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Treatment with aryl hydrocarbon receptor (AhR) agonists can

slow or reverse the growth of primary mammary tumors in

rodents, which has fostered interest in developing selective AhR

modulators for treatment of breast cancer. However, the major

goal of breast cancer therapy is to inhibit metastasis, the primary

cause of mortality in women with this disease. Studies conducted

using breast cancer cell lines have demonstrated that AhR

agonists suppress proliferation, invasiveness, and colony forma-

tion in vitro; however, further exploration using in vivo models of

metastasis is warranted. To test the effect of AhR activation on

metastasis, 4T1.2 mammary tumor cells were injected into the

mammary gland fat pad of syngeneic Balb/c mice treated with

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Primary tumor

growth was monitored for 4 weeks, at which time metastasis

was determined. TCDD treatment suppressed metastasis by

approximately 50%, as measured both in the lung and in

mammary glands at sites distant from the primary tumor. Primary

tumor growth was not suppressed by TCDD exposure nor was

proliferation of 4T1.2 cells affected by TCDD treatment in vitro.
Taken together, these results suggest that the protective effect of

AhR activation was selective for the metastatic process and not

simply the result of a direct decrease in tumor cell proliferation or

survival at the primary site. These observations in immunologi-

cally intact animals warrant further investigation into the

mechanism of the protective effects of AhR activation and

support the promise for use of AhR modulators to treat breast

cancer.
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Breast cancer is the second most common cancer in U.S.

women, with approximately 250,000 cases diagnosed annually.

Overall incidence rates for breast cancer have declined slightly

over the last 15 years, and treatments including surgery,

radiation, and systemic therapies continue to improve life

expectancies. Still, breast cancer claims the lives of about

40,000 women annually in the United States, and behind lung

cancer, it is the second leading cause of cancer deaths

(American Cancer Society, 2009). New strategies are therefore

needed both in prevention and treatment of this disease.

The aryl hydrocarbon receptor (AhR) is an orphan nuclear

receptor that belongs to the per-arnt-sim (PAS) family of

transcriptional regulators (Beischlag et al., 2008). For many

years the AhR was studied because of its role in the toxic

effects caused by certain environmental contaminants, in-

cluding dioxins, polychlorinated biphenyls, and polyaromatic

hydrocarbons. However, there is now mounting evidence that

the receptor also has endogenous ligands and that it plays an

important role in normal physiologic responses such as

development, cell cycle regulation, and immune function

(Barouki et al., 2007; Marlowe and Puga, 2005; Nguyen and

Bradfield, 2008; Puga et al., 2005; Veldhoen and Duarte,

2010).

AhR ligands may also prove to have therapeutic uses, such

as treating diseases caused by abnormal immune function and

certain cancers (Benson and Shepherd, 2011; Kerkvliet et al.,

2009; Lawrence et al., 2008; Murray et al., 2010; Zhang et al.,

2009). With specific regard to breast cancer, AhR agonists

including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),

3, 3#-diindolylmethane (DIM), and 6-methyl-1,3,8-trichlorodi-

benzo-furan (MCDF) are known to reduce or reverse mammary

tumor formation in rodent models. More specifically, over

30 years ago, Kociba et al. (1978) reported that long-term

dietary exposure to TCDD reduced incidence of spontaneous

mammary tumors, despite increasing tumors at other locations.

Subsequent studies conducted by Safe and colleagues demon-

strated that AhR agonists cause regression of existing

chemical-induced tumors and inhibit growth of human breast

cancer cells injected into nude mice (Chen et al., 1998;

Holcomb and Safe, 1994; McDougal et al., 1997; Zhang et al.,

2009). Additionally, studies in our laboratory show that

treating mice with TCDD 4 weeks prior to DMBA adminis-

tration significantly delays the development of mammary
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tumors (Wang et al., 2011). Collectively, such discoveries have

provided a foundation for exploration of selective AhR

modulators for therapeutic use in breast cancer therapy (Safe

and McDougal, 2002; Safe et al., 1999).

Despite this promising evidence that AhR modulation may be

useful in controlling primary tumor growth, a more important

therapeutic goal for breast cancer treatment is to reduce or prevent

metastasis. Although primary tumors are often successfully treated,

for example, by surgical removal, metastatic spread of the disease

remains the major cause of morbidity and mortality and is much

harder to treat successfully. To date, few published studies have

addressed the effect of AhR agonists on breast cancer metastasis.

In vitro studies demonstrate that TCDD and other AhR ligands

reduce proliferation, invasion, motility, and colony formation in

cultured breast tumor cell lines (Hall et al., 2010; Hsu et al., 2007;

Zhang et al., 2009). In addition, an anti-allergy drug known as

Tranilast, which has recently been shown to activate the AhR, has

inhibitory effects on breast cancer cells in vitro and reduces breast

cancer cell metastasis in mouse models (Chakrabarti et al., 2009;

Prud’homme et al., 2010). The conclusions from these studies

suggest that AhR agonists may indeed provide a novel therapeutic

strategy for reducing metastatic disease. However, additional in vivo
studies using well-characterized AhR agonists are needed in order to

determine whether AhR activation reduces mammary tumor

metastasis.

In the current studies, we tested the effect of TCDD

exposure on mammary tumor growth and metastasis using

4T1.2 cells implanted into the mammary fat pad. This is

a subline of 4T1 tumor cells, which were originally derived

from a spontaneous mammary carcinoma in a Balb/c mouse

(Lelekakis et al., 1999). The 4T1 model is one of the best

available models for breast cancer metastasis, and tumors

spontaneously metastasize to lung, lymph nodes, liver, bone,

and other sites in a pattern analogous to human breast cancer

(Olkhanud et al., 2009; Pulaski and Ostrand-Rosenberg, 2000).

One particular benefit of this model is that immunocompetent

Balb/c mice can be used as hosts, which permits the

contribution of the immune response to be considered. This

is extremely important when evaluating the effects of AhR

agonists as these compounds are potent immunomodulators

and could influence the success of metastasis through a number

of different cellular mechanisms. TCDD treatment significantly

suppressed metastatic spread of tumors to the lung and to other

mammary glands, despite having no effect on primary tumor

growth. Our findings indicate that AhR activation in this model

selectively inhibits processes required for tumors to success-

fully disseminate to other sites.

MATERIALS AND METHODS

Tumor metastasis model. The 4T1.2 breast cancer cell line, which is highly

metastatic to lung (Lelekakis et al., 1999), was provided by Cheryl Jorcyk (Boise

State University, Boise, ID) and used with permission of Robin Anderson (Peter

MacCallum Cancer Centre, East Melbourne, Australia). Cells were routinely cultured

in RPMI 1640 medium supplemented with 10% fetal bovine serum, sodium

pyruvate, and antibiotics. For tumor studies, Balb/c mice were anesthetized with

ketamine and xylazine, and a small incision was made in the skin to expose the right

mammary gland fat pad. 4T1.2 cells (13 105 in 50 ll PBS) were injected into the fat

pad, and the wound was closed with wound clips. The number of animals in each

treatment group was 10–15, depending on the study.

Animals and TCDD treatment. Female Balb/c mice were obtained from NCI

Charles River (Frederick, MD), and were approximately 10 weeks of age at the

beginning of the experiments. Animals were housed singly, given food and water ad

libitum, and were maintained on a 12:12-h light cycle. TCDD (Cambridge Isotope

Laboratories, Woburn, MA) was dissolved in anisole and diluted in peanut oil to

a concentration for dosing at 10 ll/g body weight. Mice were gavaged weekly with

5 lg/kg TCDD or peanut oil-anisole vehicle, commencing 2 weeks prior to injection

of 4T1.2 tumor cells. Animals were euthanized 4 weeks after tumor cell injection, so

a total of 6 TCDD treatments were administered. This TCDD exposure paradigm was

chosen in order to provide a preconditioning period for tissue at both the primary

tumor site and at secondary sites for metastasis because the 4T1.2 tumors grow and

metastasize very rapidly. Additionally, in previous studies, we found that

pretreatment with TCDD delayed the onset of primary mammary tumors in

a different tumor model (Wang et al., 2011). The half-life of TCDD in mice is ~1

week (Gasiewicz et al., 1983). All animal treatments were in accordance with

protocols approved by the Washington State University Institutional Animal Care

and Use Committee.

Evaluation of primary tumor and of metastasis. Beginning 2 weeks after

injection of 4T1.2 cells, the growth of the primary tumor was measured twice

a week using a vernier caliper. Two perpendicular diameters, termed length (L)

and width (W), were determined, with length defined as the larger of the two

measurements. Volume was calculated using the formula: 4/3 3 p 3 (l/2) 3

(W/2)2. Mice were euthanized 4 weeks after injection of 4T1.2 cells because

mice often become moribund between weeks 4 and 6. Primary tumors were

removed and weighed. Metastases were evaluated in lungs, which is typical for

this tumor due to their visibility and ease of quantification. Lungs were fixed in

Bouin’s solution, and metastases were quantified by counting on a dissecting

microscope. In addition, tumor nodules that had formed on the mammary

glands distant from the primary tumor (right and left thoracic and cervical

glands and the left abdominal glands) were counted at necropsy. Histological

analysis of representative mammary gland nodules was conducted by a board-

certified veterinary pathologist (T.B.W.) and revealed a mix of tumors and

tumor-containing lymph nodes.

Cell proliferation. 4T1.2 cells were seeded in 96-well plates (2 3 104 cells

per well) in media containing 1nM TCDD (dissolved in dimethyl sulfoxide

[DMSO]) or 0.1% DMSO vehicle. 1nM TCDD was used for all the in vitro studies

and is within a typical dose range that exhibits effects on normal and cancer-

derived breast cells in culture (Ahn et al., 2005; Zhang et al., 2009). Media were

changed daily. Cell proliferation was measured on days 1–4 of TCDD treatment

using a WST-1 Quick Cell Proliferation Assay Kit (BioVision, Mountain View,

CA). As a positive control for suppressed proliferation, a WST-1 assay was also

conducted using 4T1.2 cells treated with 10 lg/ml Mitomycin C.

Migration assay. 4T1.2 cells were treated with 1nM TCDD or 0.1%

DMSO for 24 h. The cells were then trypsinized and resuspended in fetal

bovine serum (FBS)–free media containing 0.1% bovine serum albumin and

1nM TCDD or DMSO vehicle. Cell suspensions (5 3 103 cells per well) were

added to the top chamber of transwells containing 8-lm pore size membranes

(BD Biosciences) (Takahashi et al., 2008). The bottom chamber contained

RPMI medium with 10% FBS and 1nM TCDD or DMSO. Cells were

incubated for 24 h at 37�C, at which time cells remaining in the insert

were removed with a cotton swab. Migrated cells on the bottom of the filters

were fixed with methanol and stained with crystal violet. The numbers of cells

in five adjacent fields of view were counted under 3100 magnification. As

a positive control for suppression of migration, 4T1.2 cultures were treated with

0.3% ethanol.
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Colony formation assay. A suspension of 4T1.2 cells was prepared in

0.35% agar containing 1nM TCDD or DMSO vehicle. The agar-cell

suspensions were added to a 6-well plate (103 cells per well) over a base agar

layer (0.5%) that also contained 1nM TCDD or DMSO. Agar was overlayed

with media containing 1nM TCDD or DMSO, which was changed twice

a week. Plates were incubated at 37�C in a humidified incubator for 3 weeks. At

termination, the colonies were stained with Crystal Violet and counted on

a dissecting microscope (Hsu et al., 2007). Positive colonies were defined as

clusters consisting of more than 30 cells. As a positive control for suppression

of colony formation, 4T1.2 cells were treated with 10 lg/ml Mitomycin C for

4 h prior to suspension in agar.

Western blotting. The levels of AhR and cytochrome P450s (Cyps) 1a1

and 1b1 were assessed in proteins extracted from cultured 4T1.2 cells and from

primary tumors snap frozen at the termination of the metastasis study. 4T1.2

cell extracts were prepared following treatment with 1nM TCDD or DMSO

vehicle for 24 or 48 h. Tumor samples from vehicle- and TCDD-treated mice

were homogenized in RIPA buffer using a tissue tearer. Proteins were separated

on 8% acrylamide gels and transferred to polyvinylidene difluoride membranes.

Blots were probed with primary antibodies for AhR (Abcam, Cambridge, MA),

Cyp1a1, Cyp1b1, and Actin (all from Santa Cruz Biotech, Santa Cruz, CA).

Corresponding secondary antibodies included: IRDye 700DX-conjugated anti-

goat IgG (Rockland, Inc. Gilbertsville, PA) and IRDye 800CW-conjugated

anti-rabbit IgG and anti-mouse IgG (LI-COR Biosciences, Lincoln, NE). Bands

were visualized and quantified using the LI-COR Odyssey Infrared Imaging

System (LI-COR Biosciences).

Statistics. Data were analyzed using Prism software (GraphPad Software,

Inc., La Jolla, CA). Values obtained from vehicle- and TCDD-treated mice

were compared using a Student’s t-test, and a two-sided p value of � 0.05 was

considered significant.

RESULTS

AhR Activation Reduces Metastasis of Tumor Cells to the
Lung and to Mammary Glands Distant from the Primary
Tumor Site

To determine whether AhR activation influences metastasis in

an in vivomodel of breast cancer metastasis, vehicle- and TCDD-

treated Balb/c mice were injected with syngeneic 4T1.2

mammary tumor cells into the right abdominal mammary gland.

Metastases were quantified 4 weeks after tumor cell injection. As

shown in Figure 1, AhR activation suppressed mammary tumor

metastasis to the lung. The magnitude of the reduction was

approximately 50%, and similar results were obtained in two

independent experiments. In addition to lung metastases, tumors

that had spread to mammary glands distant from the primary

tumor site were also enumerated. Specifically, visible nodules

present at three additional gland sites, the right thoracic and

cervical glands, the left thoracic and cervical glands, and the left

abdominal glands, were quantified at necropsy. Similar to effects

observed in the lung, the number of tumors that had spread to the

other mammary glands was significantly suppressed in the

TCDD-treated animals (Fig. 2A). Additionally, fewer gland sites

were tumor positive in the TCDD-treated animals (Fig. 2B). For

example, 44% of vehicle-treated mice had at least one tumor at all

three mammary gland sites, whereas only 6% of TCDD-treated

animals had tumors at all three sites.

Growth of the Primary Tumor Is Unaffected by TCDD
Treatment

A number of studies in rats and mice demonstrate that AhR

agonists can inhibit or reverse the growth of primary mammary

tumors. Therefore, it was important to determine whether the

reduction in metastasis was correlated with an overall

suppressive effect on primary tumor growth. To address this,

the volume of the primary tumor was monitored throughout the

growth phase, and the weight of the tumor was determined at

necropsy. Neither the rate of primary tumor growth (Fig. 3A)

nor the final tumor size (Fig. 3B) was altered by TCDD

treatment. These results indicate that the protective effect of

TCDD against metastasis is not simply a reflection of a direct

insult to tumor cell proliferation or survival at the primary site.

AhR Expression in 4T1.2 Cells and Response to TCDD

4T1.2 cells are derived from a mouse strain (Balb/c) that has

a high-affinity AhRb allele, so it was possible that the tumor cells

were direct targets for actions of TCDD. To address this

possibility, AhR expression was assessed in cultured 4T1.2 cells,

and functional activity of the receptor was tested by measuring

induction of Cyp1a1 and Cyp1b1 in response to TCDD

treatment. As shown in Figure 4A, AhR protein was detected

in 4T1.2 cell extracts, and the receptor was downregulated in

response to TCDD treatment. Cyp1b1 protein was induced

following TCDD treatment, providing evidence that the receptor

is functionally active in these tumor cells (Fig. 4B). In contrast,

Cyp1a1 was neither expressed in 4T1.2 cells nor induced in

response to TCDD treatment (Fig. 4B).

FIG. 1. Inhibition of tumor metastasis to the lung. Two separate

experiments were conducted using female Balb/c mice orthotopically injected

with 4T1.2 mammary tumor cells. Mice were treated weekly with vehicle or

5 lg/kg TCDD, beginning 2 weeks before tumor cell injection. Lungs were

removed 4 weeks after tumor cell injection and fixed in Bouin’s solution, which

causes the metastases to turn bright yellow. Bars represent the mean number

(±SEM) of visible metastases. *p ¼ 0.003 for Experiment 1 and *p ¼ 0.016 for

Experiment 2. The number of mice was 10–15 per treatment group for each of

the two experiments.
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TCDD Exposure In Vitro Does Not Alter Proliferation,
Migration, or Colony Formation of 4T1.2 Cells

Given that 4T1.2 cells express a functional AhR, it was

possible that TCDD could impact the tumor cells directly to

impair cellular processes necessary for metastasis. The

potential for 1nM TCDD to directly suppress 4T1.2 cell

activity was therefore tested using standard cell culture assays.

4T1.2 cell growth over time was assessed using a WST-1 assay

(Fig. 5A) and by counting cells on a hemocytometer (data not

shown). Additionally, cell migration across a porous membrane

in response to a chemoattractive stimulus (Fig. 5B) and the

formation of colonies in soft agar (Fig. 5C) were also

examined. None of these endpoints were affected by exposure

to 1nM TCDD.

AhR and Cyp Expression in Primary Tumors

Numerous mammary tumors and tumor cell lines have been

shown to express high levels of AhR, which may influence

proliferation, death, or other behaviors of tumor cells (Kohle

FIG. 2. Inhibition of tumor metastasis to other mammary glands. Vehicle-

and TCDD-treated Balb/c mice were injected with 4T1.2 cells into the right

abdominal mammary gland. Tumor nodules on mammary glands distant from

the primary tumor site (the right thoracic and cervical glands, the left thoracic

and cervical glands, and the left abdominal gland sites) were counted at

necropsy. Histopathologic analysis of representative nodules on mammary

glands from 4T1.2-injected animals revealed they were a mix of tumors and

tumor-containing lymph nodes (see Supplementary fig. 2). (A) Bars represent

the mean (±SEM) of the total number of tumor nodules counted on glands at all

three sites. *p ¼ 0.03 for both experiments. (B) The percentage of animals in

each treatment group that had visible tumor nodules at 0, 1, 2, or all

3 mammary gland sites (right thoracic/cervical, left thoracic/cervical, and/or left

abdominal).

FIG. 3. AhR activation does not affect tumor growth at the primary site.

(A) Beginning 2 weeks after injection of 4T1.2 cells, the growth of the primary

tumor was measured twice a week using a vernier caliper. (B) Primary tumors

were removed and weighed 4 weeks after tumor cell injection. Data shown are

from Experiment 1. Similar results were obtained for Experiment 2.

FIG. 4. AhR expression and activity in cultured 4T1.2 cells. Triplicate

cultures of 4T1.2 cells were treated with 1nM TCDD or 0.1% DMSO vehicle

for 24 or 48 h; 30 lg of extracted protein from each culture was analyzed by

Western blotting. Actin (43 kDa) was used as loading control. (A) AhR protein

(104 kDa) was expressed by 4T1.2 cells and was significantly downregulated in

the TCDD-treated cultures. Bar graph shows average AhR band intensities

normalized to actin. *p < 0.05. (B) Cyp1b1 (57 kDa) was upregulated in the

TCDD-treated cultures at both time points. (C) Cyp1a1 (56 kDa) was not

detected in protein extracts from either vehicle- or TCDD-exposed cells. Liver

protein extract (20 lg) from a TCDD-treated mouse was included as positive

control (þ) for Cyp1a1.
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et al., 2002; Wu et al., 2011; Yang et al., 2005). Expression of

AhR and Cyp proteins was therefore assessed in the primary

tumors removed at the termination of the metastasis study. In

contrast with results observed in the cultured 4T1.2 cells, levels

of AhR detected in the primary tumors were low, variable

between animals, and did not show a consistent expression

pattern in response to TCDD treatment (Supplementary figure

1A). Cyp1b1 was moderately induced in tumors from TCDD-

treated animals, indicating potential direct actions of TCDD on

cells in the primary tumor, although the levels of this enzyme

were low (Supplementary figure 1). Cyp1a1 was not detected

in primary tumors from either treatment group (Supplementary

figure 1B), which is consistent with results obtained using the

cultured tumor cells.

DISCUSSION

Evidence collected over the past three decades generally

supports the idea that AhR agonists may have beneficial effects

with regard to breast cancer. In fact, although TCDD itself is

classified as a tumor promoter and increases the incidence of

certain liver and skin tumors (Hébert et al., 1990; Watson

et al., 1995), this potent AhR agonist is protective against

primary mammary tumors in a number of rodent models. (Chen

et al., 1998; Holcomb and Safe, 1994; Kociba et al., 1978;

McDougal et al., 1997; Wang et al., 2011; Zhang et al., 2009).

Although it is promising that AhR agonists may be useful for

suppressing growth of primary tumors, ultimately a more

important goal for breast cancer therapy is to suppress the

spread and growth of metastases at secondary sites. Therefore,

in the current studies, we tested the effect of TCDD exposure

on mammary tumor growth and metastasis using orthotopically

implanted 4T1.2 cells. This subline of 4T1 tumor cells was

originally selected based on its aggressive properties and is

particularly metastatic to the lung (Lelekakis et al., 1999;

Parker et al., 2008). One benefit of this model is that

immunocompetent mice can be used, in contrast to xenogeneic

tumor models that utilize nude and other immunocompromised

animals. The immune response itself is an important factor in

controlling metastasis of 4T1 and other tumors (Tao et al.,
2008). Because many AhR agonists are potent immunomodu-

lators, it is important to evaluate these compounds using

models that preserve an intact immune system.

In two independent experiments, we found that TCDD

treatment suppressed mammary tumor metastasis to the lung by

approximately 50%. In addition to the lung, metastatic spread

to mammary glands distant from the primary tumor site was

significantly inhibited, and fewer gland sites were involved. To

the best of our knowledge, this is the first report of the effect

TCDD using a syngeneic model of breast cancer metastasis.

However, two other compounds with AhR agonist activity

have been tested in related models, revealing similar effects to

suppress metastasis. One compound is DIM, a metabolite of

indole-3-carbinol that binds AhR with relatively low affinity.

Using a model where the 4T1 parent cell line was injected iv,

DIM was shown to inhibit the formation of lung tumors in

Balb/c mice (Kim et al., 2009). The other compound is

Tranilast, a synthetic tryptophan metabolite derivative that is

used as an anti-allergy drug and that was recently found to

activate the AhR (Kerkvliet, 2009; Prud’homme et al., 2010).

Tranilast exerts a number of suppressive effects on mammary

tumor cell growth and metastasis, including suppressing

FIG. 5. 4T1.2 cell proliferation, migration, and colony formation are

unaffected by AhR activation in vitro. (A) 4T1.2 cells were treated daily with

media containing 1nM TCDD or DMSO vehicle. Cell proliferation was

evaluated using a WST-1 assay on days 1–4 of treatment. Error bars indicate

SEM, of triplicate cultures. Absorbance readings of positive control cultures

treated with Mitomycin C were reduced by 56% on day 1 (data not shown).

(B) The effect of TCDD on the migratory capacity of 4T1.2 cells across a semi-

permeable membrane was determined. Cells were pretreated with 1nM TCDD

for 24 h and then added to the top chamber of a transwell system. Bar graphs

show the average number of cells that migrated across the semi-permeable

membrane in response to a chemoattractive stimulus (FBS) placed in the lower

well (±SEM, from triplicate wells). TCDD or DMSO was also present in the

media of both transwell chambers during the migration assay. ‘‘�’’ indicates

the amount of background cell migration in transwells containing no FBS as

a chemoattractant. Positive control cultures treated with ethanol showed 40%

suppression of migration (data not shown). (C) To determine the effect of

TCDD on colony formation, 4T1.2 cells were cultured in semi-solid agar

containing 1nM TCDD or DMSO vehicle. Bar graphs show the average

number of colonies that formed after 3 weeks of culture (±SEM, of triplicate

cultures). Similar results were obtained when 4T1.2 cells were also pretreated

with TCDD for 2 days prior to seeding in agar (data not shown). Positive

control cultures treated with Mitomycin C showed >90% reduction in colony

formation (data not shown).

EFFECT OF TCDD ON TUMOR METASTASIS 295

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/124/2/291/1688715 by guest on 25 April 2024

http://toxsci.oxfordjournals.org/cgi/content/full/kfr247/DC1
http://toxsci.oxfordjournals.org/cgi/content/full/kfr247/DC1
http://toxsci.oxfordjournals.org/cgi/content/full/kfr247/DC1
http://toxsci.oxfordjournals.org/cgi/content/full/kfr247/DC1
http://toxsci.oxfordjournals.org/cgi/content/full/kfr247/DC1


metastasis of 4T1 cells to the lung (Chakrabarti et al., 2009;

Prud’homme et al., 2010). In addition to breast cancer

metastasis, AhR activation has also been shown to reduce

metastasis of prostate tumors. Specifically, Fritz et al. (2009)

observed a fivefold reduction in prostate tumor metastasis in

mice treated with the AhR agonist MCDF. Collectively, these

observations in metastasis models are very promising and

support the idea that AhR agonists have utility beyond their

effects to suppress growth of primary tumors.

In fact, growth of the primary tumor itself was unaffected by

TCDD in our current studies. This result is not concerning from

a therapeutic application standpoint because primary breast

tumors in women are typically removed surgically. However,

this result is in apparent contrast with the suppressive effects of

AhR agonists on primary mammary tumor growth observed in

other studies. One important consideration is that most studies

demonstrating suppressed primary tumor growth, including our

own prior report, were conducted using models of spontaneous

tumor formation or with chemical-induced tumors (Chen et al.,
1998; Holcomb and Safe, 1994; Kociba et al., 1978; McDougal

et al., 1997; Wang et al., 2011). In those cases, AhR agonists

are likely to inhibit primary tumors via influencing either the

initiation or promotion stages of carcinogenesis. In contrast,

4T1.2 cells were intentionally selected because of their

aggressive metastatic properties and therefore best reflect

tumors that have already reached the progression stage of

cancer. Thus, 4T1.2 cells may already have reached a stage at

which they are insensitive to AhR-mediated control of cell

cycle or apoptosis. Nevertheless, suppressed primary tumor

growth of orthotopically injected metastatic cells lines was also

observed in both the Tranilast-4T1 study discussed above

(Chakrabarti et al., 2009) and in a recent study using human

MDA-MB-468 cells injected into MCDF-treated nude mice

(Zhang et al., 2009). It is noteworthy that for the Tranilast and

MCDF reports, the chemical treatment suppressed both tumor

cell proliferation in vitro and primary tumor growth in vivo. In

contrast, neither endpoint was affected by TCDD in our study.

It is possible that the different outcomes regarding primary

tumor growth reflect differing receptor affinity or activity of the

compound used or unique characteristics of the individual cell

lines. For example, a population of cells with altered sensitivity

to TCDD could have been enriched during the selection of

4T1.2 cells for enhanced metastatic potential.

The fact that primary tumor growth was unaffected by

TCDD in the 4T1.2 model also raised a question about

whether the tumor cells could even be direct targets for

TCDD. To address this, AhR protein expression was

assessed in the 4T1.2 cells, and their ability to respond to

TCDD was tested by measuring Cyp1a1 and Cyp1b1, two

enzymes that are classically upregulated in response to AhR

activation. AhR protein was detected in cell extracts, and

Cyp1b1 was induced in the TCDD-treated cultures, demon-

strating that the receptor was functional. 4T1.2 cells also

responded to TCDD treatment in vitro by downregulating

AhR, a response commonly observed in tissues and cultured

cells exposed to AhR ligands. In fact, proteasomal

degradation of the receptor may serve as a mechanism to

control AhR-mediated gene transcription (Pollenz, 2002).

TCDD treatment did not induce Cyp1a1 expression by 4T1.2

cells, although this is not surprising given the wide variation

in expression of this enzyme between different breast

epithelial and tumor cell lines (Spink et al., 1998).

Interestingly, others have suggested that AhR-mediated

induction of Cyp1a1 may be dependent upon presence of

the estrogen receptor (ER) (Spink et al., 1998). This would

support the lack of Cyp1a1 induction in the 4T1.2 cells,

which are ER negative (Banka et al., 2006).

In vitro studies with the murine 4T1.2 cells also did not

reveal direct effects of 1nM TCDD on colony formation in soft

agar or migration across a semi-permeable membrane.

However, others have demonstrated suppression of these end-

points in studies conducted with certain human cell lines,

including MCF-7 and MDA MB-231 cells (Hall et al., 2010;

Hsu et al., 2007). The dissimilar results may reflect differences

in species, in tumor cell aggressiveness, or in the dose of

TCDD that was used (e.g., 1nM in our studies vs. 10 and

100nM, respectively, in the studies of Hall et al. and Hsu

et al.). Furthermore, differences in assay design may influence

the observed effects of TCDD. For example, in the report by

Hsu et al., TCDD treatment inhibited MCF-7 migration when

CXCL12 was used as a chemoattractant; but consistent with

our observations, there was no TCDD effect when FBS was

used. Finally, in a different study that used collagen as

a chemoattractant, TCDD treatment was shown to enhance

rather than inhibit MCF-7 cell migration (Seifert et al., 2009).

This further emphasizes the importance of considering assay

designs when comparing results between studies. Collectively,

these observations underscore that using in vitro assays to

evaluate effects of AhR ligands that could impact metastasis

may be insightful in some aspects, but ultimately it is also

important to demonstrate whether these compounds are

effective using in vivo models.

The treatment paradigm used in our in vivo studies included

administering TCDD beginning 2 weeks prior to injection of

tumor cells. This was based on the aggressiveness of this

tumor, in order to provide a preconditioning period for tissue at

both primary and secondary tumor sites. Clinically speaking, it

would be illogical to begin anti-metastatic treatments before the

onset of a primary tumor, and thus, at first glance, our

experimental design may appear therapeutically impractical.

However, compared with the time course of breast cancer in

humans, the 4T1.2 mammary tumors grow and metastasize

very rapidly (within 1–2 weeks) and are typically lethal by

6 weeks. Therefore, it is not unreasonable that therapeutic

administration of AhR agonists in women with breast cancer

would still be useful to reduce or prevent metastases that would

otherwise develop in the weeks, months, and years after

diagnosis.
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At this point, the mechanisms that underlie TCDD-induced

suppression of mammary tumor metastasis remain unclear. Our

results suggest that suppressed metastasis is not simply the

result of direct AhR-mediated events within the tumor cells to

inhibit growth or migration. However, we have not tested or

ruled out possible direct influences on other activities such as

attachment, invasion, and/or outgrowth of the metastatic cells

at secondary sites. Future studies wherein AhR in tumor cells is

silenced, for example, through stable integration of shRNA,

will help clarify whether 4T1.2 cells are direct targets for

TCDD. Another possibility is that TCDD suppresses mammary

tumorigenesis through disrupting estrogen-signaling pathways

(Safe and McDougal, 2002; Safe and Wormke, 2003).

Considering these tumor cells are ER negative and insensitive

to estrogen stimulation (Banka et al., 2006), anti-estrogenic

effects are somewhat unlikely to explain the suppression of

metastasis in the 4T1 model. However, estrogen may influence

tumor growth indirectly through effects on the host, including

supporting angiogenesis and through cross talk with other

growth factor signaling pathways (Banka et al., 2006).

Therefore, it remains possible that anti-estrogenic activities of

TCDD suppress 4T1 metastasis indirectly, by creating an

environment within the host that is less hospitable for tumor

growth. Additionally, further studies examining indirect

influences on tumor outgrowth are warranted, including the

response of the immune system, effects on tumor and vascular

growth factors, and chemokine signals that influence tumor

trafficking. These are the subject of our ongoing investigations.

In conclusion, using a syngeneic mouse model of breast

cancer metastasis, we have shown that treatment with a potent

AhR agonist inhibits tumor spread to distant sites. The

processes that influence successful metastasis are complex,

requiring detachment of tumor cells from the primary tumor

mass, invasion into the tumor stroma, intravasation into nearby

blood vessels or lymphatics, survival in the bloodstream,

extravasation into and colonization of the target organ, and

finally, metastatic outgrowth. Additional studies will be

necessary to elucidate the mechanism by which AhR activation

inhibits this process. Given the need for new therapeutic

interventions to restrain metastasis, these studies are important

and support continued exploration of AhR modulators for

controlling breast cancer.
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