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contributes to the anti-breast cancer effects of the
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Aim: Sulfotransferase-catalyzed sulfation is the most important pathway for inactivating estrogens. Thus, activation of estrogen
sulfotransferase (EST) may be an alternative approach for the treatment of estrogen-dependent breast cancer. In this study we
investigated the involvement of EST in anti-breast cancer effects of the dithiocarbamate derivative TM208 in vitro and in vivo.
Methods: The viability of human breast cancer MCF-7 cells was determined using a SBB assay. Nude mice bearing MCF-7 cells were
orally administered TM208 (50 and 150 mgkg™d™) for 18 days. The xenograft tumors and uteri were collected. The mRNA expression
of EST was examined with real-time PCR. EST protein was detected with Western blot, ELISA or immunohistochemical staining assays.
A radioactive assay was used to measure the EST activity. Uterotropic bioassay was used to examine the uterine estrogen responses.
Results: Treatment with TM208 (10, 15 and 20 umol/L) concentration-dependently increased EST expression in MCF-7 cells in vitro.

Co-treatment with triclosan, an inhibitor of sulfonation, abolished TM208-induced cytotoxicity in MCF-7 cells. TM208 exhibited an
apparent anti-estrogenic property: it exerted more potent cytotoxicity in E2-treated MCF-7 cells. In the nude mice bearing MCF-7
cells, TM208 administration time-dependently increased the expression and activity of EST, and blocked the gradual increase of E2
concentration in the xenograft tumors. Furthermore, TM208 administration blocked the estrogens-stimulated uterine enlargement.
Tamoxifen, a positive control drug, produced similar effects on the expression and activity of EST in vitro and in vivo.

Conclusion: The induction of EST and reduction of estrogen concentration contribute to the anti-breast cancer action of TM208 and
tamoxifen. TM208 may be developed as anticancer drug for the treatment of estrogen receptor-positive breast cancer.
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Introduction

Most breast cancers are estrogen-dependent and require
the presence of estrogens to maintain growth during their
development, and two-thirds of breast cancers occur during
the postmenopausal period when the ovaries are no longer
functional. Therefore, intratumoral estrogens, especially
17pB-estradiol (E2), play pivotal roles in the proliferation and
development of hormone-dependent breast carcinoma cells" .
Previous studies have demonstrated that the tissue concentra-
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tions of E2 in breast carcinomas are much higher than those
found in the plasma™® or normal mammary tissues'®”. Con-
sequently, blocking in situ estrogen production appears to be
a potent breast cancer treatment®". For example, the preven-
tion of estrogen binding by anti-estrogens [such as tamoxifen
(Tam)]" and the inhibition of estrogen synthesis by aromatase
inhibitors (such as Letrozole) have been reported to be effec-
tive in clinical treatment!.

Regulation of the intratumoral estrogen-metabolizing
enzyme is another option for decreasing the active estrogen
level in tumors. The sulfation of estrogens by sulfotransfer-
ase (SULT) is the most important pathway for inactivating
estrogens, including estrone (E1) and 17p-estradiol (E2). The



main SULT isoforms that catalyze the sulfation of estrogen in
the human body include SULT1E1, SULT1A1, SULT2A1, and
SULT2B1, as well as others®™ > . Among these isoforms,
estrogen sulfotransferase (EST, SULT1E1) plays the most
important role in estrogen inactivation under physiological

11 In most

conditions due to its high affinity for estrogens
previous studies, the intratumoral estrogen concentrations
were expressed as pg/ g tissue or pmol/g tissue, which can be
approximately calculated at the “nanomolar” (physiological)
level even if they are much higher than those found in normal

16, 451 Therefore, the intratu-

mammary tissues®”! or plasma
moral sulfation of estrogen is mainly catalyzed by EST rather
than other SULT isoforms. Moreover, SULT1E1 expression
was reported in approximately 44% of human breast cancer
biopsy specimens, and the mRNA expression and enzyme
activity of EST are inversely correlated with the breast tumor
size and significantly associated with a decreased risk of recur-

rencel™ 1!

. Therefore, targeted activation of EST is likely to
pave an alternative route for success in hormone-dependent
breast cancer treatment. Some groups have applied the up-
0738 or through the

administration of progestins"” to treat breast cancer. Some
[20]

regulation of EST by genetic methods

commonly used anticancer drugs (such as Tam)™' and metho-

trexate®!!

and some natural flavonoid compounds (such as
biochanin A and genistein) that have been shown to pos-
sess potential anti-breast cancer properties have been found
to significantly induce rSULT1A1 and rSULT2A1 in the livers
of normal rats. However, to the best of our knowledge, few
studies have examined the endocrine therapy of breast cancer
via intratumoral EST induction using a candidate anticancer
compound.

Dithiocarbamates can prevent or treat a variety of cancers™ >,
and a series of new dithiocarbamate derivatives have been
developed, including TM208 (Figure 1), TM208 is a prom-
ising anticancer candidate because it significantly inhibits the
growth of hepatocellular carcinoma, gastric carcinoma, and
breast tumors in nude mice, and it has a very low toxicity
and good pharmacokinetic characteristics™ .. TM208 was
found to have anti-breast cancer activity in both MCF-7 cells
and MCF-7 tumor-bearing mice; it also has an inhibitory effect
on the phosphorylation of epidermal growth factor receptor
(EGFR), which may play an important role in its anticancer

[29]

efficacy'””. However, considering that MCF-7 cells express

estrogen receptor (ER) with a low level of EGFR expression®”!
and that the tumor growth in MCF-7 xenograft mice is sensi-
tive to the intratumoral estrogen concentration, we speculate

that TM208 acts via a down-regulation of the in situ estrogen

Figure 1. The chemical structure of TM208.
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concentration in breast carcinoma.

Therefore, the purpose of this study was to investigate
the effects of TM208, a chemical compound with anticancer
potential, on EST and estrogen in vitro and in vivo and, more
importantly, to better understand the role of intratumoral EST
induction in breast cancer treatment with TM208.

Materials and methods

Drugs and reagents

TM208 (>99.5%) was provided by Prof Run-tao LI (Peking
University)®'. Tam was purchased from Lanospharma Labo-
ratories Co, Ltd (Chongqing, China). RPMI-1640 medium was
obtained from Macgene Biotech Co, Ltd (Beijing, China), and
fetal bovine serum was purchased from Gibco (Grand Island,
USA). Triclosan was purchased from Merck (Darmstadt, Ger-
many). Rabbit anti-human EST antibody (for the Western blot
assay)™ was a gift from Dr David RINGER (American Cancer
Society)®!. The peptide antigen sequence used for generat-
ing this antibody is NH,-(Glu-GIn-GIn-Met-Lys-Glu-Ser-
Thr-Leu-Lys-Phe-Arg-Thr-Glu-ILe)™. The specificity of this
antibody has been confirmed in Dr Ringer’s laboratory. Rab-
bit anti-human actin antibodies were purchased from Beijing
Biosynthesis Biotechnology Co, Ltd (Beijing, China). Horse-
radish peroxidase-conjugated anti-rabbit antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).
*H-estradiol was obtained from PerkinElmer, Inc (Boston, MA,
USA). Rabbit anti-EST antibody (for immunohistochemical
staining) and 3’-phosphoadenosine-5"-phosphosulfate (PAPS)
were purchased from Sigma-Aldrich (St Louis, MO, USA).

Cell culture

The MCF-7 cell line was purchased from the Institute of Mate-
ria Medica Academy of Medical Sciences (China). MCEF-7 cells
were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL of penicillin and 100 pg/mL of
streptomycin. These cells were maintained at 37°C in a mix-
ture of 5% CO, and 95% air.

Sulforhodamine B assay on the sulfation-inhibitory effects of
triclosan

The sulforhodamine B (SRB) assay is typically used to detect
the survival rate of cells treated with cytotoxic compounds®.
Here, it was further applied to investigate the effects of triclo-
san, an inhibitor of sulfation, on the survival rate of MCF-7
cells exposed to TM208. Briefly, MCF-7 cells growing at the
exponential phase were seeded into 96-well microplates at a
density of 1x10* cells/well. After 24 h of incubation, the cells
were treated for 48 h with vehicle, TM208 (20 pmol/L, diluted
in DMSO) and triclosan (0, 0.1, and 0.2 pmol/L, diluted in
DMSO), with 6 replicate wells for each triclosan concentra-
tion. Then, detection followed a published protocol®. The
percentage of viable cells in response to TM208 with differ-
ent concentrations of triclosan was calculated using the fol-
lowing formula: Percentage of cell survival=ODyciosaneervaos/
OD1205%100%.
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Sulforhodamine B assay on the antiestrogenic activity of TM208
The cell viability was determined using the SRB assay as
described above. To evaluate the antiestrogenic activity of
TM208, we first evaluated the effects of E2 on the viability of
MCEF-7 cells. MCEF-7 cells were cultured in phenol red-free
and hormone-free RPMI-1640 solvents with different concen-
trations of E2 (0.001 nmol/L, 1 nmol/L, 1 pmol/L, and 100
pmol/L; diluted in DMSO), and the control group was treated
with DMSO. The percentage of cell survival rate=ODg,/
OD ontre1X100%. Then, MCE-7 cells were cultured in RPMI-
1640 media mixed with 1 nmol/L E2P and different concen-
trations of TM208 or Tam were added. The corresponding cell
survival rates were determined, and the value of the 1Cs, of
TM208 or Tam was calculated.

Animals

Beijing Vital Laboratory Animal Technology (Beijing, China)
provided female BALB/c nude mice (5-6 weeks old). These
nude mice were housed in an animal room under controlled
conditions (temperature 22-24°C, humidity 55%-60%, 12 h
light/12 h dark cycle) and had free access to food and water.
This research adhered to the Principles of Laboratory Animal
Care (NIH publication No 85-23, revised 1996). All experi-
ments were performed under the approval of the Experiment
Administration Committee of the Peking University Health
Science Center.

Tumor xenograft model

MCF-7 cells (2x10°% were suspended in 200 pL of PBS (pH 7.4)
and then subcutaneously inoculated into both second mam-
mary fat pads of 5-week-old virgin female BALB/c nude mice.
The tumor diameter was measured with a vernier caliper
and converted to tumor volume using the formula 1/2xAxB?
(A=larger diameter, B=smaller diameter). Treatment was
started when the average tumor volumes reached 150 mm”.

Tumor growth inhibition assay

Xenograft mice were randomly divided into four groups
with four mice per group. TM208 was dissolved in 10% w/v
hydroxypropyl-p-cyclodextrin aqueous solution and admin-
istered by gavage at 50 and 150 mg-kg"-d". The blank control
group received only vehicle solution, whereas the positive
control group received 50 mg-kg”'-d" Tam solution. The
tumor size was measured every third day. After 18 d of treat-
ment, animals were euthanized by cervical displacement.
Tumors and uteruses were collected after the final treatment
and frozen at -80 °C until use.

Western blot analysis

In vitro, MCF-7 cells were treated with TM208 or Tam for
7 d. The positive control consisted of MCF-7 cells incubated
with Tam for 7 d. Then, the cells were harvested, and cyto-
sol was prepared according to a previous study™. In vivo,
tumor-bearing mice were treated with TM208 for 18 d, and
cytosol samples from the tumors were prepared as previously
described®™,
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Western blot analysis was conducted as described in a pre-
vious study™. Total protein (50 pg) was separated by SDS-
12% w/v polyacrylamide gel electrophoresis and transferred to
PVDF membranes (Pierce, Rockford, IL, USA). The dilution
ratio of primary antibody was 1:1000. Horseradish peroxi-
dase-linked anti-rabbit antibody was used as the secondary
antibody. The membrane was developed with Supersignal
Ultra (Pierce, Rockford, IL, USA). Individual protein bands
were quantified by densitometry using the Image system (Bio-
Rad Laboratories, Hercules, CA, USA) and normalized for
B-actin.

Quantitative real-time PCR

In vitro, MCE-7 cells were prepared as described above. In
vivo, the MCF-7 xenograft mice were randomly divided into
two groups and treated with vehicle solution and 150 mg/kg
TM208, respectively. Tumors were obtained from three mice
per group at 0, 3, 6,9, and 12 d. The total RNA was extracted
using an RNA isolation kit (Takara, Shiga, Japan) according
to the manufacturer’s instructions. cDNA was synthesized
from 2 pg of RNA using a reverse transcriptase M-MLV syn-
thesis kit (Takara). Real-time PCR was performed using the
MyiQb real-time PCR detection system (Bio-Rad) with SYBR
Premix Ex Taq (Takara). The PCR products for human -actin
and EST were synthesized with the primer pairs FP (forward
primer) 5-CGCGAGAAGATGACCCAGAT-3" and RP (reverse
primer) 5'-TCACCGGAGTCCATCACGAT-3" (hACTIN, Gene
ID: 60) as well as FP 5'-ATCTTGTCATTGCCACCTAC-3" and
RP 5'-TGGCAAATGAGTCTTCAC-3" (EST, Gene ID: 6783).
All primers were purchased from AuGCT DNA-SYN Biotech-
nology Co, Ltd (Beijing, China). Samples were run in triplicate
under the following conditions: an initial denaturation for 30 s
at 95°C, followed by 45 cycles™ of 15 s at 95°C, 30 s at 60°C,
and 33 s at 72°C. The levels of gene expression in each sample
were normalized to B-actin mRNA.

Radioactive assay on the activity of EST

Tumor-bearing mice were treated with TM208 for 18 d,
and the cytosol of the tumors was prepared as previously
described™!. The reaction mixture, containing 0.15 pmol/L
*H-estradiol as the substrate®!, 50 mmol/L Tris buffer (pH
6.2), 20 pmol/L PAPS, and 20 pL of cytosol, as well as 100
pg of total protein as the enzyme source, in a total volume of
250 pL, was incubated at 37.0°C for 30 min. The reaction was
stopped with the addition of 250 pL of 0.25 mol/L Tris (pH
8.7) and 1 mL of chloroform for extraction. The extraction
was repeated twice. An aliquot (100 pL) of the water phase
was used for scintillation counting with a Tri-carb 2100TR
scintillation counter (PerkinElmer Life Sciences, Inc, Waltham,
MA, USA). For controls, PAPS was eliminated. Assays were
performed in triplicate, and the average of the measurements
minus the controls was used to calculate the enzymatic activ-

ity.

Immunohistochemical staining
Paraffin sections of the tumors were used for Immunohisto-



chemical (IHC) detection. IHC was performed according to
the published protocol®. The slides were incubated with a
1:40 dilution of the primary antibody of EST.

Measurement of tumor estrogen levels

Xenograft mice were randomly divided into two groups, a
vehicle-control group and a continuous-dose group. Tumor-
bearing mice in the two groups (n=3) were treated with vehi-
cle solution and 150 mg-kg"-d" TM208, respectively. Tumors
were collected from three mice per group at0, 3, 6,9, and 12 d.
These tumors were washed in ice-cold saline and snap-frozen.
All tumors were cut into small pieces and sonicated for 25 s in
ice-cold PBS (pH=7.4). The homogenates were centrifuged at
12000xg for 30 min at 4°C, and the supernatant was collected.
The concentration of free estrogen in cytosol containing 100 pg
of total protein was measured using the HUMAN ESTROGEN
ELISA kit from Puli Zhicheng Biotechnology Co, Ltd (Beijing,
China).

Uterotropic bioassay

Tumor-bearing nude mice were treated with TM208, Tam or
vehicle daily for 18 d, as described above. Mice were sacri-
ficed after the last treatment. The harvested uteruses were
dissected and weighed.

Statistics

Data are presented as the mean+SD. One-way analysis of vari-
ance (ANOVA) was used to determine the significance among
the groups and then post hoc tests with the Bonferroni correc-
tion were used for multiple comparisons between individual
groups. Differences were considered statistically significant
when the P value was less than 0.05. Statistical analyses were
performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc, USA).

Results

TM208 inhibited the tumor growth of MCF-7 xenografts

TM208 can decrease the cell viability of MCF-7 cells, as we
have previously described®'. The ICs, values of TM208 and
Tam in MCF-7 cells were 36.38 and 22.45 pmol/L, respec-
tively. These results indicate that Tam has a stronger effect,
associated with the reduced survival of MCF-7 cells, than
that of TM208. In the MCF-7 xenograft model, TM208 treat-
ment caused a significant inhibition in tumor growth com-
pared with vehicle treatment (Figure 2A). On d 18, the tumor
inhibitory rates of TM208 (50 and 150 mg-kg"-d") and Tam
(50 mg-kg'-d") were 41.77%+5.01%, 70.11%%5.86%, and
47.41%%1.44%, respectively. The inhibition of tumor growth
induced by a low dose of TM208 (50 mg-kg'-d") was similar
to that induced by Tam; however, the group treated with a
high dose of TM208 (150 mg-kg"'-d") had smaller mean vol-
umes in the tumors compared with those of both the Tam
group and the low-dose TM208 group. The body weights of
TM208-treated mice in different groups were similar to those
of the vehicle-treated mice (Figure 2B). A previous study
showed that the 200 mg/kg dose of TM208 had little effect on
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Figure 2. Inhibitory effects of TM208 on MCF-7 xenograft tumors.

(A) TM208 treatment caused a significant inhibition in tumor growth
compared with vehicle treatment. ATumor size=(Tumor size),-(Tumor
size)y 0. (B) Body weights at different times in the TM208-treated groups
were similar to those in the vehicle-treated group, indicating that TM208
has low toxicity. n=4. 5P<0.05, °P<0.01 vs vehicle.

leukocytes™. All of these results suggest that TM208 inhibits
the growth of MCF-7 xenograft tumors and has low toxicity.

TM208- and tamoxifen-induced EST expression in MCF-7 cells
Real-time PCR results showed that the basal mRNA expres-
sion of EST in MCF-7 cells is very low, and the mean Ct
value is approximately 34.90 (3 independent experiments).
TM208 and Tam treatment caused a dramatic dose-dependent
enhancement in the mRNA expression of EST (Figure 3A).
Western blot results showed that the protein expression of EST
increased significantly after TM208 and Tam treatment (Fig-
ure 3B); these results were consistent with those at the mRNA
level (Figure 3). These results suggest that the regulation of
EST expression by TM208 and Tam is mainly at the gene tran-
scriptional level.

Triclosan diminished the effect of TM208 associated with the
reduced survival of MCF-7 cells, and TM208 had antiestrogenic
activity in vitro

The sulfation of estradiol by purified human sulfotransferases
is inhibited by triclosan, which is usually used as an antibacte-
rial agent[4°]. Therefore, triclosan can be used as an inhibitor
of sulfation to investigate the role of EST in the development
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Figure 3. TM208 and Tam induced the expression of EST at the mRNA and protein levels. (A) TM208 and Tam increased the mRNA expression of
EST in MCF-7 cells after 7 d of treatment. (B) TM208 and Tam also increased the protein expression of EST in MCF-7 cells after 7 d of treatment. The
expression of B-actin was included as a loading control. VEH, vehicle. °P<0.05, °P<0.01 vs vehicle.

and progression of breast cancer. The effect of triclosan on the
TM208-induced loss of cell viability was detected with SRB
assays. As shown in Figure 4A, after treatment with TM208
(20 pmol/L) alone, the cell survival rate decreased nearly 40%.
When TM208 was administered in combination with triclosan,
the cell survival rate increased significantly, returning to the
original level of the vehicle group (Figure 4A). This result
indicates that the sulfation of estrogen by EST is involved in
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the inhibitory effect of TM208 on the viability of MCF-7 cells.
We also investigated the effect of E2 on the survival rate
of MCEF-7 cells and on the antiestrogenic efficacy of TM208
using the SRB assay. Figure 4B shows that the cell survival
rate of the groups treated with 0.001 nmol/L, 1 nmol/L and 1
pmol/L of E2 increased by 2-, 2.3-, and 2.5-fold, respectively,
compared with the control group, which was cultured in
non-E2 media. There was no significant difference between

nmol/L Hmol/L C 150
© Tam
* TM208
£ 100
=
5
c
>
o 50
1$)
0
2 3 4 5 6

E2 concentration

Log concentration(nmol/L)

Figure 4. Triclosan diminished the effect of TM208, which was associated with the reduced survival of MCF-7 cells, and TM208 has an antiestrogenic
activity in vitro. (A) The loss of viability in the MCF-7 cells treated with 20 umol/L TM208 was counteracted by various doses (0.1 and 0.2 umol/L) of
triclosan (an inhibitor of sulfation), indicating that the sulfation of estrogens by EST is involved in the anticancer efficacy of TM208. (B) The effect of E2
on the survival of MCF-7 cells. (C) TM208 and Tam exerted significant anti-estrogen effects in MCF-7 cells, as determined by the loss of cell viability.
VEH, vehicle. °P<0.01 vs vehicle unless otherwise labeled.
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the three treatment groups. Conversely, 100 pmol/L of E2
inhibited the growth of MCEF-7 cells. When MCEF-7 cells were
treated with 1 nmol/L of E2 in combination with TM208 or
Tam, the inhibitory effect of TM208 or Tam on MCE-7 cells
was observed(Figure 4C), and the 1C5, values of TM208 and
Tam were 16.97 and 10.68 pmol/L, respectively, which were
much smaller than those observed under E2-free incubation
(36.38 and 22.45 pmol/L, respectively), suggesting that TM208
may function via a down-regulation of estrogen in cells.

TM208 and tamoxifen increased the expression and activity of
EST in MCF-7 xenograft tumors

Consistent with the in vitro results, TM208 effectively induced
the protein expression levels of EST in tumors in vivo (Figure
5A). The Western blot results for EST were further verified by
the IHC staining results. As shown in Figure 5B, the tumors

A

Vehicle TM208 (mg/ke) Tam (mg/ke)

50 150 50
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Actin

of TM208-treated mice had a much greater number of positive
cells and a stronger brown staining intensity for EST expres-
sion than those in the vehicle treatment group. Although Tam
and TM208 were both able to up-regulate EST expression in
tumors, the effect of TM208 was remarkably stronger than that
of Tam (Figure 5A, 5B).

Radioactive assay results showed that both TM208 and Tam
significantly increased the enzyme activity of EST in tumors
(Figure 5C). After 18 d of treatment with TM208 (50 and 150
mg-kg'-d") or Tam (50 mg-kg'-d"), the EST activity increased
2.6-, 2.7-, and 2.5-fold, respectively. In addition, real-time PCR
results quantitatively revealed the time course of EST mRNA
expression after multiple treatments with TM208. Compared
with the vehicle treatment group, TM208 treatment signifi-
cantly increased the expression of EST mRNA in tumors at
each time point (Figure 5D). Moreover, as the tumors grew,
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Figure 5. TM208 and Tam increased the expression and activity of EST in MCF-7 xenograft tumors. (A) Western blot results showed that TM208 and
Tam induced the protein expression of intratumoral EST. The expression of B-actin was included as a loading control. (B) EST immunostaining on
tumor paraffin sections also demonstrated the induction of EST by TM208 or Tam. The brown staining intensity represents the expression of EST in the
cytosol of tumors, and the blue staining represents the cell nucleus. The original magnification is 100x for all panels. (C) TM208 and Tam significantly
increased the enzyme activity of EST in tumors. (D) Compared with the corresponding control group at different times, the mRNA expression of EST in
tumors was significantly induced by the continuous administration of TM208 (150 mgkg™d™). VEH, vehicle. °P<0.05, °P<0.01 vs vehicle.
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the mRNA expression of EST in the vehicle treatment group
was suppressed to a low level.

TM208 reduced the tumor estrogen level and inhibited the
uterine responses

ELISA analyses quantitatively revealed the time course of the
active E2 levels in tumors after treatment with TM208 (Figure
6A), and all E2 concentrations in the tumors were at a nano-
molar level. In the vehicle treatment group, the E2 concen-
tration increased gradually with time and plateaued on d 9.
However, after multiple doses of TM208, the E2 concentrations
in tumors remained similar to those on d 0. In addition, the
uterine volume was obviously larger in tumor-bearing mice
treated with vehicle than in mice treated with TM208 (Figure
6B, 6C). The typical uterine enlargement (water imbibition)
stimulated by estrogens in the vehicle-treated mice was not
observed in the TM208-treated mice, indicating that the level
of active estrogens in the circulating system was lower in the
TM208-treated mice than in the control group.

Discussion

In this study, we first investigated the anticancer efficacy of
TM208. The SRB assay showed that, in vitro, under E2 or
E2-free incubation, the ability of TM208 to reduce the cell
viability of MCF-7 cells is weaker than that of Tam. However,
the results of the tumor growth inhibition assay indicated that
the mean gain in tumor volumes in groups treated with 50
mg/kg TM208 were similar to those in groups treated with
50 mg/kg Tam, whereas the high-dose TM208 treatment (150
mg-kg'-d") caused a significant inhibition in tumor growth
compared with those of the vehicle-treated controls and Tam-
treated group. This result means that the anti-tumor effects of
TM208 are virtually certain in MCF-7 xenograft mice, at least
in the presence of physiological levels of estrogens.

In a previous study, we demonstrated that TM208 could
inhibit the phosphorylation of EGFR in vitro and in vivo™.
Considering that MCF-7 cells are both low in EGFR expres-
sion and ER-positive, we assume that the anticancer efficacy
of TM208 in vivo may be due to estrogen-related mechanisms
(such as EST induction) that synergize with the anti-tumor
properties of TM208 and involve p-EGFR inhibition. There-
fore, we tested whether the induction of EST plays a role in
the anti-breast cancer effect of TM208. EST shows the highest
affinity for E2 and estrone™, whereas other SULTSs, such as
SULT1A1 and SULT2A1, exhibit some affinities for E2 and
estrone, which are only found at non-physiological high con-
centrations™ *. Not counting EST, SULT1A1 was reported
to play the most crucial role in the sulfation of intratumoral
estrogens by its contribution to the conjugation of the metabo-
lites of E2 (such as 4-OH-E2 and 2-methoxy-E2) metabolized
by CYP1B1 and 1A1™*. However, as for the parent levels of
E2 in the tumor, all available results of previous studies have
demonstrated that the intratumoral E2 concentrations were
at physiological (nanomolar) levels even when expressed as
pg/ g tissue or pmol/g tissue. For example, the mean concen-
tration of E2 in the breast tumors of premenopausal patients
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Figure 6. TM208 reduced the excessive E2 level in tumors and inhibited
the uterine responses stimulated by estrogens. (A) The E2 levels in the
cytosol of the tumors at each time point were much lower in the TM208-
treatment group than in the vehicle treatment group. °P<0.05, °P<0.01
vs 0 d. °P<0.05, 'P<0.01 vs vehicle. (B) Uteri from the tumor-bearing
mice and (C) their weights determined with a uterotropic bioassay. n=4.
TM208 significantly inhibited the uterine responses, as the uterine volume
and weight were markedly decreased. VEH, vehicle. °P<0.05 vs vehicle.

was approximately 1.2 pmol/g tissue (that means that if the
density of tumor is 2 g/mL, the in situ E2 concentration will be
2.4 nmol/L), whereas a plasma E2 concentration of approxi-
mately 0.22 nmol/L was reported in the same paper*°. Simi-
lar results were obtained from other previous studies'®”
from our current study on MCF-7 xenograft tumors (0.36-0.48
nmol/L). However, we once investigated the effect of TM208
on SULT1A1 and SULT2A1 and found that TM208 induced
the expression of SULT1A1 more significantly than that of
SULT2A1 in both MCF-7 cells and MCF-7 xenograft tumors,
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but all of the observed increases were less than 4-fold (Fig-
ure S1-S2). However, the affinity of estrogen is much higher
for EST than for SULT1A1, the K,, of which is at the nano- or

micromolar level, respectively!"”

. Therefore, EST is respon-
sible for the sulfation of intratumoral activated E2, which is
why we investigated EST rather than other SULT isoforms in
this paper.

As the process of SULT induction is conducted on the gene
transcriptional level, which is time-consuming!®®), we treated
MCE-7 cells for 7 d to examine the effects of TM208 on EST
induction in vitro. The expression of EST in the control group
was at a trace level, which is in agreement with previous
results"®* *I. After treatment with TM208 or Tam, the mRNA
and protein expression of EST increased significantly (Figure
3). Moreover, the sulfation of estrogens by EST is involved in
the inhibitory effect of TM208 on the viability of MCF-7 cells
with triclosan, which is a typical inhibitor of sulfation®”. Simi-
lar to Tam, TM208 has antiestrogenic activity because it sig-
nificantly diminishes the effect of E2, which is associated with
the increased cell viability of MCEF-7 cells (Figure 4). These
results confirmed that EST induction by this compound could
be used as an effective method of endocrine therapy for ER-
positive breast cancer.

It has been observed in the tumors of some patients with
breast cancer that EST is expressed at a low level, and this
expression is inversely correlated with the breast tumor

sizelll- 1ol

Consistent with the previous results, low EST
expression was observed in the absence of TM208 treatment,
and this low expression increased significantly after the mice
were treated with TM208 (Figure 5A). This finding was also
confirmed by our immunohistochemical staining (Figure 5B)
and enzyme activity (Figure 5C) results. Moreover, compared
with the corresponding control group at different times,
the mRNA expression of EST in tumors was significantly
induced by the continuous administration of TM208 (Figure
5D). Conversely, as the tumors grew, the mRNA expression
of EST in the vehicle treatment group was suppressed to a
low level (Figure 5D). This result indicates that EST is inhib-
ited with the progression of tumor growth. The observed
net EST mRNA level is the sum of induction by TM208 and
reduction by natural cancer disease progression. Compared
with the mRNA expression of EST, as the tumors grew, the
intratumoral E2 concentrations of the vehicle treatment group
were 0.38+0.03, 0.44+0.01, 0.45+0.02, 0.48+0.00, and 0.47+0.01
nmol/L ond 0, 3, 6,9, and d 12; over this observation period,
E2 increased by a maximum of approximately 26% (Figure
6A). After multiple treatments with TM208, the E2 levels in
the cytosol of the tumors at each of the aforementioned time
points were 0.38+£0.03, 0.41+0.06, 0.40+0.01, 0.36+0.02, and
0.38+0.02 nmol/L, respectively (Figure 6A), which were much
lower than those in the vehicle treatment group (except on
d 0). These data are neither significantly different from each
other nor from the E2 level in the normal mammary fat pad
(0.39+0.01 nmol/L). The absolute reduced intratumoral E2
concentration in the TM208 treatment group is not as much
as the levels observed in situ for the human breasts of healthy

67 but the difference was statistically

women versus patients
significant, and all the tested concentrations were within the
physiological range of E2 concentration. To the best of our
knowledge, we are the first group to detect the intratumoral
E2 concentration in MCF-7 xenograft mice. We found that the
E2 level in tumors was significantly higher than that in normal
mammary fat pads, and excessive levels of active E2 might
be restored to normal levels via sulfation mediated by EST
induced after the treatment with TM208, accompanied by the
inhibition of tumor growth.

Pasqualini ef al have demonstrated that the concentrations of
estrogens in the tumors of postmenopausal patients are signif-
icantly higher than those found in the plasma, suggesting that

¥ In the current

intratumoral production of estrogens occurs
study, we tried to determine the free E2 plasma concentration
using the same ELISA kit, but the concentration was too low
to be detectable, indicating the plasma E2 concentration is
much lower, which is in agreement with the previous results.
Additionally, because stronger uterine estrogen responses
are indicative of higher levels of active estrogens and vice

versal'” *

, uterine estrogen responses are usually used to
indirectly evaluate the overall level of active estrogens in the
body. In this study, TM208 significantly inhibited the uterine
responses because the uterine volume and weight obviously
decreased after treatment with TM208 (Figure 6B), indicating
that TM208 reduced the levels of circulating estrogen. These
results suggest that TM208 may exert its anti-tumor effect via
regulating both the intratumoral and circulating E2 concentra-
tion as well as inhibiting the EGFR-signaling pathway.

Our study is the first to show that Tam is also a typical EST
inducer. Similar to TM208, Tam remarkably induced mRNA
expression and increased the enzyme activity of EST in tumors
(Figures 3 and 5). Although Tam has been well known as
an antagonist of the estrogen receptor in breast tissue via its
active metabolites (ie, 4-hydroxy tamoxifen and N-desmethyl-
4-hydroxytamoxifen)®!, our results support that part of its
anti-estrogen effect may be due to the inactivation of active
estrogen by sulfation via the induction of SULTs, which may
cause another type of ER antagonism with Tam. Interestingly,
several years ago, Tam was found to significantly induce
rSULT2A1 and rSULT1AL1 in rat livers and intestines™, which
is in agreement with our present results in tumors.

The regulation of the cytosolic sulfotransferases (includ-
ing EST) by nuclear receptors, such as LXR, AhR, PXR, CAR,
PPAR, and Nrf2, has been well summarized"” *. Gong et al
reported that the activation of EST is mediated by both the
glucocorticoid receptor (GR) and orphan nuclear receptor
liver X receptor (LXR), leading to estrogen deprivation and the

o7l Furthermore,

inhibition of breast tumor growth in viv
these responses were not observed in EST knockout mice after
treatment with LXR agonists. Moreover, LXR has been shown
to promote apoptosis and repress estrogen'*”, which may con-
tribute to the anti-breast cancer efficacy of TM208. Because
of the important role of LXR, we preliminarily investigated
the effect of TM208 on LXR in tumors. Our results revealed

that TM208 effectively induced the expression of LXR-a and
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LXR-B in tumors. In addition, Tam exhibited an inducing
efficacy, which was similar to the effect of TM208 on LXR in
tumors (Figure S3). However, more investigation is required
to determine whether SULT expression is activated directly by
LXR. In addition, further experiments are needed to confirm
whether GR and other nuclear receptors are involved in the
underlying mechanisms of TM208-mediated EST induction.

In summary, EST induction and, accordingly, the down-
regulation of estradiol by TM208 are involved in anti-breast
cancer efficacy. With its good pharmacokinetic characteristics,
very low toxicity, and additional EGFR-pathway inhibition,
TM208 is a promising candidate compound for the treatment
and prevention of ER-positive breast cancers.
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