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Abstract

Prognosis of young women’s breast cancer is influenced by reproductive history. Women

diagnosed within five years postpartum have worse prognosis than nulliparous women or women

diagnosed during pregnancy. Here we describe a mouse model of postpartum breast cancer that

identifies mammary gland involution as a driving force of tumor progression. In this model,

human breast cancer cells exposed to the involuting mammary microenvironment form large

tumors characterized by abundant fibrillar collagen, high COX-2 expression, and an invasive

phenotype. In culture, tumor cells are invasive in a fibrillar collagen and COX-2-dependent

manner. In the involuting mammary gland, inhibition of COX-2 reduces the collagen

fibrillogenesis associated with involution, as well as tumor growth and tumor cell infiltration to

the lung. These data support further research to determine whether women at high-risk for

postpartum breast cancer would benefit from treatment with NSAIDs during postpartum

involution.
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Introduction

Lifetime risk for breast cancer is reduced in parous women compared to nulliparous women,

provided pregnancy occurs at a relatively young age1. However, even with young age at first

pregnancy, a transient increased risk for breast cancer is observed with each pregnancy2.

Importantly, the magnitude and duration of this increased risk is greater in older first time

mothers2. Given the trend toward delayed childbearing observed in the US and all

developing countries3, breast cancer diagnosed in recently pregnant women is expected to

rise4. Further, independent of the woman’s age and tumor pathologic characteristics, women

diagnosed with breast cancer within five years postpartum have an increase in breast cancer

related deaths compared to women diagnosed during pregnancy 5–8. These data indicate that

a process subsequent to pregnancy, but not pregnancy per se, contributes to the poor

prognosis of postpartum breast cancer.

Decreased survival of women with postpartum breast cancer is often attributed to delayed

diagnosis. Although delayed diagnosis is a clinical concern, a biological explanation for the

poor prognosis of postpartum breast cancer is its promotion by physiologic attributes unique

to the postpartum mammary gland. After lactation, or after parturition in the absence of

nursing, the mammary gland undergoes involution. Postpartum involution utilizes

coordinated programs of epithelial cell death and stromal remodeling to result in gland

architecture that resembles the non-secretory, pre-pregnant state. Evidence shows that the

involuting mammary gland displays characteristics similar to wound healing and tumor

promotional microenvironments9–16. To account for the poor prognosis of postpartum breast

cancer, we have proposed that tumor cell exposure to the involuting mammary

microenvironment promotes breast cancer metastasis4,9,13,17.

Collagen deposition is an attribute of wound healing that is evident in the postpartum

involuting gland14 and is emerging as a key player in stromal mediated tumor

progression18,19. Fibrillar collagen correlates with increased risk for breast cancer, as well as

tumor cell proliferation, invasion, and metastasis18,20,21. When intestinal epithelial cells are

exposed to collagen I, increased cyclooxygenase-2 (COX-2) expression and COX-2

dependent motility are observed22. COX-2 is an enzyme that promotes production of

prostaglandin mediators of inflammation23 and COX-2 is a well-established therapeutic

target in colon cancer24–26. In breast cancer patients, elevated COX-2 expression is observed

in ~40% of invasive cases and correlates with poor prognosis27–3031,32, DCIS recurrence33,

and progression of hyperplasia34. In breast cancer outcomes studies, COX-2 inhibition by

non-steroidal anti-inflammatory drug (NSAID) use is associated with decreased breast

cancer recurrence and related deaths35,36. In animal models, COX-2 overexpression

induces37 and knockout reduces 38 mammary tumorigenesis and in vitro inhibition of

COX-2 reduces breast cancer cell proliferation, migration, and invasion39. Finally, in

xenografted breast tumor cell populations, high COX-2 expression is associated with

infiltration of lung31, bone40, and brain32. Given the directly proportional relationship

observed between collagen and COX-2 in the colon, the presence of increased collagen in

the mammary gland during postpartum involution implicates COX-2 as a potential mediator

of postpartum breast cancer.

To generate a mouse model of postpartum breast cancer that isolates the tumor promotional

effects of involution, we injected human breast tumor MCF10DCIS41 cells into intact mouse

mammary glands that were postpartum and actively involuting (involution group) or

quiescent (nulliparous group). Within the mammary gland, MCF10DCIS cells form lesions

histologically similar to human ductal carcinoma in situ (DCIS) that progress to invasive

cancers41,42. Here, we demonstrate that progression of MCF10DCIS cells to invasion is
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promoted by the involuting mammary microenvironment in a manner that is dependent upon

fibrillar collagen and COX-2. Further, we show increased collagen deposition in postpartum

involuting breast tissue from women, increased COX-2 protein expression in postpartum

DCIS cases, and a correlation between collagen I and COX-2 tumor mRNA expression and

disease free survival, implicating this pathway in young women’s breast cancer. Based on

these observations, we utilized our mouse model to show that treatment with celecoxib and

ibuprofen, restricted to the window of postpartum mammary gland involution, reverses the

promotional effects of involution on mammary tumor progression.

Results

Involution promotes tumor growth via collagen

Clinically, DCIS lesions are defined by malignant epithelial cells confined within the breast

duct by an intact layer of myoepithelial cells, with disruption of the myoepithelial layer

indicating progression to invasive carcinoma43. To develop a mouse model capable of

assessing the impact of postpartum involution on DCIS progression, MCF10DCIS cells

were injected into intact mammary glands of immunodeficient (SCID) mice one day post-

weaning (involution group) or into mammary glands of age-matched nulliparous mice

(nulliparous group). In this model, early DCIS-like lesions were evident as solid clusters of

malignant cells separated from the mouse mammary stroma by a continuous layer of human-

derived myoepithelium, consistent with previous reports41,42. MCF10DCIS cells formed

DCIS lesions that closely resemble clinically relevant subtypes and progression to invasion

correlated with loss of the myoepithelial cell layer. Invasive tumors were dominantly triple

negative and basal-like44,45 (Supplementary Figure 1a–d). At four weeks post-tumor cell

injection the involution group mice had a greater than 200% increase in average tumor size

(Fig 1a, Supplementary Figure 1e,f). Tumor cell promotion by involution was also observed

with two additional cell lines (Supplementary Figure 1e and Schedin Lab, unpublished data).

Compared to the nulliparous group, the involution group tumor number (Fig 1b), tumor

burden (Fig 1c), and percent Ki67 positive tumor cells (Fig 1d) were also increased,

identifying the involuting mammary microenvironment as tumor promotional.

In non-injected SCID mouse mammary glands, we observed increased fibrillar collagen

deposition during postpartum involution (Fig 1e&f) and involution group tumors had

increased intra-tumor collagen deposition (Fig 1g&h). These data suggest that the collagen-

rich microenvironment of the postpartum gland influences collagen deposition within the

developing tumor. In vitro, tumor cells exposed to collagen I were more proliferative,

similar to the involution group tumors (compare Fig 1d to Fig 1i, Supplementary Figure 1g),

indicating that elevated deposition of collagen in the involuting mammary gland may

contribute to the increased tumor growth observed in involution group mice.

Involution promotes collagen dependent tumor cell dispersion

To determine whether the increased number of tumors observed in the involution group was

due to tumor cell dispersion, injected mammary glands were imaged for green fluorescent

protein (GFP) labeled MCF10DCIS cells. At three weeks post-injection, a single primary

lesion was observed per injected gland in the nulliparous group (Fig 2a, top panel), whereas

in the involution group additional smaller lesions were observed at sites distant from the

primary lesion (Fig 2a, bottom panel). To assess the timing of tumor cell dispersion, GFP+

tumor cells were examined at three days post-injection by immunohistochemistry (IHC).

Specific to the involution group, tumor cells were detected at high frequency throughout the

mammary stroma (Fig 2b, Supplementary Figure 2a) and were present within the mammary

vasculature (Fig 2c, left panel). Extending these observations, flow cytometry analysis of

peripheral blood showed increased circulating GFP+ tumor cells at three days post-tumor
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cell injection in the involution group only (Fig 2c, right panel, Supplementary Figure 2b),

demonstrating tumor cell access to the circulation during involution. Fluorescent in situ
hybridization (FISH) analysis confirmed MCF10DCIS cell dispersion unique to the

involution group within the mammary stroma, mammary vasculature, and mouse lung

parenchyma (Fig 2d). To determine whether tumor cell infiltration of the lungs in the

involution group was due to the increased size of primary tumors in this group, lung

infiltration was quantified from mice with size-matched primary tumors using quantitative

reverse transcription polymerase chain reaction (qRT-PCR) for human-specific β2M

transcripts. Involution group tumors had higher average human β2M expression in lung

tissue compared to the nulliparous group, confirming that the increased invasive potential of

involution group tumor cells is independent of tumor size (Fig 2e).

To distinguish whether the involution microenvironment alters the invasive potential of

tumor cells in a manner that is maintained ex-vivo, GFP+ tumor cell populations were

harvested from involution and nulliparous groups. On average, involution group tumor cell

populations were more proliferative (data not shown), and displayed increased motility (Fig

2f) and invasion (Fig 2g) that was collagen I dependent, as all cell populations were non-

motile and non-invasive on Matrigel™ (data not shown). Further, the acquisition of motile

behavior in the involution group tumor cells on collagen was not dependent on primary

tumor size, as tumor cells derived from smaller involution tumors were as motile as tumor

cells derived from larger involution tumors (Fig 2h). These data implicate collagen I as a

primary mediator of the increased proliferation, motility, and invasion observed in

involution group tumors.

Fibrillar collagen and COX-2 drive invasive phenotype

In vivo, high expression of COX-2 was observed in tumor cells adjacent to high-density

collagen (Fig 3a, arrows), involution group tumors demonstrated overall increased COX-2

expression (Fig 3b), and Western blot analysis of pooled tumor cell lysates confirmed

increased COX-2 protein expression in tumor cell populations isolated from involution

group tumors (Fig 3c). In an in vitro wound closure assay, tumor cell motility was reduced

50%-80% with selective inhibition of COX-2 using the NSAID celecoxib (CXB) (Fig 3d).

Evidence that tumor cell interaction with collagen I induces COX-2 was observed in three

dimensional (3D) culture where COX-2 expression in MCF10DCIS cells correlated directly

with collagen I concentration (Fig 3e, Supplementary Figure 3a). Increasing COX-2

expression also correlated with increased invasive morphology (Fig 3e&f, Supplementary

Fig 3b&c) consistent with a role for COX-2 in mediating invasion on collagen. Supporting

these observations, both celecoxib and shRNA knockdown of COX-2 decreased tumor cell

invasive morphology observed on collagen (Fig 3g&h, Supplementary Fig 3d).

Studies by others suggest that mammary tumor cell invasion and access to the vasculature is

gained through migration along collagen fibers18,46. Further, radial alignment of collagen is

characteristic of tumor-associated collagen and is implicated in tumor cell invasion46.

Evaluation of collagen organization during involution revealed that collagen fibers were

aligned radially to ducts in the involution group at almost twice the frequency as observed in

the nulliparous group (0.94 vs 0.58 radially aligned fibers per duct analyzed)(Fig 3i, arrow).

Consistent with these data, induction of invasion in vitro was dependent upon fibrillar

collagen, as denatured collagen (gelatin) was unable to induce tumor cell invasion (Fig 3j).

Of note, cells on denatured collagen upregulated COX-2 yet did not invade (Supplementary

Fig 3e&f), indicating that invasion is context dependent requiring both fibrillar collagen and

COX-2. Our data suggest that the increased deposition of fibrillar collagen during involution

directly increases COX-2 expression in tumor cells and further, that tumor cells require

COX-2 to migrate along collagen fibers.
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In vivo, specific inhibition of COX-2 during postpartum involution resulted in reduction of

tumor growth (Fig 4a, Supplementary Fig 4a) and dispersion (Fig 4b&c) consistent with

roles for COX-2 in tumor cell proliferation and invasion. Surprisingly, COX-2 inhibition

during involuting also decreased mammary gland collagen deposition and frequency of

radial fibers to nulliparous amounts (0.81 vs 0.43 fibers per duct analyzed) (Fig 4d&e,

Supplementary 4b). These unexpected results suggest that COX-2 inhibitors block collagen

fibrillogenesis during postpartum mammary gland involution, as well as directly target

tumor cell COX-2 expression that results from interaction with collagen, as modeled in

Figure 4f.

Collagen and COX-2 may impact postpartum breast cancer

In order to address whether the collagen and COX-2 pathway may be applicable to

postpartum breast cancer in women, collagen deposition and orientation were analyzed in

breast tissue of young women. In comparison to breast tissue from nulliparous women,

involuting breast tissue showed increased deposition of collagen and more than twice the

frequency of radially aligned fibers (0.43 vs 1.0 radially aligned fibers per duct analyzed)

(Fig 5a&b, Supplementary Fig 5a&b). Based on these observations and the link between

collagen and tumor cell COX-2 expression described above, we examined whether collagen

I and COX-2 expression correlates with early relapse in young women with breast cancer.

These analyses were restricted to women ≤ 45 based on a previous definition of young

women’s breast cancer47 and recent data generated from our Young Women’s Breast Cancer

Translation Program clinical dataset demonstrating that ~33% of women ≤ 45 with breast

cancer are diagnosed within 6 years of giving birth (Borges and Schedin, unpublished

observations). Eleven publicly available microarray datasets were analyzed (details in

Supplementary Table 1), resulting in a combined dataset consisting of 345 cases ≤ 45 years

of age at diagnosis who relapsed within five years. In this data set, high Col1AI1and COX-2

(gene name: prostaglandin-endoperoxide synthase 2, PTGS2) expression correlated with

decreased relapse free survival with a hazard ration of 1.45, (95% CI: 1.08-1.95,

multivariate Cox proportional-hazards model) that was independent of estrogen receptor

(ER) status (Fig 5c, Supplementary Fig 5c&d). Importantly, high Col1A1 or COX-2 alone,

or any other combination of Col1A1 and COX-2 expression, did not correlate with early

relapse in univariate Cox proportional-hazards models (Fig 5d Supplementary Fig 5d),

consistent with our in vitro data demonstrating a requirement for both fibrillar collagen and

COX-2 in driving cellular invasion (Supplementary Fig 3e&f). Further, in the NKI295

dataset, high Col1 and COX-2 positively correlated with an activated wound response-gene

expression signature previously shown to associate with decreased metastasis free and

overall survival in breast cancer subjects48 (Supplementary Fig 5e). Finally, in a small

independent data set, analysis of DCIS lesions in nulliparous and postpartum women

revealed increased COX-2 protein expression in the postpartum DCIS lesions (Fig 5e&f,

Supplementary Fig 5f). These correlative results provide impetus for further study into the

role of collagen and COX-2 in human postpartum breast cancer.

Ibuprofen suppresses tumor progression during involution

Having identified COX-2 as a potential mediator of postpartum breast cancer we tested

whether ibuprofen, a safer NSAID than celecoxib for postpartum women, could decrease

tumor promotion in rodents. In vitro, ibuprofen blocked motility of the highly invasive

involution tumor cell populations by ~80% (Fig 6a). Further, as observed with celecoxib in

mice, treatment of rats with ibuprofen during involution reduced mammary gland collagen

deposition and frequency of radial fibers to nulliparous amounts (0.98 vs 0.33 radially

aligned fibers per duct analyzed) (Fig 6b, Supplementary Fig 6a). To assess efficacy of

ibuprofen in the postpartum breast cancer model, involution group mice were treated with

ibuprofen or vehicle for 14 days post-weaning (Supplementary Fig 6b). Ibuprofen treatment
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did not affect regression of the mammary epithelium that occurs during postpartum

involution (Fig 6c) or nulliparous group tumor growth (Fig 6d, Supplementary Fig 6c).

However, in involution mice, ibuprofen treatment mitigated the increased tumor growth and

COX-2 expression to nulliparous amounts (Fig 6d,e&f, Supplementary Fig 6d,e), as well as

reduced tumor cell infiltration of the lung (Fig 6g&h, Supplementary Fig 6f).

Discussion

Given the functional plasticity of the adult mammary gland, breast tumors are exposed to

distinct microenvironments that may alter progression and outcome of the disease. Here we

investigated the effect of postpartum mammary gland involution on DCIS progression. The

process of postpartum involution utilizes aspects of wound healing programs known to be

tumor promotional14–17, which may account for the increased metastasis observed in breast

cancers following pregnancy4–8,17,49–51. Our studies build on previous work showing that

tumors are promoted by postpartum mammary gland involution9,13,52 and specifically by

extracellular matrix proteins isolated from involuting mammary glands9,13. We demonstrate

a mechanism for involution induced breast tumor progression that involves interaction

between fibrillar collagen and COX-2, two established tumor promotional molecules

previously unlinked in the breast18,19,21,31,32,37–40,46,53. We demonstrate that COX-2

activity within the normal involuting gland is required for deposition of fibrillar collagen

and that this collagen upregulates COX-2 in tumor cells. Supportive of this link, normal

mouse mammary epithelial cells cultured in high density collagen upregulate COX-2 mRNA

~4 fold21 and PGE2, a product of COX-2 activity, promotes collagen production during

wound healing in skin 54. Thus, we identify two distinct roles for COX-2 in promotion of

breast tumors during involution; COX-2 activity in the host promotes mammary collagen

fibrillogenesis and COX-2 activity within the tumor cell promotes invasion.

We also report that collagen associated with physiologically normal postpartum involution

has radial alignment, an organization previously observed only in invasive breast tumors46.

Recently, radial aligned collagen was demonstrated to be an independent poor prognostic

indicator in breast cancer55. We propose that radial collagen architecture in the involuting

gland provides tracks whereby COX-2 expressing tumor cells exit the duct, migrate into

surrounding stroma and intravasate, similar to collagen-mediated tumor cell migration

observed in other models18,19,21,46,53. Surprisingly, COX-2 inhibition by NSAIDs during

normal postpartum mammary gland involution blocked production and radial organization

of fibrillar collagen. This observation suggests that modulation of collagen fibrillogenesis is

a novel mechanism by which NSAIDs exhibit anti-tumor activity.

Importantly, our data compiled from human breast tissues is consistent with the collagen and

COX-2 pathway contributing to the poor prognosis of women with postpartum breast

cancer. However, validation of these observations in larger cohorts would further test this

hypothesis. Nonetheless, observations from our pre-clinical studies showing reduced tumor

growth and metastatic potential with ibuprofen and celecoxib suggest that further research

into COX-2 inhibitor use might provide a novel strategy to improve the prognosis of young

women should they be diagnosed with postpartum breast cancer. Supportive of this strategy,

we provide evidence that ibuprofen does not interfere with normal postpartum gland

regression. Further, relevance to chemoprevention in recently pregnant women at high risk

for breast cancer is evident, as ibuprofen is a safe, affordable, over-the-counter-NSAID and

duration of the treatment would be limited. An intriguing question unexplored in our studies

is whether an NSAID based chemoprevention strategy can reduce incidence of postpartum

breast cancer; an extremely desirable objective given the 6 million pregnancies per year in

the US.
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Methods

Rodent Breeding

SCID mice (Taconic or Charles River Laboratories) and Sprague-Dawley rats (Taconic)

were housed and bred as previously described14, with age-matched nulliparous animals set

aside for controls. Pups were weaned to initiate involution 10–14 d post-parturition.

Celecoxib (Pfizer) was delivered at 500 mg kg−1 chow as previously described56 for 14 d

starting at weaning. Ibuprofen (Sigma), 360 mg kg−1 in irradiated powdered rodent diet

(Harlan Tekland) was delivered at 30mg mg kg−1 body weight per day for 6 d (rat) or 14 d

(mouse) starting at weaning. Rats were sacrificed at 6 d post-weaning. All animal

procedures were approved by University of Colorado Institutional Animal Care and Use

Committee.

Cell culture

MCF10DCIS.com and shRNA derivatives, a gift from Kornelia Polyak, were cultured as

previously described42. GFP derivatives were created by transduction with pLVX-AcGFP

lentiviral vector (Invitrogen). 3D transwell assays were modified from previously published

protocols57 with details in Supplementary Methods.

Tumor model

200,000 DCIS or DCIS-GFP cells in 50 ul PBS were injected into right and left #4

mammary gland fat pads of involution group mice one day post-weaning or age-matched

nulliparous group mice. Mice were sacrificed at 1 and 3 d, or 3, 4, 6, and 8 weeks post-

injection for tissue and/or RNA. Each study was replicated 2–3 times. For Figure 2e, qRT-

PCR analyses were performed on mice with 2.0 cm3 primary tumors. Sacrifice for qRT-PCR

analyses in Figure 6 was based on the five largest tumors at each timepoint per group. For

immunofluorescent images, mice were sacrificed three weeks post-injection and

representative images depicted.

Human tissue acquisition

Research utilizing de-identified human breast tissue was conducted under a protocol deemed

exempt from subject consent as approved by the Colorado Multiple Institution Review

Board (COMIRB) and tissues acquired as previously reported14.

Fluorescent In Situ Hybridization (FISH) analysis

FISH analyses for human and mouse Cot-1 DNA was performed as described13 by the

UCCC Cytogenics Core. Mammary tumor, mouse mammary stroma, and mammary

vasculature, were histologically identified in serial sections.

Western blot analysis

Collagen-1 and COX-2 (Cayman Chemical) analyses were performed as described14.

Tumor cell populations

Tumor cell populations were obtained from mammary tumors 3 weeks post injection and

were confirmed to be > 95% GFP+. Wound closure and invasion assays were performed

according to published protocols13,58. Additional details in Supplementary Methods.

Flow cytometry analysis

0.1 mL of blood was added to 3 mL RBC lysis buffer (eBioscience), incubated at for 15

min, then diluted with 9 ml PBS. Cells were pelleted (300–400xg) at 4 °C and resuspended
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in 1 ml PBS. GFP+ tumor cell information was collected and analyzed on a Beckman

Coulter CyAn ADP© using Summit© software in the UCCC Flow Cytometry Core.

Immunohistochemistry

Lungs and mammary glands (tumors intact) were prepared for H&E, IHC, and Masson’s

trichrome as described14. Antibody information is in Supplemental Table 1. Quantification

of total tumor area (necrotic and stromal areas removed) and percent positive stain was

performed using Image J and/or Aperio Analysis software with details in Supplementary

Methods.

Quantitative RT-PCR

Mouse lung tissue was collected in RNAlater (Qiagen) and homogenized in QIAzol

(Qiagen) in Lysing Matrix A tubes on a FastPrep-24 machine (MP Biomedicals). RNA was

isolated and purified, 3 µg of RNA was used for cDNA synthesis followed by qRT-PCR

analysis as described13. Calculation and normalization details are described in

supplementary methods.

Multiphoton Second Harmonic Generation (SHG) microscopy

Five µm unstained tissue sections were imaged at the University of Wisconsin Laboratory

for Optical and Computational Instrumentation as described21,46. Details are provided in

supplementary methods.

Analyses of clinical outcome and gene expression data

Gene expression and clinical outcome data of 2,685 breast cancer subjects was obtained

from eleven public data sets (Details in Supplementary Methods and Table 1). We assessed

PTGS2 (COX2) and COL1A1 expressions in subjects age ≤ 45 who relapsed within 5 years

of diagnosis in each data set and divided them into high or low expression for each gene

(above or below mean expression in each dataset). We grouped the subjects into high COX2

and high COL1A1 and other combinations of COX2 and COL1A1 expressions. Univariate

and multivariate of Cox proportional-hazards regressions on ER status, COX2 expression,

COL1A1 expression, and the combination of COX2 and COL1A1 on 345 subjects were

performed using MedCalc Statistical Software. χ2 test was used to correlate COX2 and

COL1A1 expressions with the wound healing gene expression signature for the NKI-295

data set. P < 0.05 was considered statistically significant.

Statistical analyses of pre-clinical studies

Unpaired t and ANOVA (across all conditions) tests were performed using GraphPad InStat

software, assuming independent samples and normal distributions. Advanced analyses were

performed by the UCD School of Public Health Biostatistics and Informatics Research

Consulting Laboratory, with details described in the Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PTGS2 prostaglandin-endoperoxide synthase 2, gene name for COX-2
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Figure 1. Postpartum mammary microenvironment promotes tumor growth in a mammary fat
pad xenograft model
(a) Average primary tumor volume, *p=0.001, **p=0.0174, n=7 (nulliparous), n=6

(involution), unpaired t test. (b) Total tumor number per group at 4 weeks post-injection,

n=9 (nulliparous) and n=8 (involution). (c) Average tumor burden (total tumor volume per

injected gland) 4 weeks post-injection, *p=0.0011, n=15 (nulliparous), n=13 (involution),

unpaired t test. (d) Average percent tumor area positive for Ki67, *p=0.0009, n=5

(nulliparous), n=8 (involution), unpaired t test. (e) Collagen intensity measured by Second

Harmonic Generation (SHG) imaging versus distance from involuting mouse mammary

ducts (red, n=17 ducts, 3 mice) compared to nulliparous (black, n=12 ducts, 3 mice),
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p<0.00001, student’s t test. (f) Western blot for Collagen I in mouse mammary tissue

lysates, *p=0.042, n=3 per group, unpaired t test. (g) Percent tumor area positive for

collagen by trichrome stain, *p=0.0002, n=6 (nulliparous), n=11 (involution), unpaired t

test. (h) Top, trichrome stained tumor images, blue=collagen. Bottom, blue signal converted

to black, scalebar=100 µm. (i) Percent BRDU+ cells in 3D culture on Matrigel or 10%

collagen I, *p<0.0001, unpaired t test, n=30 100X fields per group. (j) BRDU IHC images

of 3D organoids, scalebar=50 µm. N=nullip=nulliparous (white), I=inv=involution (gray),

data are presented as mean +/− SEM.
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Figure 2. Postpartum involution drives tumor cell invasion
(a) GFP+ tumor cells 3 weeks post injection, scalebar=100 µm. (b) IHC image of GFP+

cells in mammary tissue 3 d post-injection, scalebar=50 µm, inset GFP+ tumor cells,

scalebar=10 µm, and quantification of dispersed GFP+ cell clusters by group, *p=0.0129,

n=3 (nulliparous), n=5 (involution), unpaired t test. (c) IHC image of tumor cells in

mammary blood vessel 3 d post-injection, scalebar=10 µm. Quantification of tumor cells in

peripheral blood 1 and 3 d post-injection, *p=0.04, n=3 per group, unpaired t. (d)

Fluorescent in situ hybridization for COT-1 DNA (human=red, mouse=green) and DAPI-

stained nuclei (blue), scalebar=50 µm. (e) Left axis, individual mammary tumor volumes
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(black bars). Right axis, qRT-PCR analysis of lung for human β2M transcripts in arbitrary

units (a.u.) after normalizing to actin. Inset, average β2M expression *p=0.0046, n=9

(nulliparous #1-9), n=8 (involution #10-17), unpaired t test. (f) Right, average in vitro
wound closure of Involution and Nulliparous Group tumor cell populations on collagen 2, 4,

and 6 h post-scrape *p=0.034, **p=0.045, ***p=0.040, n=7 (nulliparous), n=8 (involution).

Left, scrape images of Involution Group tumor cell populations at 0 h and 6 h (scalebar=50

µm). (g) Left, average number of invasive tumor cells in transwell assay, n=5 (nulliparous),

n=6 (involution), *p=0.0491 unpaired t-test. Right, filter images, scalebar=50 µm. (h) Left

axis, volumes of tumors utilized for tumor cell isolation (black bars). Right axis, wound

closure of individual tumor cell populations 6h post-scrape. N=nullip=nulliparous (white),

I=inv=involution (gray), data are mean +/− SEM.
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Figure 3. Fibrillar collagen and COX-2 mediate tumor cell invasiveness
(a) Trichrome (top) and COX-2 (bottom) IHC-stained tumor, arrows=dense collagen,

arrowhead=sparse collagen, scalebar=50 µm. (b) Right, percent tumor COX-2+ by IHC,

*p=0.0275, n=9 (nulliparous), n=5 (involution), unpaired t test Left, COX-2 IHC images,

scalebar=100 µm. (c) Western blot showing expression of COX-2 in tumor cell populations,

*p=0.0274, n=3 per group, unpaired t test. (d) In vitro wound closure by tumor cells on

collagen +/− 20 µM COX-2 inhibitor celecoxib (CXB, black) at 6h post-scrape, *p=0.019,

n=3 cell populations per group, unpaired t test. Inset: individual tumor cell population data.

(e) Left, % COX-2+ organoids by IHC in Matrigel™ or Matrigel™ + 10% (10), 20% (20),
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and 40% (40) collagen, *p<0.0001, one-way ANOVA. Right, 3D-organoid COX-2 IHC

images, scalebar=50 µm. (f,g,h) % organoids rounded(1), dysmorphic(2), or invasive(3) on

(f) 0 and 40% collagen, *p<0.0001, n=3 wells per condition, one way ANOVA, (g) on 40C

+ DMSO solvent, 40C + 2.5 µm CXB, 40C + 5 µm CXB, *p<0.0001, n=3 wells per

condition, one way ANOVA and (h) on 40C + shGFP and 40C + shCOX-2, *p<0.0001, n=3

wells per condition, one way ANOVA. (i) Left, SHG image of collagen surrounding

nulliparous and involuting ducts, higher magnifications (yellow box) below, scalebar=10

µm. Arrow: radially aligned collagen, scalebar=50 µm. (j) Organoid type on 0C, 20%

collagen + 20% gelatin (20/20), 40C and 40% gelatin (40G), *p<0.0001, n=3 wells per

condition, one way ANOVA. Data are mean +/− SEM and representative of triplicate

studies.
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Figure 4. COX-2 inhibition mitigates the tumor promotional effects of involution
(a) Average tumor volume for involution group (I) and involution+CXB group (I + CXB)

mice at 3 weeks post-injection, p=0.0205, n=12, unpaired t test. (b) % glands with dispersed

GFP+ tumor cells in mammary glands at 3 d post-injection, p=0.018, n=12, unpaired t test.

(c) % glands with dispersed GFP+ tumor cells in mammary glands at 3 weeks post-injection,

p=0.0033, n=12, unpaired t test. Data are presented as mean +/− SEM. (d) SHG imaging of

collagen surrounding control involuting (Inv)and CXB treated involuting ducts (Inv +

CXB), scalebar=50 µm. (e) Collagen intensity by SHG versus distance from involuting

mouse mammary ducts (red, n=21 ducts, 3 mice) compared to involuting + CXB (green,
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n=22 ducts, 3 mice) and to nulliparous (black, n=12 ducts, 3 mice), p<0.001 Involution vs

Involution + CXB between 5–10 um, student’s t test. (f)A model depicting COX-2, derived

from the involuting mammary gland, mediated upregulation of collagen fibrillogenesis and

subsequent upregulation of COX-2 and invasion (brown cells) in tumor cells exposed to

involution collagen.
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Figure 5. Evidence for collagen and COX-2 contributing to postpartum breast cancer
(a) Quantification of collagen intensity by SHG versus distance from human breast ducts,

black=nulliparous, red=involution (13–14 ducts per case, 3 cases per group), p<0.00001,

student’s t test. Data are presented as mean +/− SEM. (b) SHG imaging of collagen in breast

tissue from involuting (inv) and nulliparous (nullip) women, scalebar=50 µm. (c)

Multivariate Cox Analysis of relapse free survival in 345 breast tumors diagnosed in women

≤45 years of age who relapsed within five years of diagnosis for effect of high Col1A1 and

COX-2 (gene name: PTGS2) expression (23%) (1-red dashed line), all other combinations of

Col1A1 and COX-2 expression (77%) (0-blue line), and ER status (58% pos and 42% neg).
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High Col1A1 and COX-2 is the only significant variable p=0.018. Univariate analysis of (d)

high COX-2 and (e) high COL1A1 and relapse free survival in 345 breast tumors diagnosed

in women ≤45 years of age who relapsed within five years of diagnosis. (f) Left, images of

human DCIS lesions stained for COX-2 by IHC, scalebar=50 µm, * normal adjacent tissue.

(g) percent area positive for COX-2 signal quantitated by quantitative IHC methods14, p=

0.0266 n=11 nulliparous cases and 22 cases diagnosed ≤ 10 yrs postpartum (2–13 DCIS

lesions examined per case), unpaired t-test. See Supplementary Fig 4c for data set

characteristics. Nullip=nulliparous (white), PP=postpartum (gray), black bars indicate group

average.

Lyons et al. Page 22

Nat Med. Author manuscript; available in PMC 2014 January 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. Postpartum ibuprofen treatment reduces tumor volume, burden, COX-2, and lung
infiltration
(a) In vitro wound closure untreated (U), vehicle treated (V), and ibuprofen treated (200µg

mL−1) (Ibu), *p=0.0001, n=4 wells per condition, unpaired t test. (b) Collagen quantification

by SHG as intensity versus distance from rat mammary ducts, black=nulliparous,

red=involution, green = involution + ibuprofen (3 rats per Group) p<0.001, involution v

involution+ibuprofen between 5–10 um from duct, student’s t test. (c) H&E images of

involution and involution+ibuprofen group mouse mammary tissues 2 weeks post-treatment,

top scalebars=150 µm, bottom scalebars=40 µm. (d) Average tumor volume in nulliparous

(N), involution (I), +/− ibuprofen (Ibu) group mice, *p=0.00373, one way ANOVA,
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‡p≤0.035, type IIIF test for group effect in additive model, n=6 (nulliparous), n=8

(involution), n=4 (nulliparous + ibuprofen), n=5 (involution + ibuprofen). (e) Tumor burden,

6 week timepoint, *p=0.0255, n=8 (involution), n=9 (involution+ibuprofen), unpaired t test.

(f) Quantitation of tumor COX-2 expression at 6 week timepoint, *p≤0.036, unpaired t test,

n=9 (nulliparous), n=9 (involution), n=6 (nulliparous+ibuprofen), n=9 (involution

+ibuprofen). (g) Statistical modeling of mouse lung signal for human-specific β2M by qRT-

PCR across time, ‡p=0.027, t test of group effect. (h) Left axis, average mammary tumor

volume per Group demonstrating size-match between groups, (light gray). Right axis, mouse

lung signal for human-specific β2M by qRT-PCR analysis, *p=0.011, n=5, Wilcoxon test,

involution=dark gray, involution+ibuprofen=black. Data are mean +/− SEM.
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