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ADAMTS1 and MMP1 proteolytically
engage EGF-like ligands in an osteolytic
signaling cascade for bone metastasis
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Bone metastasis is mediated by complex interactions between tumor cells and resident stromal cells in the bone
microenvironment. The functions of metalloproteinases in organ-specific metastasis remain poorly defined
despite their well-appreciated role in matrix degradation and tumor invasion. Here, we show a mechanism
whereby two distinct metalloproteinases, a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS1) and matrix metalloproteinase-1 (MMP1), orchestrate a paracrine signaling cascade to modulate the
bone microenvironment in favor of osteoclastogenesis and bone metastasis. Proteolytic release of membrane-
bound epidermal growth factor (EGF)-like growth factors, including Amphiregulin (AREG), heparin-binding EGF
(HB-EGF), and transforming growth factor a (TGFa) from tumor cells suppress the expression of osteoprotegerin
(OPG) in osteoblasts and subsequently potentiate osteoclast differentiation. EGF receptor (EGFR) inhibitors block
osteolytic bone metastasis by targeting EGFR signaling in bone stromal cells. Furthermore, elevated MMP1 and
ADAMTS1 expression is associated with increased risk of bone metastasis in breast cancer patients. This study

established MMP1 and ADAMTS]1 in tumor cells, as well as EGFR signaling in osteoblasts, as promising
therapeutic targets for inhibiting bone metastasis of breast cancer.
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Bone metastasis is a frequent complication of breast
cancer, and is often accompanied by debilitating bone
fracture, severe pain, nerve compression, and hypercalce-
mia (Mundy 2002; Roodman 2004; Guise et al. 2005;
Gupta and Massague 2006). Effective therapies for bone
metastases rely on a better molecular understanding of
the pathological process. An important concept has
emerged in recent years that osteolytic bone metastasis
is driven by intricate cellular and molecular interactions
among tumor cells and host stromal cells commonly
found in the bone milieu (Mundy 2002; Roodman 2004;
Guise et al. 2005). Tumor-derived factors alter the fine
balance of osteoclast and osteoblast activities that are
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necessary for maintaining normal bone homeostasis.
Increased osteoclast activity leads to bone matrix degra-
dation and the release of bone-derived growth factors that
can further stimulate the metastatic function of tumor
cells. Central to the control of this so-called “vicious
cycle” of bone metastasis is the modulation of osteoclast
activity by the tumor necrosis factor (TNF) family mem-
ber receptor activator of nuclear kB ligand (RANKL)
(Mundy 2002). RANKL is expressed in both membrane-
bound and soluble forms by osteoblasts, while its cognate
receptor RANK is expressed on the surface of osteoclasts
and controls a key signaling pathway essential for oste-
oclast differentiation. Osteoprotegerin (OPG), a soluble
decoy receptor of RANKIL, is also produced by osteoblasts
to antagonize the activity of RANKL. The function of
tumor-derived bone metastasis factors, such as parathy-
roid hormone-related peptide (PTHrP), hinges upon their
ability to increase RANKL production or decrease OPG
secretion by osteoblasts, ultimately promoting osteoclast
differentiation and activation (Mundy 2002).
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Although metalloproteinases are well known to have
critical functions in tissue remodeling, tumor progres-
sion, and metastasis through their proteolytic activities
for extracellular matrix (ECM) degradation, invasion, and
cytokine mobilization (Egeblad and Werb 2002; Overall
and Lopez-Otin 2002; Page-McCaw et al. 2007), the
specific functional mechanism of metalloproteinases in
promoting bone metastasis has not been well character-
ized. In an attempt to identify breast cancer bone metas-
tasis genes, we previously used an in vivo selection ap-
proach to derive highly bone metastatic variants from the
MDA-MB-231 breast cancer cell line (Kang et al. 2003).
Gene expression profiling of these variants identified a set
of 11 putative breast cancer bone metastasis genes, in-
cluding two genes encoding metalloproteinases, a disinte-
grin and metalloproteinase with thrombospondin motifs
(ADAMTS1) and matrix metalloproteinase-1 (MMP1).
Thus, this model system provides an ideal opportunity
to explore the functional role of these two metalloprotei-
nases in bone metastasis.

ADAMTS]1, a member of the ADAMTS family (Kuno
et al. 1997), has been shown to be capable of binding to
and degrading ECM components, including the proteo-
glycans aggrecan and versican (Porter et al. 2005). Over-
expression of ADAMTSI promotes pulmonary metas-
tasis of TA3 mammary carcinoma and Lewis lung carci-
noma cells (Liu et al. 2005). However, the functional and
clinical relevance of ADAMTS] in bone metastasis
remains unknown. MMPI (also known as interstitial
collagenase) is the prototype of the large family of MMPs
(Page-McCaw et al. 2007). Although the main substrates
of MMP1 are fibrillar collagens, it can cleave many other
components in the ECM, including perlecan, laminin,
aggrecan, and versican, some of which are also substrates
for ADAMTSI. Additionally, signaling molecule precur-
sors, such as pro-TNFq, can be shed from cell surface
by MMPI1 (McCawley and Matrisian 2001; Egeblad and
Werb 2002). MMP1 overexpression was found in a wide
variety of malignant tumors (Brinckerhoff et al. 2000;
Egeblad and Werb 2002) and was almost invariably cor-
related with increased tumor stage, presence of distant
metastasis, and poor survival (Egeblad and Werb 2002). In
addition to its ability to degrade ECM, MMPI1 can also
promote tumor invasion through proteolytic activation of
G protein coupled receptor PAR1 (Boire et al. 2005).
Despite the well-known function of MMPI1 in tumor
progression, its role in bone metastasis has remained
undefined.

In this study, we uncovered a functional role of MMP1
and ADAMTSI in promoting osteolytic bone metastasis.
The combined actions of these two proteases activate
osteoclast differentiation by shedding tumor-derived epi-
dermal growth factor (EGF)-like factors to reduce osteo-
blast production of OPG in the local bone microenvi-
ronment. EGF receptor (EGFR) inhibitors block osteolytic
bone metastasis by targeting EGFR signaling in bone stro-
mal cells, and therefore may have therapeutic benefits in
the treatment of bone metastasis even for patients whose
primary tumors are nonresponsive to EGFR inhibitors.
Simultaneous overexpression of MMP1 and ADAMTSI

ADAMTS1 and MMP1 promote bone metastasis

were observed in a large proportion of breast tumor sam-
ples and is associated with increased risk of bone metas-
tasis. These results suggest that molecular targeting of
metalloproteinases and EGFR signaling in the bone stro-
ma may become effective therapeutics for breast cancer
bone metastasis.

Results

Combined silencing of ADAMTS1 and MMPI1 reduces
bone metastasis

Northern blot analysis of MDA-MB-231 sublines with dif-
ferent metastasis abilities to bone revealed that ADAMTS1
and/or MMP1 were highly expressed only in the highly
metastatic sublines (Fig. 1A; Kang et al. 2003; Minn et al.
2005a). In order to test the functional importance of
ADAMTS1 and MMP1 in metastasis, the expression of
these two genes was silenced either individually or
in combination by sshRNAs in SCP20, a highly bone
metastatic single-cell-derived progeny (SCP) from MDA-
MB-231 (Fig. 1B; Kang et al. 2003). The control and
knockdown derivatives of SCP20 were inoculated into
nude mice by intracardiac injection, and metastasis
burden was measured by weekly bioluminescence im-
aging (BLI) using a firefly luciferase reporter stably ex-
pressed in these cells (Minn et al. 2005b). Kaplan-Meier
curves and normalized BLI signals were plotted to analyze
the kinetics of the metastasis development (Fig. 1C;
Supplemental Fig. S1A,B). Whereas the single knockdown
of either ADAMTS1 or MMP1 did not significantly reduce
the incidence of bone metastases or prolong survival
(P > 0.1), the combined silencing of both genes dramati-
cally inhibited bone metastasis formation (P = 0.0041)
(Fig. 1C) and increased the survival rate (P = 0.0037)
(Supplemental Fig. S1A). As indicated by BLI signal
curves, the single knockdowns caused an appreciable
reduction of metastasis burden, yet a highly significant
reduction was observed only when the expression of
both genes was silenced (Supplemental Fig. S1B; repre-
sentative mice from each group are shown in Fig. 1D).
X-ray imaging revealed extensive osteolytic bone lesions
formed by the control and single-knockdown cells,
whereas mice injected with double-knockdown cells
maintained their bone integrity (Fig. 1D). The osteolytic
nature of the metastases was confirmed by hematoxylin
and eosin (H&E) staining, and the presence of osteo-
clasts along the tumor-bone interface was visualized
and quantified by tartrate-resistant acid phosphatase
(TRAP) staining (Fig. 1D; Supplemental Fig. S2 for en-
larged images). Consistent with the pattern of the re-
duction in metastasis burden by single and double
knockdowns revealed by BLI, osteoclast number was
highest in the control group and significantly lower in
the knockdown groups, with the most dramatic reduc-
tion observed in the double-knockdown group (Fig. 1E;
Supplemental Fig. S2). In the rare bone metastases de-
veloped in mice inoculated with the double knockdown
cells, the bone lesions had a smooth tumor-bone inter-
face and very few TRAP-positive cells (Fig. 1D,E). Most of
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Figure 1. Inhibition of breast cancer bone metastasis by combined knockdown of ADAMTS1 and MMP1. (A) Northern blot analysis of
ADAMTS1 and MMP1 expression in MDA-MB-231 derivatives with different bone metastasis abilities (Kang et al. 2003). ATCC denotes
the parental MDA-MB-231 cell line. Sublines designated by four-digit numbers were obtained from in vivo selection of MDA-MB-231.
SCP6 and SCP20 were SCPs of MDA-MB-231 derived in vitro by dilution cloning. Sublines are color-coded for their previously reported
metastatic ability to bone: strong (red), intermediate (orange), and weak (green) (Kang et al. 2003). (B) Effective knockdown of ADAMTS1
and MMP1 in the MDA-MB-231 subline SCP20 was confirmed by Northern blot analysis of total RNA or Western blot analysis of the
CM. In A and B, white dividing lines separating lanes denote grouping of images from different parts of the same gel. (C) Kaplan-Meier
curve of the incidence of bone metastases in the hindlimbs of the nude mice after intracardiac injection of various cell lines, including
SCP20 stably infected with control viruses, or viruses expressing MMP1 shRNA, ADAMTS1 shRNA, or both. n=10. (**) P <0.01 based
on log-rank test. (D) Bioluminescent (BLI), radiographic and histological (H&E and TRAP staining) analyses of bone lesions in four
representative mice of each experimental group at day 50 after cell injection. The BLI images are shown under the same color scale. In
the radiograph images, white dotted lines show the contour of the bone lesions. Rare small bone metastasis observed in mice injected
with double-knockdown cells has smooth tumor-bone interface and very few TRAP-positive cells. Bars, 200 um. (E) Quantification of
TRAP-positive osteoclasts along the tumor-bone interface. Data represent average = SD. (**) P < 0.01; (***) P < 0.001 based on two-
sided Student’s ¢-test.

small bone lesions developed by double-knockdown cell inal SCP20 cells recovered the metastasis ability to the
regressed a few days after detection by BLI (see example in level of SCP20 (Supplemental Fig. S3B).
Supplemental Fig. S1C). ADAMTS1 and MMP1 do not

play a direct role in the proliferation of tumor cells, as no Overexpression of ADAMTS1 and MMP1 promotes
significant difference in primary tumor growth was bone metastasis

observed for all three knockdown lines compared with

the control line after mammary fat pad injection (P > 0.4) To further validate the effect of ADAMTS1 and MMP1 in
(Supplemental Fig. S1D). This was consistent with a re- promoting osteolytic metastasis, a weakly metastatic
cent report revealing no correlation between MMP1 clonal subline of MDA-MB-231, SCP6 (Fig. 1A), was
mRNA level and tumor size in breast cancer (Cheng engineered to overexpress these two genes either individ-
et al. 2008). To rule out the possibility that the metastatic ually or in combination (Fig. 2A), and subjected to in vivo
behavior changes observed in the knockdown cells could metastasis assays. Only the combined overexpression of
be due to nonspecific gene silencing, we rescued the both genes strongly promoted osteolytic bone metastases
expression of ADAMTSI1 and MMP1, either individually (Fig. 2B; Supplemental Fig. S4A). No effect on primary
or simultaneously, in the double-knockdown cells by tumor growth was observed when one or both of the two
stably expressing shRNA-resistant coding sequences genes were overexpressed (Supplemental Fig. S4B). To
(Supplemental Fig. S3A). When the modified cells were further prove that modulating the activity of ADAMTSI
evaluated for the bone metastasis ability, rescue of either and MMPI1 could change the bone metastasis behavior of
ADAMTS1 or MMP1 expression to the level of the orig- tumor cells, we used a mildly metastatic MDA-MB-231

1884 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on October 29, 2017 - Published by Cold Spring Harbor Laboratory Press

ADAMTS1 and MMP1 promote bone metastasis

= 10%
[
OQ' % [s) =
& N & & L 0 e @24 +CN34
& 20§ e & \so\*. g 8 -+ BOM2B
& & P F & & & P ©
L ) [ S S L_; 10 ek
[:]
I R
e —— —_— Z0.
SCP6 2279 0 7 14 21 28 35
Days after injection
100 100, =
5 10¢
@ - > BADAMTST ***
275 2 751 G ol BMMPT
E & £
3 B £
£ so{ __ E 504 &
2 . ;:;::O:JE * é Control OE 3 108
s G __|—ADAMTS1 OE: -
251 — ADAMTS1 OE o 251 = 10
ES e |—Control KD <
— Double OE B | s eSS s
4 1
o1, 0 E  CcN34 BOM2B

T T T T
20 40 60 o

Days after injection

0

20

40 60

Days after injection

Figure 2. Overexpression of ADAMTS1 and MMP1 in weakly metastatic cells promotes bone metastasis. (A) Low endogenous level
and ectopic overexpression of ADAMTS1 and MMP1 in the weakly metastatic cell line SCP6 as confirmed by Western blot analysis of
CM. (B) Kaplan-Meier curve showing the development of bone metastases in mice injected with different SCP6 sublines listed in A. n =
10. (*) P < 0.05 based on log-rank test. (C) Western blot analysis of ADAMTS1 and MMP1 in the CM of various sublines of 2279 that
were engineered to knockdown MMPI expression or ectopically express ADAMTS1. (D) Kaplan-Meier curve showing the development
of bone metastases in different 2279 sublines. n = 10. (*) P < 0.05; (***) P < 0.001 based on log-rank test. (E) CN34 and BOM2B were
evaluated for the bone metastatic ability in mice, shown are normalized BLI signals in the hindlimb region. (F) Expression of ADAMTS
and MMP1 assessed by qRT-PCR in the primary breast carcinoma cells CN34 and BOM2B. In E and F data represent average = SEM. nn =
10. (**) P < 0.01; (***) P < 0.001 based on two-sided Student’s t-test.

subline, 2279, which overexpresses MMP1 but not
ADAMTSI] (Fig. 1A). When MMPI1 expression was si-
lenced by shRNA (Fig. 2C), the cells showed reduced
osteolytic metastasis activity (Fig. 2D; Supplemental Fig.
S4C). Conversely, ADAMTS1 overexpression in 2279 in-
creased metastasis ability significantly as compared with
the vector control.

To extend the validation of the bone metastasis pro-
moting function of MMP1 and ADAMTSI1, we used
MCF7 and MDA-MB-435, two breast cancer cell lines
that are known to generate osteolytic bone metastasis
(Rucci et al. 2004; Phadke et al. 2006). Even though MDA-
MB-435 was recently suspected to be of melanoma origin
(Rae et al. 2007), it remains a good model to study the
general gene functions in osteolytic bone metastasis.
Consistent with our observation in MDA-MB-231 sub-
lines, while single overexpression of either MMPI or
ADAMTS1 only modestly affected the bone metastasis
potential, double overexpression significantly accelerated
the formation of bone metastases by MCF7 and MDA-
MB-435 cell lines in nude mice (Supplemental Figs. S5,
S6). Taken together, these data clearly indicate that
ADAMTS1 and MMPI1 act in concert to promote osteo-
lytic bone metastasis in breast cancer, and that a com-
bined targeting of both proteases is required to reduce the
bone metastagenicity of the tumor cells.

The link between MMP1 and ADAMTSI overexpres-
sion and bone metastasis was further supported by in vivo
metastasis assays of primary breast tumor cells, CN34,
isolated from the pleural effusion of a breast cancer

patient treated at the Memorial Sloan-Kettering Cancer
Center (MSKCC). A derivative cell population, BOM2B,
was isolated after two rounds of in vivo selection from the
bone metastasis formed by CN34 in nude mice. When
reinjected into nude mice, BOM2B displayed significantly
higher bone metastatic ability than the parental cells
(Fig. 2E). When the expression of ADAMTS1 and MMP1
was assessed using quantitative RT-PCR (qRT-PCR),
both genes were dramatically up-regulated in BOM2B
(Fig. 2F).

The proteolytic activities of ADAMTS1 and MMP1
may contribute to colonization of tumor cells in the bone
by promoting invasion and migration. In the transwell
invasion assay, ADATMS1 and MMP1 knockdown signif-
icantly reduced the invasive behaviors of the tumor cells
through Matrigel or human bone marrow endothelial cell
(HMBEC) barriers, particularly in the case of combined
knockdown (Supplemental Fig. S7). However, the dra-
matic reduction of osteolytic bone metastasis ability of
the double-knockdown cells could not be fully accounted
for simply by the loss of invasiveness. The paucity of
TRAP-positive osteoclasts in small bone lesions gen-
erated by double-knockdown cells (Fig. 1D,E) and the
frequent regression of these nascent metastases (Supple-
mental Fig. 1C) suggest that the double-knockdown cells
may be defective in sustaining crucial interactions with
bone stromal cells that are important for the survival and
proliferation of disseminated breast cancer cells in the
bone microenvironment (Mundy 2002; Roodman 2004;
Guise et al. 2005).
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Secreted factors from ADAMTSI1- and
MMP1-overexpressing cancer cells alter the balance
of RANKL and OPG production by osteoblasts

As ADAMTS1 and MMP1 expression was correlated with
osteolytic activity and the number of osteoclasts in bone
metastases, we investigated the role of these genes in
tumor-stimulated osteoclast activation. Mouse primary
bone marrow cells were treated with the conditioned
media (CM) from the control and knockdown sublines of
SCP20 in an in vitro osteoclastogenesis assay, and TRAP-
positive multinucleated mature osteoclasts were scored
(Fig. 3A,B). Primary bone marrow cells that were cultured
without CM from tumor cells had very few TRAP-
positive cells. In contrast, the CM of the SCP20 cell line
induced extensive differentiation of osteoclasts. How-
ever, the osteoclast-activating ability of the CM was
significantly reduced when the expression of MMP1 and
ADAMTSI1 was suppressed either individually, or more
significantly, in combination. To determine whether
ADAMTS1 and MMP1 can influence osteoclast differen-
tiation by altering the expression or release of RANKL
and OPG in osteoblasts, we used the SCP20 CM to
culture the murine osteoblast cell line MC3T3-E1l that
had been induced to fully differentiate with L-ascorbic
acid and determined the level of RANKL and OPG
released from osteoblasts by immunoblotting (Fig. 3C).
Mature MC3T3-E1 cells secreted a low level of RANKL
and relatively high level of OPG (RANKL/OPG ratio =
0.16). This pattern was reversed by CM from tumor cells
(RANKL/OPG ratio = 2.27). However, when MC3T3-El
was cultured with CM from ADAMTS1/MMP1 double-
knockdown cells, OPG became the dominant species

Figure 3. ADAMTSI and MMPI1 promote osteo-
clastogensis by shedding EGF-like growth factors

again (RANKL/OPG ratio = 0.45). Soluble RANKL and
OPG were clearly derived from MC3T3-El cells rather
than tumor cells as they were absent in the tumor cell
CM (data not shown), although we could not rule out the
possibility that tumor cells may also be induced to secret
RANKL or OPG in the bone microenvironment.

ADAMTS1 and MMP1 release EGF-like ligands
from breast cancer cells to repress OPG expression
in osteoblasts

There could be two possible mechanisms by which
ADAMTS1 and MMP1 regulate RANKL and OPG pro-
duction from osteoblasts. They may alter the abundance
of RANKL and OPG by direct proteolytic processing of
these two osteoblast-derived cytokines, or by targeting
their tumor cell-derived paracrine regulatory factors. We
ruled out the first possibility since direct treatment
of MC3T3-El osteoblasts by activated MMP1 and
ADAMTSI proteases did not change the production of
OPG or RANKL (Supplemental Fig. S8). To identify
tumor-secreted cytokines that are under proteolytic reg-
ulation by MMP1 and ADAMTSI1, we used a human
cytokine antibody array (120 cytokine species included)
to identify differentially represented cytokine(s) in the
CM from control and the single- or double-knockdown
SCP20 cells. Only one cytokine, Amphiregulin (AREG),
was found to be consistently reduced in abundance in
the single-knockdown and, more significantly, double-
knockdown sublines (Fig. 3D). AREG is a member of the
EGF family cytokines. An antibody against EGF was also
present in the array but did not reveal any detectable level
of expression. Based on our previous microarray analysis

With conditioned media from

from tumor cells. (A,B) Induction of osteoclasto-
genesis in murine primary bone marrow cells by
CM from various SCP20 sublines. Differentiated
multinucleated osteoclasts were revealed by TRAP
staining. Representative images of TRAP-staining
are shown in A and quantification of TRAP-positive
cells is shown in B. Data represent average = SD. (*) B

P < 0.05; (***) P < 0.001 with two-sided Student’s = 300
t-test. (C) Alteration of RANKL/OPG abundance ratio 2250
in osteoblasts by ADAMTS1 and MMPI1 to favor & 200
osteoclast differentiation. RANKL and OPG were 5
detected with immunoblotting in the culture media %
of osteoblast MC3T3-El in different conditions. (D) .

Identification of differentially expressed cytokines in
the CM using a human cytokine antibody array.
Signal intensities corresponding to each cytokine in
the CM from knockdown cells were plotted against
its intensity from the control cells. AREG was
highlighted with a dotted circle to show its consis-
tent down-regulation in MMP1 and/or ADAMTSI1
knockdown cells. (E) Western blot showing the level
of three EGF-like factors, AREG, HB-EGF, and TGFaq,
in the CM from SCP20 sublines. (F) Cleavage of the
in vitro translated full-length EGF-like factors by
recombinant MMPI1. An Escherichia coli endoge-
nous biotinylated protein served as loading control.
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of SCP20 and other MDA-MB-231 variants (Kang et al.
2003), we used immunoblotting to analyze several addi-
tional EGF family members that are expressed in appre-
ciable levels in these cells. Heparin-binding EGF (HB-
EGF) and transforming growth factor o (TGFa) were also
found to be significantly lower in the CM of single- and/or
double-knockdown lines compared with the control line
(Fig. 3E). The changes in the expression of these EGF-like
ligands were not regulated at the mRNA level, as de-
termined by Northern blot analysis (Supplemental Fig.
S9). Taken together, these results suggest that the differ-
ent abundance of these EGF-like growth factors in CM is
controlled at the post-translational level.

Metalloproteinases have been known to participate in
the shedding and maturation of membrane-bound growth
factors (Page-McCaw et al. 2007). ADAMTS1 and MMP1
may increase the bioavailability of EGF family growth
factors in the CM by mediating their shedding from the
cell membrane. Recently, EGF-like ligands were shown to
be released by ADAMTSI (Liu et al. 2005). We tested if
MMPI1 could also proteolytically cleave EGF-like ligands
by incubating in vitro translated and biotinynated AREG,
HB-EGF, and TGFa with activated MMP1. The translated
products were indeed specifically cleaved after incuba-
tion with MMPI (Fig. 3F).

EGF-like ligands reduce OPG expression in osteoblasts
and potentiate osteoclastogenesis

Having confirmed that AREG, HB-EGF, and TGFa bio-
availability was regulated by ADAMTS1 and MMP1, we
tested whether these tumor-derived EGF-like ligands
could elicit a signaling cascade in osteoblasts to alter
the expression of RANKL and OPG. This is biochemi-
cally possible as osteoblasts express functional EGFR, the
receptor for AREG, HB-EGF, and TGFa (Normanno et al.

ADAMTS1 and MMP1 promote bone metastasis

2005a; Zhu et al. 2007). In contrast, osteoclasts have been
shown to lack the expression of EGFR (Tanaka et al.
1998). Soluble recombinant human AREG, HB-EGF, and
TGFa were added individually or in combination into
mature osteoblast cultures of two murine osteoblast cell
lines, MC3T3-E1 and 7F2, and one human osteoblast cell
line hFOB1.19. Immuonblotting and ELISA were used to
measure RANKL and OPG levels in the CM (Fig. 4A,B).
While RANKL level was unaffected (data not shown),
OPG expression was significantly reduced by the EGF-
like ligands, and the regulation was on the mRNA level
(Supplemental Fig. S10). Down-regulation of OPG secre-
tion from osteoblasts by EGF-like factors may potentiate
osteoclast differentiation. Indeed, we observed treatment
of three EGF-like factors, either individually or simulta-
neously, significantly increased the number of mature
osteoclasts in the mouse bone marrow culture (Fig. 4C),
and this increase could be ablated by EGFR-neutralizing
antibody cetuximab or EGFR kinase inhibitor gefitinib
(Fig. 4D). More importantly, these agents also suppress
the ability of the tumor CM to potentiate osteoclasto-
genesis (Fig. 4E), suggesting that inhibiting EGFR sig-
naling in the osteoblasts may reduce the osteoclast-
activating ability of tumor cells.

Targeting EGFR activity in the bone stroma blocks
the development of bone metastasis

Despite a high level of EGFR expression, MDA-MB-231
lacks proliferative response to EGF (Price et al. 1999) and
is resistant to the growth arrest by the EGFR kinase in-
hibitor gefitinib in vitro (Davidson et al. 1987) and in vivo
(Wakeling et al. 2002). Consistent with these previous
observations, we found that in vitro proliferation of MDA-
MB-231 and its derivative SCP20 was unaffected by
cetuximab or gefitinib at concentrations that significantly
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inhibit growth of various EGFR inhibitor-sensitive cell
lines, including BT474 (breast cancer) and A549 (lung
cancer) (Fig. 5A,B). When tested as xenograft mammary
tumors, SCP20 failed to show response to cetuximab,
gefitinib, or the combined treatment (Fig. 5C). However,
when SCP20 was inoculated into nude mice by intracar-
diac injection to form bone metastasis, mice treated with
either cetuximab and/or gefitinib showed dramatically
lower bone metastasis burdens (P < 0.0001) (Fig. 5D-F).
Overall, 100% of mice in the control group (treatment
with drug vehicle only) developed osteolytic bone metas-
tases, whereas only 30% of the mice from the groups
treated with a single drug developed bone metastases
(with significantly lower metastasis burdens). Combined
treatment with both drugs completely abolished the for-
mation of metastasis, suggesting a superior performance
of the combinatorial regime over single agent targeting of
EGFR. To further evaluate whether EGFR inhibitors
suppress bone metastasis by blocking EGFR-dependent
tumor-stroma interaction in the bone microenvironment
or by blocking earlier steps of metastasis following in-
tracardiac injection (i.e., survival in the circulation and
extravasation), we inoculated SCP20 cells directly into
the tibial metaphysis through intratibial injection and
monitored the bone metastasis formation with or with-
out EGFR inhibitor treatments. Similar to the results
from the intracardiac injection experiment, mice treated
with cetuximab or/and gefitinib did not develop any
significant metastasis in tibia, whereas the control mice
developed massive osteolytic metastases (P < 0.01) (Fig.
5G,H). Taken together, the results indicate that osteolytic

Figure 5. Targeting EGFR signaling activ- A
ity in the bone stroma blocks the forma-
tion of bone metastasis. (A,B) In vitro
proliferation of MDA-MB-231 and its de-
rivative SCP20 was unaffected by treat-
ment with cetuximab or gefitinib. As
a control, the proliferation of human
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bone metastasis can be successfully controlled by using
clinically available EGFR inhibitors to target tumor—
stroma interaction in the bone microenvironment, even
when tumor cells do not have anti-proliferative response
to EGFR inhibitors.

Elevated expression of MMP1 and ADAMTS]1 in breast
cancer increases risk of bone metastasis

To investigate the prevalence of MMP1 and ADAMTSI1
overexpression in breast cancer and their clinical rele-
vance to bone metastasis, we first examined the frequency
of MMP1 and ADAMTS1 overexpression in a breast
cancer tissue array consisting of a total of 146 samples:
four cases of stromal tissue, two cases of hyperplasia, five
cases of ductal carcinoma in situ (DCIS), 100 cases of
primary invasive ductal carcinoma, 18 cases of invasive
lobular carcinoma, and 17 cases of poorly differentiated
breast carcinoma. Immunohistochemical analysis of
MMPI1 and ADAMTSI revealed that MMP1 was found
to be expressed by both carcinoma cells and stromal
cells in nearly all of the breast tumor samples (>98%).
However, the expression of ADAMTS1 was largely re-
stricted to cancer cells in a subset of the breast carcinoma
samples (39.7%) and was not found to be expressed in
stromal breast tissues or hyperplasia. Thus, MMP1 and
ADAMTS1 were simultaneously expressed in a signifi-
cant proportion of primary breast tumors (Fig. 6A).
MMP1 was previously reported to be a putative breast
cancer predictive marker (Poola et al. 2005), yet its con-
nection with tissue-specific metastasis of breast cancer
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Figure 6. Expression and prognostic
value of ADAMTSI and MMPI in human
breast cancer and a model for their mech-
anism of action in promoting bone metas-
tasis. (A) Immunohistochemical staining
of ADAMTSI1 and MMPI on a tissue array
of human breast cancer samples. Shown is
a typical case of infiltrating ductal carci-
noma with evident expression of both
MMP1 and ADAMTSI in the tumor cells
(Ieft and middle images), as well as a tumor
sample with negative staining for ADAMTS1
(right image). (B) Kaplan-Meier curve show-
ing that high level of MMP1 in the serum
of breast cancer patients is correlated with
a higher risk of bone metastasis. (C) Ex-
pression level of ADAMTSI in primary
breast tumors with or without subsequent
development of bone metastasis. Expres-
sion levels of ADAMTS1 were extracted
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two-sided Student’s t-test. (D) A schematic
model for the function of ADAMTS]1 and

MMPI in bone metastasis of breast cancer. ADAMTSI] and MMP1 synergistically promote the invasion of breast cancer cells
through the endothelium and the underlying connective tissue in the parenchyma of the metastasis site. The two metalloproteinases
also shed EGF-like ligands, including HB-EGF, AREG, and TGFq, from the surface of the tumor cells. These growth factors down-
regulate the expression of OPG in the osteoblasts. MMP1 and ADAMTSI also increase the production of RANKL through an
unknown mechanism. Increase of the RANKL-to-OPG ratio in the bone microenvironment promotes osteoclast differentiation and

bone destruction.

has not been described. Since relevant bone metastasis
information of the samples in the breast cancer tissue
array was not available, we instead performed MMP1
ELISA on the serum samples from 250 breast cancer
patients for whom clinical data of their bone metastasis
status had been collected. A high level of serum MMP1
(>20 ng/mL) was significantly correlated with the pres-
ence of bone metastasis in breast cancer patients (P =
0.0046) (Fig. 6B). We were unable to perform a similar
analysis on serum ADAMTSI as an effective ELISA assay
for ADAMTSI1 could not be established. Nevertheless,
by using the microarray data from a previously published
data set of 82 primary tumor samples obtained from
breast cancer patients treated at the MSKCC (Minn
et al. 2005a), ADAMTS1 mRNA was found to be ex-
pressed at a significantly higher level in the primary
tumors from patients who developed bone metastasis
(Fig. 6C). Together, these results validated overexpression
of MMP1 and ADAMTSI in a significant proportion of
breast tumors and their association with higher risk of
bone metastasis.

Discussion

Metalloproteinases, including MMP, ADAM, and ADAMTS
family members, play important roles in development,
tissue remodeling, and cancer progression (Egeblad and
Werb 2002; Mochizuki and Okada 2007; Page-McCaw
et al. 2007). Their perceived functions in metastasis
have been associated mainly with their ability to col-

lectively degrade all components of the ECM, thereby
promoting tumor cell migration and invasion. In recent
years, it has become increasingly clear that the sub-
strates for metalloproteinase also include many non-
matrix extracellular and membrane-bound proteins,
including protease precursors and inhibitors, cytokines,
latent growth factors, growth factor-binding proteins, and
adhesion molecules (McCawley and Matrisian 2001).
Understanding how metalloproteinases promote organ-
specific metastasis through altering the signaling milieu
in the tumor-stroma microenvironment is crucial for
developing better molecular therapeutics for metastatic
cancer.

The involvement of MMPs and related metalloprotein-
ases in bone metastasis has long been speculated based on
the bone remodeling defect of MMP-deficient animals
(Page-McCaw et al. 2007), the production of MMPs by
osteoclasts during bone resorption (Reponen et al. 1994;
Tezuka et al. 1994), the ability of MMPs to degrade major
components of bone matrix (Bonfil et al. 2004), the high
level of MMP expression in tumors, and their correlations
with poor clinical outcomes (Coussens et al. 2002). Broad-
spectrum MMP inhibitors have been tested in preclinical
models of bone metastasis and proven to be effective in
reducing bone destruction. For example, tissue inhibitor
of metalloproteinase-2 (TIMP-2) and broad-spectrum
MMP inhibitors, including Batimastat (BB-94), GM
6001, and Neovastat (AE-941), were found to significantly
reduce bone metastasis of the MDA-MB-231 breast
cancer cells in vivo (Yoneda et al. 1997; Lee et al. 2001;
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Nemeth et al. 2002; Weber et al. 2002; Winding et al.
2002). However, the specific involvement and functional
mechanisms of individual metalloproteinase in bone
metastasis remain poorly characterized. In this study,
we show that MMP1 and ADAMTS] act in concert to not
only enhance invasion through the ECM and endothe-
lium, but also to promote tumor colonization in the bone
microenvironment through an intricate pro-osteolytic
signaling cascade that involves tumor cells, osteoblasts,
and osteoclasts (Fig. 6D). MMP1 and ADAMTSI1 pro-
teolytically release EGF-like ligands, including AREG,
HB-EGF, and TGFaq, from tumor cells. These EGF family
growth factors signal through the EGFR pathway in
osteoblasts to inhibit the expression of OPG. MMP1
and ADAMTSI also increase the release of RANKL by
osteoblasts through an unknown mechanism, as RANKL
secretion from cultured osteoblasts was not altered
by direct treatment of either the two proteases or the
EGF-like growth factors. Overall ADAMTS1/MMP1
overexpression in tumor cells significantly increased
the production ratio of RANKL to OPG by osteo-
blasts, tipping the balance toward osteoclast activation
(Fig. 6D).

In this osteolytic paracine scheme, the central role of
EGF-like growth factor signaling in osteoblast suggested
a potential therapeutic window for applying EGFR inhib-
itors in the treatment of bone metastasis. The oncogenic
function of the EGF family growth factors and their
receptors has been extensively validated in experimental
and clinical settings (Hynes and Lane 2005). The in-
volvement of the EGFR signaling pathway in bone
metastasis is less well characterized but has been impli-
cated by a number of studies. For example, EGFR de-
ficiency in mice results in delayed primary endochondral
ossification because of impaired recruitment and forma-
tion of osteoclasts (Wang et al. 2004). Conversely, EGF
transgenic mice show postnatal growth retardation as
a result of abnormal bone turnover (Chan and Wong
2000). EGF and TGFa can strongly stimulate bone re-
sorption in vitro (Ibbotson et al. 1986; Lorenzo et al. 1986;
Takahashi et al. 1986), and EGFR signaling has been
shown to affect the expression of OPG and monocyte
chemoattractant protein-1 in osteoblast cells and pro-
mote osteoclast differentiation in vitro (Zhu et al. 2007).
Intriguingly, although EGFR inhibitors have been proven
to have little activity in breast cancer patients as single
agents (Normanno et al. 2005b), dramatic reduction of
bone pain has been documented in phase II clinical trials
of EGFR inhibitors in breast cancer patients with bone
metastasis (Albain et al. 2002; von Minckwitz et al. 2003).
Our study linked the proteolytic shedding of EGF-like
growth factors to an EGFR-dependent paracrine pro-
osteolysis signaling cascade, and provided a molecular
basis to place EGF family ligands in the vicious cycle of
bone metastasis (Fig. 6D). Importantly, the osteolytic
signaling pathway revealed in our current study depends
on the EGFR signaling pathway in osteoblasts, suggesting
that EGFR inhibitors may be effective for treatment of
bone metastasis, even for patients whose primary tumors
are nonresponsive to EGFR inhibitors. Indeed, we ob-
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served that EGFR inhibitors can effectively suppress the
development of bone metastasis by an EGFR inhibitor-
nonsensitive breast cancer cell line, MDA-MB-231 (Fig.
5). Further functional characterization of the EGF family
ligands in preclinical models of bone metastasis will
provide additional rationale for clinical trials of EGFR
inhibitors in bone metastasis.

In conclusion, our study revealed the functional im-
portance of MMP1 and ADAMTSI as well as stromal
EGFR signaling in bone metastasis. Elevated levels of
both MMP1 and ADAMTS]1 were detected in nearly 40%
of breast cancers. This observation, together with the
prevalence of TGFa, AREG, and HB-EGF in breast tumors
(37%-80%) (Normanno et al. 2005b), suggest that molec-
ular targeting of MMP1 and ADAMTS]1, combined with
inhibition of EGFR, may potentially reduce the risk of
bone metastasis for a significant number of breast can-
cer patients. Furthermore, a high level of serum MMP1
strongly correlates with higher risk of bone metastasis
and may serve as a predictive marker for the application
of MMP or EGFR inhibitors in the treatment of bone
metastasis.

Materials and methods

Cell culture

The SCP20, SCP6, and 2279 sublines were derived from the
parental cell line MDA-MB-231 (American Type Culture Collec-
tion [ATCC]|) (Kang et al. 2003). These sublines and their
genetically modified variants were maintained in DMEM sup-
plemented with 10% FBS, antibiotics, and appropriate selection
drugs for transfected plasmids. H29 cells, a packaging cell line for
retrovirus production, were maintained in DMEM supplemented
with 10% FBS, 2 mM glutamine, and antibiotics. MCF7 and
MDA-MB-435 were purchased from ATCC and cultured follow-
ing ATCC's instructions. The human bone marrow endothelial
cells line HBMEC-60, generously provided by Dr. C. Ellen van der
Schoot (University of Amsterdam, Amsterdam, The Nether-
lands), was maintained in Basal Medium 200 (Cascade Biolog-
icals) supplemented with 20% FBS, 1 pg/mL hydrocortisone, 3
ng/mL human fibroblast growth factor, 10 pg/mL heparin, and 10
ng/mL human epidermal growth factor (Rood et al. 2000;
Glinsky et al. 2001). Human umbilical vein endothelial cells
(HUVEC) (Lonza) were maintained in the EBM-2 basal medium
supplemented with the EGM-2 SingleQuot growth factors
(Lonza). The murine cell line MC3T3-E1 subclone 4 (ATCC)
was maintained as preosteoblasts in growth medium «-MEM
supplemented with 10% FBS and antibiotics. When switched to
the differentiation condition (growth medium supplemented
with 50 pg/mL L-ascorbic acid) with medium changed every
2 d, the cells differentiated into mature osteoblasts in 7 d as
evidenced by von Kossa staining. The murine osteoblast cell line
7F2 (ATCC) was cultured in «-MEM with 10% FBS (Thompson
et al. 1998). The human cell line hFOB1.19 (ATCC) was main-
tained as preosteoblasts in DMEM:F12 without phenol red
supplemented with 0.3 mg/mL G418 and 10% FBS at 34°C.
When switched to 39.5°C for 2 d after confluence, the cells
differentiated into mature osteoblasts and the medium was
collected (Harris et al. 1995). BT474 cells were maintained in
RPMI1640 with 10% FBS, 10 pg/mL bovine insulin, and anti-
biotics. A549 cells were maintained in DMEM with 10% FBS and
antibiotics.
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Generation of knockdown, overexpression,
and expression-rescued cells

Stable shRNA-mediated knockdown was achieved with the
pSuper-Retro system (with puromycin or hydromycin as selec-
tion markers) (OligoEngine) targeting the following sequences:
5'-GGGTCCCAGACATGTGATA-3' for ADAMTS1 and 5’-AGC
GGAGAAATAGTGGCCC-3' for MMP1. shRNA retroviral vec-
tors were transfected into the packaging cell line H29. After 48 h
viruses were collected, filtered, and used to infect target cells in
the presence of 5 pg/mL polybrene. The infected cells were
selected with 0.5 pg/mL puromycin. ADAMTS1 and MMP1
overexpression were achieved using the retroviral expression
vector pMSCVneo and pMSCVhyg, respectively. Viruses were
generated and used to infect target cells as above and the infected
cells were selected with 1.0 mg/mL G418 or 0.4 mg/mL hygro-
mycin. ADAMTS1 rescue was obtained by creating four silent
point mutations in the shRNA targeted sequence (5'-GGGAGC
CAAACGTGTGATA-3') in the ADAMTS1-pMSCVneo overex-
pression plasmid. MMP1 was rescued in the similar way (5'-
AGCGGAGGAACTCTGGCCC-3'). In order to avoid clonal var-
iations, a pooled population of at least 500 independent clones of
each transfection/transduction was used to generate each stable
cell line used in this study

Tumor xenografts and analysis

All procedures involving mice, such as housing and care, and all
experimental protocols were approved by Institutional Animal
Care and Use Committee (IACUC) of Princeton University. For
intracardiac injections, cells were harvested from subconfluent
cell culture plates, washed with PBS twice, and resuspended at
1 x 10° per milliliter in PBS. Suspended cells (0.1 mL) were
injected into the left cardiac ventricle of 4-wk-old, female nude
mice (NCI) using 26-gauge needles as described previously
(Arguello et al. 1992). Mice were anesthesized with ketamine
(100 mg/kg body weight) and xylazine (10 mg/kg body weight)
before injection. For intratibial injection, 30-gauge needles were
used to inject 1 X 10° cells in 10 pL into the tibia in anesthetized
mice following the method described previously (Bakewell et al.
2003). Development of metastases in bone and other organs was
monitored by BLI. Anesthetized mice were retroorbitally in-
jected with 75 mg/kg D-Luciferin (6900-XR-1001, Caliper Life-
Science). Bioluminescence images were acquired with the IVIS
Imaging System (Xenogen). Analysis was performed with Living
Image software (Xenogen) by measuring photon flux of the whole
mouse body or a region of interest. Data were normalized to the
signal obtained immediately after injection (day 0). X-ray radi-
ography analysis of bone lesions was performed using procedures
as described previously (Kang et al. 2003). For the orthotopic
xenograft model, mammary fat pad injections and tumor size
measurement were performed following the procedure described
previously (Minn et al. 2005a). Caliper measurements of tumor
mammary tumors were used to quantify tumor growth, as strong
BLI signals quickly become saturated by the rapid growth of
primary tumors.

Histological analysis

Hindlimb bones were excised, fixed in 10% neutral-buffered
formalin, decalcified, and embedded in paraffin for H&E and
TRAP staining (Kos et al. 2003). Osteoclast number was assessed
as multinucleated TRAP-positive cells along the tumor-bone
interface on TRAP-stained sections and expressed as osteoclast
number per millimeter of interface (Yin et al. 2003).

ADAMTS1 and MMP1 promote bone metastasis

Human cytokine array

CM from 24-h incubation of confluent cells was applied to the
Human Cytokine Antibody Array C Series 1000 (Raybiotech)
following the manufacturer’s instruction.

Osteoclastogenesis assay in vitro

Bone marrow cells were flushed out from femora and tibiae from
6-wk-old FVB/N mice and plated in basal culture medium
(a-MEM supplemented with 10% FBS, 2 mM L-Glutamine, and
antibiotics) overnight. The next day, the nonadherent cells were
plated at 1 X 10° per well in 24-well plates in a 1:1 mixture of
basal culture medium/filtered CM (harvested from 24-h incuba-
tion of confluent tumor cells) supplemented with recombinant
murine sSRANKL (50 ng/mL) and recombinant murine MCSF (50
ng/mL). Alternatively, the cells were cultured in the supple-
mented basal medium added with recombinant human EGF-like
factors at 10 nM. Medium was changed every 3 d. TRAP staining
was performed on day 6 using a leukocyte acid phosphotase kit
from Sigma (Mitchell et al. 1996). TRAP-positive multinucleated
cells were counted as mature osteoclasts and reported as the
number of osteoclasts/well.

Tissue array immunohistochemistry

A breast cancer tissue microarray composed of 146 primary
tumors was used to stain for ADAMTS1 and MMP1 expression.
Tumor specimens were obtained from the Cancer Institute of
New Jersey with informed consent from all subjects in accor-
dance with the Institutional Review Boards of Princeton Univer-
sity and the University of Medicine and Dentistry of New Jersey.
Immunohistochemistry was performed by the Tissue Analytic
Core Facility in the Cancer Institute of New Jersey. Anti-human
ADAMTSI (a gift from Richard Leduc) and anti-human MMP1
(Chemicon) were first optimized on regular human breast tissue
slides using Discovery XT automated immunostainer (Ventana
Medical Systems). Breast cancer tissue array slides were depar-
affinized and antigen retrieval was performed using either CC1
(Cell Conditioning Solution, Ventana Medical Systems) with
extended time of 72 min for ADAMTSI detection or protease I
(Ventana Medical Systems) for MMP1 detection. ADAMTS]1 and
MMPI1 antibodies were applied at the dilution of 1:10 and 1:50,
respectively, and incubated at room temperature for 2 h. Uni-
versal secondary antibody (Ventana Medical Systems) was ap-
plied for 12 min followed by chromogenic detection kit DABMap
(Ventana Medical Systems). Slides were counterstained with
hematoxylin and dehydrated with xylene.

Each tumor was represented on the arrays by four cores. Each
core was scored as negative (0), low (1), medium (2), or high (3)
according to staining intensities. The core scores from the same
tumor were averaged to produce a single score. A tumor with an
average score >1 was considered as positive for the expression of
the gene.

Serum samples and ELISA analysis of serum MMP1

The serum samples used in the study came from breast cancer
patients who have had serum stored at —70°C within the
MSKCC Clincal Chemistry repository. The Clinical Chemistry
serum repository includes samples from patients who had serial
assessment of CA-15.3 (or BR2729) and CEA over the past 7 yr for
clinical indications. In the adjuvant setting, these blood samples
are drawn every 3-12 mo as part of MSKCC adjuvant care. In
patients with metastatic disease, samples are routinely drawn
monthly during follow up visits. Two-hundred-fifty serum
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specimens were selected from patients with or without evidence
of metastases. A database with the clinicopathologic data of
interest, including age, tumor characteristics (TNM, ER/PR/
HER2 status), involvement of metastasis, and conditions that
may affect bone, as well as treatments administered, were
constructed. Following the retrieval of samples, all patient
identifiers were removed from the specimens to assure patient
confidentiality. The identification, data collection, and material
transfer were performed under a Waiver of Authorization that
was reviewed and approved by the MSKCC Institutional Review
Board and Princeton University Institutional Review Panel.
Serum MMPI levels were assayed using a quantitative ELISA
kit (Oncogene, catalog no. QIA55). The personnel performing the
assay were blinded with regard to the patients’ clinical status.

Pharmacological inhibitors

Cetuximab (Imclone) was obtained from the MSKCC pharmacy.
Gefitinib (Iressa) was obtained from LC Laboratories. For in vitro
proliferation assay, cells were seeded at 2 X 10* per well in 24-
well plates. Twenty-four hours later, the cells were treated with
control human IgG or cetuximab (10 and 100 p.g/mL), and DMSO
or gefitinib (1 and 10 pM), respectively, for 5 d before the cell
number was measured by counting with trypan blue as the
viability dye. For osteoclastogenesis assay, cetuximab (50 pg/mL)
or gefitinib (5 M) were added and renewed simultaneously with
EGF-like factors or tumor cell CM. For xenograft experiments,
mice were pretreated with the agents 1 d before tumor cell
inoculation and subsequently treated in the following regime: (1)
control: 0.05% Tween 80 vehicle by oral gavage daily and 1 mg
per mouse nonspecific purified human IgG in sterile PBS by i.p.
injection twice a week; (2) gefitinib in 0.05% Tween 80 admin-
istered at 100 mg/kg per day and human IgG twice a week; (3) 1
mg per mouse cetuximab twice a week and 0.05% Tween 80; and
(4) gefitinib and cetuximab using the doses as described in 2 and 3
(Moulder et al. 2001; Gupta et al. 2007).

Statistical analysis

Results were reported as mean = SD (standard deviation) or
mean = SEM (standard error of the mean), indicated in the figure
legend. Comparisons between Kaplan-Meier curves were per-
formed using the log-rank test. Other comparisons were per-
formed using unpaired two-sided Student’s t-test without equal
variance assumption or nonparametric Mann-Whitney test.

Additional experimental procedures, including invasion and
transendothelial assays, Northern blot, and Western blot analy-
sis, osteoblast assay, in vitro translation and proteolytic assay,
qRT-PCR, in vivo selection, and characterization of bone-tropic
CN34 variants are listed in the Supplemental Material.
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