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metabolite in human breast cancers acting
through the glucocorticoid receptor
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Breast cancer (BC) remains the primary cause of death from cancer
among women worldwide. Cholesterol-5,6-epoxide (5,6-EC) metab-
olism is deregulated in BC but the molecular origin of this is
unknown. Here, we have identified an oncometabolism downstream
of 5,6-EC that promotes BC progression independently of estrogen
receptor o expression. We show that cholesterol epoxide hydrolase
(ChEH) metabolizes 5,6-EC into cholestane-38,5x,6p-triol, which is
transformed into the oncometabolite 6-oxo-cholestan-3p,5a-diol
(OCDO) by 11p-hydroxysteroid-dehydrogenase-type-2 (11pHSD2).
11BHSD2 is known to regulate glucocorticoid metabolism by convert-
ing active cortisol into inactive cortisone. ChEH inhibition and
11BHSD2 silencing inhibited OCDO production and tumor growth.
Patient BC samples showed significant increased OCDO levels and
greater ChEH and 118HSD2 protein expression compared with nor-
mal tissues. The analysis of several human BC mRNA databases in-
dicated that 11pHSD2 and ChEH overexpression correlated with a
higher risk of patient death, highlighting that the biosynthetic path-
way producing OCDO is of major importance to BC pathology. OCDO
stimulates BC cell growth by binding to the glucocorticoid receptor
(GR), the nuclear receptor of endogenous cortisol. Interestingly, high
GR expression or activation correlates with poor therapeutic re-
sponse or prognosis in many solid tumors, including BC. Targeting
the enzymes involved in cholesterol epoxide and glucocorticoid me-
tabolism or GR may be novel strategies to prevent and treat BC.
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Arole for cholesterol in the etiology of cancers has long been
suspected, and 5,6-cholesterol epoxides (5,6-EC) were ini-
tially thought to be the causative agents. However, recent data
have now shown that it is the metabolism of 5,6-EC that is
deregulated in breast cancer (BC), and that this metabolism
controls BC development (1-4). To develop novel precision
therapeutic strategies, a deeper understanding of 5,6-EC me-
tabolism is required. Indeed, BC remains the most frequent
cause of death from cancer among women worldwide, despite
the development of targeted therapies, such as Tamoxifen (Tam)
for treating tumors expressing the estrogen receptor (ER), or
agents that target the overexpressed growth factor receptor
HER?2 (human epidermal growth factor receptor). These failures
are explained by the fact that many BC do not respond to these
therapies or develop resistance, and there are currently no ef-
fective targeted therapies to treat tumors that express neither ER
nor HER2. In addition to its role as a competitive inhibitor for
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ER, Tam also impacts on cholesterol metabolism by targeting
cholesterol epoxide hydrolase (ChEH), an enzymatic complex
formed by two cholesterogenic enzymes, DHCR7 and D8D7I
(also known as EBP) (5-7). In normal tissues, ChEH catalyzes
the hydrolysis of the cholesterol 5,6-epoxides a and p (5,60-EC
and 5,6f-EC) into cholestane-3,5a,6f-triol (CT) (5, 6, 8). In
normal mammalian tissues, 5,6a-EC reacts with histamine via an
enzyme to produce a tumor suppressor metabolite named den-
drogenin A (DDA), whose levels are significantly decreased in
BC compared with normal adjacent tissues (NAT), indicating a
deregulation of this pathway during BC development (3, 4).
These data combined suggest a potential role of ChEH activa-
tion in BC progression that we explored in the present study.
Herein, we describe how this led us to discover an oncometabolite,

Significance

Cholesterol and its transformation into cholesterol-5,6-epoxides
(5,6-EC) was long suspected as contributing to breast cancer (BC)
pathogenesis, before it was found that 5,6-EC metabolism con-
trols BC development and is deregulated in breast cancers.
Herein, we studied in tumor cells and human samples how 5,6-EC
metabolism deregulation promotes tumor progression. We have
discovered a pathway in BCs producing an oncometabolite de-
rived from 5,6-EC, through the action of the cortisol-inactivating
enzyme, and identified the glucocorticoid receptor (GR) as the
target mediating its proliferative effects. Inhibition of its pro-
duction or GR significantly blocked its action on BC progression.
Thus, targeting this oncometabolism and GR represents a new
opportunity for therapeutic intervention in BCs and potentially
other cancers presenting such deregulations.

Author contributions: M.P. and S.S.-P. designed research; M.V., P.d.M., A. Mallinger, F.D.,
E.H.-C,JL, NS, RS, GS, A Mougel, EN, LM, EB, CZ, M.L-T, T.AS,R.D.-P, CF, LL, MR,
M.P., and S.S.-P. performed research; M.V., P.d.M., A. Mallinger, F.D., EH.-C, J.L, N.S., RS,,
G.S., A. Mougel, EN,, LM, EB, LI, CZ, M.L-T, LC, T.F, V.C, TAS, PR, RD-P, CF, LL,
F.L, MR, M.P., and S.S.-P. analyzed data; and M.P. and S.S.-P. wrote the paper.

Conflict of interest statement: P.d.M., E.N., and L.M. are employees of the company
Affichem, of which S.5.-P. and M.P. are founders.

This article is a PNAS Direct Submission.
Published under the PNAS license.
"ML.V., P.d.M., and A. Mallinger contributed equally to this work.

2To whom correspondence may be addressed. Email: marc.poirot@inserm.fr or sandrine.
poirot@inserm.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1707965114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1707965114


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1707965114&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:marc.poirot@inserm.fr
mailto:sandrine.poirot@inserm.fr
mailto:sandrine.poirot@inserm.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707965114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707965114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1707965114

L T

/

D\

6-oxo-cholestan-3p,5a-diol (OCDO), that drives BC progression
through the glucocorticoid receptor (GR). Furthermore, we
show that OCDO is derived from 5,6-ECs through the action
of ChEH and the cortisol-inactivating enzyme, 11pHSD2.
Inhibiting this oncometabolic pathway or GR significantly re-
duced BC proliferation, suggesting that targeting the actors of
this pathway could represent new strategies in BC therapy and
prevention.

Results

Kinetic Analysis of 5,6-EC and CT Metabolism in MCF7 Cells. We first
examined the metabolism of [**C]5,6a-EC, ['*C]5,6p-EC, and
["*C]CT over a 72-h period in the breast cancer cell line MCF7.
Thin-layer chromatography (TLC) analyses of cell and media
extracts showed that 5,6a-EC (Fig. 1 A and B) and 5,6p-EC (Fig.
1 C and D) were first converted into CT (retention factor, Rf =
0.21) as a result of ChEH activity. However, over time, an un-
known metabolite (UM), Rf = 0.60, appeared and its level in-
creased at the expense of the 5,6-ECs and CT. Similar experiments
performed using [**C]CT alone revealed that the UM was a me-
tabolite of CT (Fig. 1 E and F).

Characterization of UM as 0CDO. It has been reported that CT can
be chemically oxidized into OCDO (9), so we hypothesized that
the UM could be OCDO (Fig. 24). In normal-phase TLC, we
found that synthetic OCDO (sOCDO) and [**C]JOCDO had a
similar retention factor (Rf = 0.60) to that of the UM (Fig. 2 4
and B, respectively). Reverse-phase HPLC (RP-HPLC) also
showed a similar retention time between UM and sOCDO or
['*C]OCDO (R¢ = 15 min) (Fig. 2 C and D, respectively), while
synthetic CT (sCT) and [**C]CT had a R¢ of 10 min (Fig. 2 C and
D, respectively). To confirm the identity of the UM, MCF7 cells

were treated with 5,6a-EC for 72 h, then lipids were extracted
and submitted to RP-HPLC. Mass spectrometric analysis of the
9- to 11-min RP-HPLC fractions (Fig. 2D) showed peaks of m/z
[M+NH,]* = 438.6 and m/z [M+N,H;]* = 455.6, corresponding
to the mass of CT and consistent with the transformation of
5,6a-EC into CT by ChEH (Fig. 2E). Analysis of the 15- to
17-min RP-HPLC fractions (Fig. 2D) showed peaks of m/z
[Mym+NH4]* = 436.6 and m/z [Mym+N.H;|* = 453.6 (Fig. 2F),
corresponding to the mass of SOCDO. This confirmed that the
UM was OCDO (Fig. 2G).

ChEH Inhibition Abrogates OCDO Formation in BC Cells. We next
measured the impact of DDA and other ChEH inhibitors (3, 5)
on OCDO formation by incubating human MCF7 or MDA-MB-
231 tumor cells (expressing or not the ERa, respectively) with
[**C]5,60-EC and the indicated ChEH inhibitors. As shown in
Fig. 3 4 and B, in both cell lines DDA and the ChEH inhibitors
tested inhibited OCDO production, including ChEH inhibitors
known to have antitumor activity and to inhibit ERa, such as
Tam or raloxifene, or to act independently of the ERa, such as
DDA, tesmilifene, or PBPE (1-[2-[4-(phenylmethyl)phenoxy]
ethyl]-pyrrolidine) (3, 5, 10). These data indicate that all of
these ChEH inhibitors target the OCDO pathway independently
of ERa expression.

0CDO Stimulates BC Cell Proliferation in Vitro and in Vivo. Treat-
ment with OCDO or 17p-estradiol (E2) significantly increased
the growth rate of ER™ cell lines (Fig. 3 C and D). OCDO also
increased the proliferation of the ER™ cells lines MDA-
MB231 and MDA-MB468 (Fig. 3 E and F). OCDO significantly
promoted the growth of both ER* and ER™ tumors grafted
onto mice (Fig. 3 G and K). Histological analysis of tumors revealed
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mean (+SEM) of five independent experiments.
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that the proliferative marker K;67 was increased following OCDO
treatment (Fig. 3L).

Inhibition of OCDO Production Contributes to the Antitumor Activities
of DDA in Mice. We then determined whether the antiproliferative
effects of DDA involved the inhibition of OCDO production. As
shown in Fig. 3M, DDA significantly inhibited the growth of tu-
mors compared with vehicle-treated mice. However, when OCDO
was added back by treating engrafted animals with DDA plus
OCDO, the growth inhibitory action of DDA was reversed, in-
dicating that the inhibition of OCDO production contributed to
the antitumor activity of this compound.

Identification of the Enzymes That Regulate the Production of 0CDO
from CT. Since OCDO is produced from CT, we hypothesized the
existence of an enzyme distinct from ChEH that would realize this
reaction. We considered that a hydroxysteroid dehydrogenase
(HSD) could catalyze the dehydrogenation of the alcohol function
in position 6 of CT into a ketone in OCDO. A local symmetry axis
on the steroid backbone makes positions 11 and 7o equivalent
(11), which suggested to us that an 11pHSD enzyme was a good
candidate for catalyzing this reaction. 11fHSD exist as two en-
zymes, 11fHSD type 2 (11HSD2), which catalyzes the dehydro-
genation of cortisol into the inactive cortisone, and 11HSD type
1 (11HSD1), which performs the reverse reaction (12) (Fig. 44).
In accordance with this hypothesis, 11HSD2 mRNA and protein
expression was measured in a panel of human BC cell lines
expressing or not ERa, while 11HSD1 expression was not de-
tectable and all of the cell lines tested produced OCDO (Fig. S14
and Table S1).
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described for Fig. 1 (n = 5). Analysis of cell extracts by
(B) polar silica gel TLC or (C) hydrophobic RP-HPLC.
(D) RP-HPLC profile of the metabolites extracted
from MCF-7 cells that had been treated for 72 h with
5,6a-EC. Arrows indicate peaks corresponding to the
authentic standards: sCT and sOCDO. (E) CI-MS
spectra of the RP-HPLC peak eluted between 9 and
11 min in D. (F) CI-MS spectra of the RP-HPLC peak
eluted between 15 and 17 min in D. (G) Scheme de-
scribing the formation of OCDO.

To confirm a role for 11HSD?2 in the production of OCDO
from CT, we transfected HEK293 cells, a cell model that has
previously been used to study 11HSD1 and 11HSD2 (13), with a
plasmid encoding either 11HSD2 or the empty vector (mock)
(Fig. S1B). When incubated with [*H]cortisol ([*H]-CRT) (Fig.
4B) or ["*C|CT (Fig. 4C), 11HSD2-transfected cells produced
significantly higher levels of cortisone or OCDO, respectively,
than mock-transfected cells, indicating that 11HSD2 is able
to produce OCDO in addition to cortisone. To study the in-
volvement of 11HSD1 in the reverse transformation of OCDO
into CT (Fig. 44), HEK293T cells were transfected with a
plasmid encoding 11HSD1 (HSD1) or the empty vector (mock),
and with or without a plasmid encoding H6PD, the enzyme that
produces the NADPH cofactor that is necessary for the re-
ductase activity of 11HSD1 (14) (Fig. S1C). When cells were
incubated with [*H]cortisone (Fig. 4D) or ["*CJOCDO (Fig. 4E),
11HSD1-transfected cells produced significantly more cortisol or
CT, respectively, than mock- or H6PD-transfected cells. This
production was further increased by two- and fourfold, re-
spectively, by cotransfecting 11HSD1 with H6PD. Thus, 11HSD1
produces significant levels of CT in addition to cortisol.

Ectopic 11HSD1 Expression in MCF-7 Cells Produces CT and Decreases
Cell Proliferation, and OCDO Treatment Reverses This Effect. The
expression of 11HSD1 in MCF7 cells (Fig. S1D) significantly
stimulated the conversion of OCDO to CT compared with
controls (Fig. 4F). In addition, 11HSD1 expression in MCF7
cells also significantly decreased cell proliferation, an effect that
was reversed by OCDO treatment (Fig. 4G). This indicates that
11HSD1 inhibits tumor cell proliferation through the trans-
formation of OCDO into CT.
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11HSD2 Controls Cell Proliferation and Tumor Growth Through 0CDO
Production. To confirm that 11HSD2 produces OCDO and stim-
ulates tumor cell proliferation, we knocked down 11HSD2 ex-
pression in MCF7 cells using shRNA. Two stable clones
(shHSD2A and shHSD2B) were selected in which the expression
of 11HSD2 was significantly decreased at both the protein and
mRNA levels compared with shRNA control clones (shCA
and shCB) (Fig. S1E). A significant decrease in cortisone (Fig. 4H)
and OCDO (Fig. 4I) production was measured in shHSD2A cells
compared with shCA cells, and their doubling time increased by
150% (Fig. 47). In addition, OCDO significantly increased ShCA
cell proliferation and rescued the decreased proliferation of
shHSD2A cells (Fig. 4K), while no such effect was observed with
cortisone (Fig. 4L). Moreover, OCDO also significantly increased
ShCA clonogenecity and rescued the decreased clonogenicity of
11HSD2A cells (Fig. 4M). Together, these results indicate that
11HSD2 controls cell proliferation and clonogenicity through
OCDO production. We then tested the impact of 11HSD2
knockdown in vivo by implanting shHSD2A cells into mice. As
shown in Fig. 4N, the growth of sShHSD2A tumors was significantly
reduced (by 50%) compared with shCA tumors. Importantly,
OCDO significantly stimulated the growth of ShCA tumor and
rescued the decrease growth of shHSD2A tumors, indicating that
11HSD2 controls tumor growth through OCDO production.
Similar results, both in vitro and in vivo, were obtained with the
other shHSD2B and shCB clones (Fig. S1 F-K). To confirm the
involvement of 11HSD2 in cell proliferation, MCF7 cells were
stably transfected with a plasmid expressing 11HSD?2 or the control
plasmid. Two clones stably overexpressing 11HSD2 and two con-
trol clones (mock) were selected (Fig. S1L). The clones over-
expressing 11HSD2 showed a greater capacity to produce OCDO

Voisin et al.

OCDO. ns: not significant at each time.

when incubated with [*C]CT (Fig. S1L) and proliferated signifi-
cantly faster in vitro, indicating an effect on tumor cells (Fig. 40),
and in vivo when implanted into mice, compared with control
clones (Fig. 4P and Fig. S1M).

Enzymes Involved in the Production of OCDO Are Overexpressed in
Human BC Compared with Matched Normal Adjacent Breast Tissue.
We then compared the expression of enzymes regulating OCDO
production (namely 11HSD2, DHCR7, D8D71/EBP, 11HSDI,
H6PD) in 50 patient BC samples with matched NAT, by im-
munohistochemistry (IHC). Patient characteristics are summa-
rized in Table S2. As shown in Fig. 54 and Fig. S24, 11HSD2
expression was significantly higher in BC than in matched NAT.
In addition, a positive correlation was found between the ex-
pression of 11HSD2 in BC and grade III tumors (Table S3). In
contrast, 11HSD1 and H6PD were weakly present in both BC
and NAT samples, with no significant difference between their
expression levels in the two tissues (Fig. 54 and Fig. S24).
DSD7I (EBP) and DHCR?7, which together make up the ChEH,
had a significantly higher expression in tumors compared with
NAT (Fig. 54 and Fig. S24) and their expression positively
correlated with each other in tumors (r = 0.43; P = 0.004). The
expression of the two ChEH subunits was also highly significantly
correlated at the mRNA level (r = 0.37; P < 0.0001) (Fig. S2B).
These data are in agreement with the fact that the two enzymes
work together for an optimal ChEH activity (5). A positive cor-
relation was also found between the expression of DHCR7 and
grade III tumors. In addition, ER7/PR™ patients had a signif-
icant increased proportion of tumors expressing high levels of
DHCR7 and DSD7I. In contrast, a high level of 11HSD2 appeared
independent of hormone receptor status (Table S3). At the mRNA
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Fig. 4. 11BHSD2 and 11BHSD1 interconvert OCDO and CT. (A, Upper) 11HSD2 catalyzes the dehydrogenation of cortisol into cortisone. 11HSD1 realizes the
reverse reaction. H6PD is the enzyme that produces the cofactor NADPH necessary for the reductase activity of 11THSD1. (A, Lower) 11HSD2 produces OCDO
from CT and 11HSD1 produces CT from OCDO. (B-M and O) HEK293T (HEK) or MCF7 cells were transfected with plasmids encoding the indicated enzyme or
the empty vector (mock) or shRNA. (B—F) The production of the indicated metabolites in transfected HEK (B—E) or MCF7 cells (F) was analyzed as in Fig. 1, n =
5. (G) The proliferation of transfected MCF7 cells was analyzed as in Fig. 3 C-F, n = 8. (H-M) shCA- and shHSD2A-MCF7 cells were assayed for: (H) cortisone or
(/) OCDO production, as measured in Fig. 1, n = 5; (J-L) cell proliferation by (J) counting cell numbers, n =5, or (K-L) as in G, n = 8; or (M) cell clonogenicity (n =
3), with or without 5 pM OCDO or cortisone. (N) shCA or shHSD2A-MCF7 tumors engrafted into mice (10 per group) were treated with solvent vehicle (control)
or OCDO (16 pg/kg, 5 d/wk). Data are representative of three independent experiments. (O) Control (mock) or HSD2 overexpressing MCF7 cell proliferation
was analyzed as in G. (P) The growth of control (mock) or 11HSD2 overexpressing MCF7 tumors engrafted into mice (10 mice per group) were compared over
time. Data are representative of three independent experiments. (B-M and O) Data are the mean (+SEM) of five separate experiments and were analyzed (B,
C, F, and H-J) by a Student's t test, two-tailed, or (D, E, G, and K-0) by one-way ANOVA, Tukey's posttest. *P < 0.05, **P < 0.01, ***P < 0.001. (N and P) Mean
tumor volumes (+SEM) are shown, and data were analyzed by two-way ANOVA, Bonferroni posttest. *P < 0.05, **P < 0.01, ***P < 0.001. In N, letters indicate
the comparison between: a: shCA vs. shHSD2A; b: shCA vs. shCA + OCDO; c: shHSD2A vs. shHSD2A + OCDO.
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level, both ChEH subunits were also expressed in the more ag-
gressive molecular subtypes (i.e., basal, luminal B, and mApo) (15)
(Fig. S2 C and D and Table S4). Taken together, these results in-
dicate that the enzymes involved in the production of OCDO are
more highly expressed in BC relative to NAT, while those involved
in its conversion are weakly expressed.

Levels of OCDO and Its Precursors Are Higher in Patient BC Samples
Compared with Normal Tissues. We then quantified the levels of
OCDO and its precursors in 16 paired patient BC and NAT by gas
chromatography coupled to mass spectrometry (GC/MS). The
levels of OCDO (Fig. 5B) and its precursors CT, 5,6a-EC, and
5,68-EC (Fig. 5C) were significantly higher in patient tumors
compared with NAT (P = 0.0245, 0.0162, 0.0121, and 0.0077, re-
spectively; Wilcoxon test for paired samples, two-tailed), indicating
that the increased expression of 11HSD?2 and the ChEH subunits
in BC favors the production of OCDO. To determine whether
OCDO concentration used to treat mice was relevant to the
pathological conditions, we measured OCDO levels in TS/A tu-
mors treated or not with 50 pg/kg OCDO for 19 d (Fig. 3H) by GC/
MS. The mean levels of OCDO measured in control tumors were
of 197 + 44 ng/g tissue (~0.5 pM) and significantly increased to
458 + 91 ng/g tissue in OCDO-treated tumors (~1 pM) (Fig. 5D).
These levels are within the pathological levels found in human
tumors (mean: 357 + 183 ng/g tissue, ~0.85 pM) (Fig. 5B). We also
measured the physiological levels of OCDO in six normal breast
samples (Fig. SE). The median level of OCDO measured in these
normal samples was 10.6 ng/g tissue (range: 3.4-21.7; ~25 nM) and
was not significantly different from the median level of OCDO
measured in NAT (Fig. 5B), 14.1 ng/g tissue (range: 7.5-1,350; P =
0.0768, Mann-Whitney test; ~33 nM).

Expression of the Enzymes Producing OCDO in BC Correlates with
Patient Survival. The BreastMark algorithm was used to perform
Kaplan—-Meier analysis on several datasets (16). Low levels of
11HSD1 (HSD11BI1) mRNA and high levels of 11HSD2 (HSD!11B2)
mRNA were significantly associated with a poor prognosis (de-
creased overall survival rate) (Fig. 6 A and B). As shown in Fig. 6
C and D and Fig. S2F, high levels of EBP (D8D7I) and
DHCR7 mRNA were also significantly associated with a lower
survival rate of patients. Interestingly, the discrimination be-
tween the overall survival rates of patients using DHCR7 or
EBP (D8D7I) mRNA levels was also found using other online
databases, such as Breast Cancer Gene-Expression Miner and
Kaplan—-Meier Plotter (Fig. S2F). When the expression levels of
11HSD2, DHCR?7, and EBP (D8D7I) were taken into account, the
risk of death was the highest [hazard ratio (HR) = 1.849] (Fig. 6EF).
Altogether, these data demonstrate that a high expression level of
the enzymes involved in the pathway producing OCDO correlates
with lower patient overall survival rates.

0CDO Binds to the GR, Liver X-Receptors, but Not ERa. Since OCDO
and cortisol production are regulated by the same enzymes, we
tested whether OCDO can bind to the GR, the cortisol receptor.
In addition, the oxysterol 27-hydroxycholesterol has been shown
to act through the ERa and the liver-X-receptors (LXRs) (17,
18); therefore, we investigated whether OCDO interacts with
these receptors. Surface plasmon resonance (SPR) assays in-
dicated that OCDO binds to the ligand binding domain (LBD) of
the GR, as observed with the positive control cortisol (Fig. 6F), and
to the LBD of the LXR subtypes a and p (LXRa and LXRp), as
observed with the LXR ligand, 22(R)hydroxycholesterol [22(R)HC]
(Fig. S3 A-D). In contrast, we did not detect any interaction
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interest analyzed twice.
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Fig. 6. Expression of the enzymes regulating OCDO production and patient survival, and evidence that OCDO binds and stimulates cell proliferation through the GR and

regulates GR transcriptional activity. (A-D) Kaplan-Meier representation of patient overall survival according to the indicated enzyme expression (median cut-off) using the
BreastMark mining tool on 21 individual datasets (4,738 samples). Survival curves are based on Kaplan-Meier estimates and log-rank P values were calculated for differences
in survival. Cox regression analysis was used to calculate HRs. (E) Kaplan-Meier representation of patient overall survival taking into account the expression of the HSD11B2,
EBP (D8D7I), and DHCR7 genes using the BreastMark mining tool. (F) Representative SPR sensorgrams from three experiments showing the binding of a series of con-
centrations of cortisol or OCDO (M) to the GR-LBD captured on a Biacore sensor chip: 6.25 (red); 12.5 (green); 25 (dark blue); 50 (pink); 100 (light blue). (G-J) Proliferation of
the indicated tumor cells was analyzed as in Fig. 3C, n = 8. (H-/) The indicated tumor cells was treated with either the solvent vehicle (control), 5 pM OCDO, 1 1M RU486, or
5 pM OCDO plus 1 pM RU486. Data are the means (+SEM) of five separate experiments, n = 8, **P < 0.01, ***P < 0.001, one-way ANOVA, Tukey's posttest. (K, Upper) Cell
cytosols were incubated with 10 nM [BH]-CRT and increasing concentrations of unlabeled CRT or OCDO for competition binding assays. (K, Lower) Saturation and scatchard
plots analyses were performed with cell cytosols incubated with increasing concentration of [*HJ-CRT in the absence or in the presence of 1 uM unlabeled CRT (nonspecific
binding) or 1 uM OCDO for competitivity studies. Data are the mean (+SEM) of triplicate and are representative of three experiments. (L and M) qRT-PCR analysis of
MMP1 gene expression in MDA-MB231 (L) or shC and shGR MDA-MB231 (M) cells treated either with the solvent vehicle (control), 0.5 pM cortisol, 0.1 pM DEX or 5 uM
OCDO. (L and M) Data are the means + SEM of three experiments performed in triplicate, **P < 0.01, ***P < 0.001, one-way ANOVA, Tukey’s posttest. ns, not significant.
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between OCDO and the LBD of ERa, whereas 17f-estradiol
binds to the ERa (Fig. S3 E-F). These data indicate that
OCDO binds to the GR and the LXRs but not ERa.

0CDO Mediates Tumor Cell Proliferation Through the GR and Regulates
GR Transcriptional Activity. To determine the involvement of GR
and LXRs in OCDO-induced tumor cell proliferation, we knocked
down the expression of GR or LXRp, the only isoform present in
MCF7 and MDA-MB231 cells (19), using shRNA. Two stable
clones with significantly decreased GR and LXRp expression
(shGR or shLXR) compared with control clones (shC) were se-
lected (Fig. S3 G and H). GR knockdown in MCF7 and MDA-
MB231 cells abolished the cell proliferation induced by OCDO
(Fig. 6G) and RU486 (Mifepristone), a GR antagonist, completely
abolished OCDO-induced cell proliferation in MCF7, MDA-
MB231, and MDA-MB468 tumor cell lines (Fig. 6 H-J). In con-
trast, the knockdown of LXRp did not affect OCDO-mediated cell
proliferation in either tumor cell lines (Fig. S37). These data in-
dicate that the proliferative effect of OCDO is dependent of the
GR, but not of the LXRp. We then tested whether the synthetic
agonist dexamethasone (DEX) could inhibit tumor cell pro-
liferation induced by OCDO. DEX inhibited basal and OCDO-
induced MCF7 and MDA-MB231 cell proliferation at 1 pM con-
centration but had no effect at lower concentrations (Fig. S37).
To determine whether OCDO is or not a competitive inhibitor
of cortisol on the GR, we performed competition binding ex-
periments on lysates of GR-transfected cells using [*H]-CRT
(Fig. 6K). OCDO fully inhibited [*’H]-CRT binding to the GR in
a concentration-dependent manner with an ICs, of 0.91 + 0.12 pM
and a K; of 0.3 + 0.07 pM (Fig. 6K, Upper). Saturation analyses
showed that cortisol bound to the GR with a K4 of 5.9 + 0.5 nM
(Bmax of 0.92 + 0.18 pmol/mg proteins). OCDO, at 1 pM, de-
creased the affinity of cortisol (Ky = 17.8 + 3.1 nM) without
changing the Bmax, indicating that OCDO is a competitive in-
hibitor of cortisol on the GR (Fig. 6K, Lower).

After binding to active glucocorticoids, GR translocates from
the cytoplasm to the nucleus, where it positively or negatively
regulates the expression of glucocorticoid-responsive genes via
different mechanisms, including transactivation via the binding
of liganded-GR to glucocorticoid-response elements (GREs) or
repression via the binding of a negative GRE (nGRE) or
transrepression via its interaction with other transcription fac-
tors, such as activator protein-1 or NFxB (20, 21). To determine
whether, OCDO regulates GR transcriptional activity, OCDO
was first tested for its ability to translocate GR into the nucleus
in comparison with glucocorticoids (cortisol). As observed in Fig.
S4A4, in vehicle-treated MDA-MB231 cells, GR is mostly local-
ized in the cytoplasm in an inactive form. Addition of either
cortisol or OCDO to MDA-MB231 cells caused a significant
eightfold and sixfold increase in GR nuclear localization. We
next determined whether OCDO regulates the transcriptional
activity of GR in MDA-MB231 cells by evaluating the tran-
scription of canonical endogenous genes regulated by GR, such
as SGK1 and MKP1, which are activated (22, 23), or MMP1
(collagenase), which is repressed by cortisol or dexamethasone
(24). As shown in Fig. S4B, cortisol significantly increased
SGK1 and MKP1 gene expression compared with vehicle-treated
cells while OCDO had no significant effect on the transcription
of these genes. When cells were treated with OCDO plus cor-
tisol, SGK1 and MKP1 expression was significantly decreased
compared with cortisol alone. In contrast, cortisol and DEX
significantly inhibited the transcription of the MMP1 gene, while
OCDO significantly stimulated its transcription (Fig. 6L). The
induction of MMP1 gene transcription by OCDO through the
GR was confirmed in control or GR-knockdown MDA-MB231
cells (ShC and shGR). The up-regulation of MMP1 mRNA by
OCDO measured in shC cells was abolished in shGR cells and
the inhibition of MMP1 mRNA by DEX in shC cells was re-
versed to basal in shGR cells (Fig. 6M). Taken together, these
data indicate that OCDO regulates positively or negatively GR
transcriptional activity by binding to the GR and inducing its
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nuclear localization. OCDO was next evaluated for its capacity
to regulate the transcriptional activity of other nuclear receptors
known to be regulated by oxidation products of cholesterol, such
as the retinoid orphan-related receptors o and y (RORa and
RORYy) (25, 26) and the farnesoid X receptor (FXR) (27).
OCDO did not regulate positively or negatively the transcrip-
tional activity of these receptors as observed with their ligands
(Fig. S4C).

We then analyzed the effects of OCDO on cell cycle pro-
gression in shC and ShGR MDA-MB231 cells. As shown in Fig.
S4D, OCDO induced cell cycle progression by decreasing the
percent of the GO/G1 phase and increasing the S and G2/M
phases in shC cells. These effects were not observed in shGR
cells treated with OCDO. These data confirm the mechanism of
GR-dependent promotion of tumor cell proliferation by OCDO.

Discussion

Our study reveals that 5,6-EC can be metabolized into an
oncometabolite, identified by MS as the oxysterol OCDO, and
that it is found at significant greater levels in BC compared with
normal tissues. We have shown that several enzymes are involved
in the biosynthetic pathway that leads to OCDO production:
ChEH, which is formed by D8D7I and DHCR?7, and which
mediates the transformation of 5,6-EC into CT (5, 6); and
11HSD2, which is involved in the final step in the transformation
of CT into OCDO. We found that 11HSD2 controls BC cell
proliferation both in vitro and in vivo through OCDO pro-
duction. 11HSD?2 is known to regulate glucocorticoid metabo-
lism by converting active cortisol into inactive cortisone (12). In
this study, we have shown that OCDO binds to the GR and
LXRs but not to ERa. Moreover, OCDO stimulates the growth
of BC cells and cell cycle progression irrespective of their ERa
expression status by acting through the GR. Thus, the properties
and mechanism of action of OCDO are distinct from another
oxysterol, 27-hydroxycholesterol (27-HC), which increases the
growth of ERa* BC cells by interacting with ERa (17, 18). 27-
HC also interacts with the LXRp in BC cells to mediate tumor
cell invasion, but not proliferation as observed with OCDO (17,
18). Therefore, the effect of OCDO on tumor cell invasion and
the involvement of LXRp in this event should be explored in the
future. Competitive binding experiments indicate that OCDO
inhibits cortisol binding to the GR with a K; of 0.30 + 0.07 uM
and that it is a competitive inhibitor of cortisol. The concentra-
tion of OCDO in mouse xenografts or in patient tumors was
estimated to be around 0.5 and 0.85 pM, respectively. These
concentrations are close to the K; value of OCDO for the GR.

OCDO, like the agonist cortisol, causes the translocation of
the GR from the cytoplasm to the nucleus to regulate positively
or negatively GR target gene transcription (20, 21). OCDO does
not stimulate the transcription of SGK1 or MKP1/DUSP1 genes,
as observed with cortisol, while OCDO inhibits the induction of
the transcription of these genes by cortisol. In addition, OCDO
increases MMP1 gene expression by acting through the GR,
while cortisol or DEX represses MMP1 gene transcription. We
have found that DEX inhibits the basal and OCDO-induced
MCF7 and MDA-MB231 cell proliferation, but only at 1 pM,
consistent with data from the literature showing that DEX in-
hibits tumor cell proliferation at high concentrations (28).
Combined, these data suggest that OCDO and glucocorticoids,
while acting through the GR, have distinct mechanisms of action
on GR transcription and cell proliferation. In a nonexhaustive
way, this could be explained by the recruitment of different co-
factors, which will determine GR activation or repression activ-
ity, or by posttranslational modifications of the GR, such as
phosphorylation, since ligand-selective GR phosphorylation has
been shown to correlate with levels of GR transcriptional activity
(29). Interestingly, a recent study comparing the pharmacody-
namics of different GR ligands in activating gene expression
showed that ligands elicit differential activation of distinct genes,
where ligand-intrinsic efficacy and GR density were essential
determinants (30). Thus, additional work will be required to
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elucidate the molecular mechanisms underlying the proliferative
effect of OCDO mediated by the GR and the profile of the genes
involved. The effects of OCDO are opposite to those of DDA,
which inhibits BC progression (3, 31). Both compounds arise
from 5,6-ECs; however, only 5,6a-EC generates DDA (3), while
both 5,6a-EC and 5,6p-EC produce OCDO (Fig. S5). We have
previously reported that DDA levels are decreased in human BC
samples relative to normal tissues (3), whereas here we show that
OCDO levels are increased in human BC samples compared
with normal tissues. This indicates the existence of a metabolic
balance between these two 5,6-EC derivatives in normal breast
and BC that may either control or stimulate BC progression (Fig.
S5). Interestingly, DDA inhibits the production of OCDO in BC
cells through its action on ChEH, independently of ERa ex-
pression, and the inhibition of OCDO production contributes to
the efficacy of DDA in vivo, indicating that the targeting of this
oncometabolism could be relevant for BC treatment, and that
treatment with DDA may compensate for its deficiency in BC. In
addition, other ChEH inibitors, such as Tam or raloxifene (5),
known to inhibit ERa and used as antiestrogen therapy in BC,
block ChEH activity and OCDO production in ER* MCF7 and
ER™ MDA-MB231 cells, indicating that these molecules target
the OCDO pathway independently of ERa expression. We, and
other laboratories, have previously reported that Tam inhibits
the proliferation of MDA-MB231 cells and other ER™ BC cell
lines (2, 32-34). These data suggest that the inhibition of the
OCDO pathway may contribute to the antiproliferative effect of
Tam in these ER™ BC cells, and thus that this molecule may be
useful in the treatment of certain ER™ BC. This opens new av-
enues of research that deserve further study.

OCDO was previously described as a derivative of 5,6p-EC when
it was found in the lungs of mice exposed to extreme conditions of
oxidation, such as ozone exposure, but not under normal condi-
tions (35). Consistent with our data, Pulfer et al. postulated the
existence of an enzymatic mechanism to produce OCDO, since its
formation requires living cells (35). 5,6-ECs were reported to be
produced from cholesterol either by an enzyme not yet identified
or via the autoxidation and lipoperoxidation of cholesterol to yield
a mixture of 5,6-ECs, but with predominantly 5,6p-EC (1, 2). Since
OCDO is a derivative of these compounds, conditions that gen-
erate oxidative stress and lipid peroxidation, such as chronic in-
flammatory processes, may therefore lead to OCDO production
and be detrimental to DDA biosynthesis. Taking into account the
fact that OCDO binds to the GR, its impact on inflammation
deserves further study.

In the present study, IHC analyses indicated that the expres-
sion of all of the enzymes involved in the pathway producing
OCDO, namely 11HSD2, D8D7I (EBP), and DHCRY7, is higher
in BC compared with NAT, while the enzymes that convert
OCDO into CT (11HSD1 and H6PD) are weakly expressed in
BC and NAT. Thus, the expression of these enzymes is consis-
tent with both a higher production of OCDO in BC relative to
NAT and with OCDO having tumor promoting properties. Ac-
cordingly, the analysis of several human BC mRNA databases
also indicated that a high 11HSD2 expression or a low 11HSD1
expression correlates with a bad prognosis in BC patients. In
addition, the elevated expression of DHCR7 and/or DS8D7I
(EBP) was associated with a bad survival outcome, and the risk
of death was the highest when the expression levels of 11HSD2,
DHCR7, and D8D7I (EBP) were taken into account, high-
lighting that the biosynthetic pathway producing OCDO is of
major importance to BC pathology. Moreover, different studies
revealed that high GR expression or activation correlated with
poor therapeutic response or prognosis in ERa™ breast cancers,
as well as in many other solid tumors (36—40). Glucocorticoids
exert complex and opposite effects and can enhance chemo-
therapy sensitivity by inhibiting cell proliferation or chemother-
apeutic resistance by inducing cell survival and resistance to
apoptosis (28). Interestingly, treatment with the GR antagonist,
mifepristone (RU486), potentiates the antitumor efficacy of
chemotherapy in ER™ BC mouse models (38). In ERa* breast
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cancer, GR expression has been associated with good clinical
outcomes (37). The fact that glucocorticoids antagonize E,-
induced gene expression in BC cells (41) and up-regulate the
enzyme involves in estrogen inactivation, may explain the better
outcome in ER" BC patients expressing a high level of GR (42).
Recently, liganded-GR was shown to repress a large ERa-activated
transcriptional program by binding in frans to ERa-occupied en-
hancers. This event was associated with poorer metastasis-free
outcomes in BC patients (43). These data highlight the impor-
tant role of GR in BC and other tumors.

In conclusion, the discovery of OCDO, its proliferative effects
through the GR, and the identification of the enzymes inducing
or regulating its production are important findings, which should
have major implications in the biology and diagnosis of BC and
in the development of new therapeutic approaches. The target-
ing of the enzymes involved in cholesterol epoxide and gluco-
corticoid metabolism, as well as of the receptor mediating the
proliferative effects of OCDO, represent new opportunities for
therapeutic intervention in different BC subtypes, particularly in
case of resistance to conventional therapies.

Experimental Procedures

For materials, animals, patient samples, and other techniques, see S/ Ex-
perimental Procedures. All animal procedures concerning the care and use
of laboratory animals were conducted according to the ethical guidelines of
the Claudius Regaud Institute and followed the general regulations gov-
erning animal experimentation. All human samples were collected with the
approval of the Institutional Review Board of the Claudius Regaud Institute,
Toulouse, France and Tumor Bank Committee of the Claudius Regaud In-
stitute, Institut Universitaire du Cancer Toulouse, France. Normal breast
tissue was obtained from six patients who underwent mammoplasty and
written informed consent was obtained before inclusion into the study. Pa-
tients’ clinical characteristics and tumor pathological features were obtained
from their medical reports and followed the standard procedures adopted by
the Claudius Regaud Institute.

Metabolism of Sterols in BC Cells. Cells were plated into six-well plates (1 x 10°
cells per well) in the appropriate complete medium. One day after seeding,
this medium was replaced with complete medium without Phenol red sup-
plemented with dextran-coated charcoal-stripped FBS, and cells were
treated with either 0.6 uM [C]5,6a-EC for 72 h, 0.6 uM ['4C]5,6p-EC for 72 h,
1 uM ["C]CT for 8 h, 1 uM ['*CJOCDO for 72 h, 0.2 uM [3H]-CRT for 8 h, or
0.2 pM [PH]cortisone for 72 h. After incubation, cells were washed and
scraped, and neutral lipids were extracted with a chloroform-methanol
mixture as described in Segala et al. (2), and then separated by TLC using
either ethyl acetate as the eluent for ['“CICT and ["*C]JOCDO (9) or
chloroform-methanol [87:13 (volivol)] for [*H]-CRT or [3H]cortisone in a
method adapted from ref. 44. The radioactive sterols were revealed by au-
toradiography. For quantification, silica zones at the expected Rf values
corresponding to authentic ['“C]- or [*H]-labeled standards were scraped and
radioactivity was measured using a p-counter, as previously described (5).

Structural Characterization of the Unknown 5,6-EC Metabolite. MCF-7 cells (8 x
10° cells per dish) were treated with 10 uM 5,6a-EC. After a 72 h treatment, cells
were washed twice with 5 mL PBS, then scraped and resuspended in 5 mL PBS
and pelleted by centrifugation (800 x g, 5 min, 4 °C). Cells were then prepared
for oxysterol analyses as previously described (2). Oxysterols were separated by
RP-HPLC isocratically [MeOH:H,0] (95/5) at a flow rate of 0.7 mUmin. CT and
OCDO had retention times of 10 and 17 min, respectively, as previously de-
scribed (9). The 9-to 11- and 15- to 17-min RP-HPLC fractions were dried under
vacuum and submitted to chemical ionization-MS (CI-MS) analysis using am-
monia as a reagent gas on a Perkin-Elmer SCIEX API 100 spectrometer.

GC/MS Quantification of Oxysterols. Tissues, tumors and cell homogenates were
extracted as previously described (3). In a separate experiment, 0.1 pCi [*C]
OCDO was added to determine the yield of OCDO extraction. The samples were
then dried under argon, dissolved in 1 mL toluene and passed through a silica
cartridge (ISOLUTE SI 100 mg SPE Columns; Biotage). Oxysterol levels were
determined by high-performance GUMS detection using deuterium-labeled
internal standards exactly as described in Iuliano et al. (45). The percentage
of recovery of ["*C]OCDO was 96 + 8%. The estimation of OCDO concentration
in tumor xenografts or in patient tissues was calculated by assuming that 1 g of
tissue corresponds to a volume of 1 mL (3).
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