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A disintegrin and metalloprotease with thrombos-
pondin motifs protein 1 (ADAMTS1) is a protease
commonly up-regulated in metastatic carcinoma. Its
overexpression in cancer cells promotes experimen-
tal metastasis, but whether ADAMTS1 is essential for
metastatic progression is unknown. To address this
question, we investigated mammary cancer progres-
sion and spontaneous metastasis in the MMTV-PyMT
mouse mammary tumor model in Adamts1 knockout
mice. Adamts1�/�/PyMT mice displayed significantly
reduced mammary tumor and lung metastatic tumor
burden and increased survival, compared with their
wild-type and heterozygous littermates. Histological
examination revealed an increased proportion of tu-
mors with ductal carcinoma in situ and a lower pro-
portion of high-grade invasive tumors in Adamts1�/�/
PyMT mice, compared with Adamts1�/�/PyMT mice.
Increased apoptosis with unaltered proliferation and
vascular density in the Adamts1�/�/PyMT tumors sug-
gested that reduced cell survival accounts for the
lower tumor burden in ADAMTS1-deficient mice. Fur-
thermore, Adamts1�/� tumor stroma had signifi-
cantly lesser amounts of proteolytically cleaved ver-
sican and increased numbers of CD45� leukocytes.
Characterization of immune cell gene expression in-
dicated that cytotoxic cell activation was increased in
Adamts1�/� tumors, compared with Adamts1�/� tu-
mors. This finding is supported by significantly ele-
vated IL-12� cell numbers in Adamts1�/� tumors.
Thus, in vivo ADAMTS1 may promote mammary tu-

mor growth and progression to metastasis in the
PyMT model and is a potential therapeutic target to
prevent metastatic breast cancer. (Am J Pathol 2011,

179:3075–3085; DOI: 10.1016/j.ajpath.2011.08.021)

The A disintegrin and metalloprotease with thrombospon-
din motifs (ADAMTS) family of proteins is composed of
extracellular metalloproteases, including ADAMTS1, orig-
inally identified in cachexigenic colon cancer cells.1,2

Mice with Adamts1-null mutation exhibit urogenital de-
fects and female infertility because of impaired remodel-
ing of ovarian extracellular matrix (ECM), but ovarian
steroid production and lactation are normal.3–5 A range of
ECM proteins have been identified as potential
ADAMTS1 substrates, including collagens,6 nidogen,7

and syndecan-48; however, the proteoglycans versican
and aggrecan have been consistently shown to be
key ADAMTS1 targets.4,9,10 ADAMTS1 processing of ver-
sican is important in cell migration during wound heal-
ing,11 endothelial cell invasion,12 and remodeling of car-
diac jelly ECM during heart morphogenesis.13 These
observations indicate that ADAMTS1 mediates acute reg-
ulated tissue remodeling processes that occur in devel-
opment and in adult reproductive tissues, but also in
cancer growth and metastasis.

Emerging evidence associates ADAMTS1 expression
with metastatic potential. Elevated expression of
ADAMTS1 is characteristic of breast cancer cell lines14,15

and human breast cancers with high bone metastatic
potential.16 Likewise, local invasion and lymph node me-
tastasis of pancreatic cancer is associated with elevated
Adamts1.17 Overexpression of full-length ADAMTS1 in
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Chinese hamster ovary (CHO) cells enhanced growth of
tumor xenografts in nude mice,18 and overexpression of
active ADAMTS1 promoted pulmonary metastasis of mu-
rine mammary carcinoma (TA3) and Lewis lung carci-
noma cells, but catalytically inactive mutant ADAMTS1
prevented metastasis.19 Thus, the protease action of
ADAMTS1 is predicted to participate in the ECM remod-
eling that promotes metastasis.

Versican, a large aggregating extracellular proteogly-
can found in peritumoral stroma of many carcinoma
types, is among the most consistent predictors of cancer
relapse and poor survival. This was first reported in
breast and prostate cancer,20–22 and it has been corrob-
orated in at least 10 different carcinoma types.23 Proteo-
lytic cleavage of versican by ADAMTS family proteases is
emerging as a key morphogenic patterning event in de-
velopment,24–26 with potent effects on cell survival and
proliferation. We hypothesized that tumors expressing
high levels of ADAMTS1 may proteolytically process ver-
sican and other substrates in the peritumoral environment
to promote tumor progression.

To clarify the role of ADAMTS1 in mammary carcino-
genesis and metastasis, we used the transgenic mouse
mammary tumor virus polyoma middle T (MMTV-PyMT)
model. Mammary epithelial cell hyperplasia is initiated by
expression of the PyMT transgene, and tumors in this
model spontaneously progress to metastatic disease, re-
capitulating multistage progression of the human dis-
ease.27 At the molecular level, this model is closely
aligned with the basal subtype of human breast cancer.28

We found that advanced tumors acquired high Adamts1
expression, which also positively correlated with tumor
weight. We introduced Adamts1-null mutation into this
model and found reduced primary tumor size and grade,
as well as reduced metastatic burden, in Adamts1�/�

mice, compared with wild-type PyMT� littermates. Apop-
totic rate increased in Adamts1�/� tumor cells, suggest-
ing that reduced tumor cell survival accounts for the
smaller tumor size. ADAMTS-cleaved versican was ele-
vated in Adamts1�/� peritumoral stroma with no change
in versican mRNA. Stromal leukocytes and IL-12� cell
numbers were increased, and we identified a cytotoxic
immune activation signature in Adamts1�/� tumors. The
results provide evidence that ADAMTS1 has nonredun-
dant actions in remodeling the tumor microenvironment
involved in mammary tumor growth, progression to inva-
sive grade, and subsequent pulmonary metastasis.

Materials and Methods

Mouse Cohorts

Male PyMT�/Adamts1�/� (FVB/N strain) mice were
mated with Adamts1�/� females (C57BL/6 strain).5 Their
male PyMT�/Adamts1�/� or PyMT�/Adamts1�/� off-
spring were mated with PyMT�/Adamts1�/� females to
generate the PyMT� Adamts1�/� (n � 14), Adamts1�/�

(n � 46), and Adamts1�/� (n � 21) mice used in the
present study. All pups were weaned at 21 days, and

genotyped; all mice analyzed were virgin mice. Mice
were monitored daily from weaning for the presence of
palpable tumors, and mice were euthanized by cervical
dislocation when a single tumor reached �3.0 cm3 or at
20 weeks of age. Tumors were excised and weighed at
the time of euthanasia. All animal procedures were ap-
proved by the University of Adelaide Animal Ethics Com-
mittee and were in accordance with the Australian code
of practice for the care and use of animals for scientific
purposes.

Genotyping

Genotyping was performed by PCR amplification using
allele-specific primers and genomic DNA extracted from
mouse tail biopsies digested using proteinase K and
phenol/chloroform/isoamyl-extracted DNA. Identification
of the MMTV-PyMT allele was performed using MMTV-
PyMT primers MMTV 490 (F) 5=-CGTCCAGAAAACCA-
CAGTCA-3= and MMTV 685 (R) 5=-CCGCTCGTCACT-
TATCCTTC-3= (band size, 195 bp). PCR reaction
conditions were 94°C (2 minutes), followed by 30 cycles
of 94°C (30 seconds), 55°C (30 seconds), 72°C (1 min-
ute), and 72°C (5 minutes).

The Adamts1 wild-type allele was identified by PCR
using Adamts1 ex2 (F) 5=-AGTTACCTCCAATG-
CAGCTCTCA-3= and ex3 (R) 5=-ATCCCGAGAGTGTCA-
CACGTGT-3= primers (band size, 576 bp). The Adamts1
null allele was identified by a primer set spanning the
deleted region of the Adamts1 gene: (F) 5=-TCCTCAAGC-
CCCACCCCTTGG-3= and (R) 5=-TCCTGCTGGGGTCA-
CATACAG-3= (band size, 1323 bp WT and 278 bp knock-
out). PCR reaction conditions were 94°C (5 minutes),
followed by 30 cycles of 94°C (30 seconds), 60°C (30
seconds), 72°C (1.5 minutes), and 72°C (5 minutes). The
PCR master mix (25 �L) contained 5 �L 5� SYBR Green
buffer (Promega, Madison, WI), 2.5 �L MgCl2, 1 �L
dNTP, 1.25 �L of each primer, 12.9 �L water, 0.1 �L Taq
polymerase (Promega), and 1 �L DNA.

Tissue Collection and Processing

Mammary tumors, lungs, and brachial and axillary lymph
nodes were collected at euthanasia between 16 and 20
weeks of age. All mammary glands and their associated
tumors were weighed, to obtain a measure of relative
tumor burden normalized for total mouse weight. Tissue
samples were fixed in 4% paraformaldehyde for 24 hours
and then were processed and embedded in paraffin for
sectioning and histological analysis. Lung and lymph
node blocks were serially sectioned at 5 �m thickness; a
section every 100 �m used for systematic analysis of
each tissue was stained with H&E for histomorphometric
analysis. In all, 14 Adamts1�/� mice, 31 Adamts1�/�

mice (randomly chosen), and 21 Adamts1�/� mice were
used in the histological analysis of primary and meta-

static tumors.
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Mammary Whole-Mount Preparations and
Tumor Histology

Fourth abdominal mammary glands from Adamts1�/�

and Adamts1�/� mice at 6 and 12 weeks of age were
dissected. Whole mounts were fixed in Carnoy’s fixative
and stained in carmine stain and imaged using a Nano-
zoomer scanner with NDP View software version 2.0
(Hamamatsu Photonics, Hamamatsu City, Japan). From
these images, the average number of branch points was
determined per millimeter for each of three primary ducts
per gland and statistical analysis compared the number
of branch points for Adamts1�/� (n � 6) versus Ad-
amts1�/� mice (n � 7). For histological assessment,
5-�m sections from paraffin blocks from the either the left
or right fourth abdominal mammary gland were stained
with H&E and imaged on the Nanozoomer. Tumors from
PyMT�Adamts1�/� (n � 15), and Adamts1�/� (n � 21)
mice between 16 and 20 weeks of age were examined in
a blinded setting by an experienced pathologist (K.O.)
and were categorized as ductal carcinoma in situ (DCIS),
well differentiated invasive ductal carcinoma (grade 1),
moderately differentiated ductal carcinoma (grade II), or
poorly differentiated ductal carcinoma (grade III).

Assessment of Lung and Lymph Node
Metastasis

Sections of lung tissue (5 �m) were stained with H&E,
and 30 random images at �10 magnification were cap-
tured by an operator blinded to genotype at tissue depths
100 �m apart, using a video image analysis system
(VideoPro 32 version 2.1; Leading Edge, Marion, Austra-
lia). The number of lung metastases per 30 captured
fields was counted, and percentage total area occupied
by metastases was measured (in pixels) using AnalySIS
digital image analysis software Olympus (AnalySIS LS
Professional version 5.0; Olympus). Lymph node assess-
ment at four depths separated by 100 �m was performed
in tissue stained with H&E and immunostained for Her2/
neu (1:500, A0485; Dako Australia, Campbellfield, Aus-
tralia), which is overexpressed by PyMT tumors, using a
method described previously.29

Immunohistochemistry

Tumor sections were mounted on positively charged
slides (SuperFrost Plus; Menzel-Glaser, Braunschweig,
Germany) and heated at 60°C for 1.5 hours. After dew-
axing of sections in xylene and after rinsing in ethanol
and PBS, endogenous peroxidase activity was quenched
in 0.3% H2O2. For immunostaining of ADAMTS1 (rabbit
polyclonal, 1:200, H-60; Santa Cruz Biotechnology, Santa
Cruz, CA), active caspase-3 (rabbit polyclonal, 1:200;
Cell Signaling Technology, Danvers, MA), Ki-67 (rabbit
monoclonal, 1:400; Epitomics, Burlingame, CA), �
smooth muscle actin (�-SMA rabbit polyclonal, 1:200,
Ab5694; Abcam, Cambridge, UK), CD34 (rat monoclo-
nal, 1:50, clone MEC 14.7; Abcam), CD45 (rat monoclo-

nal clone IBL-3/16, 1:200; AbD Serotec, Morphosys UK,
Oxford, UK), CD3 (rat monoclonal clone IBL-3/16, 1/800;
BD Biosciences, Sydney, Australia), F480 (rat monoclonal
clone CI:A3-1, 1:200; AbD Serotec, Morphosys UK), and
IL-12 (rat monoclonal clone C15.6, 1:100; eBioscience, San
Diego, CA), target antigens were unmasked in boiling 0.1
mol/L citrate pH 6.0 buffer. Sections for versican immunostain-
ing [rabbit anti-mouse, 1:500, GAG � domain (Millipore,
Sydney, Australia) or rabbit polyclonal, 1:200, anti-
DPEAAE (Thermo Fisher Scientific, Rockford, IL)] were
pretreated with chondroitinase ABC (0.1 U/mL; Seika-
gaku, Tokyo, Japan) at pH 8 for 90 minutes, which re-
moves chondroitin sulfate side chains as well as having
residual activity against hyaluronan (HA).30

For detecting lymphatic vessels (anti-Lyve1, 1:500;
Millipore), tissues were incubated with proteinase K buf-
fer (1 �g/mL, Sigma-Aldrich, Sydney, Australia) for 20
minutes. To eliminate nonspecific binding, tissues were
blocked in 5% goat or rabbit serum (Sigma-Aldrich, St.
Louis, MO) for 20 minutes or 1 hour (Lyve1), and then
were incubated overnight at 4°C with primary antibody.
Washed sections were subsequently incubated with bio-
tinylated goat anti-rabbit (1:400; Dako Australia) or rabbit
anti-rat IgG (1:400; Australian Laboratory Services, Staf-
ford, Australia) for 1 hour at room temperature followed
by incubation for 1 hour with streptavidin-horseradish
peroxidase conjugate (1:500; Dako). Positive immunore-
activity was detected using diaminobenzidine substrate
and 10% hematoxylin counterstain. HA was detected us-
ing biotinylated HA binding protein (HABP; 1:250; North-
Star Bioproducts, Associates of Cape Cod, East Fal-
mouth, MA). as described previously.31 Sections were
then dehydrated and mounted in Pertex mounting me-
dium (HD Scientific, Glengala, Australia). Each tissue had
a matching negative control lacking the primary antibody
incubation step.

Morphometric Measurement of Immunostained
Tissues

The ADAMTS1 staining level in tumors derived from the
fourth mammary glands of PyMT�/Adamts1�/� mice at 9
weeks (n � 5), 12 to 14 weeks (n � 7), and 16 to 20
weeks (n � 8) was measured by video image analysis
(VideoPro 32; Leading Edge), as previously described.20

Staining intensity was expressed as mean integrated op-
tical density units (MIOD) per tumor area. For Ki-67,
cleaved caspase 3, CD34, versican, HA, �-SMA, CD45,
F480, and CD3, stained tissues were scanned using the
Nanozoomer. Five random images of each tissue were
captured at �20 magnification using NDP View
(Hamamatsu) imaging software. Color threshold detec-
tion by AnalySIS-Pro software (Olympus) was used to
determine positive (brown pixels) and negative (purple
pixels) stained cells per tumor area. Normal glands, DCIS
lesions, and any artifacts present in the images were
masked and excluded from analysis. Data are expressed
as percentage of positive cells (positive brown stained
divided by negative purple stained area) for cellular
stains (Ki-67 and activated caspase-3). Extracellular

stains (CD34, versican, HA, �-SMA, CD45, F480, and
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CD3) were expressed as percent positive area over total
area analyzed. Because of lower abundance of IL-12�

cells in the tumor tissues, IL-12 positivity was assessed
visually in 10 high power fields (captured at �40 magni-
fication) by two independent observers (C.R. and
K.M.F.). The genotype of the mouse tumors was blinded
until completion of all analyses.

Versican RT-PCR and Quantitative RT-PCR

Total RNA was isolated from PyMT�/Adamts1�/� (n � 5)
and PyMT�/Adamts1�/� (n � 5) tumor tissue, and RT-
PCR for versican isoforms was performed as described
previously.30 For real-time quantitative PCR, cDNA was
synthesized using random primers and SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA), accord-
ing to the manufacturer’s instructions. Versican primers
and PCR conditions were as described previously.32

Samples were calibrated using the housekeeping gene
L19 (QuantiTect primer assays; Qiagen, Hilden, Ger-
many) using the 2���CT method.

TaqMan low-density array (TLDA) assay of 92 immune
related and 4 internal genes was performed using 1 �g
cDNA in 100 �L of 1� universal PCR master mix (Applied
Biosystems, Foster City, CA) loaded onto each port of the
TLDA plates. Thermocycling was performed on an ABI
Prism 7900HT sequence detection system (Applied Bio-
systems), according to the manufacturer’s instructions.
Tumor RNA extracts from four individual mice of each
genotype were used. Data were analyzed using SDS
version 2.2 sequence detection software (Applied Bio-
systems). The Ct values were normalized to 18S, and
relative quantitation of gene expression was determined
using the 2���CT formula with an Adamts1�/� RNA sam-
ple as the calibrator. Data are presented as the fold
change difference in Adamts1�/� versus Adamts1�/�

samples.

Versican Western Blot Analysis

Tumor tissue from PyMT�/Adamts1�/� (n � 5) and
PyMT�/Adamts1�/� (n � 5) was extracted in buffer con-
taining 0.1% Triton X-100 surfactant, 6 mol/L urea, and
protease inhibitors, and extracts were treated with chon-
droitinase ABC, as described previously.30 Western blots
on 10 �g of tissue extract used rabbit anti-mouse versican
antibody against the GAG � domain (1:1000; Millipore) and
�-actin antibody (Millipore) as a loading control. Visualiza-
tion was achieved using anti-rabbit IgG peroxidase-conju-
gated secondary antibody (1/10,000; Bio-Rad Laboratories,
Hercules, CA) with enhanced chemiluminescence (Amer-
sham; GE Healthcare, Little Chalfont, UK). Intensity of ver-
sican bands were measured using ImageQuant software
version 5.0 (Molecular Dynamics, Melbourne, Australia) and
normalized to �-actin levels.

Statistical Analysis

All statistical analyses were performed using SPSS soft-
ware, version 15.0 for Windows (SPSS, Chicago, IL). The

Mann-Whitney U-test, Kruskal-Wallis tests, or �2 analysis
was used to determine statistical significance between
the different genotype groups. Spearman’s rank correla-
tion test was used to determine the correlations of tumor
size and lung metastasis between levels of ADAMTS,
versican, or vascular density. Kaplan-Meier survival anal-
yses were performed to determine differences in survival
with time to reach tumor burden �3 cm3 in the three
mouse genotypes. For gene expression experiments,
statistical significance was determined by two-tailed t-
tests. Statistical significance was accepted at P � 0.05.

Results

ADAMTS1 Is Present in Tumor Cells and Is
Increased with Tumor Development

ADAMTS1 immunostaining was low or undetectable in
normal mouse mammary tissue (data not shown). In
PyMT�/Adamts1�/� mice at 9 weeks of age, DCIS lesions
contained elevated levels of ADAMTS1, compared with
normal mammary glands (Figure 1A). ADAMTS1 was
more intensely stained in the epithelial cells of invasive
carcinoma lesions developed between 16 and 20 weeks
of age, but very low levels of ADAMTS1 were detected in
the peritumoral stroma (Figure 1A). Confirming the anti-
body specificity, no immunoreactivity was observed in
the absence of primary antibody or in PyMT�/
Adamts1�/� tumors at 20 weeks of age (Figure 1A).
Quantitative analysis showed significantly increased pro-
tein abundance in Adamts1�/� tumors at 16 to 20 weeks
of age, compared with tumors at 9 weeks and at 12 to 14
weeks of age (Figure 1B). The level of ADAMTS1 was also
significantly correlated with tumor weight in Adamts1�/�

mice (� � 0.587, P � 0.008; Figure 1C).

Figure 1. ADAMTS1 is present in tumors and increases with tumor progres-
sion. A: ADAMTS1 immunostaining in Adamts1�/�/PyMT tumors in mice at
9 weeks (9w) and at 20 weeks (20w) of age. The specificity of the antibody
was confirmed by lack of staining in Adamts1�/�/PyMT tumor at 20 weeks
of age. Asterisk indicates normal glands. Scale bar � 100 �m. B: Relative
abundance of ADAMTS1 in tumors at early (9 weeks), mid (12 to 15 weeks),
and late (16 to 20 weeks) stage quantitated by Video-Pro image analysis.
ADAMTS1 immunostaining was significantly elevated in Adamts1�/�/PyMT
tumors at 16 to 20 weeks of age, compared with earlier time points. *P �

0.024, Kruskal-Wallis test. C: ADAMTS1 immunostaining was significantly
correlated with total tumor weight (Spearman’s � � 0.587, P � 0.008).
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Adamts1�/� Mice Have Delayed Tumor
Development, Reduced Tumor Burden, and
Increased Survival

Mammary tumors were first detected between 10 and 20
weeks of age; the wide variation is possibly a result of the
mixed strain background. The incidence of palpable tu-
mor development was not statistically different among the
three genotypes (Table 1). The age at first identification of
palpable tumors was not significantly different in Ad-
amts1�/� (median, 16.4 weeks; range, 10.3–20 weeks)
mice, compared with Adamts1�/� (median, 14.6 weeks;
range, 11.3–19.4) or Adamts1�/�/PyMT mice (median,
14.3 weeks; range, 10.1–17.3) (P � 0.07, Kruskal-Wallis
test) (Figure 2A). Tumor burden in the mammary glands,
after euthanasia, was dramatically reduced in
Adamts1�/� mice, compared with Adamts1�/� or
Adamts1�/�/PyMT mice (P � 0.0001, Kruskal-Wallis test;
Figure 2B). The reduced tumor burden was not associ-
ated with perturbed mammary gland development in
Adamts1�/� mice; normal ductal length at 6 weeks of age
(data not shown) and normal ductal branch numbers at
12 weeks were observed in Adamts1�/� mice, compared
with Adamts1�/� mice (see Supplemental Figure S1, A
and B, at http://ajp.amjpathol.org). The growth of tumors until
the time of ethical euthanasia was analyzed by Kaplan-
Meier survival plot, comparing the rate of euthanasia based
on tumor burden reaching �3 cm3 in the three genotypes.
Adamts1�/� mice displayed a greater occurrence (12/14,
85.7%) of euthanasia due to a large tumor burden, com-
pared with heterozygous mice (17/31, 54.8%) and particu-
larly knockout mice (5/21, 23.8%) (P � 0.001; Figure 2C).
Adamts1�/� mice had a reduced incidence of early eutha-
nasia due to large tumor burden, and more often survived
up to the experimental endpoint of 20 weeks (Figure 2C).

Histopathology of Adamts1�/� and
Adamts1�/�/PyMT Tumors

The fourth abdominal mammary gland tumors were clas-
sified histopathologically as DCIS, grade II, and grade III
(see Supplemental Figure S1C at http://ajp.amjpathol.
org). No PyMT tumors of grade I were observed. The
Adamts1�/� mice had a significantly increased propor-
tion of tumors with exclusively DCIS lesions and no inva-
sive tumor (5/21; P � 0.007, Pearson’s �2 test) (Figure
2D). Furthermore, a significantly greater proportion of
Adamts1�/� mice had grade III invasive tumors (11/15),

Table 1. Incidence of Tumor Development and Lung and Lymp

Genotype

Palpable tumor development
(%)

No Yes

Adamts1�/� 0/14 (0) 14/14 (100) 3/
Adamts1�/� 4/48 (8.3) 44/48 (91.7) 9/
Adamts1�/� 5/21 (23.8) 16/21 (76.2) 13/
Pearson’s �2 P � 0.072
compared with Adamts1�/� mice (5/21) (Figure 2D).
Adamts1�/� Mice Have Reduced Metastasis

Metastases to lymph nodes were rarely identified. Exam-
ination of lymph nodes reported to be draining lymph
nodes for mouse mammary glands (ie, the axillary and
brachial lymph nodes) revealed metastases in the axillary
lymph node in 2/10 Adamts1�/� mice and 1/18
Adamts1�/� mice (Table 1; see also Supplemental Figure

tasis in Adamts1-PyMT Mouse Cohorts

etastasis at 16 to
0 weeks (%)

Lymph node metastasis at 16 to
20 weeks (%)

Yes No Yes

4) 11/14 (78.8) 8/10 (80.0) 2/10 (205.0)
0) 22/31 (71.0) 17/18 (94.4) 1/18 (5.6)
9) 8/21 (38.1) 17/17 (100) 0/17 (0)
P � 0.02 P � 0.128

Figure 2. Tumor progression is reduced in Adamts1�/�/PyMT mice.
ADAMTS1-deficient mice develop tumors at similar age to controls, but showed
reduced primary mammary tumor burden, increased survival to ethically man-
dated euthanasia and lower histopathological grade and pulmonary metastasis.
A: Age of first palpable tumor observation. P � 0.071, Kruskal-Wallis test. B:
Total tumor weight normalized to body weight in Adamts1�/�, Adamts1�/�,
and Adamts1�/�/PyMT� cohorts. *P � 0.0001, Kruskal-Wallis test. Horizontal
lines indicate the median for each cohort (A and B). C: Survival to ethically
mandated euthanasia in Adamts1/PyMT� mice cohorts (Mantel-Cox log-rank
test statistic 13.58, P � 0.001). D: Proportion of DCIS, grade II (GII), and grade
III (GIII) invasive tumors in Adamts1�/� (n � 15) and Adamts1�/�/PyMT�

mice (n � 21). E: Number of lung metastases identified in 30 random fields from
serial sections spanning lung tissue at 100-�m increments in Adamts1/PyMT
mouse cohorts. *P � 0.016, Kruskal-Wallis test. F: Percentage of lung area
h Metas

Lung m
2

No

14 (21.
31 (29.
21 (61.
containing metastases in serial sections spanning the tissue at 100-�m incre-
ments of Adamts1/PyMT mice cohorts. *P � 0.028, Kruskal-Wallis test.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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S2, A and B, at http://ajp.amjpathol.org). The lower inci-
dence of axillary lymph node metastasis in Adamts1�/�

mice did not reach statistical significance (P � 0.128, �2

test) (Table 1). No metastasis was seen in the brachial
lymph node of mice of any genotypes.

The incidence of lung metastases quantified system-
atically by serial sectioning and morphometric measure-
ment of lungs (see Supplemental Figure S2, B and C, at
http://ajp.amjpathol.org) was significantly higher in
Adamts1�/� mice, compared with Adamts1�/� litter-
mates, with heterozygous mice showing an intermediate
metastatic incidence (Table 1). The number of metastatic
lesions (Figure 2E) and the percent lung area occupied
by metastases (Figure 2F) were significantly lower in the
Adamts1�/� mice, compared with the Adamts1�/� or
Adamts1�/� littermates (number of lesions, P � 0.016;
area occupied, P � 0.028, Kruskal-Wallis test). The num-
ber and area of lung metastases in Adamts1�/� mice
were not correlated with primary mammary tumor burden
[Spearman’s � � 0.363 (P � 0.264) and � � 0.303 (P �
0.194), respectively].

Apoptotic Rate Increases but Proliferation and
Blood Vessel Density Do Not Increase in
Adamts1�/�/PyMT Tumors

The proliferative index measured by Ki-67 immunoposi-
tivity in the fourth abdominal mammary gland tumors was
not statistically different between Adamts1�/� and

Adamts1�/� tumors (P � 0.922, Mann-Whitney U-test;
Figure 3A). However, the apoptotic index, determined by
cleaved caspase-3 immunostaining, was significantly in-
creased in Adamts1�/� tumors (P � 0.024, Mann-Whit-
ney U-test; Figure 3B).

The tumor vasculature provides nutrients and gas ex-
change, which indirectly support cell survival, prolifera-
tion, and tumor growth, as well as providing a portal for
cancer cell dissemination to secondary metastatic sites.
CD34� blood vessel density was not statistically different
between Adamts1�/� and Adamts1�/� tumors (P �
0.423, Mann-Whitney U-test; Figure 3C). Furthermore,
vascular density was not correlated with tumor size in
either the Adamts1�/� (Spearman’s � � 0.105, P �
0.746) or the Adamts1�/� tumor cohorts (Spearman’s � �
�0.211, P � 0.450).

Because ADAMTS1 regulates lymphangiogenesis dur-
ing ovarian follicle development,3 we measured lym-
phatic vessel density by Lyve1 immunostaining. Our as-
sessments showed lymphatic vessels only beyond the
tumor periphery in both Adamts1�/� and Adamts1�/�

tumors (see Supplemental Figure S2E at http://ajp.
amjpathol.org). Because intratumoral lymphatic vessels
were rare, no further quantitation of lymphatic vasculature
was performed.

ADAMTS1 Expression Leads to the
Accumulation of Versican in Peritumoral Stroma

Breast and prostate tumors are known to remodel the

Figure 3. Apoptosis in tumor cells is increased
but proliferation and blood vasculature are
equivalent in Adamts1�/�/PyMT tumors. Prolif-
erative index, apoptotic index, and blood vessel
density were assessed by image analysis of im-
munostained tumor sections of Adamts1�/�

(n � 15) and Adamts1�/�/PyMT (n � 16) tu-
mors. Representative examples of immunolabel-
ing are shown for Ki-67 (A), cleaved caspase 3
(B), and CD34 (C) in Adamts1�/� and
Adamts1�/� mice, with quantitated levels. A:
The proportion of Ki-67� proliferating cells was
not significantly different between genotypes.
P � 0.922, Mann-Whitney U-test. B: Cleaved
caspase 3� apoptotic cell numbers were in-
creased in Adamts1�/�/PyMT tumors. *P �
0.019, Mann-Whitney U-test. C: Blood vessel
density measured by area of CD34 immunostain-
ing was not significantly different before geno-
types. P � 0.423, Mann-Whitney U-test. Scale
bar � 100 �m; all images are at the same original
magnification.
peritumoral stroma, inducing a reactive phenotype that
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promotes tumor progression.33 We investigated whether
ADAMTS1 affects stromal remodeling by measuring lev-
els of versican, HA, and �-SMA in the tumor cohorts.
Immunostaining using an antibody that detects both in-
tact and cleaved versican showed positive staining in
peritumoral stroma, which was significantly elevated
in Adamts1�/� tumors, compared with Adamts1�/� tu-
mors (P � 0.001, Mann-Whitney U-test; Figure 4A). Ver-
sican staining levels in Adamts1�/� and Adamts1�/� tu-
mors significantly correlated with tumor size (Spearman’s
� � 0.385, P � 0.039) and metastatic burden (Spear-
man’s � � 0.378, P � 0.048). Of note, metastases in the
lungs of Adamts1�/� mice also showed stromal versican
staining, despite low versican abundance in the normal
lung (see Supplemental Figure S2D at http://ajp.amjpathol.
org), suggesting that tumors producing ADAMTS1 had
increased immunodetection of versican in both mammary
and lung stromal environments. The higher versican
staining in the Adamts1�/� mammary tumors was not a
result of increased stromal volume, because levels of HA,
a stromal marker and known mediator of tumor progres-
sion34 (P � 0.520, Mann-Whitney U-test; Figure 4B) and
of �-SMA, a marker of infiltrating myofibroblasts,35 were
abundant in peritumoral stroma but were not different
between the two genotypes (P � 0.712, Mann-Whitney
U-test; Figure 4C). Isoform-specific RT-PCR analysis
demonstrated that V0 and V1 versican were abundant,
and that low levels of V2 and V3 versican isoforms were
present in both Adamts1�/� and Adamts1�/� tumors

(Figure 5A). Real-time quantitative PCR revealed that
total versican mRNA levels were not different between
Adamts1�/� and Adamts1�/� tumors (P � 0.841,
Mann-Whitney U-test; Figure 5B). Western blotting with
the anti-�-GAG antibody showed that the 70-kDa
cleaved versican V1 was significantly elevated in
Adamts1�/�, compared with Adamts1�/� tumors (P �
0.029, Mann-Whitney U-test; Figure 5, C and D). The
identity of the �-GAG-positive versican band at 75 kDa,
most abundant in the Adamts1�/� tumor extract, is
unknown. A single band of �500 kDa appears to be
intact versican, which was equally abundant in extracts
of both Adamts1�/� and Adamts1�/� tumors. The anti-
�-GAG versican antibody detected abundant intact
and cleaved versican in mouse COC extract as de-
scribed previously.4 The 70-kDa cleaved versican V1,
which was more abundant in Adamts1�/�, compared
with Adamts1�/� tumors, was shown to represent the
ADAMTS1-cleaved form with an antibody to the
DPEAAE neo-epitope (Figure 5E). The high reactivity
with this antibody only in wild-type tumors suggests
that cleavage of versican in these tumors is due pri-
marily to ADAMTS1. Further support for this idea was
obtained from immunohistochemistry, which showed
strong DPEAAE neo-epitope staining in stroma of
Adamts1�/� but not in Adamts1�/� tumor sections (Fig-
ure 5, F and G). This concentration of cleaved versican in
breast cancer stroma suggests that active ADAMTS1 pro-
duced by tumor cells diffuses to this site, where it cleaves

Figure 4. ADAMTS1 enhanced stromal versican
accumulation, without altering total stromal vol-
ume. Versican, hyaluronan (HA), and �-smooth
muscle actin (�-SMA) immunostaining or HA-
binding protein (HABP) affinity labeling of tu-
mor sections of fourth mammary gland contain-
ing invasive tumors from Adamts1�/� (n � 15)
and Adamts1�/�/PyMT (n � 16) mice. Repre-
sentative examples of immunolabeling are
shown for versican (A), HA (B), and �-SMA (C)
in Adamts1�/� and Adamts1�/� mice, with
quantitated levels. A: Versican immunostaining
area was significantly lower in Adamts1�/�/
PyMT tumors. *P � 0.001, Mann-Whitney U-test.
B: HA levels were not significantly different
between genotypes. P � 0.792, Mann-Whitney
U-test. C: �-SMA levels were not significantly
different between genotypes. P � 0.792, Mann-
Whitney U-test. Scale bar � 100 �m; all images
are at the same magnification.
versican.
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Increased CD45� Leukocytes and Th1 Immune
Gene Expression in Adamts1�/�/PyMT Tumors

Additional characterization of the peritumoral stroma in
the PyMT tumors revealed increased density of CD45�

leukocytes in Adamts1�/�, compared with Adamts1�/�

tumors (Figure 6A). Further analysis with specific immune
cell markers revealed no difference in macrophage cell
density (F480; Figure 6B) or T-lymphocyte cell density
(CD3; Figure 6C). We used a qPCR TLDA of immune-
related genes to further explore changes in immune cell
types in extracts of Adamts1�/� and Adamts1�/� tumors.
Out of six genes showing greater than twofold increase in

Figure 5. Versican mRNA expression is equivalent, but cleaved versican
protein is reduced, in Adamts1�/�/PyMT versus Adamts1�/�/PyMT tumors.
A: RT-PCR of versican isoforms in Adamts1�/�/PyMT and Adamts1�/�/
PyMT tumors. B: qRT-PCR for total versican in Adamts1�/�/PyMT (n � 5)
and Adamts1�/�/PyMT tumor RNA (n � 5) calibrated against versican col-
lected from granulosa cell (GC) extracts. C: Western blot of equal amounts of
protein from tumor lysates of Adamts1�/�/PyMT (n � 4) and Adamts1�/�/
PyMT tumors (n � 4) were analyzed by using versican and �-actin antibod-
ies. An extract of cumulus oocyte complexes (COC) from ovaries stimulated
with human chorionic gonadotropin for 12 hours to induce ovulation was
included as a positive control, indicating the known size properties of intact
and ADAMTS1-cleaved versican isoform V1. D: Intensity of versican bands
was measured using ImageQuant software (Molecular Dynamics; Melbourne,
Australia) and normalized to �-actin levels. Data are expressed as means � SD.
*P � 0.029, Mann-Whitney U-test. E: Adamts1�/�/PyMT and Adamts1�/�/PyMT
tumor lysate and COC extract immunoblotted with neo-epitope versican anti-
body to ADAMTS cleavage site (anti-DPEAAE). F and G: Immunohistochemistry
with anti-DPEAAE versican antibody revealed cleaved versican in Adamts1�/�/
PyMT tumor tissues (F), but not in Adamts1�/�/PyMT (G) tumor tissues. Scale
bars � 100 �m.
Adamts1�/� versus Adamts1�/� tumors, five were cyto-
toxic cell markers CD40L (IL-12a, SOCS2, Tbx21t, and
granzyme B; see Supplemental Table S1 at http://ajp.
amjpathol.org). This finding was supported by the dem-
onstration of significantly elevated IL-12� cell numbers in
Adamts1�/� tumor tissue sections, compared with Ad-
amts1�/� tumors (Figure 6D). Of four genes down-regu-
lated by twofold or more, three were Th2 markers [CCR4,
CSF3 (alias GCSF), and PTGS2; see Supplemental Table
S2 at http://ajp.amjpathol.org]. Taken together, these re-
sults suggest a switch toward a Th1-type immune re-
sponse in ADAMTS1-deficient tumors.

Discussion

Proteases play important roles in tissue remodeling and
modulating cell microenvironments through degradation
of the ECM and processing of growth factors and adhe-
sion molecules. To metastasize, tumor cells must acquire
the capacity to invade through the peritumoral ECM bar-
rier, and reactive tumor-stroma interactions also play a
role in cancer progression, promoting cell proliferation,
motility, and invasion.36 Metastasis requires that cells
detach from the primary tumor mass, invade the sur-
rounding ECM, enter the vasculature, and then extrava-
sate and grow at distant sites,37 with each step necessi-
tating cellular proteases that remodel the ECM
environment. Our results indicate that ADAMTS1 be-
comes up-regulated in advanced-stage PyMT tumors
and participates in the remodeling of the peritumoral
stroma, tumor growth, and pulmonary metastasis. Spe-
cifically, tumor cell survival, cleavage of versican, and a
tolerogenic immune cell phenotype in the peritumoral
stroma were promoted by ADAMTS1.

The incidence of mammary tumors and of pulmonary
metastasis was not affected in Adamts1�/� MMTV-PyMT
transgenic mice, but the growth of mammary tumors and

Figure 6. Numbers of CD45� leukocytes and IL-12� cells are increased in
Adamts1�/�/PyMT tumors. A: Leukocyte numbers measured by CD45 pos-
itivity were increased in Adamts1�/�/PyMT tumors. P � 0.047, Mann-Whit-
ney U-test. B: Macrophage numbers measured by F480 positivity were not
significantly different between Adamts1�/�/PyMT and Adamts1�/�/PyMT tu-
mors. P � 0.714, Mann-Whitney U-test. C: T-lymphocyte numbers measured by
CD3 positivity were not significantly different between Adamts1�/�/PyMT Ad-
amts1�/�/PyMT tumors. P � 0.790, Mann-Whitney U-test. D: The number of

� �/�
IL-12 cells (10 fields at �40 magnification) was increased in Adamts1 /PyMT
tumors, relative to Adamts1�/�/PyMT tumors. P � 0.002, Mann-Whitney U-test.
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metastases were reduced. Our present findings show
that mammary gland development is not altered, and
previously we have reported normal ovarian steroid levels
in Adamts1�/� mice.3,31 More aggressive tumor behavior
was associated with the capacity to express high levels
of ADAMTS1. In PyMT�/Adamts1�/� tumors, the level of
ADAMTS1 increased with advancing grade and was cor-
related with tumor weight. Furthermore, Adamts1�/� lit-
termates showed intermediate primary tumor and meta-
static burden, suggesting that tumor progression is
sensitive to ADAMTS1 gene dosage. ADAMTS1 abun-
dance was elevated only after 16 weeks of age, which
confirms the notion that up-regulation of Adamts1 is not
via direct activation of transcription by the middle-T on-
cogene. As has been demonstrated in human cancers,
most likely Adamts1 becomes transcriptionally activated
through epigenetic mechanisms, including DNA methyl-
ation (colon and lung cancer)38 and histone acetylation
(lung carcinoma).39

The reduced histological grade of invasive tumors and
increased proportion of DCIS in Adamts1�/� mice are
indicative of arrest or delayed disease progression in the
absence of ADAMTS1. The higher proportion of noninva-
sive DCIS may indicate impaired capacity of tumor cells
to break through the ductal basement membrane. Con-
sistent with this, growing ovarian follicles in Adamts1�/�

mice have defective basement membrane remodel-
ing.3,31 The reduced size and proportion of aggressive
tumors in Adamts1�/� mice may be due to a similar
failure to degrade the ECM.

Angiogenesis is a key mechanism involved in tumor
growth and metastasis, in which the protease ADAMTS1
may be involved.40–42 Our present results show no sig-
nificant increase in blood vessel density in Adamts1�/�

tumors, suggesting that antiangiogenic action of
ADAMTS1 is not a major contributing factor to total tumor
angiogenesis. Lymphangiogenesis in the ovary is depen-
dent on ADAMTS1 activity,3,43 and in breast cancers en-
hanced lymphangiogenesis provides a route for dissemina-
tion to lymph nodes and eventually metastasis to distal
tissues such as lung.44 Although we found the lowest pro-
portion of lymph node metastases in Adamts1�/� mice, the
infrequency of lymph node metastases of PyMT tumors
(consistent with previous reports45) precludes any inter-
pretation of a role for ADAMTS1 in dissemination to lymph
nodes.

Our results are also consistent with observations from
xenografted TA3 breast cancer cell lines overexpressing
ADAMTS1, which showed reduced apoptosis and equiv-
alent proliferation in pulmonary lesions.19 This activity
was dependent on protease activity of ADAMTS1, which
also mediated activation of the cell surface EGF-like li-
gands amphiregulin and heparin binding-EGF. A similar
mechanism was demonstrated by overexpression of
both MMP1 and ADAMTS1 proteases in weakly meta-
static MDA-MB231 breast cancer sublines, resulting in
augmented paracrine release of EGF-like ligands and
enhanced bone metastasis.46 In PyMT� mammary tu-
mors, the apoptotic index was lower in Adamts1�/� than
in Adamts1�/� tumors, despite equivalent vascular den-

sity and cleaved versican accumulated in peritumoral
stroma. The liberated G3 domain of cleaved versican has
EGF-like activity47–49 and might act as an EGF-like signal
in the Adamts1�/� tumor microenvironment, resulting in
reduced apoptosis and increased tumor growth com-
pared with null littermates.

Versican abundance is a strong predictor of metastatic
relapse in human breast cancer21,22 and in many other
carcinoma types.23 Cleavage of versican by ADAMTS
proteases is a context-dependent morphogenic sig-
nal,25,26 and N-terminal (G1) and C-terminal (G3) versi-
can fragments enhance tumor growth, invasiveness, and
metastasis.48,50–53 The local accumulation of versican
fragments generated by ADAMTS1 digestion may pro-
mote cancer cell motility and invasion. This notion is
supported by recent studies of glioma cells showing that
the G1 domain of brevican generated by ADAMTS cleav-
age is capable of enhancing cell adhesion and motil-
ity.54,55 Furthermore, TGF�2-stimulated glioma cell migra-
tion was completely blocked by an antibody specific to the
ADAMTS-cleaved neo-epitope of V0/V1 versican (amino
acid sequence DPEAAE).56 These findings from glioma
progression underscore the important functional implica-
tions of proteoglycan processing by ADAMTS proteases in
the progression to invasive metastatic cancer.

Human breast cancers interact with the immune sys-
tem and become infiltrated by innate and adaptive im-
mune cells that exert either antitumor or tumor-potentiat-
ing activity, depending on the type of immune response
elicited (Th1 versus Th2).57 In the PyMT model, meta-
static progression requires CD4� T helper-2 (Th2, tolero-
genic) cells that activate tumor promoting macro-
phages.58 A polarized Th1 (cytotoxic) response in T cells
activates the M1 macrophage phenotype and immune
rejection of tumors.57 Adamts1�/� tumors had increased
CD45� and IL-12� cell density and elevated mRNA for
CD40L (a Th1 co-stimulatory signal), and for SOCS2 and
Tbet (signal transduction factors that promote cytotoxic
Th1 cell differentiation), as well as elevated expression of
IL-12 (a Th1-mediating cytokine) and of the cytolytic en-
zyme granzyme B. Taken together, these results indicate
an enhanced cytotoxic host response in ADAMTS1-defi-
cient tumors, a potential cause of heightened apoptosis
and reduced tumor growth and metastasis. Accumulation
of cleaved versican in Adamts1�/� tumors may help to
polarize a tumor-promoting immune response, as re-
ported in Lewis lung carcinoma, in which tumor-derived
versican interacting with Toll-like receptor 2 (TLR2) on
immune cells is required for establishment of tumor foci in
lungs.59

The present study provides in vivo evidence that
ADAMTS1 plays a nonredundant role in growth and me-
tastasis of mammary cancers. Lung metastasis in the
PyMT mouse model is associated with spontaneously
increased levels of ADAMTS1. In the presence of
ADAMTS1-cleaved versican accumulated in the peritu-
moral stroma, tumor cell apoptosis was reduced and
tumor grade and metastatic burden were increased. Our
findings indicate that ADAMTS1 participates in tumor-
mediated stromal remodeling important for the progres-
sion of DCIS to invasive disease and the development of

metastatic disease, possibly by helping to deviate the
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host response and prevent cytotoxic immune attack of
the tumor.
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