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Nuclear receptor Nur77 participates in multiple metabolic regulations
and plays paradoxical roles in tumorigeneses. Herein, we demon-
strated that the knockout of Nur77 stimulated mammary tumor de-
velopment in two mouse models, which would be reversed by a
specific reexpression of Nur77 in mammary tissues. Mechanistically,
Nur77 interacted and recruited corepressors, the SWI/SNF complex,
to the promoters of CD36 and FABP4 to suppress their transcriptions,
which hampered the fatty acid uptake, leading to the inhibition of cell
proliferation. Peroxisome proliferator-activated receptor-y (PPARY)
played an antagonistic role in this process through binding to Nur77
to facilitate ubiquitin ligase Trim13-mediated ubiquitination and deg-
radation of Nur77. Cocrystallographic and functional analysis revealed
that Csn-B, a Nur77-targeting compound, promoted the formation of
Nur77 homodimer to prevent PPARy binding by steric hindrance,
thereby strengthening the Nur77’'s inhibitory role in breast cancer.
Therefore, our study reveals a regulatory function of Nur77 in breast
cancer via impeding fatty acid uptake.
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Breast cancer is the most diagnosed cancer and the leading
cause of cancer mortality among women worldwide, affecting
about 2.1 million women every year (1). Therapeutic strategies
based on cancer subtype have improved the clinical outcome of
patients with breast cancer in recent decades, but a vast majority
of patients diagnosed with advanced breast cancer are confronted
with treatment resistance because of the tumor heterogeneity (2).
A better understanding of the mechanisms underlying malignant
progression of breast cancer and identifying new therapeutic tar-
gets and drugs are of high urgency.

Metabolic reprogramming is a common feature of cancer devel-
opment. In addition to glycometabolic reprogramming prevailing in
cancer cells, lipid metabolic remodeling is another characteristic of
tumors. Unlike glucose, lipids are not only important energy sources,
but also vital material for biomembrane synthesis (3). Therefore,
lipid metabolic reprogramming in tumors is more complicated and
tissue-specific. Disregulation of lipid metabolism often occurs in
breast cancer. Key lipogenic enzymes, including fatty acid synthase
(FASN), acetyl-CoA carboxylase (ACC), and ATP citrate lyase, are
up-regulated in breast cancer and have been shown to support tumor
development (4). For example, the elevated levels of FASN often
correlate with poor prognosis in breast cancer patients, and the in-
hibition of FASN leads to decreased cell viability and tumor growth
(4). Knockdown of either ACCa or FASN in breast cancer cells
decreases palmitic acid synthesis and leads to apoptosis (5). Cyto-
plasmic ATP citrate lyase activation is associated with lipid accu-
mulation and required for cyclin E-mediated breast cancer growth
(6). All of these data indicate that lipid anabolism cultivates breast
cancer development.
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Although many cancer cells can synthesize fatty acids de novo,
it is not economical to use these fatty acids for energy production
and many tumors prefer to directly uptake lipids from the en-
vironment to meet the demand. In fact, except the needs for
synthesis of cellular lipids and fatty acids, extracellular lipids are
a predominant source of energy besides glucose and glutamine in
breast cancer (7, 8). Lipids can be transferred from neighboring
adipocytes in the mammary tumor microenvironment to breast
cancer cells as fuels for tumor growth and aggressiveness, which
makes it an attractive treatment strategy to target lipid uptake
and transport in breast cancer (9, 10). It is conceivable that the
elucidation of the regulatory mechanisms underlying the uptake
and transport of exogenous lipids could lead to developing novel
and viable strategies to treat breast cancer.

Orphan nuclear receptor Nur77 (also termed TR3 or NGFI-
B), a transcription factor encoded by the immediate-early gene
Nr4al, belongs to the nuclear receptor superfamily of thyroid,
steroid, and retinoic acid (11) and plays distinct roles in different
types of cancer. Nur77 is considered to be a pro-oncogenic
regulator because of its involvement in the promotion of mela-
noma cell proliferation through protecting TP from oxidation in
the mitochondria (12). Nevertheless, Nur77 also has a strong
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tumor-suppressive function. Knockout of Nur77 in mice pro-
motes hepatocarcinogenesis, intestinal tumorigenesis, and devel-
opment of acute myeloid leukemia (13-15). Although different or
even paradoxical regulatory mechanisms and functions of Nur77
in breast cancer have been reported based on cell experiments or
xenograft tumors in nude mice (16-21), the role of Nur77 in vivo
in breast cancer development remains unknown.

In the presentent study, we demonstrate that Nur77 suppresses
breast cancer development in two different mouse tumor models by
blocking lipid uptake through transcriptional inhibition of CD36 and
FABP4. This role of Nur77, however, is stifled in breast cancer due to
peroxisome proliferator-activated receptor-y (PPARy)-mediated
Nur77 degradation via ubiquitin ligase (E3) Trim13-targeted ubiq-
uitination. Csn-B, the first naturally occurring agonist for Nur77
identified by our group (22), antagonizes PPARy-mediated degra-
dation of Nur77 through potentiating Nur77 dimerization and im-
peding the Nur77-PPARy interaction, which restrains lipid uptake
and leads to an aversion of breast cancer progression in a Nur77-
dependent manner. Together, these findings not only reveal a sup-
pressive role of Nur77 in breast cancer progression by regulating lipid
metabolic pathway, but also identify Csn-B, a Nur77-specific agonist,
as an effective therapeutic compound for breast cancer.

Results

Nur77 Plays a Suppressive Role in Breast Cancer Progression. The
mouse mammary tumor virus (MMTV)-PyMT transgenic mouse,
which carries the polyoma virus middle T antigen with the MMTV
promoter, mirrors the multistep progression of human breast
cancer beginning from hyperplastic lesions to high-grade carci-
nomas (23). To identify the potential role of Nur77 in mammary
tumor progression, MMTV-PyMT mice were crossed with either
WT or Nur77 knockout (Nur77-KO) mice to generate PyYMT-WT
and PyMT-KO mice. PYMT mRNA levels in primary tumors of
both PyMT-WT and PyMT-KO groups were comparable (S Ap-
pendix, Fig. S14), precluding the influence of Nur77 on the ex-
pression of PyMT. In PyMT-WT mice, the first palpable tumors
occurred at the age of 47 d old, while 50% of them developed tu-
mors at the age of about 64 d old. In PyMT-KO mice, the first
palpable tumors appeared at the age of 35 d, and 50% of the mice
developed tumors at the age of about 43 d old, earlier than PyMT-
WT mice (Fig. 1 A, Upper). At the age of 84 d old, the average
mammary tumor weight was 0.663 g in PyMT-WT mice but 3.408 g
in PyMT-KO mice (Fig. 1 A, Lower). At the age of 8 wk old, breast
glands from PyMT-WT mice displayed features of hyperplastic le-
sion with clusters of densely packed lobules formed on the duct with
portions of normal ductal structures retained. The breast glands
from PyMT-KO mice, however, developed adenoma/mammary
intraepithelial neoplasia with numerous and larger lesions and
intraluminal proliferation at the age of 10 wk old. At this stage,
PyMT-KO breast glands progressed to poorly differentiated car-
cinomas, which would not be observed in PyMT-WT mice until the
age of 12 wk old or older (SI Appendix, Fig. S1B). In parallel, the
Nur77 expression decreased progressively during breast cancer
tumorigenesis, both in mammary tissue and isolated primary
mammary epithelial/tumor cells from PyMT-WT mice (Fig. 1B and
SI Appendix, Fig. S1C).

The inhibitory effect of Nur77 on mammary tumor was also
corroborated in chemical carcinogen-induced tumorigenesis. Com-
binational treatment of medroxyprogesterone acetate (MPA) and 7,
12-dimethylbenzanthracene (DMBA) induces formation of mam-
mary tumors with histological characteristics of adenocarcinoma,
adenosquamous carcinoma, and adenomyoepithelioma carcinoma
(24). While virtually all Nur77 KO mice developed mammary tu-
mors at the age of 91 d old, 32% of WT mice were free of tumors
(Fig. 1 C, Upper). Mammary tumor progression was obviously fa-
cilitated (SI Appendix, Fig. S1D), and the tumor weight was greatly
increased in Nur77-KO mice as compare to WT mice (Fig. 1 C,
Lower). Similarly, tumor samples and primary mammary epithelial/
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tumor cells from these MPA/DMBA-treated WT mice were with
reduced Nur77 expression during tumor progression (Fig. 1D and SI
Appendix, Fig. S1E). These results indicate a negative correlation
between Nur77 expression and breast cancer development in vivo.

Nur77 is widely expressed in mouse mammary gland (Fig. 1 B
and D). To further substantiate the Nur77 suppressive role in
mammary epithelium, we generated a ROSA26/OP-stop-loxp-Nur77
transgenic mice (LSL-Nur77) based on the Nur77-KO back-
ground (SI Appendix, Fig. S1F). When crossed with MMTV-Cre
mice, the specific reexpression of Nur77 in mammary epithelial cells
in Nur77-KO mice was clearly observed (SI Appendix, Fig. S1G).
LSL-Nur77 mice were then crossed with PyMT-KO;MMTV-Cre
mice several times to generate PyMT-KO;LSL-Nur77 and PyMT-
KO;LSL-Nur77;MMTV-Cre mice (SI Appendix, Fig. S1F). The
onset of tumor in PyMT-KO;LSL-Nur77;MMTV-Cre mice trailed
significantly behind PyMT-KO;LSL-Nur77 mice (Fig. 1 E, Upper).
As expected, tumorigenesis was inhibited, and tumor sizes and
weights were reduced in PyMT-KO;LSL-Nur77;MMTV-Cre mice
as compared to PyMT-KO;LSL-Nur77 mice (Fig. 1 E, Lower).
Again, with the progression of mammary tumors (SI Appendix, Fig.
S1H), the expression of Nur77 was gradually decreased in mammary
tissue and isolated primary mammary epithelial/tumor cells from
PyMT-KO;LSL-Nur77;MMTV-Cre mice (Fig. 1F and SI Appendix,
Fig. S1I). All of these data strongly support the notion that Nur77
plays a suppressive role in breast cancer progression.

Nur77 Blocks Fatty Acid Uptake to Inhibit the Proliferation of Breast
Cancer Cells. The expression levels of Ki67, a marker for cell pro-
liferation, in tumors of either PYMT-KO or MPA/DMBA-treated
KO mice were significantly elevated as compared to the corre-
sponding WT mice. In contrast, the expression of Ki67 was de-
creased in tumors of PyMT-KO;LSL-Nur77;MMTV-Cre mice
(Fig. 2A4). These results inferred a suppressive role for Nur77 in the
expansion of mammary epithelial cells and subsequent tumori-
genesis. The mammary microenvironment consists of adipocytes
and adipocyte precursors. Adipocytes, as an external lipid donor,
provide energydense lipids to breast cancer cells to support their
rapid growth (10). It could be shown that the tumor periphery
adjacent to adipose tissue was predominantly consisted of Ki67
expressing cells, but the tumor cores were essentially devoid of
Ki67 staining (Fig. 24). These data suggested that the adipocytes
might be an important source of materials for the proliferation of
mammary tumor cells in a process regulated by Nur77, which was
corroborated by several evidences. First, there were more abun-
dant lipid droplets in Ki67 expressing cells in PyMT-KO tumor
sample than in PyMT-WT tumor sample as was detected by
Bodipy staining (Fig. 2B). Second, when primary cells from PyMT
mammary tumors were cocultured with adipocytes isolated from
the mouse mammary gland, the cell proliferation for the PyMT-
KO primary cells was increased significantly higher than that for
the PyMT-WT primary cells (Fig. 2C). Similarly, there were more
lipid droplets in PyMT-KO primary cells than in PyMT-WT primary
cells (Fig. 2D), implicating a link between the Nur77-associated
arrest of mammary tumor cell growth and the presence of exter-
nal adipocytes. It could be shown that knockout of Nur77 in primary
tumor cells not only increased the intracellular lipid content, but
also directly enhanced fatty acid uptake, as revealed by using a
green fluorescent or radiolabeled fatty acid (BODIPY FL C16 or
[9,10-*H] palmitate acid) (Fig. 2E). Third, when a lipid mixture was
substituted for adipocytes, PYMT-KO primary cells proliferated
significantly better than PyMT-WT primary cells (Fig. 2F). Sub-
stantially more lipid droplets were accumulated in PyMT-KO
primary cells than in PYMT-WT primary cells (Fig. 2 G and H).
No such differences were detected between these two primary
cells without either adipocytes or lipid mixture. Finally, the human
breast cancer MCF-7 cells behaved similarly to PyMT-KO primary
tumor cells in cell proliferation (SI Appendix, Fig. S2A4), lipid
droplet accumulation (S Appendix, Fig. S2B), and fatty acid uptake
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(SI Appendix, Fig. S2C), when its endogenous Nur77 expression was
knocked down by shRNA (SI Appendix, Fig. S2D). Together, these
data indicated that the Nur77 deficiency facilitated the uptake of
exogenous fatty acids by breast cancer cells for rapid proliferation.

Nur77 Blocks Fatty Acid Absorption by Suppressing CD36 and FABP4
Expression. As Nur77 was mainly expressed in the nucleus of breast
cancer MCF-7 cells (SI Appendix, Fig. S3A4), it is possible that
Nur77 may function as a transcription factor to control fatty acid
uptake. To globally evaluate the influence of Nur77 on gene ex-
pression in mammary tumors, primary tumor cells from either
PyMT-WT or PyMT-KO tumor samples were collected for RNA
sequencing (RNA-seq). Gene set enrichment analysis (GSEA) of
RNA-seq data demonstrated that gene signatures for lipids me-
tabolism as well as lipids and organic acids transport were nega-
tively enriched in PyMT-WT primary tumor cells (Fig. 34),
suggesting that Nur77 may play an inhibitory role on fatty acid
uptake in mammary tumors. Notably, CD36 and FABP4, which
have been reported to be involved in cellular uptake and transport
of fatty acids (25, 26), were among the most obvious genes down-
regulated by Nur77 (Fig. 34). Consistent with the RNA-seq re-
sults, knockdown of Nur77 distinctly up-regulated the mRNA
levels of CD36 and FABP4 without affecting other members of
the FABP family in MCF-7 breast cancer cells (Fig. 3B). Knock-
down of either CD36 or FABP4 in MCF-7 cells (SI Appendix, Fig.
S3B) decreased fatty acid uptake (SI Appendix, Fig. S3C). However,
if it was a prior knockdown of both CD36 and FABP4 (SI Appendix,
Fig. S3D), a further knockdown of Nur77 resulted in no difference
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sented as mean + SEM **P < 0.01, ***P < 0.001.

on fatty acid uptake and the lipid content even in the presence of
the lipid mixture (Fig. 3C). So, the knockdown of both CD36 and
FABP4 abolished Nur77’s influence on cell proliferation (Fig. 3D).
It could be concluded that it was through downregulating the ex-
pressions of CD36 and FABP4 that Nur77 dampened the fatty acid
uptake and breast cancer cell proliferation.

Nur77 down-regulation of CD36 and FABP4 expressions at
the mRNA and protein levels was detected in the PyMT primary
tumor cells (Fig. 3E). Moreover, the negative regulation of Nur77
on CD36 and FABP4 protein expressions were also observed in
tumor tissues of PyMT mice (Fig. 3F). With the progression of
mammary tumors, the expression of CD36 and FABP4 gradually
increased in PyMT-WT tumor tissues (Fig. 3G), reminiscent of the
fact that the Nur77 expression was decreased during tumor pro-
gression (Fig. 1B). Clearly, Nur77 is upstream of CD36 and
FABP4, and the Nur77-associated down-regulation of CD36 and
FABP4 expression may well explain its inhibition of cell prolifer-
ation through impeding fatty acid uptake from the microenviron-
ment of breast cancer.

Nur77 Recruits SWI/SNF Complex to Down-Regulate CD36/FABP4
Transcription. The mechanism of Nur77 regulation of CD36 and
FABP4 gene expression was further investigated. Transfection of
Nur77 into MCF-7 cells repressed the transcription activities of
CD36 and FABP4 promoters (Fig. 44). Sequence analysis revealed
that there were several sequences similar to the response element
for Nur77 in the CD36 and FABP4 promoters (SI Appendix, Fig.
S4A4). These sequences were designated as NBRE-like (NBRE-L)
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sequences. Further chromatin immunoprecipitation (ChIP) assays
indicated that Nur77 could bind to NBRE-L2, -L3, and -1.4 in the
CD36 promoter and NBRE-L1 and -L3 in the FABP4 promoter
(Fig. 4B). Luciferase assays revealed that the deletion of one single
NBRE-L element was not sufficient to abolished Nur77 modulation
on either CD36 or FABP4 promoter activity. However, when all of
the Nur77-interacting elements (i.e., NBRE-L2, -L3, and -L4 in the
CD36 promoter or NBRE-L1 and -L3 in the FABP4 promoter)
were deleted, Nur77 lost its suppressive activity on these genes
(Fig. 44 and SI Appendix, Fig. S44). Consistently, combined mu-
tation of the NBRE-L2, -L3, and -L4 in the CD36 promoter or
NBRE-L1 and -L3 in the FABP4 promoter was sufficient to abro-
gate the suppressive function of Nur77 on their promoter activity
(Fig. 4C and SI Appendix, Fig. S4A4). Therefore, it is the Nur77
binding to the promoters of CD36 and FABP4 that leads to the
repression of their transcription.

Analysis of Nur77 binding proteins in the nucleus by using
mass spectrometry and the STRING database indicated that
several transcriptional corepressors, such as the SWI/SNF com-
plex and HDACI, could be novel binding partners to Nur77 (SI
Appendix, Fig. S4B and Dataset S1). Knockdown of HDACI1
effectively elevated the mRNA levels of CD36 and FABP4 (SI
Appendix, Fig. S4 C and D), consistent with the previous finding
that HDAC1 was important for the transrepression activity of
Nur77 on its downstream genes (27). Among the eight identified
SWI/SNF complex subunits, only BRM, BAF170, and BAF155
were shown to significantly influence the gene-expression levels
of CD36 and FABP4 (SI Appendix, Fig. S4 C and D). We thus
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B PyMT-WT
PYMT-KO

Fig. 2. Blocking lipid uptake by Nur77 contrib-
utes to growth inhibition of breast cancer cells. (A)
Evaluation of the proliferative status by Ki67 IHC
staining in mammary tumors from MMTV-PyMT
(8 wk), MPA/DMBA (13 wk), and PyMT-KO;LSL-
Nur77;MMTV-Cre (13 wk) mouse models. (B) Lipid
droplets indicated by Bodipy 493/503 in Ki67* cells.
Tumor samples were from PyMT mouse model. (C, D,
F, and G) Comparison of cell proliferation (C and F)
and lipid-droplet contents (D and G) in primary
mammary tumor cells from WT or Nur77 KO female
mice in PyMT mouse model (n = 3). Cells were cul-
tured in the medium containing 0.5% lipoprotein-
deficient serum (LPDS) with or without adipocyte
coculture (C and D), or lipid mixture addition (F and
G) for the indicated times (Cand F) or 24 h (D and G).
(E and H) Analysis of lipid content (E, Left, and H)
and fatty acid uptake (E, Center and Right) in pri-
mary cells from mammary tumors of PyMT mice.
Bodipy FL C16 or [9,10-3H] palmitate acid was
employed to evaluate fatty acid uptake. Coculture
conditions were the same as above. DAPI was used
+ to stain the nucleus. Data are presented as the

mean + SEM of two or three independent experi-

ments. **P < 0.01, ***P < 0.001, ns: not significant.

™ PYyMT-WT
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investigated the involvements of BRM, BAF170, BAF155, and
HDACI!1 in Nur77-mediated repression of CD36 and FABPA4.
Evidently, Nur77 interacted with BRM, BAF170, BAF155, and
HDAC1 in MCF-7 cells (Fig. 4D), which was closely associated
with the recruitments of these corepressors to the regions around
Nur77-binding elements in the CD36 and FABP4 promoters, as
revealed by ChIP assays (Fig. 4 E and F). When Nur77 was
knocked down, the associations of these corepressors with CD36 and
FABP4 promoters were obviously diminished (Fig. 4 E and F).
Given the histone deacetylation activity of HDACI, we also tested
the histone acetylation level in CD36 and FABP4 promoters and
found that the H3K9 and H4KS8 acetylation levels in these promoters
were substantially suppressed via Nur77 mediation (Fig. 4G). As a
result, Nur77 substantially suppressed the promoter activities and
mRNA levels of CD36 and FABP4; however, knocking down the
SWI/SNF subunits or HDACI obviously dampened this inhibitory
effect of Nur77 (Fig. 4 H and I). Therefore, it is likely that Nur77
suppresses CD36 and FABP4 expression through the recruitment of
the SWI/SNF complex and HDACI, which is corelated with the
suppression of histone acetylation in CD36 and FABP4 promoters
(SI Appendix, Fig. SAE).

PPARy Interaction Induces Nur77 Degradation by Recruiting Trim13.
Analysis by mass spectrometry of Nur77 immunoprecipitates from
the nucleus of MCF-7 cells also indicated that nuclear receptor
PPARy, known for its role in regulating lipid metabolism, such as
lipid uptake (28, 29), could be a novel Nur77 binding protein (S7
Appendix, Fig. S4B and Dataset S1). PPARy was also predominant
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in the nucleus of MCF-7 cells (SI Appendix, Fig. S54). The inter-
action between PPARy and Nur77 was confirmed by transfection
or endogenous coimmunoprecipitation (co-IP) assays (SI Appendix,
Fig. S5B). PPARYy expression was gradually elevated in mammary
tumor tissues during tumor progression (Fig. 54) in a reverse
pattern to the Nur77 expression (Fig. 1B). It was reported that
PPAR family members, such as PPARa and PPARy, are tran-
scriptional activators of CD36 and FABP4 through interacting with
RXR (28, 30); however, the repressive effect of Nur77 on CD36
and FABP4 expression was not through suppressing PPARs. In the
present case, PPARy and PPARa protein levels in primary tumors
of PyMT-WT mice were comparable to that in PyMT-KO mice (S
Appendix, Fig. S5C). In MCF-7 cells, knockdown of Nur77 influ-
enced neither the expression level nor the transcriptional activity of
PPARYy (SI Appendix, Fig. S5D). Moreover, Nur77 could still ef-
fectively suppress the mRNA level of CD36 and FABP4 in MCF-7
cells, no matter that PPARy was knocked down or overexpressed
together with its partner RXRa (S Appendix, Fig. S5 E and F).
Clearly, PPARYy did not function as a downstream factor for Nur77
in suppressing CD36 and FABP4.

Although overexpression of PPARy did not affect Nur77 gene-
expression level (SI Appendix, Fig. S5G), it decreased the endoge-
nous expression level of Nur77 protein in MCF-7 cells (Fig. 5 B, Left),
in contrast to the elevated Nur77 protein level when PPARy was
knocked down (Fig. 5 B, Right). The transcription activity of PPARy
played no role in modulating the Nur77 expression, as three tran-
scnptlonall;f inactive PPARy mutants (PPARy“''"*K, PPARy“""Y,
PPARy“'®*W) (31) functioned as effectively as the WT PPARy in
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***P < 0.001, ns: not significant.

repressing the Nur77 protein level (SI Appendix, Fig. SSH), excluding
the transcriptional regulation of Nur77 by PPARy. Therefore,
PPARy acts as an upstream regulator to down-regulate the Nur77
protein level.

PPARY influence on the protein stability of Nur77 was further
supported by other evidence. Knockdown of PPARy obviously
mitigated the endogenous degradation of Nur77 (Fig. 5 C, Up-
per) in a close correlation to the suppressed ubiquitination level
of endogenous Nur77 (Fig. 5D). When the ubiquitination site at
residue Lys536 in Nur77 were mutated (from Lys to Arg) (32),
PPARYy lost its influence on the ubiquitination and protein sta-
bility of Nur77 (Fig. 5 C, Lower, and Fig. 5E), while both Nur77
and Nur77%%°R were of comparable interactions with PPARy
(SI Appendix, Fig. S5I). Therefore, PPARy influences the Nur77
stability by inducing the ubiquitination of Nur77 at Lys536. It was
reported that Trim13, an E3 ubiquitin ligase, mediated the ubig-
uvitination of Nur77 (33). Knockdown of PPARy blocked while
transfection of PPARy enhanced the endogenous Trim13-Nur77
interaction (Fig. 5F), so PPARy played a role in the Trim13-Nur77
interaction. When Trim13 was knocked down, PPARYy lost its in-
fluence on the ubiquitination of endogenous Nur77 (Fig. 5G). As a
consequence, knockdown of Trim13 blocked the PPARy-associated
Nur77 degradation with the suppression of protein expression of
CD36 and FABP4 (Fig. SH) without impairing the endogenous
Nur77-PPARYy interaction (SI Appendix, Fig. S5J). Since PPARy
also interacted with Trim13 (SI Appendix, Fig. S5K), these results
suggest that PPARy recruits Trim13 to degrade Nur77.
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Domain mapping showed that the DNA binding domain
(DBD) of PPARy was responsible for the Nur77 binding (S
Appendix, Fig. S5L). Transfection of PPARy ADBD lost its ability
to strengthen endogenous interaction between Trim13 and Nur77
(Fig. 5I) and to mediate the endogenous Nur77 ubiquitination
(Fig. 57) and degradation (Fig. 5K) as compared to transfection of
PPARYy, even though it could still interact with Trim13 (SI Ap-
pendix, Fig. S5K). The possibility of Triml3-induced PPARy
ubiquitination could be excluded as overexpression or knockdown
of Trim13 did not impair the PPARy expression levels (SI Ap-
pendix, Fig. SSM) and ubiquitination (SI Appendix, Fig. S5N).
Taking these data together, it can be concluded that the PPARy
interaction with Nur77 is critical for the PPARy-induced Nur77
degradation, which in turn leads to elevated levels of CD36 and
FABP4 in breast cancer cells.

Csn-B Augments Nur77 Function by Impeding the PPARy-Nur77
Interaction. The mechanism of PPARy-mediated Nur77 degrada-
tion implies that an interference on the PPARy-Nur77 interaction
could enhance Nur77 stability to inhibit fatty acid uptake and cell
proliferation during breast cancer progression. To this end, the
Bodipy detection was employed to screen compounds from an in-
house chemical library, by which octaketide cytosporone B (Csn-B)
was identified as a candidate to inhibit fatty acid uptake in a Nur77-
dependent manner (Fig. 6 4 and B). Csn-B is known as an effective
and specific Nur77 agonist (22). By attenuating the promoter activity
and gene expression of CD36 and FABP4 (Fig. 6C), Csn-B markedly
restrained lipid droplets accumulation in MCF-7 cells (Fig. 6D) to
dampen the cell proliferation (Fig. 6E) in a Nur77-dependent man-
ner. Similarly, Csn-B could inhibit fatty acid uptake (Fig. 6F) and
consequent cell proliferation (Fig. 6G) in the primary tumor cells

Yang et al.

from PyMT-WT but not PyMT-KO mice. Hence, Csn-B is capable to
potentiate the inhibitory effect of Nur77 in breast cancer cells.

Csn-B has been known to directly bind to the ligand binding
domain (LBD) of Nur77 (22). It is notable that PPARy also
interacted with Nur77 LBD (SI Appendix, Fig. S6A4). Treatment of
Csn-B did not alter the transcription activity (SI Appendix, Fig.
S6B) and expression of PPARYy (SI Appendix, Fig. S6C) in MCF-7
cells, but obviously interfered with the interaction between PPARy
and Nur77 in the endogenous case (Fig. 6H), and attenuated the
PPARy-induced ubiquitination of endogenous Nur77, as expected
(Fig. 6I), thereby leading to the higher protein level of Nur77
(Fig. &/J). As a consequence, Csn-B suppressed the Nur77-mediated
protein expression of CD36 and FABP4 (Fig. 6K). These Csn-B
functions were mediated only by Nur77 but not two other mem-
bers, Nurrl and NOR1 in the NR4A nuclear receptor family, as
Csn-B could not influence the transcriptional activity of Nurrl and
NORI (SI Appendix, Fig. S6D), in agreement with our previous
report (22). Moreover, knockdown of neither Nurrl nor NOR1
showed any effects on Csn-B’s down-regulation of CD36/FABP4
expression and fatty acid uptake (SI Appendix, Fig. S6 E and F).
These results demonstrate that Csn-B is an effective reagent to
specifically stimulate Nur77 function in breast cancer cells through
interfering with the PPARy—Nur77 interaction and the PPARy-
mediated Nur77 degradation.

Complex Structure and Function of Csn-B with Nur77 LBD. The com-
plex between Nur77 LBD and Csn-B was made by soaking the
crystalline protein with the compound. It was revealed that Csn-B
bound across two copies of LBD (Mol I and Mol II) in the
asymmetric unit of the crystal (Fig. 74 and SI Appendix, Fig. S7A4).
This is a unique binding site, distinct from the previous binding
positions for compounds, such as TMPA, THPN, and PDNPA
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(34-36). Co-IP experiments indicated that HA-PPARy could
outcompete dimeric Flag-Nur77 interaction to interact with mo-
nomeric Myc-Nur77. However, once Csn-B was added, the het-
erodimeric interaction between HA-PPARy and Flag-Nur77 was
hampered but the dimeric interaction between Flag-Nur77 and
Myc-Nur77 were strengthened (Fig. 7B). Consistently, Csn-B
greatly enhanced the formation of Nur77 homodimer, detected
by cross-linking assay in the endogenous case (Fig. 7C). Since
PPARy DBD directly interacted with Nur77 LBD (SI Appendix,
Fig. S7B), it seems that the role of Csn-B binding across the two
monomeric LBD is to strengthen the Nur77 dimer formation,
which would in turn result in a steric hindrance to block PPARy
binding, as supported by the docking model (Fig. 7D).

To support the role of Csn-B, the critical Nur77 residues for Csn-B
binding were mutated for analysis. LBD residues D481, Q571, and
R572 involved in the interactions with the corg})ound in the complex
structure, and the structure of Nur77 LBDP®8IAQIARSTW ¢ 506ted
that the bulkier residues would preclude the Csn-B binding ste-
rically in addition to abolishing the hydrogen bonding (Fig. 7E).
Both fluorescence quenching and thermal-shift assays consistently
indicated that this triple mutant of Nur77 LBD lost most of its
ability to bind Csn-B (Fig. 7 F and G and SI Appendix, Fig. STC).
As a result, Csn-B not only failed to activate the transcriptional
activity of Nur77D48]A/QS71A/RS72W (ST Appendix, Fig. STD), but
also lost the capacity to facilitate the formation of dimeric
LBDPSIAVQTIARSTZW (Eio 7H). In contrast, the interaction of
the Nur77P4814/Q571A/ R572W mutant with PPARy was not impaired
in the presence of Csn-B, in the transfection experiments (Fig. 71)
or the in vitro pull-down assays (SI Appendix, Fig. STE). It can also
be shown that a reintroduction of Nur77>48IAQSTIARSZW diq
not compensate for the role of Nur77-WT in Csn-B-inducing in-
hibition of fatty acid uptake in Nur77-knocked down MCF-7 cells,
even in the presence of lipid mixture (Fig. 7/). These data sup-
plement favorably for the finding that Csn-B binding strengthens
LBD’s dimeric interaction to outcompete the PPARy binding, and
the binding of Csn-B with Nur77 is a prerequisite for the inhibitory
function of Csn-B in breast cancer cells.

Csn-B Effectively Inhibits Breast Cancer Progression. The physio-
logical potential of Csn-B in mouse models was also investigated.
Csn-B treatment sufficiently retarded tumor initiation (Fig. 84),
caused a significant delay in tumor progression (S Appendix, Fig.
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was used to determine the loading of total proteins.

S84) with reduced tumor sizes and weights in PyMT-WT mice
but not in PyMT-KO mice (Fig. 8B). Similarly, Csn-B adminis-
tration retarded tumor initiation and progression in MPA/DMBA-
induced mammary tumor model made in WT mice but not KO
mice (Fig. 8C and SI Appendix, Fig. S8B), which led to the de-
creased tumor sizes and weights in the same mice (Fig. 8D). In
these two mouse models, Ki67 expression levels in tumor samples
were down-regulated by Csn-B treatment in a Nur77-dependent
manner (SI Appendix, Fig. S8C). Immunohistochemical (IHC)
analysis revealed that Csn-B treatment significantly enhanced
Nur77 protein levels either in the MMTV-PyMT or in the MPA/
DMBA-induced mammary tumor samples (Fig. 8E) with signifi-
cant attenuation of protein expressions of CD36 and FABP4 in
mammary tumor tissues of WT but not KO mice (Fig. 8F). As a
result, the accumulation of lipid droplets in tumor samples were
substantially inhibited by Csn-B in PyMT-WT tumor sample (S/
Appendix, Fig. S8D). Clearly, Csn-B effectively suppresses breast
cancer progression through the Nur77 mediation.

It could also be demonstrated that the expressions of PPARy,
CD36, and FABP4 were significantly elevated either in clinical
samples of breast cancer as compared to the corresponding para-
tissues (Fig. 8G and Dataset S2) or in different developmental
stages of the breast cancer (Fig. 8H and Dataset S2). In these
clinical samples, the level of Nur77 was notably decreased, impli-
cating a strong clinical correlation of Nur77 with PPARy, CD36,
and FABP4. Follow-up studies with these patients indicated that
the patients with higher levels of Nur77 expression was closely
associated with good clinical prognoses, while a higher level of
PPARy, CD36, or FABP4 expression was consistently linked to
poor clinical prognoses (Fig. 8I). Together, all of these results
demonstrate that Nur77 and PPARy are potential biomarkers for
the clinical outcome of breast cancer, and Csn-B is a promising lead
compound to treat breast cancer by acting as an agonist of Nur77.

Discussion

Adipocytes, as an external lipid donor in the microenvironment
of breast cancer tissues, are a major source of lipids to breast
cancer cells through their direct communications. An interrup-
tion of this lipid uptake process would hamper cancer cell
growth. However, there was a lack of either knowledge on or
means for interfering with the molecular process of exogenous
lipid uptake to arrest the growth of breast cancer cells. In this
study, Nur77 was shown to be a key player in repressing breast
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cancer cells uptake of exogenous fatty acids through recruiting
SWI/SNF complex and HDACI1 to transcriptionally repress
CD36 and FABP4 expressions, leading to the inhibition of breast
cancer development. Nevertheless, this role of Nur77 was nulli-
fied during breast cancer progression due to highly expressed
nuclear receptor PPARy that interacted with Nur77 to recruit
ubiquitin ligase Trim13 to target Nur77 for degradation.
Subsequently, we identified Csn-B from an in-house chemical
library as an effective and specific lead compound to treat breast
cancer through disrupting the Nur77-PPARYy association, which
enhanced the Nur77’s blockage of the fatty acid uptake from
tumor’s metabolic microenvironment (Fig. 87). Together, the
data in this study engender a better understanding on the in-
hibitory function of Nur77 in breast cancer through metabolic
reprogramming of lipids.

As a major component in the breast cancer stroma, adipocytes
are capable of secreting large quantities of metabolic substrates,
such as fatty acids, to establish a metabolic tumor microenvi-
ronment (8, 37). This altered metabolic microenvironment fa-
cilitates the adaptation of breast cancer cells to the easy
availability of metabolic substrates, leading to the extracellular
lipid addiction of breast cancer. We found that the proliferation
of breast cancer cells largely relied on the coculture of adipocytes
or the addition of exogenous lipid mixture. Therefore, breast
cancer cells are able to adapt to their metabolic microenviron-
ment in a flexible manner to take up “ready-made” lipids from
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proteins. Data are presented as the mean + SEM of
two or three independent experiments. *P < 0.05,
**p < 0.01, ***P < 0.001, ns: not significant.

the surrounding environment to bypass the de novo lipid syn-
thesis. In this regard, targeting the uptake of extracellular lipid
could be a promising approach for breast cancer therapy.

The uptake of the majority of fatty acids in cells depends on
several transmembrane proteins and cytoplasmic fatty acid
binding proteins, such as CD36 and FABP4. These proteins
provide a regulatory platform for cells to fine-tune the avail-
ability of fatty acids to meet the metabolic demand. Nur77, as a
negative regulator for fatty acid uptake in breast cancer, could
directly bind to NBRE-L sequences in the promoters of CD36
and FABP4 for the recruitment of the SWI/SNF complex and
HDACI1 to repress their expressions, leading to the restrained
fatty acid uptake and inhibited breast cancer progression both
in vitro and in vivo. The SWI/SNF complex plays an important
role in the regulation of fatty acid oxidation (38). The present
study further extended its functions to fatty acid uptake, impli-
cating a multifunctional attribute to the SWI/SNF complex in
lipid metabolism. The inhibition of CD36 or FABP4 by Nur77
was also reported in macrophages (39) and adipocytes of mice
(40), although their detailed regulatory mechanisms were not
demonstrated. It may therefore suggest a common Nur77 role in
regulating lipid uptake in different tissues.

The regulation of Nur77 on fatty acid uptake can be coun-
teracted by PPARy, which was generally highly expressed in
breast cancer (41). PPARy regulated the level of Nur77 in a
manner independent of its transcriptional activity by recruiting
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the E3 ligase Trim13 to ubiquitinate Nur77 for the proteasomal
degradation and subsequent up-regulation of CD36 and FABP4
expressions. Since PPARy was also reported as a transcriptional
activator for multiple genes involved in lipid metabolism, in-
cluding CD36 and FABP4 (42, 43), it regulates the fatty acid
uptake through both transcriptional-dependent and -indepen-
dent pathways. Due to the diversity and complexity of the
downstream genes, targeting the transcriptional activity of
PPARy did not produce a consistent outcome on the develop-
ment of breast cancer (44, 45). This interference on the
PPARy-Nur77 interplay may represent a more focus strategy to
screen compounds for breast cancer intervention.

Despite the fact that no physiological ligand for Nur77 has
been identified up to date, several small molecular compounds,
such as Csn-B (22) and bis-indole—derived compounds (46, 47),
were identified as the agonists for Nur77, and their antitumor
functions in gastric and colorectal cancer have also been repor-
ted (14, 48). In the present study, Csn-B inhibited breast cancer
by disrupting the association between Nur77 and PPARy. Struc-
tural and mutational analysis indicated that the binding of Csn-B
with Nur77 is a prerequisite for the Nur77 inhibitory effect. En-
hancing the Nur77-Nur77 homodimeric interaction by Csn-B es-
tablishes a steric hindrance to impede the formation of the
Nur77-PPARYy heterodimer, indicating that Nur77-Nur77 and
Nur77-PPARy interactions are mutually exclusive. In addition, this
Csn-B-induced Nur77 dimer formation may also bolster the role of
Csn-B to function as an agonist to stimulate the transcriptional
activity of Nur77, since the Nur77 dimer is more effective in tran-
scriptional activation (22). Thus, Csn-B modulates multiple Nur77
functions transcriptionally as well as posttranscriptionally.

The involvement of Nur77 in breast cancer has been reported
but remains contradictory. On the one hand, Nur77 functions as
a tumor suppressor to inhibit the proliferation and migration of
breast cancer cells (16, 17). Hence, Nur77 is thought to be a
favorable prognosis factor in patients with triple-negative breast
cancer or in a large cohort of breast cancer patients (16, 18). On
the other hand, inflammation-induced Nur77 promotes invasion
and metastasis of breast cancer cells in a TGF-p—dependent or
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fl-integrin—dependent manner (19-21), which suggests a pro-
oncogenic role of Nur77 in breast cancer. This discrepancy is
reconciled by the notion that the distinct functions of Nur77 in
breast cancer may depend on different stimuli and breast cancer
subtypes. In fact, the context-dependent functions of Nur77 have
also been demonstrated in other cancers, such as colorectal
cancers (14, 49). Therefore, dissecting the functions of Nur77 in
breast cancer using different mouse models could provide a
more comprehensive insight into the in vivo role of Nur77 on
tumor development.

Experimental Procedures
Mammary Tumor Cell Isolation. For primary mammary tumor cells, sponta-
neous mammary tumors were removed from PyMT-WT or PyMT-KO female
mice, minced, and incubated with digestion solution (containing 5% FBS,
10 ng/mL epidermal growth factor, 500 ng/mL hydrocortisone, 5 pg/mL insulin,
20 ng/mL cholera toxin, 300 U/mL collagenase type | and 100 U/mL hyal-
uronidase) at 37 °C for 3 h. The digested cell clumps were pelleted by centri-
fugation, resuspended in 0.25% trypsin-EDTA solution at 37 °C for 2 min, and
then subjected to 5 mg/mL dispase and 0.1 mg/mL DNase digestion for another
5 min. Erythrocytes were removed by using red blood cell lysis buffer, and the
cell suspensions were filtered through a 100-um cell strainer. The single cell
suspensions were collected and maintained in DMEM containing 10% FBS.
All animals were maintained at Laboratory Animal Center in Xiamen
University (China) in accordance with the institutional guidelines. All animal
experiments were approved by the Animal Ethics Committee of Xiamen
University (acceptance no. XMULAC20120030).

Immunofluorescence for Lipid. For natural lipid staining, cells seeded on mi-
croscope cover glasses were fixed with 4% paraformaldehyde, and incubated
with 1 ng/mL Bodipy 493/503 for 20 min at room temperature. The cells were
stained with DAPI before mounting and imaging on LSM 780 microscope
(Zeiss).

For tissue immunofluorescence, frozen sections were incubated with anti-
Ki67 antibody (1:50) overnight at 4 °C in a humidified chamber. The sections
were then washed with PBS and incubated with Alexfluor 594-conjugated
secondary antibody (Life Technologies) for 1 h at room temperature, and
then incubated with 1 ng/mL Bodipy 493/503 for 20 min at room tempera-
ture. The sections were stained with DAPI before mounting and imaging.
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Fig. 8. Roles of Csn-B in repression of breast cancer progression. (A-D) Effects of intravenous injection of Csn-B (10 mg/kg) on mammary tumor development
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Tissue Microarray, Histology, and IHC Assays. A breast cancer tissue microarray
(TMAs; HBreDuc140Sur02 and HBreD090CS01) with patient diagnosis data were
purchased from Shanghai Outdo Biotech Company. For histological analysis, H&E
staining was carried out according to the manufacturer’s standard procedures.

IHC staining of mouse mammary tissue sections and TMAs was performed
using UltraSensitiveTM SP (Mouse/Rabbit) IHC Kit (Maxim Biotechnologies,
Fujian, China; KIT-9710). The mouse tissue sections were stained with anti-
Nur77 (1:100), anti-PPARy (1:100), anti-CD36 (1:400), anti-FABP4 (1:200), or
anti-Ki67 (1:150) primary antibodies, and the TMAs were stained with anti-
Nur77 (1:200), anti-PPARy (1:100), anti-CD36 (1:200), or anti-FABP4 (1:200)
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primary antibodies, and then followed by successively incubating with
biotin-labeled anti-mouse/rabbit IgG and peroxidase-conjugated streptavi-
din. The stained samples were visualized by using DAB Detection Kit (Maxim
Biotechnologies, Kit-0014). The IHC results are quantified using immuor-
eactive score system (50). Each sample was subjected to blind evaluation by
three people and the mean score was considered as the final immuoreactive
score.

Statistical Analysis. The error bars are represented as the mean + SEM. The
statistical analysis of the difference between two groups was carried out by
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using the two-tailed Student’s t test and multiple group comparisons were
determined using one-way or two-way ANOVA followed by Tukey’s post hoc
test. Survival curves were derived by the Kaplan-Meier method and com-
pared by log-rank test. The significance thresholds were defined as statisti-
cally significant (*P < 0.05), highly significant (**P < 0.01), or extremely
significant (***P < 0.001); ns, not significant. The statistical analysis was
performed using GraphPad Prism 6.

Data Availability. The structure factors and atomic coordinates for CsnB-
bound NUR77 LBD have been deposited in the Protein Data Bank, http:/
www.wwpdb.org/ (PDB ID code 6KZ5). The RNA-seq data have been de-
posited in the Gene Expression Omnibus database, https:/www.ncbi.nlm.
nih.gov/geo (accession no. GSE131895). Source data for S/ Appendix, Fig. S4B
have been provided as Dataset S1. Statistical source data supporting Fig. 8 G
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