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ABSTRACT
Oestrogen related receptor a participated in the regulation of oxidative metabolism and mitochondrial
biogenesis, and was overexpressed in many cancers including triple-negative breast cancer. A set of new
ERRa inverse agonists based on p-nitrobenzenesulfonamide template were discovered and compound 11
with high potent activity (IC50 ¼ 0.80lM) could significantly inhibit the transcription of ERRa-regulated
target genes. By regulating the downstream signalling pathway, compound 11 could suppress the migra-
tion and invasion of the ER-negative MDA-MB-231 cell line. Furthermore, compound 11 demonstrated a
significant growth suppression of breast cancer xenograft tumours in vivo (inhibition rate 23.58%). The
docking results showed that compound 11 could form hydrogen bonds with Glu331 and Arg372 in add-
ition to its hydrophobic interaction with ligand-binding domain. Our data implied that compound 11 rep-
resented a novel and effective ERRa inverse agonist, which had broad application prospects in the
treatment of triple-negative breast cancer.
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1. Introduction

Breast cancer is one of the most common malignancies in women
worldwide, with more than 2 million newly diagnosed female
breast cancer cases in 2018, accounting for almost 25% of the
cancer cases among women1. Although the existing endocrine
and targeted therapy had significant effects on breast cancer, tri-
ple-negative breast cancer still had a high metastasis recurrence
rate and poor prognosis2–5. The overexpression of ERRa was
proved to be related to the poor prognosis of TNBC in former
studies6. By interacting with PGC-1a and RIP-1407,8, ERRa could
adjust the expression of oxidative metabolism genes and mito-
chondrial biosynthesis, which caused the hypoxia of tumour cells9.
Through the protein kinase ERK signalling pathway, reducing the
expression of ERRa demonstrated the anti-proliferate activity on
vascular smooth muscle cells10. Downregulation of ERRa could
prevent cancer angiogenesis through PI3K/Akt/STAT3 signalling
pathway and reduce the production of vascular endothelial
growth factors (VEGF)11. Research on the MDA-MB-231 cell line
with malignant metastasis revealed that turning down the expres-
sion level of ERRa could effectively inhibit the migration of tumour
cells12,13. Knocking out the ERRa gene could slow down the
growth rate of tumour cells without affecting the health of
mice14. Therefore, ERRa might be a promising target to treat tri-
ple-negative breast cancer. Studies had shown that the develop-
ment of effective ERRa inverse agonists was considered as a

potential therapy for non-hormone-dependent breast cancer,
especially triple-negative breast cancer15.

Few ERRa inverse agonists (compounds 1–7) were discovered
as shown in Figure 1. The inverse agonists with thiadiazole acryl-
amide template were the first reported series, and XCT-790 (com-
pound 1) was the most active compound with strong selectivity
and moderate activity (IC50 ¼ 0.37 lM) in vitro16. The N-arylindole
analogue compound 2 was the ligand of the first reported inverse
agonist crystalline complex 2PJL, demonstrating moderate activity
(IC50 ¼ 0.19 lM) in FRET assay17. The crystalline complex (PDB
code: 3K6P) with covalent binding between residue Ser325 and
ligand was constituted of ERRa and inverse agonist compound 4
based on thiazolidinedione scaffold, and further optimisation gave
the most active compound 3 (IC50 ¼ 0.008 lM)18,19. Compound 5
based on 1-Phenyl-4-benzoyl-triazole template demonstrated high
potent activity on diabetes (IC50 ¼ 0.021 lM) and oral availabil-
ity20. Compound 6 (IC50 ¼ 1.47 lM) was considered as a potential
ERRa inverse agonist, which was proved to suppress the growth
of human xenografts (43.7％ ) in nude mice21. Compound 7 with
1–(2,5-diethoxy-benzyl)-3-phenylurea temple revealed moderate
activity in TR-FRET assay (IC50 ¼ 1.46lM), and demonstrated not-
ably growth inhibition (40.9％) on the ER-negative human breast
cancer xenografts in vivo22. However, very few ERRa inverse ago-
nists had been described, especially in triple-negative breast can-
cer. In this paper, a new type of p-nitrobenzenesulfonamide
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analogues was identified as high potent ERRa inverse agonists
in vitro and in vivo against triple-negative breast cancer.

2. Design

Comparison of the ERRa structure from the crystalline complex
with inverse agonist compound 2 (PDB code: 2PJL)17 and the crys-
talline structure of apoERRa (PDB code: 1XB7)23 demonstrated that
the conformational inversions of Leu324 and Phe328 were the key
to the inverse agonistic activity of ERRa. Crystalline complex 2PJL
revealed that the ligand-binding domain was mainly composed of
hydrophobic residues and the hydrogen bond interaction with
Glu331 might increase the activity. The hydrogen bond between
compound 4 and Arg372 in crystalline complex 3K6P18 indicated
that Arg372 might be a key residue to activity. All these features
provide the guidance for the design of novel ERRa
inverse agonists.

As shown in Figure 2, the design of novel high effective ERRa
inverse agonists was started from fragment I with the oxygen
atom for forming a hydrogen bond with Arg372. To occupy the
position of Phe328 in apoERRa, the ring B was introduced at the
para position of the methoxy group, and then fragment II was
obtained. The ortho amino on the ring B was intended to interact
with the Glu331. To occupy the position where Leu324 in
apoERRa was, p-nitrosulfonyl group was designed to fragment II
through sulfonylation with amino on the ring B and compound
11 was obtained.

To explore the structure-active relationships on the ring A, C
and nitrogen atom of sulphonamide, compounds 8–18 were
designed and synthesised for the test of biological activity.

3. Molecular docking results

In order to gain insight into the hypothetical binding mode of
compound 11 with ERRa, the docking simulation was performed
by the Sybyl X 2.0 with Surflex-dock package. In the docking
simulation, each ligand was generated 200 poses by Surflex-dock
package, and the Surflex-dock GeomX was selected as the docking
mode. As shown in Figure 3, the RMSD between co-crystallized
ligand (compound 2) and docking poses were relatively stable,
which could validate the docking parameters as reliable parame-
ters. The binding site could be regarded as a sphere with a radius
of 8 Å.

The docking result of ERRa with compound 11 was shown in
Figure 4. The oxygen atom of methoxy on ring A and the nitrogen
atom of sulphonamide on ring B formed hydrogen bonds with
Arg372 and Glu331 respectively (Figure 4(A)), which could
enhance the stability of compound 11 and ERRa. The positions
Phe328 and Leu324 in apoERRa (PDB code: 1XB7) were occupied
by ring B and ring C of compound 11 respectively in reverse-
excited ERRa (PDB code: 2pjl) (Figure 4(B)), which transferred the
apoERRa into in-active conformation. All these transformations
made compound 11 act as an inverse agonist.

Figure 1. Representative structures of ERRa inverse agonists that had been reported.

Figure 2. Design of compound 11 as the potential ERRa inverse agonist.
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4. Chemistry

The synthetic steps of p-nitrobenzenesulfonamide analogues 8–18
were shown in Scheme 1. Intermediates 8B–18B were obtained
from raw material A through arylation reaction with K2CO3 in dry
DMF at 120 �C. After nitro reduction, intermediates 8C–18C were
produced from intermediates 8B–18B24. Through sulfonylation
reaction in DCM at 0 �C, the intermediates 8C–18C were trans-
formed into intermediates 12D–18D25. After nitro reduction with
NaBH4 in MeOH, intermediates 12D–18D were converted to prod-
ucts 12–1424. Intermediates 15D–18D reacted with 2-bromoethyl
acetate and produced intermediates 15E–18E, which were
sequentially subjected to nitro reduction to give products 15–16
and intermediates 17F–18F24. Products 17–18 were prepared
through hydrolysation reaction with K2CO3 in MeOH at 60 �C.

5. Results and discussion

5.1. ERRa transcriptional activity and structure-activity
relationships

The transcriptional activity of compounds 8–18 at cells level was
shown in Table 1. When methyl group on 4-position of ring A and
R2 without substituent, the inhibiting activity of nitro-substituted

compound 10 (IC50 ¼ 1.23 lM) is 1.5 times that of amino-substi-
tuted compound 14 (IC50 ¼ 1.88 lM). Replacing the methyl group
on ring A of compound 10 by methoxy group gave compound
11 (IC50 ¼ 0.80 lM) with 1.5-fold more active than compound 10.
After reducing the nitro of compound 11, the corresponding
amino compound 12 was inactive. It was suggested that nitro-
substituted compounds 10 and 11 with methyl or methoxy on
ring A were more beneficial to activity than corresponding amino-
substituted compounds 14 and 12. By introducing ethyl acetate
to the R2 group of compound 14, a slightly better analogue 15
(IC50 ¼ 1.78 lM) was obtained. Replacing methyl on R1 with tri-
fluoromethyl to optimise compound 15, more potent compound
16 (IC50 ¼ 1.66 lM) was discovered. After introducing ethanol to
R2 of inactive compound 12, the obtained compound 17 (IC50 ¼
1.29 lM) regained its activity. Compound 17 (IC50 ¼ 1.29 lM) with
methoxy group exhibited more potent ERRa transrepression activ-
ity than compound 18 (IC50 ¼ 1.78 lM) possessing a trifluoro-
methyl group. The trend observed for compounds 8–11 was that
substituted methoxy group (compound 11, IC50 ¼ 0.80lM) took
precedence over methyl group (compound 10, IC50 ¼ 1.23 lM),
the hydrogen atom (in compound 8, IC50 ¼ 1.76 lM) and the
chlorine atom (in compound 9, IC50 ¼ 2.02 lM). Amino compound
13 (IC50 ¼ 1.61 lM) with chlorine on ring A exhibited more inhibi-
tory than corresponding nitro compound 9 (IC50 ¼ 2.02lM). The
most active compound 11 with methoxy and nitro groups was
selected for further study of its biological activity.

5.2. Compound 11 inhibited the proliferation of human breast
cancer cells

Base on the previous results, cell proliferation assay and colony
formation assay was performed to detect the anticancer effect of
the most potent ERRa inverse agonist (compound 11) in human
breast cancer cells. The results of the present study showed that
compound 11 demonstrated excellent anti-proliferation activity in
breast cancer cells by CCK-8 assay. Treatment with 10 lM com-
pound 11 suppressed cell proliferation by 23.5%, 38.9% and
31.0% at 24 h and 37.4%, 44.3% and 38.0% at 48 h for MCF-7,
MDA-MB-231 and HCC-1937, respectively (p< 0.05 for all) (Figure
5(A)). And with an IC50 value at 15.44, 9.15 and 14.67 lM for MCF-
7, MDA-MB-231 and HCC-1937, respectively (Figure 5(B)).

When evaluated by the colony formation assay, high-dose
compound 11 (1 lM) significantly reduced the number of colonies
by 47.5% and 70.3% for MCF-7 and MDA-MB-231, respectively
(p< 0.01 for both). The number of colonies decreased significantly

Figure 3. RMSD between co-crystallized ligand (compound 2) and docking pose.
The docking pose was generated by Surflex-dock package in Sybyl X 2.0. The
RMSD was calculated by Discovery studio 2019.

Figure 4. (A) Superimposition of docking result of ERRa with compound 11 (green) and crystal structure of ERRa with inverse agonist (compound 2, orange, PDB
code 2PJL). The dotted black lines in the figure represent the hydrogen bonding interactions between ligand and protein. (B) The superimposed apoERRa crystal com-
plex (1XB7) and compound 11 (green) docked with ERRa inverse agonist crystal complex crystals (2PJL). Plum: 2PJL, Sky blue: 1XB7. The dotted black lines in the fig-
ure represent the hydrogen bonding interactions between ligand and protein. These photographs were obtained by the chimaera 1.15rc program.
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by low-dose compound 11 (0.3lM) only in MDA-MB-231 cells
(Figure 5(D)). The results showed that the killing influence of com-
pound 11 on ER-negative MDA-MB-231 cells was higher than that
on ER-positive MCF-7 cells. The consequences mentioned above
indicated that compound 11 was a more effective and sensitive
breast cancer cell proliferation inhibitor, which was regardless of
whether the ER-positive.

5.3. Compound 11 inhibited human breast cancer cells
migration and invasion

The increase in motility and invasiveness of cancer cells is related
to the progression of breast cancer, which was the main cause of
incidence rate and mortality of cancer patients. Experiments were
performed to evaluate the inhibition rate of compound 11 on
breast tumour cells migration and invasion. Transwell migration
assay showed that compound 11 (1 lM) had moderate inhibition
of breast cancer cells migration, and high-dose compound 11
(3 lM) had a much more potently inhibitory effect (Figure 6(A,B)).
In analogy with the results above, low-dose compound 11 had a
weak effect on MB-231cells invasion, but high-dose compound 11
treatment led to 31.5% and 50.9% reduction in MCF-7 and MDA-
MB-231 cell invasion, respectively (Figure 6(C,D)). Taken together,

these results showed that compound 11 markedly improved the
antimetastatic activity against human breast cancer cells.

5.4. Compound 11 is an inverse agonist of ERRa and mediates
anti-proliferation effect through ERRa in breast cancer cell

Through physical binding with co-activator PGC-1a, the transcrip-
tional function of ERRa was activated. TR-FRET (time-resolved
fluorescence energy transfer) analysis was used to determine the
interaction between a terbium chelate labelled ERRa LBD fragment
and the PGC-1a co-activator peptide with fluorescein. Therefore,
the receptor affinity with ERRa of compound 11 was measured by
assessing the ability to interfere with the interaction of ERRa with
PGC-1a in a TR-FRET assay. Similar to the positive control XCT-790,
an effective ERRa specific inverse agonist, compound 11 also
dose-dependently decreased the FRET signal between ERRa-LBD
and PGC-1a with an IC50 value of 0.681 lM (Figure 7(A)). Thence,
compound 11 could bind directly with ERRa and disturb the inter-
action with its co-factors, which was supposed to act as an ERRa
particular inverse agonist. To explore the relationship between the
ERRa and the anti-proliferation effect of compound 11, we
knocked down ERRa in MDA-MB-231 cells by siRNA. The results

Scheme 1. (a) K2CO3, DMF, 120 �C, 7–8 h; (b)/(e)/(g) Ni2Cl�6H2O, NaBH4, MeOH, 0 �C, 2 h; (c) Pyridine, DCM, 0 �C, 8 h; (d) NaH, DMF, 90 �C, 7–8 h; (f) K2CO3, MeOH,
60 �C, 5–6 h.
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suggested knock-down of ERRa reduced compound 11 induced
anti-proliferation in breast cancer cells (Figure 7(B)).

5.5. Derivative 11 inhibits the expression of target genes
regulated by ERRa

Then, quantitative RT-PCR was used to assess the mRNA levels of
ERRa-regulated target genes including peroxisome proliferator-
activated receptor coactivator 1a (PGC-1a), pyruvate dehydrogen-
ase kinase 4 (PDK4), osteopontin (SPP1) and pS2 (TFF1) in breast
cancer cells hatched with derivative 11. The results demonstrated
that PGC-1a, PDK4, osteopontin and pS2 mRNA expression in
high-dose derivative 11 (3 lM) treated MDA-MB-231 cells were all
notably reduced (Figure 8). All the consequences indicated that
derivative 11 reduced the transcription of target genes adjusted
by ERRa.

5.6. Compound 11 suppresses the growth of tumour cells in
xenograft mice

The results of in vitro study suggested that compound 11 might
demonstrate inhibition of cancer in vivo. To confirm this surmise,
we established a breast tumour xenograft in nude mice. As shown
in Figure 9(A), compound 11 showed an effective inhibitory influ-
ence on the growth of xenograft tumour of human breast cancer.
At the end of this experiment, the tumour volume of mice treated
with compound 11 dose of 30mg/kg every other day was
1152mm3, while the tumours size of control mice had reached
1508mm3. After treatment with compound 11, tumour growth
was inhibited by 23.58%. There were no notably compound-
related influences on the weight of mice or any other symptoms
of overt toxicity were observed in the treatment group compared
with the control group (Figure 9(B)). Overall, these evidences
proved that compound 11 might be a promising lead compound
to treat triple-negative breast cancer (TNBC).

6. Conclusion

A set of original ERRa inverse agonists (compounds 8–18) based
on p-nitrobenzenesulfonamide template were discovered by
design, structural optimisation and ERRa assays in vitro and
in vivo. The most potential leading compound of ERRa inverse
agonist was compound 11 (IC50 ¼ 0.80 lM) demonstrating potent
anti-proliferate and anti-metastatic activity on MDA-MB-231 cells.
Further assay in vitro revealed the expression of ERRa and target
genes regulated by ERRa was notably decreased by compound 11
(IC50 ¼ 0.681 lM). In human breast cancer xenografts experiment,
compound 11 significantly suppressed the growth of tumour in
nude mice with an inhibitory rate of 23.58%. Docking results indi-
cated that the methoxy and nitrogen atom of sulphonamide in
analogue 11 constituted hydrogen binding interactions with resi-
dues Glu331 and Arg372, which could increase the activity of
compound 11 by enhancing the binding stability. Overall, these
series compounds broken new ground for the reasonable exploit-
ation of potent ERRa inverse agonists aimed at triple-negative
breast cancer.

7. Experimental section

7.1. Chemistry experiments

7.1.1. General synthetic methods of compounds 8–18:
Unless otherwise noted, all analytical materials, such as reagents
and solvents, were purchased through the reagent supplier and
used directly. All reaction processes of the synthetic experiments
were tracked by using thin-layer chromatography (TLC) on silica
gel plates. All of the final compounds were defined by using the
Bruker AVANCE II 400 spectrometers using the CDCl3 or DMSO
as solvent.

7.1.2. 4-Nitro-N-(2-phenoxyphenyl)benzenesulfonamide (8)
The mixture of phenol (670mg, 7.62mmol, 1.2eq), potassium car-
bonate (2.19 g, 15.87mmol, 2.5eq) and potassium iodide(105mg,
0.635mmol, 0.01eq) in N,N-dimethylformamide (DMF) was heated
to 90 �C for 10min, then the 2-chloronitrobenzene (1g, 6.35mmol,
1.0eq) was added to the solution followed by stirring at 120 �C for
8 h. DMF was removed by distillation and the residue was dis-
solved in ethyl acetate and extracted with water (3 �200ml). The
combined organic phases were dried with Na2SO4 and concen-
trated under reduced pressure to obtain pure brown liquid (8B) 2-
nitrophenyl phenyl ether 1.22 g (yield 89%).

To a solution of 8B (1 g, 4.65mmol, 1.0eq) in MeOH (10ml)
was added nickel chloride hexahydrate(1.3g, 5.58mmol, 1.2eq),
NaBH4 (530mg, 13.95mmol, 3.0eq), and the mixture was stirred at
0 �C for 2 h. The mixture was made acidic with a 10% HCl solution
and extracted with ethyl acetate (3 �150ml), the organic layer
was washed with a saturated NaCl solution (3 �100ml), and the
combined organic phases were dried with Na2SO4, filtered, con-
centrated, and purified by flash column chromatography to give
2-phenoxy-aniline (8C, 689mg, yield 80%) as a light brown liquid.

Intermediate 8C (600mg, 3.24mmol, 1.0eq) was dissolved in
dichloromethane after addition of pyridine (1.3 g, 16.2mmol,
5.0eq). The solution was stirred at 0 �C for 10min and p-nitroben-
zenesulfonyl chloride (718mg, 3.24mmol, 1.0eq) was added drop-
wise to the solution, followed by stirring at room temperature for
8 h. Dichloromethane was then removed by distillation. The solid
residue was dissolved in dichloromethane (50ml) and washed
with a saturated NaCl solution (3 �100ml). The combined organic
phases were dried with Na2SO4 and concentrated under reduced

Table 1. The inhibition of compounds 8–18 on ERRa transcriptional activity.

Number R1 R2 R3 IC50(µM)

1 (XCT-790) / / / 0.57

8 H H NO2 1.76

9 Cl H NO2 2.02

10 CH3 H NO2 1.23

11 OCH3 H NO2 0.80

12 OCH3 H NH2 NA*

13 Cl H NH2 1.61

14 CH3 H NH2 1.88

15 CH3 (CH2)2OOCCH3 NH2 1.78

16 CF3 (CH2)2OOCCH3 NH2 1.66

17 OCH3 (CH2)2OH NH2 1.29

18 CF3 (CH2)2OH NH2 1.78

NA*: IC50 >10 µM

O
N
S
O

O
R3

R1

R2

A

B

C

NA�: IC50 >10lM.
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Figure 5. Compound 11 inhibits growth and colony formation of breast cancer cells. (A) Influence of compound 11 on the viability of breast cancer cells MDA-MB-
231, MCF-7 and HCC-1937. Cells were treated with vehicle or compound 11 (1, 3, 10lM) for 24 h and 48h, the viability was detected with the CCK-8 kit. (B) Breast
carcinoma cells were treated with various concentrations of compound 11 for 24 h. Cell proliferation was determined by the CCK-8 assay. IC50 value of compound 11
in breast cancer cell lines was then determined. (C) Efficacy of compound 11 on colony formation of breast cancer cells. (D) Breast cancer cells were treated with com-
pound 11 (0.3, 1lM) for 7 days, and then fixed, stained and counted. Values are the means± SEM (n¼ 3). �p< 0.05 or ��p< 0.01 indicates significant differences
from the vehicle group as assessed by a two-tailed unpaired Student’s t-test.

Figure 6. Compound 11 inhibits breast cancer cells migration and invasion. (A, B) MCF-7 and MDA-MB-231 cells were treated with compound 11 (1, 3lM) for 24 h.
Transwell migration assays were used to determine the migratory ability of MCF-7 and MDA-MB-231 cells. The experiments were performed in quadruplicate, and data
represent mean± SEM, �p< 0.05 and ��p< 0.01. (C, D) MCF-7 and MDA-MB-231 cells were treated with compound 11 (1, 3lM) for 24 h. Transwell invasion assays
were performed in Matrigel to determine the invasion ability of MCF-7 and MDA-MB-231 cells. Values are the means± SEM (n¼ 4). �p< 0.05 or ��p< 0.01 indicates
significant differences from the vehicle group as assessed by a two-tailed unpaired Student’s t-test.
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pressure. The remaining solid was purified by flash column chro-
matography to give the pale red solid N-(2-phenoxy -Phenyl)-ben-
zenesulfonamide (compound 8, 1.1 g, yield 92%). 1H NMR
(400MHz, CDCl3) d 8.14 (d, J¼ 8.8 Hz, 2H), 7.86 (d, J¼ 8.8 Hz, 2H),
7.74� 7.65 (m, 1H), 7.20 (t, J¼ 7.9 Hz, 2H), 7.08 (d, J¼ 12.3Hz, 3H),
6.73 (d, J¼ 9.3 Hz, 1H), 6.56 (d, J¼ 7.9 Hz, 2H). 13C NMR (101MHz,
CDCl3) d 155.19, 149.70, 147.24, 144.08, 129.42, 129.14, 127.98,
126.31, 123.71, 123.29, 120.07, 117.93, 117.34, 114.84. HRMS
(ESIþ), m/z calcd for C18H14N2O5S [M – H]– 369.0623, found
369.0540. Melt point: 128.6–129.4 �C.

7.1.3. N-(2–(4-chlorophenoxy)phenyl)-4-nitrobenzenesulfona-
mide (9)
Substitute p-chlorophenol for phenol, compound 9 (light pink
solid, 950mg, yield 86%) was obtained by a scheme closely
resemble to that depicted for the synthesis of compound 8. 1H
NMR (400MHz, DMSO) d 10.42 (s, 1H), 8.20 (d, J¼ 8.7 Hz, 2H), 7.88
(d, J¼ 8.7 Hz, 2H), 7.42 (d, J¼ 7.6 Hz, 1H), 7.25� 7.16 (m, 4H), 6.88
(d, J¼ 7.8 Hz, 1H), 6.58 (d, J¼ 8.8 Hz, 2H). 13C NMR (101MHz,
CDCl3) d 153.69, 149.77, 146.88, 144.11, 129.47, 129.06, 128.00,
126.31, 124.79, 124.13, 123.66, 122.92, 118.82, 117.70. HRMS
(ESIþ), m/z calcd for C18H13ClN2O5S [M– H]– 403.0234, found
403.0150. Melt point: 149.6–150.4 �C.

7.1.4. 4-Nitro-N-(2-(p-tolyloxy)phenyl)benzenesulfonamide (10)
Substitute p-methyl phenol for phenol, compound 10 (light yellow
solid, 500mg, yield 87%) was obtained by a scheme closely

resemble that depicted for the synthesis of compound 8. 1H NMR
(400MHz, DMSO) d 10.36 (s, 1H), 8.18 (d, J¼ 8.7 Hz, 2H), 7.88 (d,
J¼ 8.7 Hz, 2H), 7.40 (d, J¼ 7.7 Hz, 1H), 7.14 (dt, J¼ 15.3, 7.1 Hz, 2H),
6.97 (d, J¼ 8.3 Hz, 2H), 6.73 (d, J¼ 8.0 Hz, 1H), 6.44 (d, J¼ 8.3 Hz,
2H), 2.19 (s, 3H). 13C NMR (101MHz, CDCl3) d 152.76, 149.67,
147.71, 144.13, 133.43, 129.86, 127.98, 126.32, 126.02,
123.67–123.21, 117.40, 20.06. HRMS (ESIþ), m/z calcd for
C19H16N2O5S [M– H]– 383.0780, found 383.0694. Melt
point: 126.1–126.7 �C.

7.1.5. N-(2–(4-methoxyphenoxy)phenyl)-4-nitrobenzenesulfona-
mide (11)
Substitute p-methylphenol for phenol, compound 11 (light yellow
solid, 1 g, yield 90%) was obtained by a scheme closely resemble
to that depicted for the synthesis of compound 8. 1H NMR
(400MHz, CDCl3) d 8.17 (d, J¼ 8.7 Hz, 2H), 7.90 (d, J¼ 8.8 Hz, 2H),
7.66 (d, J¼ 9.4 Hz, 1H), 7.18 (d, J¼ 14.5 Hz, 1H), 7.09� 6.99 (m, 2H),
6.73 (d, J¼ 8.9 Hz, 2H), 6.66� 6.57 (m, 1H), 6.51 (d, J¼ 9.0 Hz, 2H),
3.75 (s, 3H). 13C NMR (101MHz, CDCl3) d 155.92, 149.71, 148.47,
148.00, 144.25, 128.07, 126.26, 125.51, 123.58, 122.98, 119.29,
116.29, 114.43, 55.14. HRMS (ESIþ), m/z calcd for C19H16N2O6S
[MþH]þ 401.0729, found 401.0799. Melt point: 122.6–123.5 �C.

7.1.6. 4-Amino-N-(2–(4-methoxyphenoxy)phenyl)benzenesulfona-
mide (12)
To a solution of compound 11 (100mg, 0.25mmol, 1.0eq) in
MeOH (10ml) was added nickel chloride hexahydrate (71.3mg,

Figure 7. Compound 11 is an inverse agonist of ERRa. (A) TR-FRET assay was used to detect whether compound 11 could bind to ERRa LBD to suppress the inter-
action with PGC-1a peptide. (B) Effect of compound 11 on the viability of MB-231 cells after treatment with shERRa or shCtrl. Values are the means± SEM (n¼ 3).�p< 0.05 or ��p< 0.01 indicates significant differences from the vehicle group as assessed by a two-tailed unpaired Student’s t-test.

Figure 8. Compound 11 down-regulates the expression of ERRa-regulated target genes. (A–C) MDA-MB-231 cells were incubated with vehicle or compound 11 (1,
3lM) for 24 h, and the mRNA levels of ERRa target genes (PDK4, pS2 and osteopontin) were determined by RT-PCR analysis. (D) Effect of compound 11 on mRNA lev-
els of PGC-1a. Values are the means± SEM (n¼ 3). �p< 0.05 or ��p< 0.01 indicates significant differences from the vehicle group as assessed by a two-tailed
unpaired Student’s t-test.
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0.30mmol, 1.2eq), NaBH4 (28.4mg, 0.75mmol, 3.0eq), and the mix-
ture was stirred at 0 �C for 2 h. The mixture was made acidic with
a 10% HCl solution and extracted with ethyl acetate (3 �150ml),
the organic layer was washed with a saturated NaCl solution (3
�100ml), and the combined organic phases were dried with
Na2SO4, filtered and concentrated to give 4-amino-N-(2–(4-
methoxyphenoxy)phenyl)benzenesulfonamide (compound 12,
74mg, yield 80%) as a pure brown solid. 1H NMR (400MHz, CDCl3)
d 8.19 (d, J¼ 8.5 Hz, 2H), 7.91 (d, J¼ 8.5 Hz, 2H), 7.49 (d, J¼ 7.6 Hz,
1H), 7.09 (t, J¼ 7.5 Hz, 1H), 6.77 (d, J¼ 8.7 Hz, 2H), 6.68 (d,
J¼ 8.2 Hz, 1H), 6.52 (d, J¼ 8.7 Hz, 2H), 3.78 (s, 3H). 13C NMR
(101MHz, CDCl3) d 155.70, 150.36, 148.58, 148.09, 128.93, 127.24,
124.71, 122.61, 121.58, 119.85, 115.97, 114.37, 113.33, 55.16. HRMS
(ESIþ), m/z calcd for C19H18N2O4S [MþH]þ 371.0987, found
371.1056. Melt point: 153.7–154.3 �C.

7.1.7. 4-Amino-N-(2–(4-chlorophenoxy)phenyl)benzenesulfona-
mide (13)
Compound 13 (68.5mg, yield 74%) was obtained from compound
9 by a scheme closely resemble to that depicted for the synthesis
of compound 12.

1H NMR (400MHz, CDCl3) d 7.67 (d, J¼ 8.0 Hz, 1H), 7.49 (d,
J¼ 8.6 Hz, 2H), 7.12� 7.02 (m, 2H), 6.98 (d, J¼ 8.5 Hz, 2H), 6.68 (t,
J¼ 8.3 Hz, 3H), 6.52 (d, J¼ 8.6 Hz, 2H), 4.10 (d, J¼ 6.6 Hz, 2H). 13C
NMR (101MHz, CDCl3) d 163.08, 152.75, 149.72, 147.70, 144.14,
133.47, 129.87, 127.96, 126.31, 126.06, 125.37, 123.37, 117.40,
114.04. HRMS (ESIþ), m/z calcd for C18H15ClN2O3S [M –H]–

373.0492, found 373.0405. Melt point: 131.9–132.6 �C.

7.1.8. 4-Amino-N-(2-(p-tolyloxy)phenyl)benzenesulfonamide (14)
Compound 14 (77.4mg, yield 84%) was obtained from compound
10 by a scheme closely resemble to that depicted for the synthe-
sis of compound 12. 1H NMR (400MHz, DMSO) d 10.35 (s, 1H),
8.23 (d, J¼ 8.7 Hz, 2H), 7.94 (d, J¼ 8.8 Hz, 2H), 7.34 (dd, J¼ 15.6,
7.8 Hz, 2H), 7.17� 6.99 (m, 4H), 6.88 (s, 1H), 6.72 (d, J¼ 8.2 Hz, 1H),
6.56 (d, J¼ 8.3 Hz, 2H), 4.09 (s, 2H), 3.69 (d, J¼ 7.8 Hz, 1H), 2.22 (s,
3H). 13C NMR (101MHz, CDCl3) d 153.09, 150.27, 147.36, 133.10,
129.80, 128.95, 127.65, 124.63, 122.95, 121.40, 118.26, 116.74,
113.36, 20.21. HRMS (ESIþ), m/z calcd for C19H18N2O3S [MþH]þ

355.1038, found 355.1110. Melt point: 128.9–129.5 �C.

7.1.9. 2-((4-Amino-N-(2-(p-tolyloxy)phenyl)phenyl)sulfonamido)
ethyl acetate (15)
The mixture of compound 10 (1 g, 2.5mmol, 1.0eq), and NaH
(300mg, 12.5mmol, 5eq) in N,N-dimethylformamide (DMF) was
heated to 90 �C under nitrogen protection for 10min, then the 2-
bromoethyl acetate (501mg, 3.0mmol, 1.2eq) was added dropwise
to the solution followed by stirring at 90 �C for 7–8 h. DMF was
removed by distillation and the residue was dissolved in ethyl
acetate and extracted with water (3 �200ml). The combined
organic phases dried with Na2SO4, filtered, concentrated, and puri-
fied by flash column chromatography to give pale yellow liquid
(15E, 450mg, yield 37%).

To a solution of 15E (400mg, 0.83mmol, 1.0eq) in MeOH
(10ml) was added nickel chloride hexahydrate(236.7, 0.996, 1.2eq),
NaBH4 (94.2mg, 2.49mmol, 3.0eq), and the mixture was stirred at
0 �C for 2 h. The mixture was made acidic with a 10% HCl solution
and extracted with ethyl acetate (3 �150ml), the organic layer
was washed with a saturated NaCl solution (3 �100ml), and the
combined organic phases were dried with Na2SO4, filtered and
concentrated to give 2-((4-amino-N-(2-(p-tolyloxy)phenyl)phenyl)-
sulfonamido)ethyl acetate (compound 15, 239mg, yield 63%) as a
pure yellow solid. 1H NMR (400MHz, CDCl3) d 8.10 (d, J¼ 8.7 Hz,
2H), 7.85 (d, J¼ 8.7 Hz, 2H), 7.50 (d, J¼ 9.1 Hz, 1H), 7.09 (t,
J¼ 7.3 Hz, 1H), 6.98 (d, J¼ 8.3 Hz, 3H), 6.72 (d, J¼ 7.9 Hz, 1H), 6.42
(d, J¼ 8.4 Hz, 2H), 4.20 (s, 2H), 3.76 (s, 2H), 2.26 (s, 3H), 1.98 (s,
3H). 13C NMR (101MHz, CDCl3) d 170.26, 155.94, 154.30, 149.30,
147.38, 145.35, 133.32, 128.18, 122.26, 119.65, 116.47, 114.38,
61.60, 48.72, 20.24. HRMS (ESIþ), m/z calcd for C23H24N2O5S
[MþH]þ 441.1406, found 441.1482. Melt point: 126.3–126.8 �C.

7.1.10. 2-((4-Amino-N-(2–(4-(trifluoromethyl)phenoxy)phenyl)-
phenyl) sulfonamido)ethyl acetate (16)
Compound 16 (pale yellow solid, 221mg, 67%) was obtained by a
scheme closely resemble to that depicted for the synthesis of
compound 15. 1H NMR (400MHz, CDCl3) d 7.55 (s, 1H), 7.55� 7.31
(m, 5H), 7.12 (t, J¼ 7.6 Hz, 2H), 6.85 (d, J¼ 8.1 Hz, 3H), 6.46 (d,
J¼ 8.4 Hz, 2H), 4.14 (t, J¼ 5.5 Hz, 2H), 3.85 (s, 3H), 1.90 (s, 3H). 13C
NMR (101MHz, CDCl3) d 170.64, 158.19, 149.76, 146.01, 144.23,
127.93, 127.05–126.63, 126.41, 124.89, 123.60, 123.29, 118.87,
116.94, 59.86, 52.92, 20.48. HRMS (ESIþ), m/z calcd for
C23H21F3N2O5S [MþH]þ 495.1123, found 495.1184. Melt
point: 128.7–129.3 �C.

Figure 9. Compound 11 suppresses the growth of breast tumours in mice xenograft models. (A) The volume of the MDA-MB-231 xenograft tumour was measured
after 30 days of treatment with vehicle or compound 11. Compound 11 was intraperitoneally injected 30mg/kg every other day. (B) The body weight of mice in differ-
ent treatment groups. Values are the means± SEM (n¼ 6). �p< 0.05 or ��p< 0.01 indicates significant differences from the vehicle group as assessed by a two-tailed
unpaired Student’s t-test.
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7.1.11. 4-Amino-N-(hydroxymethyl)-N-(2–(4-methoxyphenoxy)-
phenyl) benzenesulfonamide (17)
Intermediate 17F (239mg, yellow solid, yield 63%) was obtained
by a scheme closely resemble that depicted for the synthesis of
compound 15. The mixture of intermediate 17F (200mg,
0.44mmol) and potassium carbonate (182mg, 1.2mmol) in MeOH
was heated to 60 �C under nitrogen protection for 5–6 h. MeOH
was removed by distillation and the residue was dissolved in ethyl
acetate and extracted with water (3 �200ml). The combined
organic phases dried with Na2SO4, filtered, concentrated, and puri-
fied by flash column chromatography to give compound 17 (pale
brown solid, 102mg, yield 56%). 1H NMR (400MHz, CDCl3) d 7.53
(d, J¼ 8.5 Hz, 2H), 7.18 (t, J¼ 7.0 Hz, 2H), 6.98 (t, J¼ 7.5 Hz, 1H),
6.86 (s, 4H), 6.68 (d, J¼ 8.3 Hz, 1H), 6.60 (d, J¼ 8.5 Hz, 2H), 3.79 (s,
3H), 3.72 (s, 2H), 3.64 (s, 2H). 13C NMR (101MHz, CDCl3) d 156.09
(dd, J¼ 19.9, 4.7 Hz), 150.09, 148.16, 131.14, 129.51, 129.19, 128.13,
122.14, 120.88, 116.32, 114.43, 113.35, 59.93, 55.26–54.87, 53.11.
HRMS (ESIþ), m/z calcd for C21H22N2O5S [MþH]þ 415.1249, found
415.1320. Melt point: 154.0–154.9 �C.

7.1.12. 4-Amino-N-(hydroxymethyl)-N-(2–(4-(trifluoromethyl)phe-
noxy) phenyl)benzenesulfonamide (18)
Compound 18 (pale yellow solid, 103mg, yield 57%) was obtained
by a scheme closely resemble that depicted for the synthesis of
compound 17. 1H NMR (400MHz, CDCl3) d 7.56 (d, J¼ 8.6 Hz, 2H),
7.45 (d, J¼ 8.6 Hz, 2H), 7.27 (d, J¼ 7.8 Hz, 2H), 7.13 (t, J¼ 7.6 Hz,
1H), 7.00 (d, J¼ 8.5 Hz, 2H), 6.89 (d, J¼ 8.2 Hz, 1H), 6.54 (d,
J¼ 8.6 Hz, 2H), 3.69 (s, 2H), 3.64 (d, J¼ 4.7 Hz, 2H). 13C NMR
(101MHz, CDCl3) d 158.39, 153.68, 149.87, 131.52, 129.90, 129.39,
127.26–127.14, 126.81, 124.12, 118.95, 118.30, 113.49, 59.93, 53.18.
HRMS (ESIþ), m/z calcd for C21H19F3N2O4S [MþH]þ 453.1018,
found 453.1090. Melt point: 156.3–156.9 �C.

7.2. Biological assays

7.2.1. Cell culture and reagents
The human breast cancer cell lines MDA-MB-231, MCF-7, HCC1937,
were purchased from American Type Culture Collection. MDA-MB-
231 and HCC1937 were cultured in RPMI-1640 medium (Hyclone).
MCF-7 was cultured in a DMEM medium (Hyclone). Both media
were supplemented with 10% foetal bovine serum (FBS, Yeasen
Biological Technology Co., Ltd), and 100U/ml penicillin/strepto-
mycin (Wisent) at 37 �C in a humidified incubator with 5% CO2

and 95% air.
The lentiviral ERRa overexpression vector and scrambled con-

trol were produced by Genechem Co., Ltd. For transduction, MDA-
MB-231 cells were seeded at 60% confluence in 6-well plates, and
infected with a viral suspension containing 5 lg/ml polybrene
(Sigma-Aldrich) for 8 h.

7.2.1.1. Cell viability assay. Cell Counting Kit-8 (CCK-8) assay was
used to detect the effects of compounds on the tumour cells pro-
liferation. MDA-MB-231, MCF-7, HCC1937 cells in log growth phase
were seeded in 96- well plates. After overnight incubation, the
cells were treated with various concentrations of compound 11 (1,
3, 10 lM) for 24 h and 48 h. CCK-8 assay were performed accord-
ing to the manufacturer’s procedure (Proteintech Group, Inc, USA).

7.2.1.2. Colony formation assay. For colony formation assay, MDA-
MB-231 and MCF-7 cells were plated in 6-well plates (1� 103

cells/well) and cultured under standard culture conditions

overnight. Then, the medium was replaced with low and high
doses of compound 11 and vehicle for 2weeks until the colonies
were visible in the culture plate. The supernatants were discarded
and washed with PBS twice, 4% paraformaldehyde used to fix the
colonies, and stained with 0.1% crystal violet solution for 30min.
Finally, the excess staining solution was washed away with dis-
tilled water and photographed on a microscope and used Image J
software to calculate the number of clones.

7.2.2. ERRa functional assay
A robust mammalian two-hybrid-based reporter gene assay was
performed according to previous reports to evaluate the ERRa
transcriptional activities of compounds16,21. In brief, GAL4-ERRa-
LBD along with a luciferase reporter 5�UAS-Luc Cells were co-
transfected into HEK 293 T cells using Lipofectamine 2000. After
6 h incubation, test compounds were added to the transfected
cells for a further 48 h. Subsequently, the luciferase activity was
determined by a dual-luciferase reporter assay system (Promega,
Madison, WI, USA).

7.2.3. TR-FRET assay
To determine the ERRa binding affinity of compounds, a time-
resolved fluorescence resonance energy transfer (TR-FRET) co-acti-
vator assay was conducted according to the manufacturer’s
instruction (Invitrogen). After 1 h incubation at room temperature
and dark state, the TR-FRET activity of the binding mixture was
measured at 340 nm excitation and 495/520 nm dual emission21.

7.2.4. Transwell human breast cancer cell migration and inva-
sion assays
In vitro migration and invasion, assays were performed on transwell
chambers with 8-mm pore-size filters without (for migration) or with
(for invasion) coated Matrigel (Corning Incorporated, Corning, NY,
USA). MDA-MB-231 and MCF-7 cells were trypsinized, washed twice,
and then resuspended in a serum-free medium. The transwell cham-
bers were placed on the upper surface of the 24-well plate, and the
250ll of cell suspension (1� 105 cells) were seeded into the upper
chamber. A culture medium (750ll) containing 20% FBS was added
to the lower chamber. After transwell inserts were cultured at 5%
CO2 at 37 �C for 24h, cells that had not migrated were removed
from the top side of the membrane with moistened cotton swabs.
Cells attached on the underside of the membrane were fixed with
4% paraformaldehyde and stained with 0.1% crystal violet. Finally,
washing with PBS, the invasive and migration cells were counted in
three random fields under a microscope.

7.2.5. Quantitative real-time polymerase chain reaction
MDA-MB-231 cells were treated with DMSO (0.1%) or compound
11 (1, 3 lM) for 24 h. Total RNA was isolated using the Trizol
reagent and Ultrapure RNA kit (CW Biotech, China) according to
the manufacturer’s instructions. In brief, 2mg of total mRNA was
reverse-transcribed, and quantitative real-time PCR reaction was
performed on ABI 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). Primer sequences were used
according to published literature22.

7.2.6. Breast cancer xenografts
Human breast cancer xenografts were generated according to a
previous study21. In brief, tumour growth of 6-week-old BALB/c
nude mice was monitored once per 5-days after implantation
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(2� 106 MDA-MB-231 cells per mouse). When subcutaneous
tumours reached an average size of >100mm3, mice were treated
intraperitoneally with compound 11, cyclophosphamide or vehicle
(0.9% saline solution containing 0.5% 2-phenylethanol and 1.5%
Tween 80). Mice were weighed per 10-days and tumour volumes
were calculated using the formula V¼ length�width2�0.521. All
procedures were performed in accordance with approved proto-
cols by the Fudan University Institutional Animal Care and Use
Committee. Every effort was made to minimise potential distress,
pain, or discomfort to the animals throughout all experiments.

7.3. Molecular docking of compound and ERRa

The crystal structure of the ERRa with inverse agonist (compound
2) was obtained from the RCSB Protein Data Bank (PDB entry
2PJL). The ligand-binding domain was measured by Sybyl X2.0.
The docking simulations mentioned in this article were performed
by using surflex-dock geomx program (Sybyl X2.0) with the
default parameters, which were used to explore the binding
model of ERRa with the studied compound.
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