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Abstract

Purpose—-Breast cancer is the leading cause of death in female cancer patients due to the lack of
effective treatment for metastasis. Macrophages are the most abundant immune cells in the
primary and metastatic tumors, and contribute to tumor initiation, progression and metastasis.
Emodin has been found to exert anti-tumor effects through promoting cell cycle arrest and
apoptosis, and inhibiting angiogenesis, but its effects on tumor-associated macrophages during
cancer metastasis have not been investigated.

Methods—Mice inoculated with 4T1 or EO771 breast cancer cells orthotopically were treated
with Emodin after the primary tumors reached 200 mm3 in size. Primary tumor growth, lung
metastasis, and macrophage infiltration in the lungs were analyzed. In vitro experiments were
performed to examine the effects of Emodin on macrophage migration and M2 polarization, and
the underlying mechanisms.

Results—Emaoadin significantly suppressed breast cancer lung metastasis in both orthotopic
mouse models without apparent effects on primary tumors. Reduced infiltration of F4/80+
macrophages and Ym1+ M2 macrophages in lungs was observed in Emodin-treated mice. In vitro
experiments demonstrated that Emodin decreased the migration of macrophages towards tumor
cell conditioned medium (TCM) and inhibited macrophage M2 polarization induced by TCM.
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Mechanistically, Emodin suppressed STAT6 phosphorylation and C/EBPp expression, two crucial
signaling events in macrophage M2 polarization, in macrophages treated with IL-4 or TCM.

Conclusion—Taken together, our study, for the first time, demonstrated that Emodin suppressed
pulmonary metastasis of breast cancer probably through inhibiting macrophage recruitment and
M2 polarization in the lungs by reducing STAT6 phosphorylation and C/EBPf expression.

Emodin; breast cancer; pulmonary metastasis; macrophage; polarization

Introduction

Breast cancer is the leading cause of cancer-related death among women worldwide [1].
Although comprehensive treatments such as anti-angiogenic or hormonal therapies
combined with other agents have been developed to treat breast cancer [2], 90% of patients
do not survive metastatic tumors in organs such as lung, bone, brain or liver [3, 4]. New
therapeutic strategies are urgently needed.

Macrophages are the most abundant immune cells in tumor microenvironment [5]. Both
clinical and experimental studies have shown that tumor-associated macrophages (TAM)
promote tumor growth and progression through extracellular matrix remodeling, promotion
of tumor cell migration and invasion, angiogenesis, and immune suppression [5-8]. Stromal
and tumor cell derived chemokines and growth factors recruit circulating monocytes and
facilitate their differentiation into macrophages in primary tumors of a variety of cancers,
including breast cancer [9, 10]. In addition to their well-characterized functions in primary
tumors, macrophages have been shown to play important roles in metastatic sites [11-17].
Recent ex vivo imaging studies have shown that macrophages were recruited towards
extravasating tumor cells, and that depletion of these macrophages dramatically reduced the
seeding, extravasation, and the subsequent survival of tumor cells [13]. Another study
showed that metastasis-associated macrophages (MAMS) provided survival and growth
signals to metastatic tumor cells through binding of a4-integrin to VCAM-1 on tumor cells
[14]. Although increasing evidences have demonstrated the critical roles of macrophages in
tumor metastasis, molecular mechanisms responsible for their differentiation, accumulation
and tumor-promoting functions warrant further investigation. Strategies to block the
recruitment and function of MAM s are of conceivable therapeutic value.

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a natural anthraquinone derivative
isolated from Rheum palmatum L and some other Chinese herbs [18]. It has been shown to
have anti-atherogenic, anti-inflammatory, as well as anti-cancer effects [19-21]. As a
pleiotropic molecule, Emodin affects the expression of several critical inflammatory factors
including NF-xB, TNFa, iNOS, IL-10, and CXCR4 [22], indicating its potential therapeutic
value in inflammatory diseases. Recent studies have shown that Emodin suppresses the
growth of various cancers through inducing cell cycle arrest, promoting apoptosis, or
inhibiting angiogenesis [21-25]. However, if and how Emodin exerts anti-tumor effects
through modulating inflammatory microenvironment or acting on immune cells has not been
reported.

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jiaetal.

Materials

Reagents

Cell culture

Animals

Histology

Page 3

Our study, for the first time, demonstrated that Emodin inhibited pulmonary metastasis in
4T1 and EQ771 orthotopic breast cancer mouse models through inhibiting macrophage
recruitment and M2 polarization in metastatic lungs via suppressing STAT6 phosphorylation
and C/EBPp expression. Our data suggest that Emodin used alone or in combination with
conventional treatments may provide an effective therapy for metastatic breast cancer.

and methods

Emodin was purchased from Nanjing Langze Medicine and Technology Co. Ltd (Nanjing,
China). Thioglycollate broth was purchased from Hi media Laboratories Pvt Ltd (Mumbai,
India). Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640 and fetal bovine serum
(FBS) were purchased from GIBCO (Grand Island, NY). All tissue culture plastic wares
were purchased from Corning (Corning, NY).

The 4T1 cells were cultured in RPMI 1640 containing 10% FBS, 100 U/mL penicillin
(Sigma-Aldrich, St. Louis, MO) and 100 pg/mL streptomycin (Sigma-Aldrich) at 37°C in a
humidified CO, incubator. The EO771 cells were maintained in the same medium as
described above with an addition of 2 mM glutamine (Sigma-Aldrich).

BALB/c mice (female, 6-8 weeks old) and C57BL/6 mice (female, 6-8 weeks old) were
purchased from Jackson Laboratories (Bar Harbor, Maine) and housed in the University of
South Carolina Animal Research Facility. Animal care procedures and experimental
methods were approved by the Institutional Animal Care and Use Committee (IACUC) of
the University of South Carolina according to National Institutes of Health guidelines.

4T1 cells (2x10°) or EO771 cells (2x10°) in 20 pl phosphate buffered saline (PBS) were
injected into both sides of the 4™ pair of mammary fat pad of BALB/c or C57BL/6 mouse,
respectively. The tumor size was measured using calipers every 3 days and the tumor
volume was calculated using a formula: V (mm3) =L (major axis) x W2 (minor axis)/2.
When the tumor volume reached 200 mm3, BALB/c or C57BL/6 mice were randomly
divided into two groups. Emodin (40 mg/kg) or vehicle (2% DMSQ) in 1 ml PBS was
intraperitoneally injected once a day. When the animals were moribund (39 days after 4T1
cell, and 42 days after EO771 cell inoculation, respectively), the animals were sacrificed.
Tumors and lungs were removed, measured and analyzed.

The lungs were perfused with PBS and fixed in 4% paraformaldehyde at room temperature
(RT) for 12 h, then dehydrated in 30% sucrose at 4°C overnight, and embedded in OCT.
Serial sections (8 um thick) were cut throughout the entire lungs. For hematoxylin and eosin
(H & E) staining, sections were stained following standard procedures. Primary breast
tumors were removed, fixed in 4% paraformaldehyde at RT overnight and then embedded in
OCT. They were then cut into 5 pm-thick serial sections. H & E staining was performed.
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For F4/80 staining, frozen tissue sections were incubated with FITC-conjugated rat anti-
F4/80 antibody (1:50, eBioscience, San Diego, CA) overnight at 4°C. For Ym1 staining,
sections were first incubated with anti-mouse Ym1 rabbit polyclonal antibody (1:50,
StemCell Technologies, Vancouver, BC) for 1 h at RT, and then incubated with Alexa Fluor
488-conjugated secondary antibody ( 1:125, Invitrogen, Grand Island, NY) for 1 h at RT.
Slides were mounted with ProLong Gold Mounting Medium containing DAPI (Invitrogen),
and the tissue sections were visualized using a Nikon ECLIPSE E600 microscope (Nikon
Inc. Melville, NY).

For Mac2 and YM1 co-staining, frozen sections were incubated in rat anti-Mac-2 (1:50,
eBioseicence, San Diego, CA) and rabbit anti-mouse Y M1 rabbit polyclonal antibody for 1
h at room temperature. Next the sections were incubated in FITC goat anti-rat (1:100,
Invitrogen) and Alexa Fluor 555 goat anti-rabbit for 1 h at room temperature. For Mac2 and
C/EBPp co-staining, frozen sections were incubated in rat anti-Mac?2 (1:50) and rabbit anti-
C/EBPp rabbit polyclonal antibody (1:50, Santa Cruz Biotechnology) for 1 h at room
temperature. Next the sections were incubated in FITC goat anti-rat (1:100) and Alexa Fluor
555 goat anti-rabbit for 1 h at room temperature. Slides were stained with DAPI then imaged
using a Zeiss LSM 510 Confocal microscope. For quantitative analysis the number of
positive cells was manually counted in six random fields of view per section.

Conditioned medium collection

4T1 or EO771 cells were seeded at 5x106 cells per dish of 75 cm? and cultured till 90%
confluence. The media were then replaced with serum-free RPMI 1640. After 24 h, the
supernatants were collected and filtered through a 0.22 um filter.

In vitro macrophage treatment

Mice were injected with 3 ml of 3% thioglycollate intraperitoneally. Three days later,
peritoneal macrophages were harvested by lavaging the peritoneal cavity with PBS and
resuspended with DMEM containing 10% FBS. The non-adherent cells were removed by
PBS two hours later, and the adhered macrophages were further cultured in serum-free
DMEM overnight and then treated with serum-free medium, TCM or IL-4 (5 ng/ml, AASN
BioAbChem Inc. Ladson, SC) with or without Emodin.

Transwell migration assay

Macrophages or tumor cells (2x10° cells) were seeded onto the top chamber of transwell
inserts with 8 um pores (Corning). The inserts were then placed into 24-well plates that
contained 600 pl of serum-free RPMI 1640, 4T1 or EO771 conditioned medium alone or
plus Emodin for 6 h. Cells that migrated across the inserts were stained with DAPI and
counted under a fluorescence microscope at 40xmagnification (twenty fields per well,
triplicate for each group).

Quantitative Real-time PCR (qPCR)

Total RNA extraction, cDNA synthesis and gPCR were performed as described previously
[11]. Primers used in gPCR are: 18s RNA, 5 CGCGGTTCTATTTTGTTGGT 3’ (Forward)
and 5> AGTCGGCATCGTTTATGGTC 3’ (Reverse); mouse Arginase 1, 5
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TTTTTCCAGCAGACCAGCTT 3’ (Forward) and 5° GGAACCCAGAGAGAGCATGA 3’
(Reverse). PCR thermal cycling conditions contained 3 min at 95 °C, and 40 cycles of 15 s
at 95 °C and 58 s at 60 °C. Samples were run in triplicate.

Western blot

Cells were lysed in RIPA buffer (Pierce, Rockford, IL) supplemented with protease inhibitor
cocktail and phosphatase inhibitors (Sigma). Total proteins were separated in 10% SDS-
PAGE pre-cast gels (Bio-Rad) and transferred onto Nitrocellulose membranes (Millipore
Corp., Bedford, MA). Membranes were first probed with Arginase 1 (Argl) (1:500, BD
Biosciences, San Jose, CA), Ym1 (1:500, StemCell Technologies, Vancouver, British
Columbia, Canada), STATG6 (1:1000, Cell Signaling, Danvers, MA), phosphor-STAT6
(1:1000, Cell Signaling), C/EBPp (1:1000, Santa Cruz Biotechnology, Inc. Santa Cruz, CA),
or B-actin (1:1000, Sigma) antibodies, followed by goat anti-rabbit secondary antibody
conjugated with HRP (1:5000, Millipore Corporation, Billerica, MA) or goat anti-mouse
secondary antibody conjugated with HRP (1:3000, Millipore Corporation). The Protein
detection was performed using Pierce ECL Western Blotting Substrate (Pierce).

Statistical analyses

Data were presented as mean + standard error of the mean (SEM). Statistical significance
was calculated by Student’s t test (two-group comparison) or one-way analysis of variance
(ANOVA) (multi-group comparison) using the GraphPad Prism statistical program
(GraphPad Software, Inc., San Diego, CA). p<0.05 was considered significant.

Results

Emodin suppressed pulmonary metastasis of breast cancer cells

To examine if Emodin can suppress pulmonary metastasis of breast cancer cells, we
established an orthotopic breast cancer mouse model by injecting 4T1 cells (2x10°) into the
4t pair of mammary glands of BALB/c mice (18 mice). After the cancer cell inoculation,
the tumor growth was monitored till the tumor volume reached 200 mm3 in average on day
21 post-inoculation. The mice were randomly divided in two groups with 9 mice in each
(Fig. 1A). The mice were injected intraperitoneally with vehicle (2% DMSO, Control group)
or Emodin (40 mg/kg, Emodin group) in 1 ml PBS once a day. The tumor growth was
further followed for 18 days. We found that mice in Control and Emodin group showed a
similar tumor growth rate (Fig. 1B); and at the end-point, the tumor size and weight showed
no difference between the two groups (Fig. 1C). However, Emodin significantly suppressed
4T1 lung metastatic colonization in BALB/c mice (Fig. 1D and E). There were average
11.2+2.1 lung nodules formed in vehicle-treated mice, whereas Emodin treatment resulted in
a 2.1-fold decrease (Fig. 1E). Moreover, the metastatic area in control group was
17.1£3.6%, whereas only 6.5+2.2% in Emodin group (Fig. 1F).

We performed a similar experiment using another orthotopic breast cancer mouse model
with inoculation of EO771 cells into C57BL/6 mice. Twenty mice were each injected with
2x10° EOQ771 cells. On day 18 post-inoculation, the average tumor volume reached 200
mm3, the mice were randomly divided into two groups, and the treatment was initiated as in
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the 4T1 model and lasted for 24 days (Fig. 2A). As observed in the 4T1 model, Emodin
treatment did not alter the growth of primary tumor (Fig. 2B, 2C); however, Emodin
treatment significantly reduced cancer lung metastasis (Fig. 2D-F).

Emodin did not cause cytotoxicity to breast cancer cells or alter their migration at
concentration achieved in vivo

Our previous study showed that using the 40 mg/kg i.p. administration, plasma
concentration of Emodin and its biologically active metabolites reached 30 pM at 1 h and
declined to 5 uM at 8 h; and at 24 h, the plasma concentration dropped below 1 uM [26].
Considering that Emodin did not affect primary tumor growth, we set to examine if Emodin
at varied concentration causes cytotoxicity to breast cancer cells. As shown in
Supplementary Fig. S1A, at up to 100 uM concentration, Emodin did not result in obvious
toxicity to either cell types, indicating that the inhibitory effects of Emodin on breast cancer
pulmonary metastasis in our models were unlikely due to its direct tumoricidal activity. To
examine if Emodin directly affects breast cancer cell migration, we performed transwell
assays. As shown in Fig. S1B, Emodin up to 50 uM did not reduce either 4T1 or EO771 cell
migration; however, at 100 uM, Emodin significantly suppressed the migration of 4T1 cells.

Emodin reduced the accumulation of total and M2 macrophages in the lungs

Macrophages are the most prominent component of the leukocytes infiltrating within
primary tumors and metastatic sites in tumor-bearing mice and humans with different types
of cancers [5, 8]. Considering the robust effects of Emodin on metastasis, we hypothesize
that Emodin may inhibit lung metastasis by acting on macrophages. To this end, we
examined if Emodin had an impact on mobilization of macrophages into primary tumors or
metastatic sites. Interestingly, the infiltration of F4/80+ macrophage in primary tumors
showed no difference between Control and Emodin groups (Supplementary Fig. S2A). As
opposed to classically activated or M1 macrophages that exhibit anti-tumor functions, most
TAMs are alternatively activated (M2) and promote tumor development [5, 7, 8, 27]. Similar
to F4/80+ macrophages, Emodin treatment resulted in little difference of Ym1+ M2
macrophage infiltration in primary tumors (Supplementary Fig. S2B). However, Emodin
decreased the infiltration of F4/80+ macrophages in metastatic lungs by 3.4 folds compared
to the Control group in BALB/c mice carrying 4T1 breast cancer (Fig. 3A). Similarly,
Emodin decreased the infiltration of F4/80+ macrophages by 1.7 folds in C57BL/6 mice
bearing EO771 cells (Fig. 3C). Next, we sought to determine if Emodin reduced M2
macrophage accumulation in metastatic lungs; and we found Emodin-treated BALB/c mice
contained significantly fewer Ym21+ macrophages in the lungs than Control group (Fig. 3B).
Suppression of Ym1+ macrophage accumulation in lungs by Emodin was further confirmed
in EO771 breast cancer model (Fig. 3D). We also noticed that macrophages were distributed
in the entire lungs, rather than being strictly associated with metastatic tumors. We further
co-stained Mac?2 (another pan-macrophage marker) and YM1 in the lung slides from 4T1
tumor-bearing mice. We found that in control group, 80£3% of Mac2 positive cells were
also YM1 positive, while in Emodin group, 69+4% of Mac2 positive cells were also YM1
positive (Supplementary Fig. S2C), indicating that the majority macrophages in the lungs of
breast cancer-bearing mice are M2 macrophages and that Emodin treatment significantly
reduced the percentage of M2 type macrophages out of total lung infiltrating macrophages.
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Emodin inhibited macrophage migration toward tumor conditioned medium

Accumulating evidences have demonstrated that tumor cell-secreted factors mobilize and
recruit bone morrow-derived cells, including macrophages into primary tumors or metastatic
sites. In light of the decreased infiltration of macrophages in lung of tumor-bearing mice
treated with Emodin, we postulate that Emodin may inhibit the migration of macrophages
under the influence of tumor-secreted factors. To test this, in vitro transwell migration
assays were performed. We found that, while 4T1 cell conditioned medium (4T1 CM)
induced a sharp increase of macrophage migration, Emodin significantly inhibited that in a
dose-dependent manner (Fig. 4A and B). Similar phenomenon was observed when EO771
cell conditioned medium (EO771 CM) was used (Fig. 4C and D). In addition, Emodin did
not affect macrophage viability at a concentration up to 100 uM (Supplementary Fig. S3).

Emodin suppressed macrophage M2 polarization

It is well-established that tumor cell-secreted factors promote macrophage M2 polarization.
Thus, we investigated if Emodin inhibits TCM-induced macrophage M2 polarization.
Macrophages were stimulated with IL-4 (a potent inducer of M2 macrophage) or TCM with
or without Emodin for 6 h, and then the expression of Argl (a marker for M2 macrophages)
was determined by qPCR. We found that IL-4 induced a robust increase of Argl expression,
whereas Emodin dose-dependently suppressed that (Fig. 5A). Similarly, Emodin
significantly inhibited Argl expression induced by 4T1 or EO771 conditioned medium (Fig.
5A). These data indicated that Emodin inhibited macrophage M2 polarization induced by
IL-4 or breast cancer cell secreted factors. Furthermore, we determined the protein levels of
Argl and Ym1 (another marker of M2 macrophages) by western blot and found that Emodin
apparently repressed the expression of Argl and Ym1 induced by both IL-4 and 4T1 or
EO771 conditioned medium in a dose-dependent manner at either 30 min or 24 h, or both
time points (Fig. 5B and C).

Emodin inhibited STAT6 and C/EBP signaling pathways in macrophages

We next sought to investigate the molecular mechanisms by which Emodin inhibited
macrophage M2 polarization. Signal transducer and activator of transcription 6 (STAT6)
and CCAAT/enhancer-binding protein-f (C/EBPB) signaling pathways play critical roles in
the M2 polarization of macrophages [28]. We detected the protein levels of phosphorylated
STATG6 (p-STATG6) and C/EBP in macrophages from BALB/c mice treated with I1L-4 or
4T1CM with or without Emodin. As shown in Fig. 6A, IL-4 significantly increased the p-
STATG level while Emodin dramatically reduced its expression in a dose-dependent
manner. Interestingly, C/EBPJ expression showed a slight increase upon IL-4 treatment, and
Emodin had less inhibition on its expression. Contrast to IL-4, 4T1CM induced a dramatic
increase of C/EBPf expression, especially at 24 h time point, which was significantly
attenuated by Emodin. Compared to the remarkable increase of p-STAT6 by IL-4, 4T1CM
caused an only slight increase of STAT6 phosphorylation. Similar to 4T1CM, EO771CM
markedly increased C/EBPp level, especially at 24 h of treatment, whereas Emodin dose-
dependently diminished its upregulation. EO771CM dramatically enhanced p-STAT®6 level
at 30 min of treatment and Emodin dose-dependently diminished the increases (Fig. 6B). To
confirm if Emodin reduces C/EBP expression in breast cancer-bearing mice, we immune-
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stained C/EBP in lung tissue slides of the mice from the 4T1 study. Confocal microscopic
images showed that Emodin treatment significantly reduced C/EBPJ expression in
macrophages (Mac2 positive cells) in the lungs.

Discussion

Emodin has been reported to exert anticancer activities on breast cancer, prostate cancer,
lung cancer, and hepatocellular carcinoma [21, 29-32], both in vivo and in vitrothrough
inducing cell cycle arrest and apoptosis [24, 32], inhibiting angiogenesis [25], or repressing
tumor cell growth, migration, and invasion [21, 33, 34]. In this current study, for the first
time, we demonstrate that Emodin remarkably suppresses breast cancer lung metastasis
through inhibiting the recruitment and M2 polarization of macrophages in metastatic lungs.
Therefore, our study suggests that Emodin may act as a regulator of tumor
microenvironment in metastatic sites through affecting macrophage biology, and thus
provides new mechanistic insights into the anti-tumor function of Emodin.

Metastasis accounts for over 90% of death in cancer patients, because metastases are
refractory to current treatments such as irradiation and chemotherapy as well as the more
recent targeted biological therapies. Our study was aimed to investigate if Emodin exerts
inhibitory effects on breast cancer lung metastasis. Metastasis is a multistep process, and is
influenced by the features of primary tumor, including tumor size, blood supply and immune
cell infiltration, as well as the microenvironment in the metastatic tissues/organs. Among
them, the primary tumor size is a stronger predictor and significant clinical risk factor for
metastases. To diminish the impact of primary tumor size on metastasis, we initiated
Emodin treatment when the primary tumor grew to a substantial size (200 mm3). Using this
strategy, we found that Emodin had no effects on primary tumor growth while significantly
diminished lung metastasis. We postulate that Emodin, at the time being administered, may
have minor effects on the well-established tumor microenvironment which is composed of
tumor cells, stromal cells and bone marrow-derived cells (BMDCs), such as macrophages.
Interestingly, Emodin is not cytotoxic to breast cancer cells at concentration achieved in vivo
(up to 30 uM). In addition, our unpublished data indeed indicated that Emodin did not
inhibit multiple chemokine expression in tumor-bearing mice. Consistently, we observed
that Emodin failed to affect macrophage infiltration in primary tumors. Contrast to its lack
of effects on primary tumors, Emodin dramatically suppressed lung metastasis. We did not
detect any metastatic nodules when we initiated Emodin administration (data not shown),
thus we speculate that the tumor-favorable pre-metastatic niche may have just begun to
establish at that time, and therefore the effects of Emodin are more prominent in the lungs.
One interesting observation was that macrophages were evenly distributed throughout the
entire lung rather than being strictly associated with metastatic tumors, suggesting that
macrophages may have arrived at the lungs prior to the metastatic tumor formation, and
Emodin may have started to exert its effects on metastatic lung microenvironment prior to
the arrival of tumor cells.

Tumor-associated macrophages (TAMs), as the most abundant immune cell types in primary
and metastatic tumors, promote tumor progression and metastasis by suppressing immune
responses, increasing angiogenesis, and promoting tumor cell migration and invasion [5, 9].

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jiaetal.

Page 9

It is well documented that TAMSs are programmed and polarized into an immune-
suppressive (M2-like) phenotype by the tumor microenvironment [5, 7, 8, 27]. Recent
studies have identified a unique population of TAMs, termed metastasis-associated
macrophages (MAMS) as a positive regulator for metastasis in breast cancer, bladder cancer
and melanoma [11-17]. Although accumulating evidences have demonstrated that
macrophages indeed play pivotal roles in metastatic sites, few studies have been conducted
to investigate if MAMs are programmed and polarized into M2 macrophages. Interestingly,
our recently published study demonstrated that miR155 deficient macrophages were
preferentially differentiated into M2 macrophages and accumulated in metastatic lungs,
resulting in enhanced lung metastasis [11]. Our current study manifested that reducing the
accumulation of M2 macrophages in the lungs by Emodin dramatically inhibited pulmonary
metastasis of breast cancer, presenting evidence that targeting MAM or modifying its
phenotype can be of therapeutic value for metastatic cancers.

Transcriptional control of macrophage activation and differentiation is currently a subject of
intense investigation. NF-kxB, hypoxia inducible factors (HIFs), signal transducer and
activator of transcription (STAT), and C/EBPp are the best-known regulators for TAM
activation [28, 35]. IL-4 is a prototypical direct inducer of M2 macrophage via signaling
through phosphorylated STAT6 (p-STAT6), which leads to the transcriptional activation of
a number of genes responsible for M2 programming [36]. Emodin markedly diminished
phosphorylation of STAT6 upon IL-4 stimulation, indicating Emodin as a potent inhibitor
for M2 macrophage activation. Tumor microenvironment is composed of tumor cells,
stromal cells and their secreted inflammatory factors, including IL-4. Several recent studies
showed that tumor cell conditioned medium can mimic the tumor microenvironment and
induce in vitro the formation of tumor-promoting macrophages with phenotypic features
similar to those of macrophages isolated from solid tumors [11, 37-39]. Reprogramming of
macrophages by TCM was found primarily controlled by C/EBPp in tumors [11, 39].
Consistently, our data showed that 4T1 and EO117 TCM induced a dramatic elevation of C/
EBPp expression in macrophages, while having only marginal effect on STAT6
phosphorylation. Importantly, we found Emodin significantly diminished the upregulation of
C/EBPp by TCM. In light of the potent inhibitory effects of Emodin on pSTAT6 and C/
EBPB, which are activated by different cytokines/chemokines secreted by tumor cells, it is
conceivable that Emodin suppressed macrophage M2 polarization in the lungs by inhibiting
pSTAT6 and C/EBP signaling and thus contributed to the diminished breast cancer lung
metastasis. Our confocal microscopy data confirmed that in the lungs of Emodin-treated 4T1
tumor-bearing mice, C/EBPJ expression was reduced in macrophages.

In conclusion, our study, for the first time, demonstrated that Emodin suppressed breast
cancer lung metastasis at least partially through inhibiting macrophage recruitment to the
lungs and further attenuating M2 polarization of these recruited macrophages by targeting
the p-STAT6 and C/EBP signaling pathways. Considering that Emodin may also directly
target cancer cells under certain circumstances, our study provides a new insight regarding
the therapeutic potential of Emodin for breast cancer, and possibly for other cancers as well.
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Emodin suppressed breast cancer lung metastasis in 4T1 orthotopic mouse model. A. In vivo
experimental protocol of 4T1 cells in BALB/c mice as described in methods. B. Growth
curve of 4T1 primary tumors in BALB/c mice. Tumor volume was shown as mms3. Each
data point represents the mean + SEM of 9 mice. C. Representative primary tumors in
BALB/c mice. D. Representative gross lung images of BALB/c mice carrying 4T1 cells. E.
Quantification of tumor nodules per lung in BALB/c mice (n=9). Data are presented as the

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jiaetal.

Page 14

mean £ SEM. F. The percentage of metastatic tumor area in whole lung sections. Data are
presented as the mean + SEM. *p<0.05 vs Control.
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Figure 2.

Emodin suppressed breast cancer lung metastasis in EO771 orthotopic mouse model. A. In
vivo experimental protocol of EO771 cells in C57BL/6 mice as described in methods. B.
Growth curve of EO771 primary tumors in C57BL/6 mice. Tumor volume was shown as
mm3. Each data point represents the mean + SEM of 10 mice. C. Representative primary
tumors in C57BL/6 mice. D. Representative gross lung images of C57BL/6 mice carrying
EO771 breast cancer. E. Quantification of tumor nodules per lung in C57BL/6 mice (n=10).
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Data are presented as the mean + SEM. F. The percentage of metastatic tumor area in whole
lung sections. Data are presented as the mean + SEM. *p<0.05 vs Control.
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Figure 3.

Emodin reduced the numbers of F4/80+ total macrophages and Ym1+ M2 macrophages in
the lungs of tumor-bearing mice. Lung sections from BALB/c mice carrying 4T1 breast
cancer cells (A and B) or C57BL/6 mice carrying EO771 cells (C and D) were stained with
F4/80 or Ym1 antibody to visualize total or M2 macrophages. The percentage of F4/80 or
Ym1 positive cells was calculated as a ratio of green cells to DAPI+ blue cells. Ten random
non-overlapping fields from sections of each mouse were examined. Data are presented as

the mean £ SEM. *p<0.05. Magnification, 40x.
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Figure4.
Emodin inhibited macrophage migration toward tumor conditioned medium. Transwell

migration assays were performed to measure macrophage migration towards serum free
medium (SFM) and 4T1 (A and B) or EO771 (C and D) tumor conditioned medium (4T1
CM and EO771 CM, respectively) with or without Emodin. Data were presented as the
mean = SEM of three replicates. “p<0.05. Representative immunofluorescence images of
migrated macrophages toward 4T1 CM (A) or EO771 CM (C) were shown. DAPI was used
to stain the nucleus. Magnification, 40x.
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Figurebs.
Emodin suppressed macrophage M2 polarization. A. Quantitative real-time PCR was

performed to detect Argl mRNA levels in cultured mouse macrophages stimulated with
IL-4 (5 ng/ml), 4T1 or EO771 TCM with or without Emodin (10 or 100 uM) for 6 h. Data
are presented as the mean = SEM of three replicates. *p<0.05. **p<0.01. B. Western blot
was performed to measure the expression of Arg-1 and Ym1 proteins in BALB/c peritoneal
macrophages stimulated with IL-4 (5 ng/ml), 4T1 CM with or without Emodin (10 and 100
uM) for 30 min or 24 h. C. Western blot analysis of Argl and Ym1 expression in C57BL/6
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mouse macrophages stimulated with EO771 CM with or without Emodin for 30 min or 24 h.
—actin is used as a loading control. SFM: serum free medium; 4T1CM: 4T1 cell
conditioned medium; EO771CM: EQ771 cell conditioned medium.
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Figure®6.

Emodin inhibited STAT6 and C/EBPp signaling in macrophages. A. Western blot analysis
of phosphorylated STAT6 (p-STAT6) and C/EBPp expression in BALB/c mouse
macrophages treated with 1L-4 or 4T1 CM with or without Emodin. B. Western blot analysis
of p-STAT6 and C/EBPp expression in C57BL/6 mouse macrophages treated with EO771
CM with or without Emodin. p—actin was used as a loading control. Representative blots of
3-4 experiments were shown. C. Confocal microscopic images of lung tissue slides from
4T1 breast cancer-bearing mice. The slides were co-stained for DAPI (Blue, nucleus), Mac2
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(Green, pan macrophage marker) and C/EBPJ (Red). The quantitative results were shown
under the images. N=5 for each group, *p<0.05; **p<0.001, vs Control.
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