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Abstract

Purpose—Many human breast tumors become resistant to endocrine therapies and recur due to
estrogen receptor (ERa) mutations that convey constitutive activity and a more aggressive
phenotype. Here, we examined the effectiveness of a novel adamantyl antiestrogen, K-07, in
suppressing the growth of breast cancer metastases containing the two most frequent ER-activating
mutations, Y537S and D538G, and in extending survival in a preclinical metastatic cancer model.
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Methods—MCF-7 breast cancer cells expressing luciferase and Y537S or D538G ER were
injected into NOD-SCID-gamma female mice, and animals were treated orally with the
antiestrogen K-07 or control vehicle. Comparisons were also made with the antiestrogen
Fulvestrant. The development of metastases was monitored by in vivo bioluminescence imaging
with phenotypic characterization of the metastases in liver and lung by immunohistochemical and
biochemical analyses.

Results—These breast cancer cells established metastases in liver and lung, and K-07 treatment
reduced the metastatic burden. Mice treated with K-07 also survived much longer. By day 70, only
28% of vehicle-treated mice with mutant ER metastases were alive, whereas all K-07-treated
D538G and Y537S mice were still alive. K-07 also markedly reduced the level of metastatic cell
ER and the expression of ER-regulated genes.

Conclusion—The antiestrogen K-07 can reduce in vivo metastasis of breast cancers and extend
host survival in this preclinical model driven by constitutively active mutant ERs, suggesting that
this compound may be suitable for further translational examination of its efficacy in suppression
of metastasis in breast cancers containing constitutively active mutant ERs.
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INTRODUCTION

Breast cancer mortality is almost always associated with metastatic spread of the cancer.
Although estrogen receptor (ER)-positive breast cancers are considered to be a subtype that
is quite often successfully treated with antiestrogens (selective ER modulators, SERMs) or
aromatase inhibitors, it is now recognized that some of these breast cancers can recur at later
times and that over one-third of these metastatic breast cancers now harbor ER mutations
that render the ER proteins constitutively active in the absence of hormone [1-4]. In fact,
deaths due to metastatic ER-positive breast cancers account for the largest subgroup of
breast cancer mortality [5]. The most frequent of these mutations are single nucleotide
changes that result in single amino acid changes (Y537S and D538G) in these ER-positive
metastatic breast cancers [6-12]. Of note, these mutations are in the critical activation
function 2 (AF2) region of the receptor and enable coactivator binding and stimulation of
cell proliferation and ER signaling in the absence of hormone, with the result that tumors are
resistant to aromatase inhibitors (Als) and require increased concentrations of antiestrogens
for effective suppression of growth and ER pathway activities [12-16]. In addition, these
mutations are associated with more aggressive disease and shorter overall patient survival
[17-20].

Because chemotherapies and radiation treatments aimed at reducing recurrence and
metastatic spread are often associated with toxicity and deleterious side effects [21], it would
be desirable to utilize targeted therapies with more limited adverse effects. We showed
previously that novel SERM compounds developed by us work through ER and effectively
suppress the growth of breast cancers driven by these mutant ERs in orthotopic xenograft
tumor models in NOD-SCID-gamma (NSG) mice [16, 22]. However, because compounds
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that reduce the growth of primary tumors may not necessarily have antimetastatic activity
and vice versa [23-25], the aim of this study was to specifically examine the ability of our
lead SERM compound, K-07, to suppress the metastatic growth of mutant ER-containing
breast cancer cells and to extend host animal survival. We have also focused on defining the
effects of K-07 on the phenotypic and biochemical properties of the metastatic lesions.
Notably, we find that K-07 suppresses the expression of ER and proliferation markers,
reduces the metastatic burden of breast cancers containing these mutant ERs, and extends
host survival. Hence, this compound may be suitable for further translational examination of
its efficacy in suppressing metastasis in breast cancers containing constitutively active
mutant ERs.

MATERIAL AND METHODS

Cell cultures and reagents

Preparation of the compound K-07 has been described [22]. MCF7 cells containing mutant
Y537S- or D538G-ERa. determined by DNA sequencing and digital drop PCR analyses as
detailed previously [26, 27], were generated by adenovirus-associated viral infection. Cells
were transfected with firefly luciferase/GFP using RediFect Red-FLuc-GFP Lentiviral
Particles (Perkin EImer CLS960003) as described by the manufacturer, and sorted for GFP
fluorescence by flow cytometry with the fluorescence-activated cell sorter BDFACS Ariall.
Cells were cultured in DMEM with 5% premium grade fetal bovine serum (VWR Life
Science Seradigm, cat# 97068-085) and 1% penicillin/streptomycin. Cells were used in
experiments within the first five passages after thawing. All cells were tested for
mycoplasma using Real-Time PCR Mycoplasma Detection Kit (Agilent Technologies).

In vivo breast cancer metastasis studies

In preparation for injection into animals, Y537S and D538G cells were harvested with
trypsin-EDTA, resuspended in medium containing 2 mM EDTA, passed through a cell
strainer, adjusted in concentration to 5x10° cells/ml, and stored on ice until injection.
0.5x10° cells per mouse were then introduced by intracardiac [28] or tail vein injection as
described [29].

Intact female NOD-SCID-gamma (NSG) mice (8 weeks of age), obtained from Jackson
Labs, were divided into randomized groups with equal numbers receiving Y537S and
D538G cell inoculations. Animals began receiving compound treatment 2 days post tumor
cell inoculation. Treatments included control vehicle or K-07 by oral gavage (sterile
9/0.5/0.5/90 parts of PEG400/Tween80/Povidone/0.5% carboxymethylcellulose in sterile
water) with 80 mg/kg delivered in 200 pl per treatment, 6 days/week for 30 days and then 40
mg/kg for the remainder of the study. In some studies comparing the effects of Fulvestrant
(from Sigma Aldrich), Fulvestrant was administered by s.c. injection (80mg/kg) six times
per week since it is not active orally.

IVIS bioluminescence imaging

The extent of metastasis was followed biweekly using an IVIS Spectrum CT imaging
system. Animals were injected with luciferin (150 mg/kg), luciferase activity was measured,
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and bioluminescence as total flux (photon counts/sec) was quantified using Living Image
software (PerkinElmer) as previously described [30].

RNA isolation and real-time PCR

Liver and lung tissues were pulverized, and total RNA was isolated using TRIzol
(Invitrogen) and reverse transcribed using MMTYV reverse transcriptase (New England
BioLabs). Real-time PCR was performed using SYBR Green PCR Master Mix (Quanta) on
a BioRad CFX384 PCR detection system. Expression of estrogen responsive genes is the
mean +SD from all animals in each group.

Immunohistochemistry (IHC)

RESULTS

Hematoxylin and eosin staining or IHC was performed as previously described [16, 31] with
minor modifications. Tissues were fixed in 10% buffered formalin phosphate for 24 h at
room temperature, transferred to 70% ethanol, and embedded in paraffin. Tissues were
blocked in Rodent Block M (Biocare Medical, Pacheco, CA) as well as 3% H,0,.
Immunostaining was performed using antibodies to firefly luciferase (Abcam 181640), ERa
(Estrogen Receptor Clone 6F11 Leica NCL-L-ER-6F11, dilution 1:100, 1 h, room
temperature), or Ki67 (Dako Code M7240. dilution 1:100 1 h, room temperature). Following
primary antibody treatment, samples were treated with secondary antibody (MM HRP-
Polymer, Biocare Medical, Pacheco, CA) for 30 min at room temperature. Chromagen
treatment consisted of 3,3’-Diaminobenzidine (5 min, room temperature), followed by
Harris hematoxylin counterstain (1 min). Quantitation of staining was done using
AxioVision (Zeiss Microscopy) image analysis software.

Antiestrogen K-07 reduces the metastatic load of D538G and Y537S containing breast
cancer cells and extends animal host survival

Because Y537S and D538G are the two most commonly found constitutively active ER
mutations in recurrent, metastatic ER-positive breast cancers, we used MCF-7 cells
containing each of these mutant ERs, and we also introduced luciferase into these cells so
that we could monitor the location and progression of these cells as metastases over time.
The luciferase/GFP-containing cells were sorted by flow cytometry so that only cells
containing luciferase were used in these studies.

Figure 1a shows the location of these single amino acid changes in the mutant ER proteins
Y537S and D538G, and also the structure of the adamantyl antiestrogen K-07 used in these
studies. Using a model of metastatic breast cancer where cancer cells are introduced by tail
vein and allowed to establish prior to intervention, we found that administration of K-07 by
oral gavage reduced the metastatic load of ER mutant D538G-Luc breast cancer cells (Fig.
1b) and K-07 treatment also prolonged survival of the host NSG mice injected with these
cells (Fig. 1c). Notably, all host animals receiving K-07 survived over the 90 days
monitored, whereas only 28% of vehicle-treated animals were alive at 65 days after cell
inoculation (Fig. 1c).
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Likewise, following tail vein injection of ER mutant Y537S-Luc breast cancer cells into
NSG mice, K-07 reduced the metastatic load of these cells, as seen in the reduced total
photon flux monitored by VIS bioluminescence imaging over time (Fig. 2a), and by
comparisons of the metastatic burden in individual animals in K-07-treated versus vehicle-
treated groups at day 57 (Fig. 2b). K-07 treatment also prolonged the survival of host mice
receiving Y537S mutant ER cells (Fig. 2c).

Metastasis of ER mutant D538G-Luc breast cancer cells was reduced with K-07 treatment
even following intracardiac injection of these cells, which we found resulted in more rapid
establishment of metastatic lesions compared to tail vein injection (Fig. 3a). This is seen by
comparison of total photon flux with time after cell injection between Fig. 3a (intracardiac
breast cancer cell injection) and Fig. 2b (intravenous tail vein cell injection), which show
similar metastatic burden, monitored by IVIS total flux, at day 25 and day 57, respectively.
Survival of mice was also improved significantly with K-07 treatment after intracardiac cell
injection (Fig. 3b). However, comparison of Fig. 3b with Fig. 1c shows that host animal
survival was prolonged less effectively after intracardiac cell injection than following tail
vein injection where metastasis spread developed more slowly over time.

Evaluation of the biochemical and phenotypic properties of the breast cancer metastases

In a repeat experiment that showed similar development of metastatic burden with D538G
and Y537S mutant ER-containing cells over time, we also compared the efficacy of K-07
and the standard-of-care antiestrogen Fulvestrant in reducing D538G-Luc-MCF7 metastatic
load following tail vein injection (Supplementary Fig. S1). K-07 and Vehicle were
administered orally six times weekly, as done in the previous study groups, and Fulvestrant
was administered by s.c. injection six times per week since it is not active orally. We found
that K-07 and Fulvestrant were equally effective in greatly reducing the metastatic load in
the treated animals, as monitored by IVIS imaging.

Tumors were harvested at day 42 for IHC and analysis of ER and ER target gene expression,
and for assessment of proliferation monitored by expression of markers PCNA and Ki67.
The representative panels in Fig. 4 show that metastases were readily observable by
immunohistochemistry using an antibody against luciferase, indicating positive staining in
the human breast cancer cells within the host mouse liver. Metastases were also seen in the
host lungs. IHC for ER and Ki67 in metastases indicated markedly reduced ER levels (to
less than 10% of vehicle control) and also greatly reduced Ki67 with K-07 treatment (Fig.
5a-5h and Table 1). Also, analyses of the expression of the ER target gene GREB1 and the
proliferation associated gene PCNA in metastases revealed that their RNA expression levels
were also reduced in lung and liver metastases of mice receiving the antiestrogen K-07 or
Fulvestrant compared with vehicle-treated animals (Fig. 6).

DISCUSSION

Cancer metastasis is a leading cause of morbidity and mortality in patients with breast
cancer. Our studies reveal that the orally active SERM K-07 suppressed the overall
metastatic burden resulting from constitutively active mutant ER-containing breast cancer
cells, and increased host animal survival. In the experimental metastasis system we have
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used here, whereby tumor cells are injected into the bloodstream, we have circumvented the
first steps in the metastatic process [25]; however, this model does require the survival of the
cancer cells in the circulation and their metastatic colonization, the latter known to involve
interactions between tumor cells and cells in the microenvironment of the distant site [25,
32]. This well-established experimental model “provides good quantification in a reasonable
time frame” [33] and is useful for drug development and for assessing potential inhibitor
drug efficacy, especially in the context of established metastatic lesions.

It is noteworthy that these mutant ER-containing breast cancer cells form metastatic lesions
in the host liver and lung in the absence of any added exogenous estradiol, which was
needed for the establishment of xenograft tumors with wild type ER [16]. Hence, these
mutations not only support estrogen-independent growth, but they also promote a metastatic
phenotype seen in their distinctive cistromes and transcription networks [1].

The ability of breast cancer cells with these mutant ERs to engender metastases very much
mimics what is observed in breast cancer patients where cancer recurrence and metastasis,
often after treatment with aromatase inhibitors, is associated with acquisition of these ER
mutations that foster a more aggressive cancer biology and are associated with reduced
patient survival [3, 17, 18, 20]. Hence, it is of note that host animal survival was extended
with K-07 treatment after introduction of breast cancer cells containing either of the two
most common ER mutations, D538G and Y537S, even when metastatic spread was very
rapid after intracardiac inoculation of cells.

Although we and others have shown that breast cancer cells expressing these mutant ERs are
more resistant to the antiproliferative effects of K-07 or other standard-of-care antiestrogens
such as tamoxifen and fulvestrant [16, 22], our studies here reveal that K-07, which we
showed previously to suppress the growth of xenograft tumors expressing these mutant ERs
[16], was also effective in reducing metastatic burden and extending survival of animals with
breast cancer cells containing these constitutively active ERs. In addition, in the D538G
mutant ER cell cohort where we compared the efficacy of K-07 with the standard-of-care
antiestrogen Fulvestrant, we found that both similarly greatly reduced metastases to liver and
lung and suppressed the expression of ER target genes such as GREB1.

It was of interest that we found the metastatic load from the D538G mutant ER cells to be
more readily suppressed by K-07 than was the metastatic load from the Y537S mutant ER
cells. This is consistent with transcriptome analyses revealing that the D538G mutation is
distinct from the Y537S mutation and that these mutations induce different transcriptional
programs in which the Y537S ER induces many unique genes and shows an aggressive
phenotype more difficult to inhibit with standard-of-care antiestrogens tamoxifen or
Fulvestrant [1]. Interestingly, we also reported K-07 to more fully suppress in vitro cell
proliferation, and in vivo xenograft growth of D538G tumors compared with Y537S tumors
[16].

Analysis of gene expression regulation in the metastases indicated that K-07 was targeting
ER and suppressing the expression of ER itself and of ER target genes. Of note, the level of
ER RNA and protein expression, monitored by gRT-PCR and by IHC, and the mRNAs of
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well-known ER target genes in liver and lung metastases were markedly reduced by K-07
treatment. These findings suggest that decreased expression of the constitutively active ERs
could be an important aspect in the ability of K-07 to reduce the metastatic burden of mutant
ER-containing cancer cells. K-07 also binds to these ERs and changes the conformation of
the ER ligand binding domain which is known to perturb interactions with key coactivators
[34], that may also contribute to its inhibitory efficacy [2].

Agents with anti-metastatic efficacy may also be effective in reducing primary tumor size, or
may be different from those effective in reducing primary tumor size [23-25]. For example,
some factors, such as the type I insulin-like growth factor receptor protein, the metastasis
suppressor Nm23, and the transcriptional repressor EZH2 regulate cancer metastasis
independently of primary tumor growth [23, 24, 35]. By contrast, K-07 reduced the growth
of primary xenograft breast tumors driven by Y537S and D538G mutant ERs [16] and also
effectively reduced the metastatic burden of breast cancer cells containing these mutant ERs.
This might indicate the potential clinical utility of this compound in treating metastatic
breast cancer lesions with either of the most common ER mutations.

In this study, we examined metastatic spread and response to antiestrogen in two MCF-7
mutant ER cell lines. We worked previously with MCF-7 and T47D cells containing these
two most common mutant ERs in human ER-positive breast cancers and compared K-07 in
these two cell backgrounds. Results showed K-07 to be equally effective in cell culture
experiments in suppressing cell proliferation [16]. We also found K-07 and Fulvestrant to be
equally good antitumor agents in blocking MCF-7 D538G and Y537S mutant ER xenograft
growth. However, there are major difficulties in using T47D ER-containing cells for in vivo
tumor and metastasis studies. As opposed to MCF-7 cells, T47D cells form only very small,
slow growing tumors [36] and both MCF-7 and T47D cells do not metastasize from
xenografts in the mammary gland. A mammary intraductal injection (MIND) model might
prove useful for future studies. In this model, MCF-7 cells generate slow growing tumors
that expand predominantly within the mammary duct and after a latency of ca. six months,
show some metastatic cells in liver and/or lung [37]. This mammary intraductal model might
also be worthwhile in the study of ER-positive patient derived xenografts [38], some of
which might metastasize from the ductal tumors over time, especially if they contain
constitutively active mutant ERs.

Chemotherapies to reduce metastatic spread and risk of recurrence are often associated with
adverse side effects. Because K-07 is a compound targeted to the ER, it would be expected
to have fewer deleterious off-target effects. K-07 is also orally active, making it potentially
suitable for clinical use. Our findings here, documenting reduced metastatic burden and
extended host survival in this preclinical model, suggest that K-07 may be suitable for
further translational examination of its efficacy in suppression of metastasis in breast cancers
driven by constitutively active mutant ERs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mutant ER-containing breast cancer cells and antiestrogen K-07 used in metastasis and host

survival studies. (a) Schematic of the human Estrogen Receptor alpha (ER) protein showing
the location of the two most common amino acid alterations in mutant, constitutively active
ER proteins present in recurrent, metastatic breast cancers and studied in this manuscript
(top left). Chemical structure of the adamantyl antiestrogen K-07 utilized in these studies
(top right). (b) Metastatic load and (c) animal survival were followed over time. Metastatic
load was assessed by bioluminescence after tail vein injection of NOD-SCID-gamma (NSG)
female mice with MCF-7 breast cancer cells expressing luciferase and D538G ER. Animals
received 0.5 x 108 cells per mouse and were treated 6-times per week with vehicle or K-07
(80 mg/kg orally for 30 days and then 40 mg/kg) and metastatic burden was monitored over
time by bioluminescence (IVIS) imaging after luciferin injection, and animal survival was
followed to 90 days.
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Fig. 2.
Metastasis and host animal survival after tail vein injection of NOD-SCID-gamma (NSG)

female mice with MCF-7 breast cancer cells expressing luciferase and mutant Y537S ER
(0.5 x 106 cells per mouse). Animals were treated 6-times per week with vehicle or K-07 (80
mg/kg orally for 30 days and then 40 mg/kg). (a) Metastatic load was monitored over time
and (b) at day 57 by bioluminescence (1VVIS) imaging after luciferin injection, and (c) animal
survival was followed to 100 days.
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Fig. 3.

Metastasis progression and host animal survival after intracardiac injection of NOD-SCID-
gamma (NSG) female mice with MCF-7 breast cancer cells expressing luciferase and mutant
D538G ER. After injection of 0.5 x 106 cells, animals were treated 6-times per week with
vehicle or K-07 (80 mg/kg orally for 30 days and then 40 mg/kg). (a) Metastatic load was
monitored at 25 days by bioluminescence (IVIS) imaging after luciferin injection, and (b)
animal survival was followed to 70 days.
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Fig. 4.

Irr?munohistochemical (IHC) detection of luciferase in liver metastases. Animals inoculated
with D538G-Luc or Y537S-Luc cells were treated with vehicle and liver tissue was
harvested at 6 weeks. Tissue sections were stained with antibodies to luciferase to visualize
the human breast cancer cells in the host animal liver. Scale bar is 100 um.
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Fig. 5.

IHC for ER (panels a, b, g, f) or for Ki67 (panels c, d, g, h) in the livers of mice receiving
D538G or Y537S cells, followed by treatment with vehicle or K-07 for 42 days prior to
tissue harvest. Scale bar is 25 pm
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D538G

PCNA

e
o

Expression of the ER target gene GREBL and the proliferation associated gene PCNA in
lung metastases (a, b) or liver metastases (c, d) of host mice receiving D538G or Y537S
mutant ER-containing breast cancer cells. Animals received control vehicle or K-07 orally
(80 mg/kg) 6 days per week or Fulvestrant s.c. (80 mg/kg) 6 days per week, and lung and
liver tissues were harvested at day 42 of treatment. RNA was prepared, and RT-PCR with
human specific primers was conducted. Values are from lungs or livers of different mice in
each treatment group and are mean £ SD. *, p<0.05; **, p<0.01; ***, p<0.001, ****
p<0.0001 by Student t-test for Y537S data and by Dunnett’s multiple comparisons test for

D538G data.
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Table 1.
Quantitation of ER and Ki67 in liver metastases of mice receiving mutant D538G ER or mutant Y537S ER

a
breast cancer cells.

D538G Y537S
% K-07/Veh % K-07/Veh
ER Veh K-07 (p-value) Veh K-07 (p-value)
11% 2%
Stained nuclei/field (%)  42.52+7.11 4.83+1.70 (** 0.0021) 52.03+5.18 1.03+0.29 (*** 0.0006)
86% 70%
Stain intensity/nucleus 2.75+0.21 2.30+£0.07 ns 2.60+0.10 1.83 +£0.07 (**0.0027)
10% 1%
Total staining/field 395.98+93.65 38.22+14.60 (**0.0092) 399.23+52.04 4.99+1.74 (** 0.0016)
% K-07/Veh % K-07/Veh
Ki67 Veh K-07 (p-value) Veh K-07 (p-value)
12% 31%
Stained nuclei/field (%)  13.73+2.46 1.60+0.42 (** 0.009) 28.36 +4.80 8.76 + 2.10 (** 0.0057)
96% 116%
Stain intensity/nucleus 3.69+0.28 3.53+0.49 ns 2.73+0.39 3.18+0.52 ns
13% 40%
Total staining/field 15854 +27.19 21.12+4.36 (**0.0081) 183.46+25.20 72.67+14.21  (**0.0050)

a . . - . . . . . .
Treatment with Vehicle or K-07 was six times per week for 42 days prior to liver metastasis collection and analysis. Detection of ER (top) and
Ki67 (bottom) was by IHC and quantitation by AxioVision Image Analysis software. ns= not significant.
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