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The mammary gland microenvironment during post-
lactational involution shares similarities with inflam-
mation, including high matrix metalloproteinase ac-
tivity, fibrillar collagen deposition, and release of
bioactive fragments of fibronectin and laminin. Be-
cause inflammation can promote tumorigenesis, we
evaluated whether the tissue microenvironment of
the involuting gland is also promotional. Extracellu-
lar matrix was isolated from mammary glands of nul-
liparous rats or rats with mammary glands undergo-
ing weaning-induced involution. Using these matrices
as substratum, nulliparous matrix was found to pro-
mote ductal organization of normal mammary epithe-
lial MCF-12A cells in three-dimensional culture and to
suppress invasion of mammary tumor MDA-MB-231
cells in transwell filter assays. Conversely, involution
matrix failed to support ductal development in nor-
mal cells and promoted invasiveness in tumor cells.
To evaluate the effects of these matrices on metastasis
in vivo, MDA-MB-231 cells, premixed with Matrigel,
nulliparous matrix, or involution matrix, were in-
jected into mammary fat pads of nude mice. Metasta-
ses to lung, liver, and kidney were increased in the
involution matrix group, and correlated with a two-
fold increase in tumor vascular endothelial growth
factor expression and increased angiogenesis. These
data suggest that the mammary gland microenviron-
ment becomes promotional for tumor cell dissemina-
tion during involution, thus providing a plausible
mechanism to explain the high rate of metastases that
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occur with pregnancy-associated breast cancer. (4m
J Patbol 2006, 168:608—620; DOI: 10.2353/ajpath.2006.050677)

Evidence that pathological changes in the tumor micro-
environment promote tumorigenesis has been obtained
in experimental model systems and clinical settings.’=°
Specifically, the tissue microenvironments associated
with wound healing and inflammation correlate with tumor
promotion and progression. Prominent changes in the
microenvironment that occur with wound healing and
inflammation include activation of fibroblasts, endothelial
cells, and immune cells. These activated mesenchymal
cells secrete cytokines, growth factors, tissue-remodel-
ing enzymes, and provisional extracellular matrix (ECM)
molecules, all of which facilitate wound closure and re-
modeling of the damaged tissue. Like mesenchymal
cells, tumor cells can also be stimulated by the proinflam-
matory microenvironment. For example, individuals with
Helicobacter pylori infection or Crohn’s disease have
chronic inflammation of the gastric and intestinal mucosa,
which correlates with a significantly increased risk for
stomach and colon cancers, respectively.® Similarly,
smoking-induced inflammation of the lung and inflamma-
tion of unknown etiology in the prostate also correlate with
disease progression at these sites.”® In experimental
settings, newly hatched chicks injected with Rous sar-
coma virus only develop secondary tumors at sites of
wounding.® In a murine model, mammary tumors arise
when nontumorigenic mammary epithelial cells are en-
grafted into a stroma wounded by irradiation but not
when engrafted into nonirradiated stroma.’® Further evi-
dence that pathological changes in tissue stroma can
promote epithelial cell transformation has been obtained
from experiments studying the effects of genetically mod-
ified stromal cells on epithelial cell function. Mammary
fibroblasts modified to overexpress transforming growth
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factor-B or hepatocyte growth factor promote tumor for-
mation of histologically normal human mammary epithe-
lial cells, whereas unmodified fibroblasts did not.'" Fur-
ther, neoplastic transformation of rat mammary epithelial
cells transplanted into mammary stroma occurred only
when the stroma had been exposed in vivo to chemical
carcinogen.'? These studies clearly establish that patho-
logical changes in the tumor cell microenvironment con-
tribute to cancer development.

The role of physiological changes in the tissue microen-
vironment on cancer development has not been investi-
gated to the same extent as pathological changes. One
reason for the lack of data in this area is that the stroma in
mature, adult tissues has been thought to primarily provide
a structural support function. Thus, stroma was not ex-
pected to undergo physiologically induced changes suffi-
cient to influence tumorigenesis. The mammary gland is a
unique organ in which to investigate the questions of
whether stromal composition and function are physiologi-
cally altered and whether these changes impact tumorigen-
esis. This is because the form and function of normal mam-
mary epithelium changes dramatically with reproductive
state, and concomitant changes in the stroma might be
anticipated.™ In our laboratory we have focused on char-
acterizing physiological alterations in the mammary micro-
environment that accompany pregnancy, lactation, and
weaning-induced involution of the mammary gland. We and
others have found that the composition and function of the
mammary ECM are coordinated with, and appear to facili-
tate mammary epithelial cell proliferation, differentiation,
and death that occur during the pregnancy, lactation, and
involution cycle.'®'* Thus, the tissue microenvironment in
the normal mammary gland varies dramatically with repro-
ductive state.’™ Consequently, the physiologically normal
mammary microenvironment may also vary in its ability to
support the development of breast cancer.

Characterization of the microenvironment that accom-
panies regression of mammary epithelium after lactation
has identified similarities with provisional wound-healing
stroma.'®'5717 The lactating breast is composed primar-
ily of epithelium committed to the secretion of milk pro-
teins. With weaning, the mammary gland undergoes in-
volution, a process involving dramatic tissue remodeling
and massive death of the secretory epithelium. The
stroma from mammary glands undergoing weaning-in-
duced involution has elevated matrix metalloproteinase
(MMP) activity, '8 high levels of fibrillar collagen,'® and
bio-active proteolytic fragments of laminin®'92° and fi-
bronectin, 517 all of which are attributes of wound-
healing stroma. Thus, physiological tissue remodeling of
the mammary gland appears to use some of the same
remodeling programs that are activated during wound
healing, and like wound-healing stroma, may have tumor-
promoting activity. To investigate this hypothesis, mam-
mary gland ECM was isolated from quiescent mammary
glands of nulliparous and weaning-induced involuting rat
mammary glands. The effects of these isolated matrices
on the metastatic potential of breast cancer cells were
evaluated using in vitro and in vivo models. Our data
suggest that the microenvironment of the mammary
gland during weaning-induced involution is tumor promo-
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tional and may represent a window of opportunity for
tumor cell metastasis.

Materials and Methods

Rat Breeding, Reproductive Staging, and
Histology

Female Sprague-Dawley rats, 77 days of age (Harlan-Tek-
land, Indianapolis, IN), were bred as previously de-
scribed. ™ Two days after parturition, litter sizes were nor-
malized to eight pups, and pups were removed after 10
days of lactation to initiate gland involution. Mammary
glands were harvested on days 4, 5, or 6 after weaning from
nine animals. For the quiescent control group, inguinal
mammary gland chains 4 to 6 were harvested from 12
age-matched nulliparous rats. Lymph node-free inguinal
mammary glands were snap-frozen and stored at —80°C
for subsequent matrix isolation and biochemical analyses.
To control for variations in ECM composition that may ac-
company estrous cycling in the nulliparous rats, phase of
estrous cycle was determined by daily cervical lavages,
and all nulliparous rats were sacrificed in the estrus phase
of the cycle, as previously described.?’ Mammary tissue
associated with the dissected lymph region was fixed in
10% neutral-buffered formalin for 18 hours, paraffin-embed-
ded, cut into 5-um sections, and stained with hematoxylin
and eosin (H&E). The changes in mammary tissue in rela-
tion to the reproductive stage were evaluated histologically.
For detection of fibrillar collagen, 5-um sections of mam-
mary tissue were stained with Sirius Red F3B according to
published methods?? and counterstained with Weigert's
iron hematoxylin. All animal procedures were performed in
compliance with the AMC Cancer Research Institute Animal
Care and Use Committee and National Institutes of Health
Policy on Humane Care and Use of Laboratory Animals.

Mammary ECM Isolation

Mammary matrix isolation was performed based on a
previously described protocol,™® using pooled inguinal
mammary gland tissue from at least six rats per group.
Briefly, frozen inguinal mammary glands, with lymph
nodes removed, were pulverized and extracted in a high-
salt/N-ethylmaleimide solution (3.4 mol/L NaCl, 50
mmol/L Tris-HCI, pH 7.4, 4 mmol/L ethylenediaminetet-
raacetic acid, 2 mmol/L N-ethylmaleimide) containing
proteinase inhibitor cocktail (100 wg/ml phenylmethyl sul-
fonyl fluoride, 50 pg/ml each aprotinin, leupeptin, and
pepstatin), at 4°C. Homogenates were enriched for ECM
by two cycles of centrifugation (RCF,,,, 110,000 X g, 30
minutes, 4°C), and pellets resuspended in high-salt/N-
ethylmaleimide buffer. ECM-enriched pellets were resus-
pended in mid-salt/urea solution (2 mol/L urea, 0.2 mol/L
NaCl, 50 mmol/L Tris-HCI, pH 7.4, 4 mmol/L ethylenedia-
minetetraacetic acid, 2 mmol/L N-ethylmaleimide) with
proteinase inhibitor cocktail and extracted overnight at
4°C. Samples were pelleted at RCF,,,,,, 110,000 X g, and
the ECM-enriched supernatants extensively dialyzed
(MWCO 12-14,000 kd; Spectrum Lab, Rancho
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Dominguez, CA) against low-salt buffer (0.15 mol/L NaCl,
50 mmol/L Tris-HCI, pH 7.4, 4 mmol/L ethylenedia-
minetetraacetic acid), followed by dialysis against serum-
free media [Dulbecco’s modified Eagle's medium/F12
media (Sigma Chemical Co., St. Louis, MO) supple-
mented with 1 wg/ml gentamicin] at 4°C. Matrices were
stored on ice at 4°C and used within 2 weeks of isolation.
As reported previously, ECM protein integrity is stable
under these storage conditions."® For the in vitro studies,
all experiments were performed in duplicate with two
distinct batches of matrices.

Western Blot Analysis

Tissue and ECM from nulliparous and involution glands
were analyzed by Western blot as previously described.'®
The following antibodies were used: polyclonal rabbit anti-
rat fibronectin (1:250; Life Technologies, Inc., Gaithersburg,
MD), polyclonal rabbit anti-laminin (1:500; Novus Biologi-
cals, Littleton, CO), and protein A secondary antibody (1:
10,000; Amersham, Piscataway, NJ). Monoclonal mouse
anti-actin (1:500; Amersham) followed by an anti-mouse
secondary antibody (1:5000; Santa Cruz Biotechnology,
Santa Cruz, CA) was used for protein loading controls.
Signal was obtained using an enhanced chemilumines-
cence Western detection kit (Amersham). For fibronectin
Western blots, 3.3 ug of respective matrix were loaded per
lane. For laminin Western blots and zymogen assays, 9.5
g of respective matrices were loaded per lane. Coomassie
Blue R250 staining of total protein was used to validate
equal protein loading.

Cell Lines

MCF-12A cells were obtained from American Type Culture
Collection (Manassas, VA). These are a nontumorigenic
human immortalized mammary epithelial cell line.?® For rou-
tine maintenance, MCF-12A cells were grown in complete
media consisting of Ham’s F12/Dulbecco’s modified Ea-
gle’s medium (Life Technologies, Inc., Carlsbad, CA) con-
taining 100 ng/ml cholera toxin (Life Technologies, Inc.), 0.5
rg/ml hydrocortisone (Sigma), 10 wg/ml insulin (Sigma), 20
ng/ml epidermal growth factor (Sigma), and 5% horse se-
rum (Life Technologies, Inc.). MDA-MB-231 cells (American
Type Culture Collection), a human breast cancer cell line,
were passaged into nude mice (mammary fat pad) and
back out to in vitro culture for at least four cycles. The
resulting variant cell line, which was enriched in the ability to
grow in the fat pad and metastasize, was maintained in
MEM «a media (Life Technologies, Inc.) completed with 2.2
g/L of sodium bicarbonate, 1% HEPES, 1% L-glutamine,
10% heat-inactivated fetal bovine sera, 1 ug/ml of insulin,
1% sodium pyruvate, and 1% nonessential amino acids. For
all studies, low passage (p) cells, between p5 and p15,
were used.

Three-Dimensional Culture Model

MCF-12A or MDA-MB-231 cells were cultured in three-
dimensional culture as previously described.’® Briefly,

log-phase cells were harvested and overlaid onto 2-mm-
thick matrix pads at cell concentrations of 4.5 X 10*
(MCF-12A) or 1.5 x 10* (MDA-MB-231) in a 96-well for-
mat (Sarstedt, Newton, NC). The matrix substratum was
composed of 50 ul of nulliparous or involution rat mam-
mary gland matrix (normalized for total protein concen-
tration) mixed 1:1 with Matrigel (BD Biosciences, San
Jose, CA). For these three-dimensional studies, Matrigel
is required to facilitate polymerization of endogenous
mammary matrix. For control conditions, the pad was
composed of Matrigel without endogenous mammary
matrix. For MCF-12A cells, 5% horse serum was added to
the matrix pads. Three-dimensional culture assays were
performed in triplicate and each experiment performed in
duplicate with two different batches of endogenous mam-
mary matrix. Organoids were photographed using an
inverted microscope (Zeiss Axioscope 25) at 120 hours
after plating.

Invasion Assays

Log-phase MDA-MB-231cells (5 X 10* cells) were sus-
pended in 200 pg/ml of Matrigel, nulliparous, or involution
mammary gland matrix and overlaid onto transwell 8-um
pore filters in 24-well plate format (Becton Dickinson,
Mountain View, CA). In the lower chamber, 1.0% fetal
bovine serum was used as a chemoattractant. The num-
ber of invasive cells, evaluated 24 hours after plating,
was quantified as previously described.'® Invasion assay
was performed in triplicate and data are expressed as
mean = SEM. For the invasion assays designed to model
the xenograft conditions, 2 X 10° cells mixed with 20 ul of
matrix were injected onto the tops of transwell filters using
0.5% fetal bovine serum as a chemoattractant in the
lower chamber and cell invasion and morphology deter-
mined after 24 hours.

Zymogen Assay

Substrate gel analyses were performed as described.’®
Briefly, ECM samples loaded as equal protein were elec-
trophoresed under nonreducing conditions on a 7.5%
sodium dodecyl! sulfate-polyacrylamide gel containing 3
mg/ml of porcine gelatin (Sigma). Gels were incubated in
a shaking water bath at 37°C for 72 hours in substrate
buffer (50 mmol/L Tris-HCI, pH 8.0, 5 mmol/L CaCl,).
Proteinase activity was visualized by Coomassie Blue
R250 staining. Zymogen activity appears as a cleared
band in a dark background.

Xenograft Model

Forty-eight, 8-week-old female homozygous Nu/Nu athy-
mic nude mice (NCI, Frederick, MD) were randomized by
weight into three groups with 16 mice per group. The
animals were anesthetized using isoflurane (Minrad, Inc.,
Bethlehem, PA). Log phase MDA-MB-231 cells were
mixed with 300 pwg/ml of Matrigel, nulliparous or involution
mammary matrix at a concentration of 1.0 X 10° cells/ul
matrix. Twenty ul of the cell/matrix mix (2 X 10° total



cells) were back-loaded into a 3/10-ml insulin syringe
with a 29-gauge '2-inch needle (BD Biosciences, San
Jose, CA) and injected into the fat pad of mammary gland
no. 4, based on previously published methods.?* Tumor
growth was measured using calipers twice a week. Body
weight measurements were taken at study end. At 72
hours, 2 weeks, and 4 weeks after injection, one animal
per group was sacrificed and tumor histology analyzed.
The remaining animals were sacrificed at 6 weeks after
tumor cell injection. At study end, tumors with a small
border of mammary gland tissue attached were excised
and weighed, and final tumor weight and volume were
calculated (4/3wR?h). Liver, lung, kidney, and brain tis-
sues were isolated. To minimize the possibility of cross
contamination between tissues, fresh, sterile surgical
tools were used for each tissue isolation. All tissues were
rinsed in three changes of sterile phosphate-buffered
saline to remove residual blood and possible tumor cell
contamination. Half of all primary tumors and organs
were flash-frozen in liquid nitrogen and stored at —80°C
for molecular and biochemical analyses. The other half of
the tumor and organs were fixed in 10% neutral-buffered
formalin for 18 hours, paraffin-embedded, and pro-
cessed for H&E and immunohistochemical staining.

RNA Analysis

RNA was isolated using the RNeasy mini kit according to
the manufacturer’s protocol (Qiagen, Valencia, CA). Re-
verse transcriptase (RT) reactions were performed with
gene-specific reverse primers and 0.25 ug of total RNA.
One ul of each RT reaction was used in a 50-ul polymer-
ase chain reaction (PCR) reaction volume with 35 cycles.
Standard curves were generated using human MDA-MB-
231 RNA diluted in mouse mammary gland RNA to bring
the final total RNA concentration to 0.25 ng. Data from the
standard curve (not shown) indicates that we can detect
as little as 25 pg of human RNA, or 1 human cell for every
10,000 mouse cells. Human-specific primers were devel-
oped to B2-microglobulin (B2M) (forward B2M: 5'-GGC
TGG CAA CTT AGA G-3'; reverse B2M: 5'-GCC TTA CTT
TAT CAA ATG TAT-3’). GAPDH was used as a loading
control (forward GAPDH: 5'-GCC AAG TAT GAT GAC
A-3’; reverse GAPDH: 5'-TAT TAT GGG GGT CTG-3').
Primers were purchased from Macromolecular Re-
sources (Fort Collins, CO). For B2M detection in lung
samples, PCR reactions were performed four indepen-
dent times, and representative data are shown. For real-
time PCR, RT reactions were performed using oligo-dT
primer. Two uL of each RT reaction was used in a 25-ul
volume for SYBR Green (Applied Biosystems, Foster City,
CA) detection. B2M expression levels were normalized to
actin controls. Forward B-actin: 5'-GCA ACG AGC GGT
TCC G-3'; reverse B-actin: 5'-CCC AAG AAG GAA GGC
TGG A-3'. Data were collected using sequence detection
system software (Applied Biosystems) and analyzed by
the Ct method.?® Vascular endothelial growth factor
(VEGF) analysis was performed with a TagMan probe
system using random primers for the RT reactions and
human GAPDH as the internal control (Applied Biosys-
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tems, Foster City, CA). Forward VEGF: 5’-AAT GAC GAG
GGC CTG GAG T-3'; reverse VEGF: 5’-TTG ATC CGC
ATA ATC TGC ATG-3’; TagMan probe VEGF: 5'-TGT
GCC CAC TGA GGA GTC CAA CAT A-3'. All PCR re-
agents, unless otherwise specified, were purchased from
Roche Pharmaceuticals (Nutley, NJ). VEGF quantization
was performed by the University of Colorado Health Sci-
ence Center Cancer Center PCR Core Laboratory.

Immunohistochemistry

Tissue samples were pretreated in 10 mmol/L sodium
citrate at 90°C for 20 minutes. Smooth muscle actin (SMA
clone 1A4, 1:200; Neomarkers, Fremont, CA) was de-
tected in 5-um sections according to published meth-
ods." Vimentin (clone 9, 1:400; Sigma) was detected
with a standard avidin-biotin complex-peroxidase
method with 3,3'-diaminobenzidine as the chromogen.

In Situ Hybridization

Fluorescence in situ hybridization was performed on
neutral-buffered formalin-fixed tissue sections, as de-
scribed,?® using the following conditions. The sections
were incubated in 2X standard saline citrate at 75°C for
20 minutes (tumor) or 15 minutes (liver). Tissues were
digested in proteinase K (InnoGenex, San Ramon, CA) at
45°C for 12 minutes (tumor) or 10 minutes (liver). Human-
specific Cot-1 DNA probe labeled with SpectrumRed was
generated in the University of Colorado Cancer Center
Cytogenetics Core Laboratory. Hybridization was per-
formed for 14 hours at 37°C. Nuclei were detected using
Vectashield 4,6-diamidino-2-phenylindole (DAPI) (0.3
pg/ul) diluted in Vectamount mounting medium (Vector
Laboratories, Burlingame, CA). Slides were visualized at
X 1000 on a Zeiss Axioscope 2 Plus using Cytovision 3.6
software from Applied Imaging.

Results

To begin our studies investigating the role of physiolog-
ical changes in mammary stroma on tumor cell behavior,
endogenous mammary matrix was isolated from female
rats with different reproductive histories. Sprague-Dawley
rats were chosen for these studies because changes in
rat mammary ECM due to reproductive stage have been
characterized'®?” and because sufficient quantities of
endogenous mammary ECM required for the in vitro and
in vivo functional studies can be obtained. For our studies,
ECM isolated from mammary glands undergoing wean-
ing-induced involution serves as the active, tissue-re-
modeling ECM (involution matrix), whereas ECM isolated
from glands of nulliparous rats serves as the quiescent,
nonremodeling ECM (nulliparous matrix). For the involu-
tion matrix, mammary glands were pooled from an equal
number of rats at 4, 5, and 6 days after weaning. This
window of mammary gland regression coincides with the
proteinase-dependent phase of gland regression and is
characterized by high MMP-2, MMP-3, and MMP-9 activ-
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ity and increased serine proteinase urokinase-type plas-
minogen activator levels.'® %28 During this phase of in-
volution, lobuloalveolar structures collapse and tissue
remodeling is intensive.?®2° We have previously shown

Fibrillar Collagen
N oV E B

a) FN LN
N | N |
220 KD == v .' & F1 4—220 kD
Bl '
97 kD= _:'_— 97 kD
66 kD= s —-—66 kD
Coomassie Actin
N 1 N |
e =45 kD
o
75 kd == ‘
b)
Zymogen Activity
N |
c)

that endogenous ECM isolated from rat mammary glands
at this phase of involution has increased fibrillar collagen,
proteolytic fragments of the matrix proteins laminin and
fibronectin, and elevated MMP-2 and MMP-9 activity,
whereas nulliparous matrix did not.'®'5:7:29 Consistent
with our previous results, stroma histology and ECM iso-
lated from pooled mammary glands of rats at 4, 5, and 6
days after weaning demonstrated these wound-healing
attributes. As seen in Figure 1a, fibrillar collagen was
detected at high levels in the interlobular stroma of invo-
luting glands (Figure 1a). Further, in ECM isolated from
these mammary glands, intact fibronectin and laminin, as
well as fibronectin and laminin fragments, were detected
at higher levels in involution matrix compared to nullipa-
rous matrix (Figure 1b). Consistent with the ECM prote-
olysis detected by Western blot, MMP-9 and MMP-2 ac-
tivities were elevated in involution matrix (Figure 1c).

Having demonstrated biochemical differences in ECM
isolated from quiescent and involuting glands, we next
assessed whether these matrices differ functionally in
their ability to influence mammosphere development in
three-dimensional culture. To evaluate mammary ECM
effects on normal mammary epithelial cells, we used
MCF-12A cells, an immortalized but nontransformed hu-
man mammary epithelial cell line.?®> We have previously
demonstrated that MCF-12A cells form hollow, alveoli-like
mammospheres when overlaid onto thick Matrigel
pads.3° MCF-12A cells were overlaid onto matrix pads
containing nulliparous matrix, involution matrix, or Matri-
gel. MCF-12A cells overlaid onto Matrigel formed simple
spherical mammospheres (Figure 2a, i). In contrast,
MCF-12A cells overlaid onto nulliparous matrix formed
duct-like structures with complex branching (Figure 2a,
ii). Similar to cells overlaid onto Matrigel, MCF-12A cells
plated onto involution matrix failed to organize into duct-
like structures and instead formed simple spherical mam-
mospheres (Figure 2a, iii). In all cases, the MCF-12A
mammospheres were hollow in the center, forming small
alveoli-like structures, with histology consistent with their
nontransformed phenotype (Figure 2a, iv). These data
demonstrate that nulliparous and involution matrix differ
functionally because nulliparous matrix contained orga-
nizing signals for duct-like development whereas involu-
tion matrix and Matrigel did not.

We next evaluated the effects of these matrices on
three-dimensional organization of MDA-MB-231 cells, a
highly tumorigenic human breast cancer cell line. MDA-
MB-231 cells did not form alveoli-like mammospheres on

Figure 1. Involution matrix shows attributes of provisional wound-healing
stroma. a: Fibrillar collagen deposition is increased in the mammary glands
of female rats undergoing weaning-induced involution (I) compared to
nulliparous rats (N). Fibrillar collagen was detected histologically on 5-pum
sections using Sirius Red F3Ba and Weigert’s iron hematoxylin counterstain.
Arrows point to red-staining interlobular fibrillar collagen. b: Fibronectin
(FN) and laminin (LN) levels are increased in involution matrix (I) compared
to nulliparous matrix (N), as shown by Western blotting of mammary matrix
preparations loaded by equal protein. A Coomassie Blue-stained gel is
shown to demonstrate equal protein lane loading, and tissue actin is shown
to demonstrate equal cellular content of the starting material from which the
mammary matrix was extracted. ¢: MMP-2 and MMP-9 zymogen activities are
enhanced in involution matrix (I) compared to nulliparous matrix (N). Matrix
loaded by equal protein. Scale bar, 50 wm.
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Figure 2. Quiescent and involution matrix differentially promote mammary epithelial cell organization and invasion. a: In three-dimensional culture assays,
nontransformed human mammary epithelial MCF-12A cells form simple spheroid mammospheres on Matrigel (i), organize into duct-like structures with complex
branching on nulliparous matrix (ii), and form simple mammospheres on involution matrix (iii). H&E-stained 5-um section of MCF-12A organoid on nulliparous
matrix shows highly organized duct-like structure with hollow central lumen (iv). MDA-MB-231 cells, derived from a highly aggressive human breast cancer, did
not form mammospheres on any matrix and instead formed loosely organized clusters of cells (v, vi, vii) with invasive filopodia, as seen in the inset of vi.
H&E-stained 5-um section of a MDA-MB-231 organoid shows that these cells lack lateral adhesion junctions and are not hollow. b: In a transwell filter invasion
assay, involution matrix (I) promoted MDA-MB-231 cell invasion more than either nulliparous matrix (N) or Matrigel (M). *Statistically significant difference
between N and I; P = 0.010 (paired #test). ¢: In an invasion assay modeling xenograft conditions (2 X 10° cells in 20 pl of matrix), involution matrix preferentially
promoted cell invasion. iz Matrigel/tumor cell bolus (M), and ii: nulliparous matrix/tumor cell bolus (N). The transwell filter pores appear as white circles, and
the invasive cells stain purple (white arrow). In iii, more cells invaded in response to being precoated with involution matrix (I). iv: Involution matrix (D-treated
cells had lamellopodia (thick arrow) and filopodia (thin arrow). d: Physical interaction between the tumor cells and endogenous matrix in the xenograft model
was confirmed by removal of ECM/tumor cell inoculates 72 hours after injection. The top panel shows representative image of cells adhered to matrix fibrils
present in involution matrix (arrow) and nulliparous matrix (data not shown). Matrigel lacks a fibrillar component and thus did not show this type of cell-fibrillar
matrix interaction. In the bottom panel, tumor cells are enveloped in nulliparous matrix (arrow), which is representative of all groups. Scale bars: 100 um [a
(iii, v—viD]; 50 pum [a (iv, viii), ¢ (i-iii), d]. Original magnifications: X50 [a (i-iii, v—vii), ¢ (i—-iiD]; X200 [a (iv, viii), ¢, iv]; X400 [a, vii (inset), d.

any matrix (Figure 2a, v, vi, and vii). When these three-
dimensional tumor cell organoids were sectioned, hollow
lumens were absent (Figure 2a, viii), a phenotype con-
sistent with their aggressive tumor-forming ability.* Fur-
ther, MDA-MB-231 cells were locally invasive in all matri-
ces as evident by numerous filopodia invading the
surrounding stroma (Figure 2a, vii, inset, and viii). These
observations demonstrate that in this three-dimensional
culture assay, nontumorigenic and tumorigenic cell lines
vary dramatically in their response to isolated endoge-
nous mammary gland ECM.

The ability of the mammary matrices to influence mam-
mary epithelial cell motility and invasiveness was deter-
mined next using transwell filter assays, in which cells are

overlaid onto the respective matrices and allowed to
respond to a chemotactic signal. Consistent with their
nontransformed phenotype, MCF-12A cells were nonmo-
tile and noninvasive (data not shown). Conversely, MDA-
MB-231 cells were uniformly and highly motile on all three
matrices tested (data not shown). In contrast to the mo-
tility results, invasion of MDA-MB-231 cells in transwell
filter assays was found to be dependent on the source of
matrix, with invasion highest when cells were in contact
with involution matrix (Figure 2b). To model the ECM/
tumor cell interactions present in the xenograft model, a
second transwell filter invasion assay was performed. For
this assay, tumor cells were mixed with matrix and the
tumor cell/ECM bolus placed onto the tops of the trans-
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well filters. The ability of the tumor cells to migrate out of
the ECM and traverse the filter was evaluated. Cell mi-
gration out of the Matrigel and nulliparous matrix was very
low (Figure 2c, i and ii), whereas involution matrix pro-
moted some tumor cell invasion (Figure 2c, iii). Further,
involution matrix induced lamellopodia and filopodia for-
mation, cellular processes consistent with motility and
invasiveness (Figure 2c, iv; arrows).

Orthotopic Xenograft Model for Breast Cancer
Metastasis

Based on the demonstration that involution matrix pro-
motes tumor cell invasion in vitro, we investigated whether
involution matrix increases metastasis in vivo. For this
study, MDA-MB-231 cells were mixed with matrix and
injected into the inguinal fat pads of female nude mice.
We first sought to determine the physical interaction be-
tween the tumor cells and the matrix after injection into
the mouse mammary fat pad. For these experiments, the
tumor celllECM inoculates were removed 3 days after
injection and processed for histological evaluation. We
found that the human tumor cells interacted strongly with
the rat mammary matrix. Within the ECM inoculates, tu-
mor cells adhered to rat mammary gland matrix fibrils
(Figure 2d, upper panel arrow) and were enveloped by
matrix (Figure 2d, lower panel arrow). Matrix fibrils with
tumor cells attached were found in the nulliparous and
involution matrix inoculates but not in the Matrigel inocu-
lates (data not shown), most likely because Matrigel lacks
a fibrillar component. The influence of the various ECM
matrices on tumor cell death was also evaluated, and cell
death was found to be minimal and to not differ between
groups (data not shown). In the 13 mice/group remaining,
tumor growth was measured twice weekly throughout the
course of the 45-day study. Primary tumor growth rates
and final tumor volumes were identical in the nulliparous
matrix and involution matrix groups (Figure 3a and Table
1). Tumor growth in the Matrigel group was slightly sup-
pressed, but this difference did not reach statistical sig-
nificance. We next investigated whether the source of
matrix influenced the ability of tumor cells to metastasize
from the mammary fat pad to distant organs.

Detection of Metastatic Lesions

The presence of human tumor cells in mouse lung
tissue was detected by two complimentary methods.
Human tumor cells present in mouse lung tissue were
identified by immunohistochemical detection of vimen-
tin, a cytokeratin expressed in the aggressive epithelial
tumor cell line MDA-MB-231 but not in normal mam-
mary or lung epithelium. In a mammary fat pad tumor
from the involution group (Figure 3b, left), vimentin-
positive, brown-staining MDA-MB-231 cells within the
mouse mammary fat pad were readily apparent,
whereas the mouse mammary epithelial cells lining the
mammary ducts were vimentin-negative (Figure 3b,
left, asterisk). Vimentin-positive human tumor cells
were also present within the mouse lung (Figure 3b,
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Figure 3. Tumor growth and detection of metastasis. a: Tumor volumes of
mammary fat pad tumors were calculated twice weekly. Nulliparous and invo-
lution matrix group tumor growth was identical. Matrigel group tumors were
slightly smaller; however, this difference did not reach statistical significance. bz
Tumor cell-specific vimentin was detected by immunohistochemistry. Left:
Mouse mammary fat pad with human tumor cells positive for vimentin and
normal mouse ductal epithelial cells (asterisk) negative for vimentin. Right:
Vimentin-positive tumor cells, depicted by arrows, in the lung of an involution
matrix group animal. ¢: Graph showing relationship between the size of primary
tumor and likelihood of lung metastasis in individual animals, as determined by
immunohistochemical detection of vimentin-positive cells and RT-PCR detection
of human RNA using human-specific primers to 2M. There was a strong
correlation between detection of metastases in lung and size of the primary
tumor (data for Matrigel shown). For these analyses, RT-PCR and immunohis-
tochemical signal intensities were divided into quartiles. Scale bar, 50 uwm (b).
Original magnifications, X400 (b).

right; arrows). The second detection method used was
RT-PCR of human RNA in mouse lung tissue using
human-specific primers to B2M. There is a correlation
in results between the two methods used to detect
metastases (Figure 3c, data from Matrigel group
shown). Further, we found that the probability of a
mammary tumor to metastasize to the lung was signif-



Table 1. In the Xenograft Study, Average Body Weights
and Mammary Tumor Volumes Did Not Differ

between Groups

Final body weight (g) Final tumor volume (cm3)

Matrigel 25.8 = 0.46 1.02 +£0.25
Nulliparous 25.6 £ 0.54 1.18 = 0.05
Involution 24.7 = 0.63 1.09 = 0.30

Column one lists the average final body weights of animals in the
Matrigel, nulliparous, and involution groups with their standard
deviations. There is no difference between the groups. Column two
shows average final tumor volumes and their standard deviations for
Matrigel, nulliparous, and involution groups. Tumor dimensions were
measured with calipers and volumes calculated with the formula V =
4/37R2n. There is not a statistically significant difference between the
groups.

icantly influenced by the size of the primary tumor. In
our model, once a tumor attained a mass of 1 g, it
metastasized independent of the source of matrix at
time of tumor cell injection. Therefore, to address the
question of whether the source of matrix influenced
metastatic rate, we focused our analysis on mice that
had small (1 g or less) mammary fat pad tumors.

Involution Matrix Promotes Metastasis

The ability of small tumors to metastasize out of the
mammary fat pad was found to be highly dependent on
the source of matrix. In the involution group, more than
twice as many mice (six of nine) had metastatic lesions in
their lungs than mice in the nulliparous matrix (two of
seven) or Matrigel groups (two of eight) (Figure 4a). To
confirm and extend this investigation, metastatic lesions
in lung, liver, kidney, and brain were identified by quan-
titative PCR. Consistent with the lung metastasis data,
quantitative PCR analyses confirmed that lung metastatic
lesions were more frequent in mice in which tumor cells
had been mixed with involution matrix before fat pad
injection (Figure 4b). Similarly, metastatic events to liver
and kidney were higher in the involution matrix group
(Figure 4b). Metastatic lesions in brain were rare in all
groups.

In situ hybridization, using a human-specific Cot-1 DNA
probe, was used to confirm that the human-specific PCR
signals detected in the liver were in fact due to metastasis
of human tumor cells from the mammary fat pad to the
liver. By this method, human tumor cells within the mouse
mammary fat pad are evident (Figure 4c, i; asterisk), as is
migration of the tumor cells into the surrounding mouse
fat pad (Figure 4c, i; arrow). Further, clusters of human
mammary tumor cells could be detected in the mouse
liver sections (Figure 4c, ii), corroborating the quantitative
RT-PCR analyses.

We next investigated potential pathways by which tu-
mor cells disseminated from the mammary gland. In
some mice with metastatic lesions in the lungs, metasta-
ses to mammary lymph nodes were identified (Figure 5a,
i). In our study, the number of lymph node metastases
detected was too small to analyze statistically. An alter-
native route by which tumor cells might escape from the
mammary gland is through the blood vessels. We found
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that tumors from the involution group had increased vas-
cular density at the tumor/mammary gland border, indi-
cating the induction of angiogenesis. Further, the appar-
ent induction of angiogenesis in the involution group was
a very early event. As early as 72 hours after tumor cell
injection, an angiogenic response was evident as mea-
sured by an increase in microvessel density (Figure 5a, ii;
arrow) and by the presence of vessels with increased
diameter (data not shown). This increase in vasculature
at the tumor/mammary gland border was evident in the
involution group at all time points evaluated: 72 hours, 2
and 4 weeks (data not shown), and 6 weeks after injec-
tion. At study end, vasculature at the tumor/mammary
gland border was more prominent in the involution group
(Figure 5a, v), compared to the nulliparous and Matrigel
groups (Figure 5a, iii and iv). Of note, the tumor vascu-
lature did not develop uniformly around the tumors but
rather developed focally. Similarly, evidence for reactive
stroma, as measured by smooth muscle actin expression
in host fibroblast cells, was also focally induced more
frequently in the involution group compared to the nullip-
arous group (Figure 5b, top and bottom, respectively). In
an attempt to quantify the angiogenic response between
groups, the levels of VEGF produced by the tumors were
determined by quantitative RT-PCR. Human-specific
VEGF primers and probes were used to detect only VEGF
produced by the human tumor cells. VEGF levels were
statistically higher in the tumors obtained from the invo-
lution group in comparison to the nulliparous and Matrigel
group tumors (Figure 5c, left). Because we demonstrated
that primary tumor size correlated positively with meta-
static ability (Figure 3c), we verified that the elevated
VEGF expression in the involution group tumors was not
due to higher tumor burden in this group. When VEGF
levels were normalized to tumor size, the levels of VEGF
were more than twofold higher in the involution group
compared to the nulliparous and Matrigel group tumors
(Figure bc, right). Therefore, involution matrix may stimu-
late MDA-MB-231 cells to secrete VEGF.

Discussion

During weaning-induced mammary gland involution,
milk-secreting epithelial cells are eliminated, and the
gland regresses to a quiescent organ that is composed
predominantly of a denuded mammary epithelial tree
embedded in an adipose-rich stroma. This regression
process is characterized by dramatic tissue remodeling
and massive cell death of the milk-secreting epitheli-
um.?®37 In contrast to the tissue damage and necrosis
typically associated with wound-healing and inflamma-
tion-induced tissue remodeling, mammary gland involu-
tion is an orderly, programmed, physiological cell death
process. As such, mammary gland involution has been
regarded as a noninflammatory, tissue-remodeling pro-
cess.¥ However, the role inflammation plays during in-
volution has been reassessed recently. This is, in part,
because detailed transcript analyses during weaning-
induced involution have identified evidence for a wound-
healing response.'®33 Within the involuting gland, molec-
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ular markers for both innate and adaptive immunity have
been identified, providing evidence for neutrophil, mac-
rophage, T-cell and B-cell activation.’®3® This new mi-
croarray data corroborates studies that characterized
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cell types and stromal proteins present within the actively
involuting gland, and which identified many similarities
between involution stroma and provisional wound-heal-
ing stroma. These comparisons include infiltration of neu-
trophils, macrophages, and plasma cells;?”®33% gle-
vated matrix metalloproteinase activity;'”'® high levels of
fibrillar collagen;'® and proteolytic fragments of lami-
nin'319 and fibronectin.’®"” The presence of fibronectin
proteolytic fragments during gland involution is of partic-
ular relevance because fibronectin fragments have been
demonstrated to activate MMP-9 during wound healing
and reinforce the tissue-remodeling process.®® Hence,
physiological tissue remodeling of the mammary gland
appears to use some of the same programs activated
during wound healing and inflammation.™”

In addition to sharing biochemical similarities with
wound-healing stroma, involution stroma shares func-
tional similarities. For example, wound-healing stroma
eliminates damaged epithelium from the wound site. The
process of involution also eliminates unwanted epithelial
cells from the mammary gland, and involution matrix can
induce death of immortalized, but nontransformed mam-
mary epithelial cells in culture.”®'” Another attribute of
wound-healing stroma is to stimulate mesenchymal cell
synthetic activity, motility, and invasiveness, processes
that facilitate wound closure and remodeling of damaged
tissue. Importantly, like mesenchymal cells, tumor cells
can also be activated by wound-healing stroma, resulting
in increased synthetic activity, motility, and invasive-
ness.'® Similar to the effects that wound-healing stroma
can have on tumor cells, we have found that involution
matrix activates human mammary tumor cell motility and
invasion in vitro.'® Here, we extend these studies to in-
vestigate whether involution matrix promotes metastasis
of tumor cells in a xenograft model for human breast
cancer. We found that human breast cancer MDA-MB-
231 cells metastasized to lung, liver, and kidney at sig-
nificantly increased rates when the tumor cells were
mixed with involution matrix compared with tumor cells
mixed with nulliparous matrix or Matrigel. The increase in
metastasis correlated with a twofold increase in VEGF
expression in the involution group tumors. Moreover, the
involution group tumors were more likely to exhibit angio-

Figure 4. Involution matrix preferentially promotes metastasis to lung, liver,
and kidney. a: In mice with mammary fat pad tumors less than 1 g, metastasis
to lung was detected by RT-PCR using human-specific primers to [2M.
Involution-group mice had more than twice the incidence of metastasis to
lung. Each lane depicts signal from lung tissue of one animal. W, water
control lane; —, negative control lane of mouse RNA only; and +, positive
control lane of MDA-MB-231 cell RNA. M, Matrigel group mice; N, nullipa-
rous group mice; and I, involution group mice. b: Real-time SYBR Green PCR
on brain, kidney, liver, and lung RNA using human-specific primers to 2M
with expression signal normalized to mouse B-actin. Involution group ani-
mals had more frequent metastasis to lung, liver, and kidney. Brain metas-
tases were rare in all groups. ¢ Human Cot-1 DNA probe, labeled with
Spectrum Red, was used to detect human tumor cells in mouse tissue. i: Dual
image of red fluorescent human tumor cells and DAPI-stained nuclei at the
tumor/mammary gland border from an involution group animal. Asterisk
depicts tumor and arrow points to a tumor cell that has invaded the
mammary fat pad. ii: Dual image of red fluorescent human tumor cells and
DAPI-stained nuclei in the liver of the same animal. iii and iv: Only the signal
from the human tumor cells are shown whereas v and vi show only the DAPI
signal in mammary gland and liver, respectively. Scale bars: 60 uwm (c, i, iii,
and v); 20 um (¢, ii, iv, and vi).
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Figure 5. Involution matrix promotes angiogenesis, fibroblast activation, and VEGF expression. To evaluate paths of metastasis, metastasis to mammary lymph
nodes and vascularization at the tumor/mammary gland border were analyzed. a: i: Metastatic human MDA-MB-231 cells (arrows) in a mammary lymph node
(asterisk depicts lymph cells within node). ii: Neovascularization at the tumor/mammary gland border in an involution group animal (I) at 72 hours after tumor
cell injection. The border between the mammary gland and tumor bolus is depicted with green hatch marks. Numerous small vessels are evident at the border
of the tumor bolus (arrow). At 6 weeks, focal angiogenic response was infrequent at the border of Matrigel group (iii) and nulliparous group tumors (iv) but
was common in involution group tumors (v, arrows). Tumor/mammary gland borders shown are representative. b: Smooth muscle actin, a marker of reactive
stroma, is present in fibroblasts in a representative involution group tumor (top) but is absent from the nulliparous group tumor stroma (bottom). The arrows
show the tumor stroma border, asterisks depict tumor. ¢: Human tumor VEGF expression as a marker for angiogenesis was measured by quantitative real-time
PCR. The average relative VEGF expression values, normalized to GAPDH expression levels, are reported for each group (open bars, left). The average tumor
burden (g) per group is also shown (filled bars, left). VEGF expression in the involution group is statistically different from both nulliparous and Matrigel groups
(Bonferroni Pvalues: I versus M, P = 0.01; I versus N, P < 0.0001; M versus N, P = 0.15). In the right graph, VEGF expression levels normalized to tumor burden

are shown (arbitrary units). Scale bars: 50 um (a, i, and ii); 100 um (a, iii, iv and v); 40 pm (b).

genesis and have reactive stroma (desmoplastic stroma)
characteristics at the border between the tumor and the
host mammary gland. These data support the hypothesis
that during mammary gland involution, the tissue micro-
environment is better able to promote tumor cell dissem-
ination by increasing tumor cell motility, invasiveness,
VEGF expression, and desmoplastic stroma. In support
of this hypothesis, it has been shown in mammary glands
of mice overexpressing activated stromelysin 1 that there
is a progressive development of reactive stroma, an in-
volution-phenotype, and formation of mammary epithelial
tumors.3637 Further, this is the first study to demonstrate
that ECM isolated from physiologically normal mammary
glands can influence metastatic tumor cell behavior in
vivo.

Our observation that a small amount of matrix at time of
tumor cell injection can have profound effects on subse-

quent tumor development is not unprecedented. Tumor
cells premixed with Matrigel before injection in xenograft
models have been demonstrated to permit tumor devel-
opment of otherwise nontumor-forming cells, including
small cell lung cancer and melanoma cells, as well as
primary renal and breast carcinomas.?*®83° Further,
there is evidence that tumor formation and subsequent
metastasis does not require the continued presence of
the matrix. Rather, it appears as if the matrix initiates
altered programs of tumorigenesis early on, and these
programs persist as the tumor grows.*®4" Thus, a small
amount of matrix at the time of tumor cell injection can, in
fact, have profound and persistent effects on the tumor
cell phenotype, presumably through an epigenetic mech-
anism. Of note, in our study, the metastatic events oc-
curred early and frequently in the involution group, and
thus it is unlikely that the promotional effect of matrix on
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metastasis was due to newly acquired mutations in the
tumor cell genomes.

The observation that mammary tumors from the invo-
lution group were more vascularized at the tumor mam-
mary gland border than tumors from the nulliparous or
Matrigel groups raises the question of whether involution
matrix contains high levels of proangiogenic factors. Dur-
ing weaning-induced involution, the vasculature that sup-
ports the lactating gland regresses concurrent with the
secretory epithelium.?” Therefore, it is plausible that in-
volution tissue would have elevated levels of anti-angio-
genic proteins.*>43 To complicate matters, concurrent
with regression of the secretory epithelium and its blood
supply is the re-establishment of the mammary fat pad
blood supply.** The question of whether involution matrix
contains proangiogenic factors remains to be deter-
mined. However, our data suggests that contact of tumor
cells with involution matrix results in secretion of proan-
giogenic factors by the tumor cells. As early as 72 hours
after tumor cell injection, abnormally large vessels and
new angiogenic sprouts were detected at the boundary
between the mammary fat pad and the involution group
tumor cells, indicating that local endothelial cells respond
early and dramatically to tumor cells mixed with involution
matrix. Second, tumors in the involution group expressed
the highest levels of VEGF, a potent inducer of angiogen-
esis.*® VEGF secretion by the tumor cells may account
for both the neovascularization and for the presence of
the abnormally large blood vessels. Nagy and col-
leagues® and Pettersson and colleagues®® have dem-
onstrated that early after tissue treatment with VEGF,
greatly enlarged, thin-walled vessels called mother ves-
sels develop from pre-existing microvessels due to the
release of cytoplasmic stores of plasma membrane-rich
microvesicles.

In addition to the apparent mother vessel formation
and neovascularization occurring at the tumor mammary
gland border of involution group tumors, we observed
focal activation of fibroblasts. With activation, fibroblasts
express smooth muscle actin and become motile, which
is a hallmark of reactive stroma.*” Platelet-derived growth
factor is one tumor-derived factor that has been shown to
induce reactive stroma in a xenograft model for human
breast cancer.*® Platelet-derived growth factor is also a
potent proangiogenic factor. The question of whether
involution matrix up-regulates platelet-derived growth
factor in mammary tumor cells is under investigation.

The in vivo study reported here raises the question of
whether regression of the mammary gland after weaning
promotes breast cancer progression. This question may
be of particular importance for women who are diag-
nosed with pregnancy-associated breast cancer, defined
as breast cancer occurring within 5 years of pregnancy.
Based on our results, we hypothesize that a subset of
women, those with occult disease at the time of preg-
nancy, are at increased risk for tumor cell dissemination
during regression of the mammary gland after pregnan-
cy.® This hypothesis appears in conflict with the demon-
strable protective effect of pregnancy. However, the pro-
tective effect of pregnancy is neither immediate nor
constant. Early first-term and multiple full-term pregnan-

cies are associated with a lifetime reduction in risk for
breast cancer in women.*® In contrast, first full-term preg-
nancy in older women has been associated with a per-
manent increase in breast cancer risk.*® Further, even
first pregnancy at a young age is associated with a
transient but significant increase in breast cancer
riskl49—51

In addition, and of potential relevance to our work,
women with pregnancy-associated breast cancer have a
significantly poorer prognosis because of higher inci-
dence of metastatic disease.®®°3 Because pregnancy is
characterized by elevated levels of estrogen and proges-
terone, hormones intimately associated with breast can-
cer etiology and progression,®*°° elevated levels of the
gestational hormones have been hypothesized to be re-
sponsible for the poor prognosis of pregnancy-associ-
ated breast cancer.®® Specifically, estrogen and proges-
terone are anticipated to increase risk and negatively
affect prognosis by virtue of their growth-promoting ef-
fects on hormone-responsive breast tumor cells. How-
ever, data to support this hypothesis are inconsistent.>®
First, pregnancy at time of diagnosis has not been dem-
onstrated to be an independent prognostic factor, indi-
cating that factors other than the growth-promoting ef-
fects of gestational hormones are primarily responsible
for poor prognosis of pregnancy-associated breast can-
cer.®® Second, diagnosis of breast cancer in the first
years after childbirth is an independent negative prog-
nostic factor.®® Further, the negative effect of a recent
pregnancy on prognosis appears to persist even after
adjustments are made for age of mother, tumor size,
stage, histological grade, mitotic index, and ER, PR,
Her2/neu, and p53 status.®®°657 These observations
suggest that the poor prognosis of pregnancy-associ-
ated breast cancer is not exclusively due to the cell
proliferative effects of the pregnancy hormones. We hy-
pothesize that the reactive stroma-like microenvironment
that accompanies regression of the mammary gland to its
prepregnant state increases risk for tumor cell dissemi-
nation by activating a metastatic program in tumor cells.
Thus, this developmental window, characterized by tis-
sue remodeling, may account for the high mortality asso-
ciated with breast cancer diagnosed after pregnancy.

It is important to note that there are several limitations
to our study design. The xenograft model used, in which
mammary gland ECM isolated from rats with distinct re-
productive history is premixed with human breast tumor
cells, probably models only a portion of the interactions
between the tumor cell and its microenvironment. Specif-
ically, the biochemical isolation of the mammary matrix
may disrupt tissue architectural relationships that are
important in determining metastatic efficiency. Further,
important interactions between human mammary matrix
and human tumor cells may be missing from our hetero-
typic studies. However, despite these limitations, one
benefit of our study design is that we can identify effects
due to the ECM component. Another limitation is that we
have evaluated a single metastatic human breast cancer
cell line, the MDA-MB-231 line. MDA-MB-231 cells dis-
play a poor-prognosis gene expression signature,® a
signature profile originally identified by microarray anal-



yses of human breast cancers.®® Thus, based on gene
expression profiling, this commonly studied breast can-
cer cell line retains the molecular signature of aggressive
human breast tumors and suggests that clinically rele-
vant data can be obtained from the use of these cells.>®
Finally, we have isolated ECM from mammary glands
forced to undergo involution by withdrawal of nursing
pups. Gland involution induced by pup withdrawal has
some known differences to that which occurs after natural
weaning, including the rapid loss of IGF-1R and Akt
protein.®© It is unclear whether these differences might
also be reflected in the ECM that relate to the phenotype
described in this study.

In summary, we have demonstrated that the mammary
gland microenvironment during weaning-induced regres-
sion has compositional similarities with provisional
wound-healing stroma, specifically, elevated matrix met-
alloproteinase activity, high levels of fibrillar collagen,
and proteolytic fragments of laminin and fibronectin. Us-
ing isolated endogenous mammary ECM as substratum
for tumor cell invasion in vitro and to provide a tumor
microenvironment in a xenograft model for breast cancer,
we found that involution matrix promotes tumor cell inva-
sion and metastasis, whereas mammary matrix isolated
from quiescent mammary glands of nulliparous rats does
not. These observations support previous work from our
laboratory demonstrating that the microenvironment of
the normal adult mammary gland is highly plastic be-
cause it is modified by systemic factors such as circulat-
ing hormones.'®'® Based on data presented here, we
propose that physiological changes in mammary ECM
composition contribute to mammary carcinogenesis.
Specifically, our data support the hypothesis that during
mammary gland involution, the tissue microenvironment
becomes promotional for tumor cell dissemination, pro-
viding a plausible mechanism to explain the high rate of
metastases that occur with pregnancy-associated breast
cancer.
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