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Pre-treatment of mice with tumor-conditioned media accelerates
metastasis to lymph nodes and lungs: a new spontaneous breast
cancer metastasis model
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Abstract Current spontaneous metastasis models require

a long period of observation after establishment of primary

tumors to see significant metastatic progression. The

degree of metastasis is not consistent among animals: this

is problematic since it requires the use of a large number of

animals to obtain reliable statistics. Here we report that

pre-treatment of animals with tumor-conditioned media

(TCM) consistently accelerates spontaneous metastasis in

breast cancer. An inguinal breast tumor model facilitated

by TCM showed robust anterior metastasis to the axillary

and brachial lymph nodes (LN), and the lungs compared to

the serum-free media treated group. The LN in TCM-

treated animals showed enhanced angiogenesis and lym-

phangiogenesis. Primary tumors and lungs in TCM-treated

animals showed enhanced lymphangiogenesis with no

significant change in angiogenesis. TCM-treated animals

also showed metastatic dissemination to abdomen from the

primary injection site: this would generally enhance

metastasis to other organs. In sum, the addition of TCM

pre-treatment to current metastasis models results in

accelerated and robust metastasis which would enable

more efficient evaluation of anti-metastatic agents.
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Abbreviations

TCM Tumor-conditioned media

SFM Serum-free media

EGM Endothelial growth media

LN Lymph node

Ax-LN Axillary lymph node

Br-LN Brachial lymph node

LYVE-1 Lymphatic vessel endothelial hyaluronan

receptor-1

FITC Fluorescein isothiocyanate

DAPI 40,6-Diamidino-2-phenylindole

anti-CK7 Cytokeratin 7 antibody

anti-PCNA Proliferating cell nuclear antigen antibody

LEC Lymphatic endothelial cells

MEC Microvascular endothelial cell

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HEPES 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid

TNBC Triple-negative breast cancer

Introduction

The development of anti-metastatic agents has been ham-

pered by the lack of spontaneous metastasis models for

preclinical evaluation of therapeutic agents. Establishing

spontaneous metastasis models has been difficult because of
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the dependence of spontaneous metastasis on diverse factors

such as the degree of tumor growth [1], tumor angiogenesis

[2], lymphatic networks [3], aggressiveness or invasiveness

of cancer cells [4], and the condition of pre-metastatic niches

[5]. The effects of these factors are quite unpredictable in

tumor-bearing animals thus causing inconsistent metastatic

progression and inefficient metastasis.

Though experimental mouse models for metastasis such

as the tail-vein injection model and the intracardiac injection

model develop consistent metastases in a short time, these

models have drawbacks: they reflect only blood vessel-

mediated metastasis, and are triggered by artificially injected

cancer cells into the blood stream. Analysis of preclinical

and clinical studies shows that metastasis occurs through

both the lymphatic vessels and the blood vessels [6, 7].

Thus, there is an unmet need for the development of spon-

taneous metastasis models in which lymphogenous and

hematogenous metastasis occur rapidly and consistently.

We previously developed a tumor-conditioned regional

lymph node (LN) model by injecting tumor-conditioned

media (TCM) subcutaneously into animals [8]. This model

simulates the conditioning of tumor-draining LN or tumor-

influenced organs by primary tumor-secreted factors which

are transported through the lymphatic and blood vessels

[9–12]. In that study we showed that LN in the TCM pre-

treated animals had enhanced angiogenesis and lymphan-

giogenesis compared to those in serum-free media (SFM)

treated animals [8]. We hypothesize that this ‘‘TCM pre-

treatment’’ would influence tumors and distal organs, thus

facilitating tumor metastasis. In this study we add the

‘‘TCM pre-treatment’’ step to an established metastasis

model to develop a more efficient spontaneous breast

cancer metastasis model. Although we discuss possible

mechanisms of action by which metastasis is accelerated,

the primary goal of this study is to establish the method-

ology; a study of the molecular mechanisms in further

detail will be presented elsewhere. The new model adds to

the collection of mouse models for breast cancer metastasis

[13, 14].

Materials and methods

Cell culture

Human triple-negative breast cancer (TNBC) cells MDA-

MB-231 and SUM-149 were supplied by Dr. Zaver Bhuj-

walla (Radiology and Oncology, Johns Hopkins Medical

Institutions). MDA-MB-231-luc-D3H2LN was purchased

from Caliper (Hopkinton, MA) [15]. MDA-MB-231 and

MDA-MB-231-luc-D3H2LN cells were propagated in

RPMI-1640 media (Gibco, Carlsbad, CA) supplemented

with 10 % Fetal Bovine Serum (FBS, Sigma Aldrich, St.

Louis, MO) and 1 % penicillin streptomycin (Gibco).

SUM-149 cells were cultured in F-12 media (Corning,

Manassas, VA) supplemented with 5 % FBS (Sigma

Aldrich), 1 ng/ml hydrocortisone (Sigma Aldrich), 5 lg/ml

insulin (Sigma Aldrich), 0.1 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (Gibco). Lympha-

tic endothelial cells (LEC) and microvascular endothelial

cells (MEC) were purchased from Lonza (Walkersville,

MD). LEC and MEC were propagated in MEC growth

medium-2 (EGM-2MV, Lonza).

Preparation of tumor-conditioned media (TCM)

MDA-MB-231 cells or SUM-149 cells in complete media

(RPMI-1640 or F-12 media with supplements) were plated

on T175 tissue culture plates. When the cells formed a

confluent monolayer, the complete media was removed and

the cells were carefully rinsed with serum-free media

(SFM, RPMI-1640 or F-12 without supplements). 8 ml of

the same SFM was added to the cells. After 24 h incuba-

tion, the supernatant was collected, centrifuged, and filtered

through 0.2 lm syringe filters (Corning, Tewksbury, MA).

The resulting TCM was stored in aliquots at -80 �C to

avoid multiple freeze thaws.

Cell migration assay

Tumor cell migration was assessed by using the OrisTM cell

migration kit (Platypus, Madison, WI). MDA-MB-231

cells were pre-labeled with Cell Tracker Green (Invitrogen,

Carlsbad, CA) according to the manufacturer’s protocol.

50,000 labeled cancer cells in complete media were added

to each well of a 96-well plate containing stoppers to

prevent the cells from settling in the center region of the

wells. Cells were allowed to adhere for 4 h, after which the

stoppers were removed. TCM or SFM (100 ll) was added,

and the cells that migrated to the center of the well were

quantified by measuring the fluorescence at 485/530 nm on

a Victor V plate reader (PerkinElmer, Salem, MA). The

migrated cells were also visualized by imaging on the

Eclipse T-100 fluorescence microscope (Nikon, Brighton,

MI).

Tube formation assay

50 ll Matrigel (Growth factor reduced, BD Biosciences,

Bedford, MA), thawed on the ice at 4 �C overnight, was

loaded in each well of a pre-cooled 96-well plate, and the

plate was incubated at 37 �C for 30 min. 15,000 LEC and

MEC in 100 ll MDA-MB-231 TCM or SUM-149 TCM

were added on top of the matrix in the 96-well plate. For

controls, LEC and MEC in endothelial cell growth media

(EGM-2MV, Lonza) or SFM (EBM-2, endothelial basal
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media-2, Lonza) were also loaded. The plate was then

incubated at 37 �C, and the wells were imaged using a

Nikon microscope at 14 h (Nikon Instruments Inc., Mel-

ville, NY).

Lymph node assay

Athymic nude mice were administered 50 ll MDA-MB-231

tumor conditioned media (TCM) or SFM subcutaneously on

a daily basis. After 14 days of administration, mice were

euthanized and the axillary and brachial LNs were excised

from each animal. We rinsed the LN in cold PBS and the

rinsed LN were placed in 100 ll tissue lysis buffer con-

taining 150 mM NaCl, 50 mM Tris HCl, 1 mM EDTA, 1 %

Triton-X, phosphatase inhibitors cocktail-2/3 and protease

inhibitors (Sigma), homogenized using a tissue grinder

(Pyrex Potter–Elvehjem Tissue Grinders with PTFE Pestle),

and incubated at 4 �C for 2 h. The lysed samples were spun

to remove cell membranes and debris for 40 min at

14,000 rpm. LN lysate was separated with SDS-PAGE and

transferred to nitrocellulose blots (Invitrogen, Carlsbad,

CA). We blocked for 1 h with 5 % non-fat milk in TBST

(19 TBS with 0.1 % Tween) and probed with antibodies of

interest including MECA-79 (Santa Cruz Biotechnologies,

Inc.), p-VEGFR-2 (Y1175), p-EGFR (Y1068), glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH) (Cell Signaling

Technologies, Inc.). GAPDH was used as a loading control

and the secondary antibodies (GE Healthcare) were added at

1:2,000 dilution and protein bands detected with chemilu-

minescence detection reagent (GE Healthcare).

The accelerated spontaneous metastasis model

Animal protocols described in this study were approved by

the Institutional Care and Use Committee at the Johns

Hopkins Medical Institutions. Before tumor inoculation, we

pre-treated athymic nude mice (female 5–6 weeks, 18–20 g)

by injecting 50 ll TCM or SFM subcutaneously through the

scruff for 2 weeks as described previously [8]. We measured

the animals’ body weight in the duration of the experiment

to determine if there was TCM-induced toxicity in the ani-

mals. After 2 weeks of TCM treatment, MDA-MB-231-luc-

D3H2LN tumor xenografts were established in the same

animals. MDA-MB-231-luc-D3H2LN breast cancer cells

(2 9 106) in 50 ll complete media (RPMI-1640 supple-

mented with 10 % FBS), and 50 ll Matrigel (High Con-

centrated, BD Biosciences) were well mixed and injected

into the upper inguinal mammary fat pad of the animals

under anesthesia (50 mg/kg ketamine ? 5 mg/kg acepro-

mazine in PBS, 50 ll/animal, intraperitoneally dosed). We

did not perform a mastectomy of the primary inguinal

mammary tumors as the tumor injection site is sufficiently

far from the anterior organs, metastasis to which we were

interested in observing. The primary tumor size was mea-

sured by using a caliper, and the volume was calculated,

using the formula: V = 0.52 9 a 9 b2, where ‘a’ is the

long axis, and ‘b’ is the short axis of the tumor. We also

imaged animals every week to track anterior tumor metas-

tases, using the IVIS Xenogen 200 optical imager (Xenogen,

Alameda, CA) after intraperitoneal injection of D-luciferin

(Caliper 150 mg/kg). 100 ll D-luciferin (twice diluted) was

intraperitoneally dosed in both sides of the abdomen (total

200 ll/animals) to prevent i.p. injection failure [15]. After

4 weeks, the axillary and brachial LN, the lungs, and the

brain were harvested and bathed in D-luciferin solution for

3 min and placed in the IVIS imager to detect metastases

ex vivo. Luciferase-mediated photon flux was quantified by

using Living Image� 3D Analysis (Xenogen), and the

average photon flux was obtained from eight lungs, eight

brains, and 14–16 LNs as described before [16]. In case of

animals showing intra-abdominal metastases, ex vivo ima-

ges of abdominal organs, including stomach, spleen, kidney,

liver, and intestine, were obtained using the IVIS imager.

We also tested another TNBC cell line, SUM-149 by

using the same metastasis model as above, to demonstrate

the application of the model to other cell types of breast

cancer. Because luciferase-transfected SUM-149 are not

available, instead of using the IVIS imager, we performed

3,30-diaminobenzidine (DAB) mediated immunohisto-

chemistry with cytokeratin 7 antibodies (anti-CK7) and

human proliferating cell nuclear antigen (PCNA) antibod-

ies on the lungs and the LN. These organs were harvested

after 6 weeks of tumor inoculation when the tumor size in

both TCM and SFM-treated groups reaches *1,000 mm3,

which is the same tumor size in the MDA-MB-231 model

above (4 weeks). We harvested ten lungs and 40 LN (two

axillary and two brachial LN, each mouse) from each

group of animals (N = 10). The organs were fixed, frozen

and sectioned into 10 lm thick slices, yielding three slides

from the top, the middle, and the bottom of the organs,

resulting in a total of 30 slides for lungs and 120 slides for

LN in each group.

Immunofluorescence and immunohistochemistry

For immunofluorescence, tumors, LN, and lungs fixed in

4 % formalin were placed in 30 % sucrose solution in PBS,

incubated overnight at 4 �C, and frozen in the Tissue-Tek

optimal cutting temperature compound (Sakura, Tokyo,

Japan). Sections of 10-lm thickness were cut at -20 �C.

After blocking with 5 % normal goat serum (Jackson

ImmunoResearch, West Grove, PA) in PBST (19 PBS

with 0.3 % Triton) for 1 h at room temperature, the
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sections were treated with one or more of the following

primary antibodies overnight at 4 �C: rabbit anti-mouse

lymphatic vessel endothelial hyaluronan receptor-1 anti-

body (LYVE-1, 1:200, AngioBio, Del Mar, CA), rat anti-

mouse CD31 (1:100, BD Pharmingen, San Jose, CA), and

rat anti-lectin FITC (fluorescein isothiocyanate) (1:100,

Sigma Aldrich). After three rinses with PBST, sections

were incubated for 1 h at room temperature with one or

more of the secondary antibodies: fluorescein isothiocya-

nate (FITC)-conjugated goat anti-rat antibody, rhodamine-

conjugated goat anti-rat antibody, Cy3-conjugated goat

anti-rabbit antibody (all three from Jackson ImmunoRe-

search), Alexa Fluor 647 goat anti-rabbit antibody, and

Alexa Fluor 488 goat anti-rabbit antibody (all two from

Cell Signaling Technology, Danvers, MA). The samples

were washed with PBST three times and 40,6-diamidino-2-

phenylindole (DAPI, 1:10,000, Roche, Indianapolis, IN)

was used for nuclear staining for 5 min at room tempera-

ture. The samples were washed with PBST one time, and

mounted with the ProLong Gold anti-fade reagent (Invit-

rogen, Carlsbad, CA). Fluorescent signals were visualized

and digital images were obtained, using a LSM-510 con-

focal microscope equipped with argon and helium–neon

lasers (Carl Zeiss, Baltimore, MD). We quantified the

images, averaging the pixel intensity of 12 images that are

randomly selected (109 magnification) in each group by

using ImageJ (National Institutes of Health, Bethesda,

MD). For immunohistochemistry, LN and lungs from

SUM-149 xenograft mice were fixed, frozen and sectioned

as above. After blocking with 5 % goat serum in PBST

for 1 h at room temperature, the sections were treated

with mouse anti-cytokeratin 7 antibodies (1:200 Sigma

Aldrich) or mouse anti-human PCNA antibodies (1:2,000

BD Pharmingen) overnight at 4 �C. After four rinses with

PBST, the sections were incubated for 30 min at room

temperature with SignalStain� Boost IHC Detection

Reagent (HRP-conjugated, for mouse antibody detection,

Cell Signaling). The samples were washed with PBST

three times, and treated with SignalStain� DAB Substrate

(Cell Signaling) for 1 min. 0.1 % Hematoxylin Solution

(Sigma Aldrich) was used for counterstaining. After

washing with tap water, the slides were incubated in

0.1 % Sodium bicarbonate (Sigma) for 1 min and rinsed

with tap water. Dehydrated slides were mounted with

glycerol, and covered with a glass slide. Slides were

examined on the Olympus BX51TF with DP70 color

camera (Olympus, Japan). Because the DAB pixel density

from three randomly selected sections of each organ

cannot represent the exact metastatic rate, we did not

average the pixel density but determined how many lungs

(from ten lungs) or LN (from 20 ax-LN and 20 br-LN)

were cancer cell positive by anti-CK7 and anti-human

PCNA.

Statistical analysis

Error bars correspond to SEM. Differences between a

control and treated groups are regarded as significant when

p is less than 0.05 using the Student’s t test.

Results

Accelerated metastasis to the LN and the lungs by pre-

treatment of animals with TCM

We separated mice into two groups: ‘‘TCM group’’, ani-

mals pre-treated with TCM; and ‘‘SFM group’’, animals

pre-treated with SFM. After 2 weeks of TCM (or SFM)

treatment, 2 9 106 MDA-MB-231-luc-D3H2LN or SUM-

149 cells were inoculated into the upper mammary fat pad

in the inguinal region of the animals. In the MDA-MB-231-

luc-D3H2LN model, we assessed anterior metastases every

week using the IVIS imager: every animal in the ‘‘TCM

group’’ had metastases anterior in the anterior organs

within 4 weeks, whereas the ‘‘SFM group’’ did not show

significant distant metastasis (one out of eight mice at

4 weeks) (Fig. 1a). However, TCM pre-treatment did not

influence the body weights of the animals and the mean

tumor volume (Fig. 1b, c). 4 weeks of tumor inoculation,

when the size of primary tumors was *1,000 mm3

(Fig. 1c), the animals were euthanized, and the axillary and

brachial LN, the lungs, and the brains were excised. The

luciferase-expressing tumor cells in these organs were

detected ex vivo (Fig. 1d, e). Luciferase-mediated meta-

static signals, the averaged photon flux from metastatic

tumor cells in the organs (eight lungs, eight brains, and

14–16 LN) were measured. LN and lungs showed signifi-

cantly enhanced metastatic signals, however, brains

showed no difference (Fig. 1e).

Additionally, SUM-149 xenograft models were treated

with TCM prepared from SUM-149 cells or serum-free

media (SFM, F-12 media without supplements). In the

SUM-149 model, we assessed metastasis by performing

immunohistochemistry with anti-cytokeratin 7 and anti-

human PCNA antibodies (Figs. 2, 3). Tumor growth data

showed that primary tumor size was not influenced by

TCM pre-treatment (Fig. 2a). SFM-treated animals had

four metastasized axillary lymph node (ax-LN) and seven

metastasized brachial lymph node (br-LN) out of 20 LN,

respectively. Notably, TCM pre-treated group showed

increased LN metastasis with metastases in 13 ax-LN and

16 br-LN (Fig. 2b). We also observed that TCM-treated

LN exhibited lymphadenopathy (swollen LN) with trans-

parent fluid inside of the LN. LN from SFM treated animals

looked normal (Fig. 2c). Immunohistochemistry results

showed that TCM-treated LN are highly metastasized and
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the area of lymphadenopathy is spatially associated with

metastasized tumor cells (represented by black arrows)

that are detected by anti-CK7 and anti-human PCNA

(Fig. 2d, e). In animals with SUM-149 tumors, the TCM

pre-treated group showed profound lung metastases in the

nine out of ten lungs, but the SFM-treated control showed

metastasis in three out of ten lungs (Fig. 3a). Macroscopic

images show metastatic tumor nodules on the lung surface

in the TCM-treated group (Fig. 3b). Immunohistochem-

istry confirmed anti-cytokeratin 7 and anti-human PCNA

positive tumor cells in the TCM-treated lung tissues

(Fig. 3c, d).

TCM pre-treatment promotes lymphangiogenesis

in primary tumors

We performed immunofluorescence on MDA-MB-231

primary tumors from the ‘‘TCM group’’ or ‘‘SFM group’’.

The primary tumors were excised 4 weeks after tumor

inoculation on the inguinal mammary fat pads. Anti-mouse

LYVE-1 (with a green secondary antibody) and anti-mouse

CD31 (with a red secondary antibody) antibodies were

used to detect the lymphatic vessels and the blood vessels

in the tumors. TCM pre-treatment dramatically increased

the number of lymphatic vessels in the tumor by 4.68 fold

(**P \ 0.01) compared to the SFM-treated group (Fig. 4a,

c). However, blood vessel density in the tumors was not

influenced by TCM treatment (Fig. 4b, c).

TCM-treatment induces lymphangiogenesis in lungs

and LN, angiogenesis was enhanced in the LN

We also analyzed the lungs and the LN from TCM or

SFM pre-treated animals (Fig. 5). In this set of experi-

ments we did not establish primary inguinal tumors but

just pre-treated animals with TCM (MDA-MB-231 cell

derived) or SFM for 2 weeks. This was done because we

wanted to investigate the change in blood vascular cap-

illaries or lymphatics by TCM treatment and not by

metastasized tumor cells or primary tumors. The lungs of

animals treated with TCM had 2.62 times more lymphatic

vessels than the lungs of SFM-treated animals

(*P \ 0.05); there were no significant differences in blood

vessel density stained with anti-CD31 and anti-lectin

(Fig. 5a, c). We analyzed LN from TCM or SFM treated

animals (Fig. 5b, d). The brachial LNs of the TCM-treated

animals had 3.20 times as many lymphatic vessels and

1.74 times as many blood vessels compared to the bra-

chial LNs of SFM-treated animals (**P \ 0.01 in LVs,

*P \ 0.05 in BVs) (Fig. 5b, d). Enhanced angiogenesis in

Fig. 1 Spontaneous MDA-MB-

231 breast tumor metastasis

model. a Anterior metastases in

4 weeks. The table shows the

number of animals that exhibit

anterior metastases at the end of

every week for 4 weeks.

b Animal body weight. No

significant body weight changes

were observed during the

experiment suggesting that the

tumor-conditioned media

(TCM) does not cause severe

toxicity of TCM in the animals.

c Primary tumor sizes were

determined after 4 weeks of

tumor inoculation. There was no

significant difference between

TCM and serum-free media

(SFM) treated groups.

d Representative images of the

organs (LN, lung, and brain)

seen with the IVIS imager.

e Metastatic flux in the LN, the

lungs, and brains (**P \ 0.01

and *P \ 0.05)
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the LN was further analyzed by performing western blot

assays with LN tissue lysates (Fig. 6a, b). MECA-79 was

used to measure LN-specific endothelium (HEV high

endothelial venules). Phosphorylation of vascular endo-

thelial growth factor receptor 2 (VEGFR-2) and epidermal

growth factor receptor (EGFR) was additionally assessed

to examine TCM-mediated proangiogenic signaling. The

amount of MECA-79 and presumably the number of

endothelial cells was changed by 4.1 fold in axillary LN

and by 6.9 fold in brachial LN after TCM treatment.

Fig. 2 Spontaneous SUM-149 breast tumor LN metastasis. a SUM-

149 primary tumor growth data. SUM-149 tumor growth was slower

than MDA-MB-231 tumor growth in Fig. 1, showing 1,000 mm3

primary tumors after 6 weeks of SUM-149 tumor inoculation. There

was no significant difference between TCM and SFM treated groups.

b The number of the metastasized LN, which is determined by

immunohistochemistry with anti-cytokeratin 7 (CK7) and anti-human

PCNA. 2–3 times more LN were metastasized in TCM-treated group,

compared to SFM-treated group. c Representative LN images. The

black arrow represents lymphadenopathy (swollen LN with transpar-

ent fluid in the LN) in LN from TCM-treated animals.

d Representative images of DAB-mediated immunohistochemisty of

LN sections with anti-CK7 and anti-PCNA. Hematoxylin was used

for counterstaining. Black arrows represent metastatic tumor cells

detected in TCM-treated LN. SFM-treated LN have fewer metastases

and less lymphadenopathy, showing intact LN structure. However

TCM-treated LN have empty spaces where the fluid used to be before

sectioning of the swollen LN. Most tumor cells were detected around

the area of lymphadenopathy. e Representative images of TCM-

treated LN. CK7 and PCNA positive metastatic tumor cells are

delineated by red-dotted curves
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Phosphorylation of VEGFR-2 was also increased 10.5 fold

in axillary LN and 5.7 fold in brachial LN. Phosphory-

lation of EGFR was increased 3.3 fold in axillary LN and

3.0 fold in brachial LN (Fig. 6a, b).

TCM exhibits lymphangiogenic and angiogenic

potential in tube formation assays

Based on the result of immunofluorescence that TCM

promotes lymphangiogenesis or angiogenesis in the LN

and the lungs (Fig. 5), we assessed TCM in tube formation

by LEC and MEC, evaluating the effect of TCM in func-

tional lymphangiogenesis and angiogenesis (Fig. 6c). For

controls, normal endothelial growth media (EGM-2MV)

and SFM were employed. TCM prepared from MDA-MB-

231 cells profoundly promoted MEC and LEC tubes

compared to SFM in which the cells failed to form tubes.

The tubes formed in TCM were comparable to the tubular

network induced by normal growth media (EGM-2MV).

SUM-149 had moderate angiogenic and lymphangiogenic

Fig. 3 Spontaneous SUM-149 breast tumor lung metastasis. a The

number of metastasized lungs as determined by immunohistochem-

istry with anti-CK7 and anti-human PCNA antibodies. Three times as

many lungs were metastasized in the TCM-treated group, compared

to the SFM-treated group. b Representative lung images. Black

arrows represent metastatic tumor nodules on the surface of the

TCM-treated lungs. c Representative images of lung immunohisto-

chemistry with anti-CK7 and anti-PCNA antibodies. Red arrows

represent metastatic tumor cells detected in TCM-treated lungs.

d Representative immunohistochemistry images of TCM-treated

lungs. CK7 and PCNA positive metastatic tumor cells are delineated

by red-dotted curves
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activity, which was weaker than the induction by MDA-

MB-231 TCM (Fig. 6c).

TCM enhances tumor cell motility and metastasis

to the abdomen

We assessed MDA-MB-231 cell migration induced by TCM

or by SFM. TCM treatment enhanced tumor cell motility

3.13 fold at 9 h (*P \ 0.05), and 5.26 fold at 18 h

(**P \ 0.01) compared to SFM treatment (Fig. 7a, b). We

also observed TCM or SFM pre-treated animals, comparing

of intra-abdominal metastasis from the primary site, after

4 weeks of the primary tumor inoculation. Cancer cells from

the primary tumors were disseminated to the abdominal site

in five animals (out of eight mice total) when the mice were

pre-treated with TCM (Fig. 7c). Two mice (out of eight)

showed intra-abdominal metastases when they were pre-

treated with SFM. Internal organs placed in the abdominal

area, including stomach, spleen, kidney, liver, and intestine

were excised and examined under the IVIS Xenogen imager.

Metastases were detected in the stomach, spleen, liver,

jejunum and duodenum (Fig. 7c).

Fig. 4 Changes in tumor microenvironment after TCM treatment.

a The distribution of lymphatic vessels in tumors. TCM-treated

animals showed enhanced peritumoral lymphangiogenesis compared

to SFM-treated animals. Enlarged images show the presence of

lumens in the lymphatic vessels. b Blood vessels in the tumor tissues.

No significant change in angiogenesis was seen after TCM treatment.

c Quantification of a and b. ImageJ was used to quantify lymphatic

vessels and blood vessels in the tumors. The lymphatic vessel density

was increased 4.68 times upon TCM treatment. **P \ 0.01 versus

SFM-treated control
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Discussion

In the present study we showed that TCM-treated animals

had accelerated spontaneous metastasis to the LN and the

lungs in two different TNBC models: MDA-MB-231 and

SUM-149 mammary fat pad xenografts (Figs. 1, 2, 3). These

metastases spontaneously disseminated from the primary

inguinal tumors within 4 weeks in the MDA-MB-231 model

and 6 weeks in the SUM-149 model, which is significantly

faster than SFM treated animals as well as current sponta-

neous metastasis models that take more than 7–10 weeks

[15]. We observed that TCM pre-treatment followed by

tumor inoculation facilitated spontaneous metastasis by

influencing lymphangiogenesis and angiogenesis in the

primary tumors and pre-metastatic organs. Primary tumors

in the animals that had been pre-treated with TCM showed

more lymphatic vessels in their peripheral areas (Fig. 4).

The increased metastasis seen in animals that underwent

TCM pre-treatment could be partly explained by the higher

number of peritumoral lymphatic vessels which could

facilitate the outflow of tumor cells from the tumor. We also

observed that these peritumoral lymphatic vessels had

lumens, which would be critical for the dissemination of

tumor cells through these vessels (Fig. 4a). It has been

reported that the lymphatics in the interior of the tumor do

not function in lymphatic metastasis [17]. This is thought to

be the case because the lumens of the intratumoral lym-

phatic vessels tend to be compressed by the interstitial

Fig. 5 Changes in the lung and the LN microenvironment after TCM

treatment. Lymphatic vessels (LYVE-1) and blood vessels (CD31 and

lectin) were detected by immunofluorescence. a Representative

images of the TCM or SFM-treated lungs. TCM-treated animals

showed enhanced lymphangiogenesis in lungs compared to SFM-

treated animals. However, angiogenesis was not influenced by TCM.

b Lymphatic vessels and blood vessels within the LN. The TCM-

treated animals showed enhanced lymphangiogenesis and

angiogenesis in the LNs compared to the SFM-treated animals.

c Quantification of a. The lymphatic vessel density was increased by

TCM (*P \ 0.05). The blood vessel density, determined by anti-

CD31 and anti-lectin staining, was not influenced by the TCM

treatment. d Quantification of b. The lymphatic vessel density was

increased 3.20 times, and blood vessel density (by anti-lectin) was

increased 1.74 times (**P \ 0.01 and *P \ 0.05)
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pressure of the tumor, making metastatic dissemination

through these vessels impossible. Interestingly, tumor angi-

ogenesis was not influenced by TCM treatment (Fig. 4b, c).

This is consistent with the result that primary tumor size is

not changed by TCM treatment (Fig. 1c, 2a).

We also just treated animals with TCM or SFM without

subsequently establishing primary tumors in them to

determine only the ‘‘TCM effects’’ (or ‘‘SFM effects’’) on

pre-metastatic organs while avoiding the effects of the

primary tumor and metastasized tumor cells in the organs.

Treatment with TCM induced lymphangiogenesis in the

lungs and the LN (Fig. 5) facilitating metastasis in these

organs. The new lymphatic vessels in these organs might

be connected to the rest of the lymphatic system and to the

peritumoral lymphatics. The result might be an increased

number of tumor cells that travel from the primary tumor to

these organs and more metastasis. It is generally thought

that the LN are mostly metastasized through the lymphatics

as regional or sentinel LN are directly connected to the

tumors through the lymphatic vessels [3]. However, TCM-

induced lymphangiogenesis in the lungs that we report here

is unusual as it is known that lungs are metastasized via the

Fig. 6 In vivo LN assays and in vitro tube formation. a Western blot

assays were performed with tissue lysate prepared from TCM or

SFM-treated axillary and brachial LN. Animals were dosed daily with

50 ll MDA-MB-231 tumor conditioned media (TCM) or serum-free

media (SFM). After 14 days of administration, axillary and Br-LNs

were harvested, lysed, and probed with antibodies of interest

including MECA-79, p-VEGFR-2 (Y1175), p-EGFR (Y1068), and

GAPDH. Fold changes in these proteins after TCM treatment were

obtained by measuring p-VEGFR-2, p-EGFR, and MECA-79 pixel

density with the Image J. Red dotted lines (1.0-fold change) are

shown as control (SFM-treated). b Western blot images. c Tumor-

conditioned media (TCM) induced tube formation assays with MEC

and LEC. TCM prepared from MDA-MB-231 and SUM-149 cells

promote MEC/LEC tube formation. EGM-2 (normal endothelial

media) and SFM were used as controls. Images were taken at 14 h

after loading MEC and LEC
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hematogenous route [10, 18]. Further studies are needed to

investigate the role of increased lymphatics within the LN

and lungs to accelerate metastasis.

According to the ‘‘seed and soil hypothesis’’, metastatic

cancer cells function as ‘‘seeds’’ and a particular organ

microenvironment or niche serves as the ‘‘soil’’ [19]. The

‘‘soil’’ needs to be conditioned to function as a metastatic

niche ahead of actual metastasis [11]. We observed that TCM

treatment induced neo-angiogenesis in LN and the enhanced

angiogenesis is partly associated with phosphorylation of

VEGFR-2 and EGFR (Fig. 6a, b). In recent reports tumor

exosomes carrying tumor-derived cargo, including tumor-

secreted factors (growth factors and cytokines), have been

shown to be released by tumors to condition sentinel LN to be

more angiogenic for tumor metastasis [20, 21]. These results

suggest that TCM in our model could function like tumor-

secreted exosomes as a cocktail of several tumor-derived

factors to condition the LN. There needs to be further inves-

tigation into the key factors present in the TCM which are

required for conditioning of the LN.

We also observed that TCM pre-treatment facilitated

tumor cell spreading in the abdominal sites (Fig. 7c). The

Fig. 7 The effect of TCM on tumor cell motility and the intra-

abdominal metastases. a Representative images of MDA-MB-231

tumor cell migration induced by MDA-MB-231 TCM or SFM at 0, 9,

and 18 h. b Percent MDA-MB-231 migration in TCM. We set the

extent of migration in TCM at 18 h as 100 % migration (*P \ 0.05

and **P \ 0.01). c Representative images of the luminescent scan of

the whole animals after 4 weeks of tumor inoculation. Luminescent

images showed that TCM-treated animals had more intra-abdominal

dissemination of tumor cells compared to SFM-treated animals. The

yellow rectangle represents the intra-abdominal metastasis rate (a/b)

after 4 weeks of tumor inoculation: ‘a’ is the number of animals with

intra-abdominal metastases, and ‘b’ is the total number of animals

observed. Internal organs from the abdominal region were harvested

and imaged by the IVIS imager, showing that the stomach, the spleen,

the liver, jejunal and duodenal parts of the intestine were metastasized
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intra-abdominal metastasis was determined by comparing

of the luminescent image and the light image without

luminescent signals. If the animal has luminescent sig-

nals beyond the boundary of the primary tumors that is

found in the light image, we counted that the animal has

the intra-abdominal metastases. Primary tumors with a

statistically identical size within two groups suggest that

the different intra-abdominal metastasis rate was inde-

pendent to the progression of primary tumors. The results

above and the TCM-induced cancer cell motility data

(Fig. 7a, b) can suggest that TCM pre-treatment might

create a gradient of factors that enhance the chemotaxis

of tumor cells in vivo, inducing them to disperse from

the primary site. The increase in the intra-abdominal

metastases generally facilitated metastasis to other organs

such as liver, spleen, stomach, jejunal and duodenal

segment of the intestine as shown in Fig. 7c and is

described in [22, 23].

We believe that pre-treatment with TCM to enhance

metastasis has physiological relevance as a number of

studies have employed conditioned media from solid

tumor cells to understand mechanisms of tumor progres-

sion [24–29]. Primary tumors are probably always

secreting factors, which would be equivalent to the TCM

used here, into circulation. As tumors get larger, the

concentrations of factors in this physiological TCM will

increase. Also, even when the tumors are small and the

concentrations of factors in the physiological TCM are

low, the pre-metastatic sites are continuously being

induced and prepared for the arrival of metastasized tumor

cells. The continuous and long-term exposure to the fac-

tors may make up for the low concentrations of the factors

physiologically. The question of why only specific sites in

particular organs finally get colonized by the metastasized

tumor cells when the whole body is exposed to the same

tumor secreted factors remains unanswered. Moreover,

adding a breast tumor mastectomy step to our current

models needs to be explored as it can provide more

clinically relevant perspectives when evaluating the effi-

cacy of ant-metastatic or anti-angiogenic drugs after sur-

gery as suggested in [30].

Collectively, our findings demonstrate that TCM pre-

treatment enhances breast tumor metastasis in the LN and

the lungs, showing enhanced lymphangiogenesis and

angiogenesis in these organs. This model would allow the

evaluation of anti-metastatic agents in a shorter time and

with higher consistency.
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