resulting in p53 inactivation and degradation. It is
suggested that MDM2 by itself may be an oncogene [43, 44]. MDM2 is overexpressed in
various cancers including sarcoma, leukemia, breast cancers, melanoma, and glioblastoma
[43, 45].

We also demonstrate that 27-OHC-induced cell proliferation in the ER-positive breast cancer
MCF7 cells is dependent on the inactivation of p53. Treatment with Tenovin-1, a potent p53
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activator, attenuated the 27-OHC-induced cell proliferation. This supports the notion that 27-
OHC-induced p53 inactivation promotes breast cancer cell proliferation. Since p53 can
undergo inactivation and degradation through multiple mechanisms [18, 46, 47], it was vital
to test the role of MDMZ2 specifically in 27-OHC-induced p53 inactivation that led to cell
proliferation. To verify whether p53 inactivation is MDM2-dependent, we treated cells with
Nutlin-3, an MDM2-p53 interaction inhibitor [48, 49]. We found that Nutlin-3 prevents
MDM2 mediated and 27-OHC-induced degradation of p53. We also found that upon
knocking down MDMZ2, 27-OHC-induced cell proliferation was attenuated, suggesting that
inactivation of p53 is MDM2-dependent. Such data may indicate that 27-OHC exacerbates
ER-positive breast cancer progression by inactivating and degrading p53 via MDM2.

Although the prognostic value of p53 in ER-positive breast cancers is controversial, we
propose that in the presence of excess 27-OHC, p53 function is compromised via MDM2,
causing an exacerbation of ER-positive breast cancer progression. Subsequently, activation
of p53 has been considered to be an important therapeutic target in tumorigenesis and cancer
progression. A number of small molecules have been developed to activate wild type p53
and reactivate mutant p53. Interestingly, both DNA based and dendritic cell delivered p53
vaccines have been developed to activate and upregulate p53 [15, 50]. In addition, gene
therapy has also been used against breast carcinomas [51-54]. Recently, Rejeeth et al. used
silica nanoparticle supplemented with transferrin to administer p53 to MCF-7 and showed
that such a treatment reduced cell growth by 60.7 % [53].

In summary, we demonstrate that 27-OHC exacerbates ER-positive MCF7 cancer cell
proliferation by disrupting wild type p53 activity. We propose that 27-OHC activates ER, an
effect that leads to activation of MDM2 and subsequent inactivation of p53. Fulvestrant,
which is an ER-specific antagonist, blocks 27-OHC activation of ER, resulting in
disinhibition of Mdm2-mediated p53 transcriptional activity. It has been shown that ER
activation enhances MDM2 expression and that fulvestrant attenuates MDM2 upregulation
by inhibiting ER [20]. Since MDM2 is upregulated by ER activation and regulates p53 by
inactivating it, we measured p53 activity and found that fulvestrant inhibited 27-OHC
(through ER)-induced Mdm2-mediated p53 inactivation (Fig. 6). Our data indicates that 27-
OHC through ER can disrupt p53 response. We suggest that individuals with high levels of
27-OHC may have an increased risk of developing ER-positive breast cancers via loss of
constitutive p53 activity. We also demonstrate that 27-OHC enhances MDM2-p53
interaction resulting in loss of wild type p53 expression and activity. Such results strongly
suggest MDM2 involvement in the 27-OHC-induced p53 inactivity and subsequent cell
proliferation (Fig. 6). Our findings provide a novel cellular mechanism for 27-OHC that may
contribute in the patho-physiology of ER-positive breast cancers. Understanding MDM2-
p53 interplay in the presence of 27-OHC may reveal innovative therapeutic avenues that can
challenge ER-positive breast cancer progression.
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Fig. 1.

27g-OHC induces proliferation in breast cancer cell lines. a Proliferation assay in the MCF7
cells shows an increase in proliferation 48 h after treatment with 0.1 or 1 uM of 27-OHC and
2 nM Estradiol (E2) compared to treatment with vehicle. b Conversely to MCF7 cells, the
MDA-MB 231 cells exhibit no change in proliferation in the presence of 27-OHC either at
0.1 or 1 uM concentration for 48 h. Data are expressed as Mean £ SEM. ***p < 0.001
versus vehicle
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Fig. 2.

27-OHC reduces p53 activation. a Luciferase reporter assay in MCF7 cells demonstrates a
decrease in p53 activity in the presence of 0.1 uM 27-OHC, 1 uM 27-OHC, or 2 nM
Estradiol (E2) for 24 h. b No change in p53 activity was detected with the luciferase reporter
assay in the ER-negative MDA-MB 231 cells treated with 0.1 pM or 1 pM 27-OHC for 24 h.
¢ Luciferase reporter assay in MCF7 cells demonstrates that fulvestrant, an ER inhibitor,
attenuates 27-OHC-induced p53 inactivity when treated with 1 yM 27-OHC and/or 5 uM of
fulvestrant. Data are expressed as Mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus
vehicle. #p < 0.01 versus 27-OHC only. RLU Relative luciferase units
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Fig. 3.

27-OHC reduces p53 and increases MDM2 levels. a Representative Western blot and
densitometric analysis of MCF7 cells showing a substantial decrease in p53 levels (b) and a
significant increase in MDMZ2 levels (c) following treatment with 1 pM of 27-OHC for 24 h.

Data are expressed as Mean + SEM. *p < 0.05 versus vehicle
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Fig. 4.
27-OHC promotes p53-MDM2 interaction in MCF7 cells. a Representative confocal

microscopy photomicrographs showing increased intensity of MDM2 staining (green) and
reduced intensity of p53 staining (red) following treatment of MCF7 cells with 1 pM 27-
OHC. Arrows indicate co-localization of p53 and MDM2 in MCF7 cells treated with 1 uM
27-OHC for 24 h. b Representative graph showing increased percent of overlap between
MDM2 and p53 in the confocal images. ¢ Representative non-denatured Western blots for
p53 IP blotted against MDM2 and MDM2 IP blotted against p53 demonstrating an increase
in p53-MDM2 binding in of MCF7 cells treated for 24 h as follows: /ane 1 Rabbit Serum
(negative control); /ane 2 lysate only; /ane 3, 4 vehicle only, lane 5,61 uM 27-OHC. Data
are expressed as Mean £ SEM. *p <0.05 versus vehicle; Bar10 pm. (Color figure online)
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Fig. 5.

27g-OHC induces proliferation via MDM2-mediated p53 inactivation. a Luciferase reporter
assay demonstrates an increase in p53 activity in MCF7 in the presence of 10 uM Tenovin-1
for 48 h. b Cell proliferation assay demonstrates that 27-OHC-induced increase in
proliferation is attenuated by Tenovin-1 in MCF7 cells. Cells were treated vehicle, 1 pM 27-
OHC, 10 uM Tenovin-1, or 1 uM 27-OHC + 10 pM Tenovin-1 for 48 h. ¢ In MCF7, 1 uM
27-OHC-induced increase in proliferation is also attenuated by the MDM2-p53 interaction
inhibitor Nutlin-3. Cells were treated with vehicle, 1 uM 27-OHC, 5 uM Nutlin-3, or 1 uM
27-OHC + 5 uM Nutlin-3 for 48 h. d Representative blot demonstrates MDM2 knock down
efficiency in MCF7. e 1 pM 27-OHC-induced increase in proliferation is also attenuated by
MDM2 siRNA. Cells were incubated with respective treatments for 48 h. Data are expressed
as Mean + SEM versus vehicle. Data are expressed as Mean + SEM. *p < 0.05, **p < 0.01,
*** < 0,001 versus vehicle, and ##p < 0.001 versus 27-OHC only. RLU'relative luciferase
units
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Fig. 6.

Pr?:)posed mechanism of action of 27-OHC in ER+ breast cancer. 27-OHC activates ER
which upregulates MDM2 and mediates p53 inactivation and degradation. This results in an
increase in cell proliferation, thus exacerbating ER+ breast cancer progression. Interactions
depicted as activation are denoted by arrows, those depicted as inhibitions are indicated by a
bar
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