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Introduction

Tumor progression involves modulation of cell adhesion, differentiation, division, apoptosis,
angiogenesis as well as migration and metastasis. We have been studying a gene family we term
SIBLINGS (for Small Integrin-Binding Ligand N-linked Glycoproteins) that are induced by certain
neoplasms. Members of the SIBLING family include bone sialoprotein (BSP), osteopontin (OPN),
dentin matrix protein (DMP1), dentin sialophosphoprotein, and matrix extracellular
phosphoglycoprotein. Our published work has shown that BSP and OPN are extended and flexible
in solution (such lack of ordered structure is shared by a number proteins that have multiple
binding partners) [1]. SIBLINGs can bind integrins including o, B, via their RGD sequence [2-4].
OPN and DMP1 can also bind CD44 (via an amino terminal domain) [5-7]. SIBLINGs can bind to
complement Factor H and sequester it to the cell surface thereby regulating complement-mediated
cell lysis [7, 8]. More recently we have shown that SIBLINGs can bind to and modulate the activity
of specific MMPs [9]. It is our hypothesis that SIBLINGs promote breast cancer progression
through neoplastic expression of SIBLINGs that bind to and modulate the activity of specific
MMPs. MMPs play multiple roles in tumor progression including: angiogenesis; processing and
presentation of certain growth factors; and metastasis. We further hypothesize that SIBLINGs are
biologically plausible surrogate endpoint markers for cancer detection.

The goal of the current research is to develop SIBLINGs as serum measures for use in
breast cancer detection, by determining the distribution of their serum levels in a breast cancer
patient population before and after treatment, a large normal (cancer-free) population, and a patient
population at risk for developing breast cancer. Serum levels of gene family members in normal and
breast cancer patients will be used to establish the sensitivity, specificity and predictive value of
these markers in breast cancer. In patients with defined breast cancer, serum levels will be correlated
with stage, prognosis and response to treatment. This research will determine whether serum
SIBLING levels have high sensitivity (low false negative rate) and high specificity (low false
positive rate), can be analyzed in a general laboratory setting (does not require highly specialized
procedures/equipment), and enable early detection.

Body

The tasks outlined in the original Statement of Work for the first year were to:

Task 1. To complete development of competitive ELISA for the SIBLINGs DMP1 and MEPE
(Months 1 — 6):
a. Develop adenovirus expression vector for expressing recombinant human MEPE.
b. Perform checkerboard assays to determine optimum antigen coating and antibody
concentrations for MEPE and DMP1.
c. Determine precision and yield of these new assays.

Task 2. To determine the distribution of serum SIBLING (BSP, OPN, DMP1 and MEPE) levels in
serum obtained from normal donors and breast cancer patients (Months 7 - 24).
a. Measure BSP, OPN, DMP1 and MEPE in a normal population, breast cancer patients and a
population at risk for breast cancer.
b. Determine sensitivity and specificity and perform ROC analysis.
c. Test for clinical correlation between serum SIBLING levels and cancer stage, prognosis,
tumor burden and response to treatment.

Task 3. To refine the existing competitive ELISA assay systems to more rapid sandwich-based
assay systems and verify previous results (Months 24 — 36).
a. Screen monoclonal antibodies for utility in OPN, DMP1and MEPE assays.
b. Employ checkerboard assays to define optimum capture antibody coating, second antibody
concentration and incubation time.
c. Re-analyze normal and breast cancer patient sera using the new sandwich based assays.
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Progress.
Overview:

As of the end of the second year of this grant, Task 1 has been completed and both tasks 2
and 3 are well under way. As described in the previous annual report, the decision was made to
carry out the competitive ELISA analysis while at the same time developing the sandwich-based
assays. Work on characterizing the biology of SIBLING interactions with matrix
metalloproteinases (MMPs) has also continued. A paper in the FASEB Journal describing this
work has been published during the current reporting period and a second manuscript describing
our characterization of MEPE levels in a large normal population is in press at the Journal of
Clinical Endocrinology and Metabolism. Those two papers are included in the Appendix section as
is a manuscript that is currently under review at Clinical Cancer Research that describes SIBLING
expression in different cancers as well as associations between SIBLING levels and tumor stages.

During the current reporting period and on the strength of data generated from our studies
of SIBLING biology, the P.I. successfully applied for Associate Membership in the Early
Detection Research Network (EDRN) maintained by the National Cancer Institute. Membership in
EDRN enables access to banked serum samples as well as quite extensive breast tumor tissue
arrays. Also during this period, the P.I. has applied for funding through the National Institutes of
Health to further pursue the studies of the interactions between SIBLINGs and MMPs and through
the Department of Defense to develop the SIBLING DSPP as a biomarker for prostate cancer
progression.

Detailed Progress Description.
A. SIBLING Biology. (Summary of Appendix I)

As described in the annual report for year one, during the course of purifying recombinant
SIBLINGs for use in immunoassays, proteins that co-purified with specific SIBLINGs under
nondenaturing conditions were observed. These proteins have subsequently been identified as
matrix metalloproteinases (MMPs). MMPs are a class of hydrolytic enzymes defined by
common structure and a requirement for zinc in the active site. Currently it is accepted that the
inhibitory propeptide must be removed before the MMP can be enzymatically active. After the
removal of the propeptide the MMP typically remains active until a TIMP (tissue inhibitor of
matrix metalloproteinase) binds and inactivates the protease. In addition to their roles in tissue
remodeling, MMPs play major roles in tumor cell progression and metastasis [10]. We have
recently shown that at least three members of the SIBLING family specifically bind to different
proMMPs and modulate their activity (Appendix I) [9].

This report demonstrated that three members of the SIBLING family (BSP, OPN and
DMP1) were able to specifically bind (Kg=nM) three different MMPs. BSP specifically bound
to pro- and active MMP-2, while OPN bound to pro- and active MMP-3, and DMP1 bound
pro- and active MMP-9. Binding was demonstrated by: 1) co-purification of the pairs through
nondenaturing chromatographic columns; 2) solution phase intrinsic fluorescence binding studies;
and 3) showing that BSP and OPN affinity columns can be used to purify MMP-2 and MMP-3,
respectively, from media containing several MMPs. Binding of SIBLING to their correspondmg
proMMPs was associated with structural changes as indicated by: 1) fluorescent quenching
during SIBLING binding titration (indicating a change in the microenvironment of the MMP’s
tryptophans); 2) increased susceptibility of proMMP-SIBLING pairs to plasmin digestion; 3)
increased enzymatic activity of the pro-MMPs upon binding their specific SIBLING partner; 4)
reduced ability of specific low molecular weight inhibitors to block SIBLING + MMP
complexes; and 5) restoration of activity to TIMP-inhibited MMPs by the corresponding
SIBLING. These data suggested that the SIBLING family offers an alternative method of
controlling the activity of at least three MMPs [9]
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The biological activity that SIBLINGs possess (modulation of MMP activity through
activation of the latent proenzyme and reactivation of TIMP inhibited MMP) is consistent with
a role in early tumor progression [9]. Perhaps most significantly (from a clinical standpoint)
SIBLINGs were found to restore activity to propeptide-free MMPs whose activity had been
blocked by both natural and synthetic inhibitors. SIBLINGs are induced by neoplasms in vivo
and their modulation of MMP activity (as demonstrated in this manuscript) might contribute to
the relative lack of efficacy seen in the recent clinical trials of MMP inhibitors in numerous
cancers.

B. Distribution and Levels of SIBLINGs.

As described in the year 1 annual report, all steps for Task 1 but the creation of a DMPI
immunoassay had been completed. During year 2 we have successfully developed a DMP1
competitive immunoassay (Figure 1). The competitive ELISAs for the five different SIBLINGs
have been used to determine the levels and distribution in serum from normal donors (Figure 2).
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Figure 1. Competitive ELISAs for BSP, OPN, DMP1, DSPP and MEPE. Serum samples were
diluted 1:10 in a 50% formamide 40 mM phosphate buffer, pH 7.4 and reduced with 2 mM
dithiothreitol at 100 C for 5 min to disrupt the binding of BSP or OPN by complement factor H in
serum. Residual reducing agent and formamide was removed by strong anion exchange spin
column chromatography (ToyoPearl QAE resin, TosoHaas, Montgomeryville, PA) and samples
were taken for analysis using a modified competitive ELISA. Greiner high binding plates were
coated with 20 ng/ml BSP, or 20 ng/ml OPN, or 5 ng/ml DMP1, or 25 ng/ml DSPP, or 10 ng/ml
MEPE overnight in 50 mM carbonate buffer, pH 8.0. Samples and standards were incubated for 2
h with shaking at room temperature with a 1:200,000 dilution of LF-100 antibody (for BSP) or
1:100,000 of LF-124 antibody (for OPN), or 1:200,000 LF148 (for DMP1), or 1:150,000 of LF-
151 (for DSPP), or 1:200,000 of LF-155 (for MEPE) in a Tris buffered saline solution (0.05 M
Tris-HCI, pH 7.5, 0.15 M NaCl) containing 0.05% Tween 20 (TBS-T) in polypropylene 96 well
plates. LF antibodies were obtained from Dr. Larry Fisher, NIDCR, NIH [11]. During those 2 h
the antigen coated plates were blocked with TBS + 5% powdered milk. Antigen coated plates were
then rinsed three times with TBS-T and the antibody-sample solution added to the wells. After a
second incubation for 1 h at room temperature with shaking the plates were washed three times with
TBS-T. A secondary antibody of goat anti-rabbit peroxidase-labeled antibody conjugate, human
serum adsorbed (Kierkagaard & Perry, Gaithersburg, MD) at 1:2000 was then added and the plates
incubated for 1h. After three washes with TBS-T, substrate (3.3’,5,5”-tetramethylbenzidine
microwell peroxidase substrate, BioFX Laboratories) was added and after a final 20 min incubation
the color reaction was stopped. Absorbance was read at 450 nm and the data analyzed using the
program AssayZap (BioSoft, Cambridge, UK).

We have previous reported the normal distribution for BSP and OPN [12] and can now
describe the results for DMP1 and DSPP. A paper in press and slated for publication in the
August issue of the Journal of Clinical Endocrinology and Metabolism (included in Appendix)
described the unique distribution pattern observed for MEPE in normal serum (see below). The
SIBLINGs BSP, OPN, DMP1 and DSPP all exhibit a normal bell shaped Gaussian distribution to
their values (Figure 2). In contrast, the distribution of MEPE was asymmetric (Figure 1d in
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Appendix II) and when serum values were plotted as a function of donor age, an age-dependent
decrease was observed (Figure 2a in Appendix II). None of the other SIBLINGs exhibited a
significant age-dependent change in their serum values (data not shown).

il Figure 2. Distribution of serum BSP,
BB b- OPN. OPN, DMP1 and DSPP levels in a

normal. population.  Competitive
ELISAs performed as described in
Figure 1 were used to analyze serum
levels of (a) BSP, (b) OPN, (c¢)
1" DMPI1, and (d) DSPP in normal
donors. As part of the initial study
' —l_ﬂ ; d design, breast cancer samples were
<0 30 70 110 150 190 230 2260 <O 75 175 275 375 475 575 675 paired with age-matched normal
samples, though the results from the
. DMPI w 4. DSPP normal distribution analysis indicate
that age-matching was not necessarily
required (i.e. — BSP, OPN, DMP1 and
DSPP exhibit no significant age-related
changes in serum levels). To date, the
number of paired normal and beast
cancer samples analyzed are 63 for

x—l_r —h 1° BSP and DSPP, 78 for OPN and 49
[, . [] . for DMP1.

30 70 110 150 190 £ 3 7 11 15 19 23 226
SIBLING distriubution (ng/ml)

Figure 3. Levels of serum BSP, OPN, DMP1 and
- a. BSP b. OPN g DSPP in a normal population and a population
i . with breast cancer. Samples were analyzed by
i . competitive ELISA (as described in Figure 1,
! above) and the mean values of duplicate analyses
. were plotted for (a) BSP, (b) OPN, (¢c) DMP1,
] and (d) DSPP by box plot. For the box plots,

top, bottom and line throu%]h the middle

. correspond to 75" percentile, 25™ percentile and

d. DSPP ! 50" percentile (median), respectlvelx Error bar
whiskers represent the 10" and 90™ percentile,

while the solid square symbol indicates the
! arithmetic mean. MEPE levels were no different
5 between a normal population and a population

with  breast cancer (data not shown).
Abbreviations, NL, normal; BCA, breast cancer.

NL BCA NL BCA

C. Serum MEPE is uninformative for breast cancer, but does correlate with bone mineral density,
parathyroid hormone and phosphorus. (Summary of Appendix II).

Normal MEPE expression has been described primarily in bone marrow, brain [13] and
bone [14], while tumors which cause hypophosphatemic osteomalacia exhibit high expression
and secretion [13]. Elevated levels of MEPE mRNA expression by tumors from patients with
hypophosphatemia and osteomalacia suggested that it might be involved in mineral homeostasis.
The control of systemic phosphate homeostasis is incompletely understood. Key modulators
include PTH, calcium, phosphorus, vitamin D, as well as novel phosphatonin(s), and the bone and
kidney organs. Candidate phosphaturic factors include MEPE; PHEX, a putative endopeptidase
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believed to process factors regulating bone mineralization and renal phosphate reabsorption;
FGF23, a phosphaturic factor in fibrous dysplasia, tumor-induced osteomalacia and autosomal-
dominant hypophosphatemic rickets and secreted frizzled-related protein 4, an antagonist of renal
Wnhnt-signaling [15].

In the paper by Jain et al. (Appendix II, [15]), we have shown that a) significant levels of
MEPE in the serum of normal humans can be measured, (b) a clear age-related decrease in serum
MEPE levels, (c) a positive correlation between MEPE and phosphorus, a inverse correlation
with parathyroid hormone, and (d) a significant positive correlation with total hip and neck bone
mineral density. While this study demonstrates the association of serum MEPE levels with
serum phosphate, PTH and bone mineral density, it does not address causality. In the very least,
the results suggest that MEPE may be an interesting marker of normal human bone and mineral
metabolism.

D. SIBLING levels are elevated in multiple cancer types and correlate with specific MMP
expression, tumor type and stage. (Summary of Appendix III).

This study was undertaken to determine the mRNA expression patterns of SIBLINGs in
9 different types of cancer. An additional goal was to determine whether SIBLINGs exhibited
expression levels that correlated with their MMP partners as well as various measures of tumor
progression. Cancer profiling arrays containing normalized ¢cDNA from both tumor and
corresponding normal tissues from 241 individual patients were employed to screen for
SIBLING and MMP expression in 9 distinct cancer types.

Significantly elevated expression levels were observed for BSP in cancer of the breast,
colon, stomach, rectum, thyroid and kidney; OPN in cancer of the breast, uterus, colon, ovary,
lung, rectum, and thyroid; DMP1 in cancer of the breast, uterus, colon and lung; DSPP in breast

and lung cancer. The degree of correlation between a SIBLING and its partner MMP was found
to be significant within a given cancer type (e.g. BSP and MMP-2 in colon cancer, OPN and
MMP-3 in ovarian cancer; DMP1 and MMP-9 in lung cancer).

SIBLING expression was different between different subtypes of cancer. While the
historical basis for the distinction between the main two types of breast cancer (the belief that
ductal carcinomas arose from ducts and lobular carcinomas from lobules) is subject to debate
(both can arise from the terminal duct lobular unit), there is evidence that the two classes as used
clinically refer to disease entities that differ in tumor size, shape, dissemination and proliferation
rates [16]. The most common hallmark associated with the lobular classification is multifocality.
Lobular tumors tend to be more slowly proliferating than ductal tumors. They also tend to
frequently exhibit hormone receptor-positivity and show distinct chromosomal changes [17, 18].
The more rapidly progressing ductal tumors had an associated higher level of SIBLING
expression. OPN was recently identified by microarray analysis as a discriminating marker
between ductal and lobular cancer [19]. In our current study, OPN, as well as BSP, DMP1 and
DSPP were significantly different between lobular and ductal tumors. SIBLING expression
correlated with tumor stages associated with changing size and lymph node involvement (TNM
sore). These observations are consistent with SIBLING expression coupled with MMP activity
modulation having an effect on early tumor progression.
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Figure 4. SIBLING levels
and TNM stage in breast
cancer. The expression
values of BSP (a), OPN
(b), DMP1 (c), and DSPP
(d) by breast cancer
tumors were stratified by
TNM stage. Top, bottom
and line through the
middle correspond to 75"

percentile, 25 percentile
and 50t percentile
(median), respectively.
Error bar whiskers
represent the 10" and 90"
percentile, while the solid
square symbol indicates
the arithmetic mean. For
breast cancer TNM
staging: T1, tumor < 2 cm
in greatest dimension; T2,
2cm < tumor < 5 cm; T3,
T tumor > 5 cm; NO, no
| - |

relative SIBLING mRNA expression

regional lymph  node
metastasis; N1, metastasis
to movable ipsilateral
axillary lymph node(s);
" " MO, no distant metastasis.

TINOMO T2NOMO T3NOMO TINIMO T2NIMO T3NIMO LD€ f““mberh"f subjects
(n=10) (n=6) (n=1) (n=4) (n=10) m=s)  (m) for each group is
shown at the bottom

The association between SIBLING expression and tumor TNM stage was tested using
Spearman rank correlation and correcting for ties. For BSP Spearman r = 0.8242 and p value <
0.0001; for OPN Spearman r = 0.5098 and p = 0.0015; for DMP1 Spearman r = 0.4615 and p =
0.006; for DSPP Spearman r = 0.662 and p < 0.0001. Because of the relatively small number of
samples in the various TNM stages, a larger cohort of samples will need to be analyzed for the
statistical significance to be realistically assessed. When the analysis of the breast cancer serum
samples is completed (expected by the fall of 2004), the sample results will be similarly
segregated by TNM stage and the association of serum levels of SIBLINGs with cancer stage
determined.

E. Epithelial-Mesenchymal Transition.

A key cancer differentiation event where epithelial cells progressively acquire
characteristics of mesenchymal or fibroblasts-like cells has been termed the 'epithelial-
mesenchymal transition' [20]. A number of sentinel changes have been identified during the
transition, including levels and activity of proteins such as E-cadherin [20], MMP-2 and -9 [21],
growth factors and transcription factors [22-26]. The basic leucine zipper-containing
transcription factor, TWIST, has been implicated in regulating this transition in breast tumors
[27]. In human breast cancers, high level of Twist expression was correlated with invasive lobular
carcinoma [27]. Runx2 (OSF2/Cbfal/AML3) is a homolog of Runt proteins, a group of
transcription factors conserved from C. elegans to humans that share a 128 amino acid DNA-
binding domain termed the Runt domain [28]. RunX2 expression has been associated with tumor
progression [23, 29-32]. RunX2 has also been associated with regulating BSP expression [31, 32].
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We have used our breast cancer cDNA microarray to investigate RunX2 expression and
test for associations with SIBLING and MMP levels. As shown in Figure 5 of Appendix III, the
expression of OPN, BSP, DMP1 and DSPP were significantly different between lobular and
ductal tumors, with ductal tumors exhibiting higher levels on average. RunX2 expression levels
were determined on microarray samples and segregated by tumor type (Figure 5). In contrast to
Twist, high levels of RunX2 were associated with ductal tumors.

Figure 5. RunX2 expression in breast

cancer. The expression values of RunX2 by

-I_ breast cancer tumors were analyzed using

microarray methodology (see Appendix

III). Values were grouped by diagnosed

tumor type (ductal versus lobular) and the

groups compared by box plots. Top,

bottom and line through the middle

é correspond to 75™ percentile, 25" percentile

' . and 50" percentile (median), respectively.

infiltrating infiltrating infiltrating  lobular Er{hor bar whiSkers rep i the- 10" and

ductal  intraductal lobular 907 percentile, while the solid square
symbol indicates the arithmetic mean.
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The association of the transcription factor RunX2 with SIBLING and MMP expression
was also investigated by microarray analysis of breast cancer samples. We have shown that BSP
levels were significantly correlated with MMP-2 levels (as reported in Appendix III, figure 4a).
MT1-MMP is a membrane bound MMP thought to be involved in activation proMMP-2 [33].
Thus, BSP, MMP-2 and MT1-MMP have the potential for coordinate regulation. RunX2 levels
were significantly correlated with MT1-MMP, MMP-2 and BSP levels (Figure 6).

O
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Figure 6. The transcription factor RunX2 is correlated with BSP, MMP-2 and MT1-MMP
expression in breast cancer. The expression levels of RunX2, MT1-MMP, MMP-2 and BSP by
breast cancer tumors were analyzed using microarray methodology (see Appendix III). BSP and
MMP probes were as described in Appendix III. The RunX2 probe (~ 325 bp) was the portion
of human RunX2 exon 7 lacking the runt domain. It was subcloned into a PCR vector so no
restriction enzyme sites are included. Oligos used were: forward: CCCAAAGCCAGAGTG-
GACC, and reverse: GATACGTGTGGGATGTGGC. Probe reactivity quantified by
Phospholmager and ImageQuant software was analyzed by regression analysis. The correlations
observed were, for RunX2 and MT1-MMP, % = (.35, p < 0.0001; RunX2 and MMP-2, r* =
0.27, p <0.005; and for RunX2 and BSP, > =0.287 and p <0.0001.

1 A 1 = 0

F. Sandwich ELISA development.

During the current reporting period we have developed a sandwich-based ELISA assay
for DSPP (Figure 7). Thus, we currently have sandwich ELISAs for BSP, OPN, DMP1 and
DSPP for comparison of results with the competitive assays.
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Figure 7. SIBLING
indirect  sandwich
ELISAs. (A) For
BSP, the conditions
of the assay were
coating with capture
X ) , , . , . antibody at 1:1000
ng/ml SIBLING (LF-MAb 15,
monoclonal) and
second detection antibody (LF 100, polyclonal) at 1:200,000, with a third antibody of anti-
species conjugate (horseradish peroxidase) at 1:2,000 and developed for 20 minutes. (B) For
OPN, the conditions of the assay were coating with capture antibody at 1:1000 (LF-MAb 15,
monoclonal) and second detection antibody (LF 100, polyclonal) at 1:200,000, with a third
antibody of anti-species conjugate (horseradish peroxidase) at 1:2,000 and developed for 20
minutes. (C) For DMP1, the conditions of the assay were coating with capture antibody at
1:2000 (LF-MAb 31, monoclonal) and second detection antibody (LF 148, polyclonal) at
1:20,000, with a third antibody of anti-species conjugate (horseradish peroxidase) at 1:2,000 and
developed for 20 minutes. For DSPP, the coating with capture antibody at 1:5000 (LF-MADb 21,
monoclonal) and second detection antibody (LF 154, polyclonal) at 1:20,000, with a third
antibody of anti-species conjugate (horseradish peroxidase) at 1:2,000.

Key Research Accomplishments
Assay Development:
Competitive ELISAs have been developed for 5 different SIBLING family proteins.
Indirect sandwich-based ELISAs have been developed for 4 different SIBLING family proteins.

Assay Application:
The normal distribution pattern of BSP, OPN, DMP1, DSPP and MEPE has been characterized.
The distribution of serum BSP, OPN, DMP1 and DSPP in breast cancer has been described.
In an initial analysis, SIBLING expression levels increase with changing tumor (T) stage.
In contrast to other SIBLINGs, MEPE serum levels are:
not elevated in breast cancer;
age-dependent decrease in levels;
have an inverse correlation with parathyroid hormone levels;
have a significant positive correlation with total hip and neck BMD;

SIBLING Biology:
SIBLINGs bind to and modulate specific matrix metalloproteinases.
The transcription factor RunX2 is more highly expressed in ductal tumors.

The expression levels of the transcription factor RunX2 were found to be correlated with BSP,
MMP-2, and MT1-MMP expression.

Reportable Outcomes

Publications:

Fedarko, N.S., Jain, A., Bianco, P., Ogbureke, K.U.E., Karadag, A., and L.W. Fisher. (2004)
Three small integrin binding ligand N-linked glycoproteins (SIBLINGs) bind and activate specific
matrix metalloproteinases. FASEB J. 18:734-736.

Appendix II. Jain, A., Fedarko, N.S., Collins, M.T., Gelman, R., Ankrom, M.A., Tayback, M.,
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and L.W. Fisher. (2004) Serum levels of matrix extracellular phosphoglycoprotein (MEPE) in
normal humans correlate with serum phosphorus, parathyroid hormone and bone mineral
density. J. Clin. Endo. Metab. In Press.

Manuscripts

Fisher, L.W., Jain, A., Tayback, M., and N.S. Fedarko. (2004) Small Integrin Binding Ligand N-
linked Glycoprotein (SIBLING) gene family expression in different cancers. Clin. Cancer Res.
Submitted.

Conclusions

Summary. The development of competitive ELISAs and sandwich-based ELISAs to measure
serum levels of SIBLING gene family members has been a necessary requirement in order to
evaluate the utility of these potential markers in breast cancer detection. Initial results in
applying these assays describe a gaussian distribution of SIBLINGs (with the exception of
MEPE) in the serum of normal individuals. In serum from subjects with cancer, serum SIBLING
levels were increased (for BSP, OPN, DMP1 and DSPP) in the presence of disease. In breast
cancer, in particular, BSP and OPN display greater sensitivity and specificity then DSPP. More
normal and breast cancer sera need to be analyzed for ROC analysis of DMP1 sensitivity and
specificity. All of our data so far is consistent with SIBLINGs behaving as early markers of
breast cancer progression. This conclusion is reached by noting that (a) increased expression
levels are not associated with metastases, (b) increased expression levels are observed with
increasing tumor size (T status in TNM staging) and lymph node involvement (N status in TNM
staging) (c) SIBLINGs can act biologically to modulate matrix metalloproteinase (MMP) activity.
MMP activation is required for early tumor progression (remodeling the extracellular matrix
scaffolding to yield space for growth and for angiogenesis). The ability of SIBLING levels to
distinguish between lobular versus ductal breast carcinomas could be reflecting the differences in
multifocality between the two types of breast cancer or it may be an indication of differences in
rate of progression between the two classifications. The transcription factor RunX2 was found to
be significantly elevated in ductal tumors when compared with lobular tumors and the levels of
RunX2 were correlated with BSP, BSP’s cognate ligand MMP-2, and with MT1-MMP. This
pattern of gene expression may be reflecting a specific type of “mesenchymal-like” phenotype
that is associated with ductal tumors.

Future plans.

As an Associate Member of the NCI’s Early Detection Research Network, the P.I. now
has access to Tissue arrays (http://www3.cancer.gov/prevention/cbrg/edrn/associate.html). The
breast cancer array consists of 2039 total cores, with a breakdown by core histology of 600
invasive tumor, 421 in situ tumor, 152 metastatic lesions, 70 atypical hyperplasia, 69 ductal
hyperplasia, 548 normal matched tissues, 51 benign tissues, 95 normal from normal cases, and 33
other. At a future date, we would like to use our antibodies against SIBLINGs to determine the
levels and localization of SIBLINGsS in these subtyes of breast cancer.

What we will have learned. There currently does not exist a serum marker that can be used to
detect breast cancer at an early stage. Because of evolving knowledge concerning both the
biological actions of SIBLINGs (modulating MMPs) and their serum levels and tumor tissue
expression, members of the SIBLING gene family hold promise as biomarkers for early cancer
detection. The completion of the research described in this progress report and in the original
grant application will enable the utility of these breast cancer biomarkers to be defined. Once
completed, the groundwork will be laid for subsequent clinical trials of these biomarkers. A
further byproduct of the research conducted so far, is an expansion of our understanding of the
basic biology involved in tumor progression, identification of novel alternative methods of MM P
activation and of potential pathways for therapeutic intervention.
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Appendix I

Three small integrin binding ligand N-linked
glycoproteins (SIBLINGs) bind and activate
specific matrix metalloproteinases’

NEAL S. FEDARKO,*"* ALKA JAIN,* ABDULLAH KARADAG," AND LARRY W. FISHER'
*Division of Geriatrics, Department of Medicine, Johns Hopkins University School of Medicine,
Baltimore, Maryland, USA; and fCraniofacial and Skeletal Diseases Branch, National Institutes of
Dental and Craniofacial Research, National Institutes of Health, Bethesda, Maryland, USA

SPECIFIC AIMS

Objectives were to identify proteins that co-purified
with members of the small integrin-binding ligand
N-linked glycoprotein (SIBLING) gene family and
characterize structural and functional consequences of
their binding interactions.

PRINCIPAL FINDINGS

1. Specific MMPs co-purify with SIBLINGs

Individual SIBLING family members BSP, OPN and
DMP1 were subcloned into an adenovirus system and
expressed in human bone marrow stromal cells. Each
SIBLING was purified from the serum-free media to
=95% purity by anion exchange chromatography un-
der nondenaturing conditions. When purity was as-
sessed by zymography, each HPLC purified SIBLING
exhibited a single band of proteolytic activity. Bands
originally visible on the zymogram did not appear in
gels treated with 1,10-phenanthroline, showing that
co-purifying proteolytic activity arose from metallopro-
teinases. Identity of proteolytic bands was determined
by Western blotting and probing with specific antibod-
ies against MMPs. MMP-2 co-purified with BSP, MMP-3
with OPN and MMP-9 with DMP1.

Specificity observed was confirmed by showing that
purified SIBLINGs could be used to affinity purify their
respective. MMPs from conditioned media containing
several different MMPs. When aliquots of eluted frac-
tions were analyzed by zymography, positive bands for
multiple MMPs were visible in the flow through peak.
Fractions that eluted at ~0.3 M salt were analyzed by
Western blot and immunoreactive MMP-2 (from the
BSP affinity column) and immunoreactive MMP-3
(from the OPN affinity column) were identified. A
DMP1 affinity column was not made due to insufficient
amounts of highly purified DMP1.

2. SIBLING and MMP binding specificity

Co-purification from similar media of a single but
different MMP with each SIBLING demonstrated that

734

specific interactions were occurring between the pro-
teins. Binding interactions between recombinant
MMP-2, MMP-3 and MMP-9 and purified recombinant
SIBLINGs were investigated. Relative abundance of
tryptophan residues in the MMPs was exploited by
carrying out intrinsic fluorescence studies of purified,
authentic MMP protein binding to SIBLINGs. Titration
of proMMP-2 with BSP yielded a quenching of the
MMP’s tryptophan emission spectra and a saturable
binding curve. Addition of OPN to proMMP-3 and
DMPI to proMMP-9 also yielded fluorescent signal
quenching and saturable binding functions. Stoichiom-
etry of binding between SIBLINGs and their respective
proMMPs was 1:1. Scatchard analysis indicated binding
constants in the nM range. Quenching of the trypto-
phan fluorescent signal is consistent with a gross con-
formational change as a result of binding. Fluorescent
binding studies were also carried out using mixed pairs
of SIBLINGs and pro- and active-MMPs. SIBLINGs and
MMPs showed consistent specificity in their partnering,
with BSP binding to pro- and active MMP-2, OPN with
pro- and active MMP-3, and DMPI with pro- and
active-MMP-9. Other combinations of SIBLINGs and
MMP’s exhibited either no saturable binding or bind-
ing that was orders of magnitude weaker.

3. SIBLING-MMP complexes modify the protease
activity

Fluorescence spectroscopy observations suggesting that
SIBLING binding induces conformational changes in
their corresponding MMP partner led to an investiga-
tion of whether SIBLING binding affected MMP struc-
ture. Addition of SIBLING to pro-MMP did not appear
to promote autocatalysis to the active form. An in-
creased susceptibility of SIBLING-proMMP complexes
to cleavage and activation by plasmin (a protease that is
normally an inefficient activator) was seen and was

' To read the full text of this article, go to http://www.fasebj.
org/cgi/doi/10.1096/1j.03-0966fje; doi: 10.1096/1].03-0966fje
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Figure 1. Modulation of MMP activity by SIBLINGs. Protease
activity was followed by incubating fluorescent substrate with
1.4 nM proMMP-2 (A), proMMP-3 (B), and proMMP-9 (C)
and increasing concentrations of BSP, OPN, or DMPI1, re-

spectively. Activity of equimolar concentrations (1.4 nM) of

active MMP-2 = BSP (D), MMP-3 = OPN (E), and MMP-9 +
DMPI (F) in the same assay showed no difference. The same
assay was also employed to determine a low SIBLING concen-
tration dose response in activity of proMMP-2 + BSP (G),
proMMP-3 + OPN (H), and proMMP-9 + DMP1 (/). Activity
of 1.4 nM BSP ( /), OPN (K) and DMP1 (L) with correctly

matched proMMPs and mismatched proMMPs as well as of

proMMPs or SIBLINGs alone were analyzed by determining
change in fluorescence/minute over the first 3 h of incuba-
tion. Values plotted represent the mean of three combined
experiments * sp.

consistent with SIBLING binding altering proMMP
structure.

To measure potential biological effects, a fluorescent
substrate assay was employed to screen SIBLING mod-
ulation of ploMMP activity. Pro-MMP-2, -3, and -9 were
reacted in combination with increasing concentrations
of SIBLINGs (either BSP, OPN, or DMP1) and enzyme
activity was measured by increased fluorescence signal.
Increased proteolytic activity was observed for all three
strong proMMP+SIBLING binding pairs (Fig. 14-C).
When the strong binding SIBLING was added to its
corresponding active MMP, enzymatic activity was not
significantly changed indicating that binding of the
SIBLING with its active MMP partner did not interfere
with normal proteolytic activity (Fig. 1D-F). Properly
matched SIBLING-proMMP pairs showed a dose-re-
sponse increase in the rate of substrate digestion (Fig.

SIBLINGS ACTIVATE MMPS

1G, H, I). Incubation of SIBLING alone with substrate
was no different from pro-MMP alone or mismatched
SIBLING MMP pairs, showing the increase in activity in
the proMMP + SIBLING was not caused by any residual
proteolytic activity that co-purified with the SIBLING
(Fig. 1/-L). Given that there was no observed increase
in the amount of propeptide-free enzyme in all of these
SIBLING-proMMP pairs, it is reasonable to hypothesize
that the increase in activity is due to a conformational
change in the protease which allows its propeptide to
be removed from the active site and thereby permit
digestion of both small and large macromolecular
substrates.

4. SIBLINGs restore activity to inhibited MMPs

Quenching of tryptophan fluorescence and increase in
activity caused by SIBLING binding to proMMP is consis-
tent with an alteration in the local structure near the
active site. The effect of SIBLINGs on the ability of small
molecular weight inhibitors to modulate MMP activity was
investigated next. SIBLINGs were able to increase
proMMP activity in the presence of speciﬁc small molec-
ular weight inhibitors of MMPs, but not in the presence of
1,10 phenanthroline (which disrupts MMP activity by
chelating and removing the active site required zinc ion).
Active forms of MMPs also exhibited quenching of tryp-
tophan fluorescence emission upon binding their specific
SIBLING partner. The possibility that SIBLING binding
also altered inhibitor interaction with active MMPs was
investigated. Specific low molecular weight inhibitors
were used to block active MMP activity. Addition of the
corresponding SIBLING, however, rescued much of the
original activity even in presence of equimolar amounts of
specific inhibitor. As was the case for proMMPs, SIBLINGs
were not able to restore activity to active MMPs treated
with 1,10 phenanthroline. When the complex of equimo-
lar active MMP + SIBLING was treated with increasing
concentrations of the inhibitor, significant loss of activity
was observed but only at substantially higher concentra-
tions.

Because MMPs occur in vivo associated with inhibi-
tors (tissue inhibitors of matrix metalloproteinases,
TIMPs), the effect of SIBLINGs on the activity of MMP
+ TIMP complexes was also investigated. As expected,
presence of TIMPs reduced the enzymatic activity of
propeptide-free, active MMP. Addition of the correctly
matched SIBLING to active MMP + TIMP complex
caused a restoration of proteolytic activity. It is a
reasonable hypothesis that conformational change in
the active MMP upon binding its SIBLING partner
lowers affinity of the TIMP (and low molecular weight
inhibitors) for the active site of the MMP thereby
enabling substrate access.

5. Reversal of SIBLING-induced activity by factor H
BSP, OPN and DMP1 have previously been shown to

bind to factor H with high affinity, 10-100-fold higher
than that just described for their partner MMPs. Gela-
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tin and casein fluorescein conjugate assays were used to
investigate whether factor H can compete with MMPs
for SIBLING binding and thereby affect each SIB-
LING’s interactions with its respective proMMP and
active MMPs. TIMP-inhibited MMPs which had re-
gained enzymatic activity by the addition of their cor-
responding SIBLING were treated with factor H and a
significant reduction in the SIBLING-induced recov-
ered activity for MMPs was observed. Higher affinity of
factor H for SIBLING protein appears to promote
removal of SIBLING from the SIBLING-MMP complex
thereby permitting MMP to reverse its conformation
and allow TIMP to again bind to the active site and
re-inhibit the enzyme. The action of factor H on the
SIBLING-mediated activation of proMMPs was also
investigated. Addition of factor H caused the rate of
substrate digestion by SIBLING-activated proMMP
complex to decrease suggesting that removal of SIB-
LING from proMMP resulted in re-inactivation of cat-
alytic activity by still-attached propeptide. These results
support the hypothesis that propeptide is not removed
in order to create enzymatic activity in proMMP-SIB-
LING pairs.

CONCLUSIONS AND SIGNIFICANCE
Results describe a novel, alternative method of MMP

modulation (Fig. 2). SIBLING binding was associated
with activation of latent pro-MMPs though this
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Figure 2. Schematic diagram of SIBLING-MMP interactions. A) Specificity of binding and activation was observed for BSP and
proMMP-2, OPN and proMMP-3, and DMP1 and proMMP-9. B) SIBLING binding to a specific proMMP results in increased
proteolyur activity in absence of propeptide cleavage. C) SIBLING binding to TIMP inhibited MMP leads to restoration of
activity. In both cases, complement factor H, with its higher affinity for SIBLINGs may strip the SIBLING from the complex and
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activation did not require cleavage of the propeptide.
However, SIBLING binding did increase susceptibil-
ity of the propeptide to cleavage by plasmin. SIB-
LINGs and MMPs showed specificity in their partner-
ing, with BSP binding to and “activating” proMMP-2,
OPN with proMMP-3, and DMP1 with proMMP-9.
Restoration of activity to TIMP-inhibited MMPs upon
SIBLING binding demonstrates that even in pres-
ence of TIMPs, MMPs may be enzymatically active in
regions of locally high concentrations of specific
SIBLINGs.. The observation that complement factor
H can compete with MMPs for SIBLINGs and suc-
cessfully strip the SIBLING from the MMP complex
suggests that activation of proMMP or reactivation of
TIMP-inhibited MMPs by simple binding of their
respective SIBLINGs will be limited to short distances
from their sites of secretion due to abundance of
factor H in the body.

SIBLING expression has been correlated with cancer
progression and severity and it is interesting to consider
that these proteins may be locally activating their
corresponding proteases in vivo. From a clinical stand-
point, SIBLINGs were found to restore activity to
propeptide-free MMPs whose activity had been blocked
by both natural and synthetic inhibitors. SIBLINGs are
induced by neoplasms in vivo and their modulation of
MMP activity might contribute to the relative lack of
efficacy seen in recent clinical trials of MMP inhibitors
in numerous cancers. [F)

FEDARKO ET AL.
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ABSTRACT

Matrix metalloproteinases (MMPs) are critical for development, wound healing, and for the
progression of cancer. It is generally accepted that MMPs are secreted in a latent form
(proMMP) and are activated only upon removal of their inhibitory propeptides. This report
shows that three members of the SIBLING (Small, Integrin-Binding Llgand, N-linked
Glycoprotein) family can specifically bind (K,~nM) and activate three different MMPs. Binding
of SIBLING to their corresponding proMMPs is associated with structural changes as indicated
by quenching of intrinsic tryptophan fluorescence, increased susceptibility to plasmin cleavage,
and decreased inhibition by specific natural and synthetic inhibitors. Activation includes both
making the proMMPs enzymatically active and the reactivation of the TIMP (tissue inhibitors of
MMP) inhibited MMPs. Bone sialoprotein specifically binds proMMP-2 and active MMP-2,
while osteopontin binds proMMP-3 and active MMP-3, and dentin matrix protein-1 binds
proMMP-9 and active MMP-9. Both pro and active MMP-SIBLING complexes are disrupted by
the abundant serum protein, complement Factor H, thereby probably limiting SIBLING-
mediated activation to regions immediately adjacent to sites of secretion in vivo. These data
suggest that the SIBLING family offers an alternative method of controlling the activity of at
least three MMPs.

Key words: bone sialoprotein * osteopontin * dentin matrix protein 1

(RGD) as well as several conserved phosphorylation and N-glycosylation sites (1). All

of the genes cluster on human chromosome 4 and are expressed in the skeleton. There
are five known members of the SIBLING family: bone sialoprotein (BSP), osteopontin (OPN),
dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP), and matrix extracellular
phosphoglycoprotein (MEPE) (1). Normally BSP is produced by osteoblasts, osteoclasts,
osteocytes, and hypertrophic chondrocytes (2) and through its Arg-Gly-Asp sequence binds to
the integrin, ayf3. OPN (also known as Secreted Phosphoprotein 1, 2ar, and early T-lymphocyte
activation 1) is expressed in multiple tissue types and can bind to ayf; (3—5) as well as CD44 (6,

Members of the SIBLING family contain the integrin binding tripeptide, Arg-Gly-Asp



7). DMP1 expression has been found in teeth and bone (8, 9) and can also interact with both
ayPs and CD44 (10). OPN, BSP and DMP1 can protect cells from complement attack via initial
binding to ayPs integrin (all three) or CD44 (OPN and DMP1) on the cell surface. The SIBLING
then binds complement Factor H and the membrane-bound complex acts as a cofactor to
complement Factor I thereby quenching complement-mediated cell lysis (10, 11).

Recent observations using paraffin sections have shown that BSP and OPN are expressed by
multiple malignant tissues, including breast (12—-14), prostate (15, 16), lung (17), and thyroid
(18, 19) cancers. BSP expression is associated with poor survival in breast cancer (13) and
prostate cancer (15). Similarly, OPN expression is associated with clinical severity in lung
cancer (20), lymph node negative breast cancer (14), gastric cancer (6), and perhaps ovarian
carcinoma (21). Recently, DMP1 has been shown to be strongly up-regulated in lung cancer
(22). The neoplastic expression pattern of other SIBLING members has not been defined.
Recently, OPN and/or BSP were found to be elevated in the blood of breast, lung, colon, and
prostate cancer patients (23).

Matrix metalloproteinases (MMPs) are a class of hydrolytic enzymes defined by a common
structure and a requirement for zinc in the active site. Currently, it is accepted that the inhibitory
propeptide must be removed before the MMP can be enzymatically active. After the removal of
the propeptide, the MMP typically remains active until a TIMP (tissue inhibitor of matrix
metalloproteinase) binds and inactivates the protease. In addition to their roles in tissue
remodeling, MMPs have been postulated to play major roles in tumor cell progression and
metastasis (24). In this report, we show that at least three members of the SIBLING family
specifically bind to different proMMPs resulting in conformational changes that are catalytically
active. Furthermore, it is shown that active MMPs inhibited by either TIMPs or low-molecular-
weight synthetic inhibitors are reactivated by their corresponding SIBLING and that all these
activations can be essentially reversed by complement Factor H.

METHODS
Reagents

ProMMPs, their active counterparts, TIMP1, and monoclonal antibodies that recognize both
latent and active forms of MMP-2, MMP-3, and MMP-9 were obtained from Oncogene Research
Products (Boston, MA) and Research Diagnostic Systems, Inc. (Minneapolis, MN). Purified
human Factor H protein was obtained from Quidel Corporation (San Diego, CA). ToyoPearl
activated AF-Tresyl-650 M and TSK QAE resins were obtained from TosoHaas, Inc.
(Montgomeryville, PA). The MMP-2 Inhibitor I, cis-9-octadecenoyl-N-hyrdoxylamide; MMP-3
Inhibitor II, N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid; MMP-9 Inhibitor
I,  N-hydroxy-1-(4-methoxyphenyl)sufonyl-4-(4-biphenylcarbonyl)piperazine-2-carboxamide,
and plasmin were obtained from Calbiochem (La Jolla, CA). The small molecular weight
fluorescently quenched substrates MET-05, (7-methylcoumarin-4-yl acetic acid)-Arg-Pro-Lys-
Pro-Val-Glu-Ape-Trp-Arg-Lys-(dinitrophenyl)-NH,; MET-08, (7-methylcoumarin-4-yl acetic
acid)-Arg-Pro-Lys-Pro-Tyr-Ala-Ape-Trp-Met-Lys-(dinitrophenyl)-NH,; and MET-09, (7-
methylcoumarin-4-yl acetic acid)-Pro-Leu-Gly-Leu-(diaminopropionic acid)-Ala-Arg-NH, were
purchased from Enzyme System Products (Livermore, CA). TIMP2 was a generous gift of Dr. H.
Birkedal-Hansen, NIDCR, NIH.




SIBLING production and purification

Recombinant human BSP, human OPN and bovine DMP1 with good post-translational
modifications were expressed in eukaryotic cells using adenovirus constructs as described
previously (10, 11). Recombinant SIBLINGs were purified from the serum-free media of the
same primary cell cultures infected with their respective viruses by anion exchange
chromatography under nondenaturing conditions (11). For binding studies as well as MMP
activation assays, SIBLINGs were further purified by treatment with a chaotropic buffer (4 M
guanidine HCI in 40 mM Tris, | mM DTT, pH 7.4) for 15 min at room temperature followed by
dialysis and lyophilization. SIBLINGs are flexible in solution and lack sufficient cysteine
residues for disulfide bond formation (1). Treatment of the SIBLINGs with denaturants
(reducing agents or chaotropic agents) does not affect the “structureless” nature of SIBLINGs
but will denature other proteins and enable the isolation of SIBLINGs that are free of copurifying
MMPs.

SIBLING affinity chromatography

SIBLING affinity columns were made by conjugating BSP or OPN to ToyoPearl AF-Tresyl-650
M resin. 3.3 mg BSP was reacted with 0.33 g Tresyl resin in 50 mM Tris pH 8.0 containing 0.5
M NaCl overnight at 4°C. Resin was rinsed twice with 20 ml Tris buffer, and any remaining
active groups were blocked by incubation for 2 h at room temperature in Tris buffer. Conjugated
resin was packed into a 10 x 0.66 cm Omnifit glass column (Rainin, Woburn, MA) and
equilibrated in 20 mM Tris-HCI buffer, pH 7.4 containing 10 mM CaCl,, 0.02% NaN3, 0.05%
Brij 35, and 12 mM EDTA. For OPN, the affinity column consisting of 4.5 mg OPN coupled to
0.4 g of Tresyl resin following the same steps as for the BSP affinity column. Serum-free
conditioned medium (B16F10 melanoma cell line) was injected onto the columns and washed in
the equilibration buffer until the UV absorbance at 280 nm returned to baseline. A linear gradient
to 1.0 M NaCl over 60 min (1.0 ml/min flow rate) was used to elute the bound MMP. Fractions
were analyzed by zymography as below.

SDS PAGE, zymography

10% zymogram gelatin and 12% zymogram casein gels were obtained from Invitrogen, Inc.
(Carlsbad, CA). Samples in zymogram gel sample buffer were electrophoresed at a constant 125
V for 90 min. Gels were processed for zymography according to the manufacturer’s instructions,
stained with 0.5% Coomassie Blue R 250, and bands were visualized by dynamic integrated
exposure (integrating a 1/30 s exposure over 3 s) using an EagleEye II imaging system
(Stratagene Corp., La Jolla, CA). For subsequent visualization of the SIBLINGs, gels were
completely destained in high methanol destaining solution, rinsed in the 25% isopropanol
through 4 changes over a 12 h period, and then reacted with the StainsAll solution (0.1% (w/v)
containing 25% (v/v) isopropanol, 5% (v/v) formamide and 15 mM Tris-HCI, pH 8.8). 12%
acrylamide gels were employed to parallel SIBLING and MMP zymogram profiles and the
proteins transferred to nitrocellulose for analysis by Western blot.

Western blotting

Samples diluted in gel sample buffer were resolved by Tris/glycine SDS 12% polyacrylamide
gels (Invitrogen, Inc., Carlsbad, CA) and transferred to nitrocellulose following standard




conditions (25). Nitrocellulose membranes were rinsed with Tris-buffered saline (0.05 M Tris-
HCI, pH 7.5, 0.15 M NaCl) containing 0.05% Tween 20 (TBS-Tween). After 1 hour of
incubation in blocking solution (TBS-Tween + 5% nonfat powdered milk) at room temperature,
1 pg/ml primary antibody (monoclonal anti-MMP) was incubated overnight at 4°C. The blot was
washed in TBS-Tween four times for 5 min with TBS-Tween and then HRP-conjugated goat
anti-mouse IgG (100 ng/ml) in TBS-Tween + 5% milk was added and incubated for 2 h at room
temperature. After washing, enhanced chemiluminescence reagents were employed for signal
detection (Pierce Chemical Co., Chicago, IL) with X-ray film.

Fluorescent binding studies

Intrinsic tryptophan fluorescence was monitored by excitation at 295 nm and emission from 300
to 500 nm using a Photon Technology International Series M fluorimeter. The relative change in
fluorescence in the area under the emission curve was used to determine binding curves by
calculating fractional acceptor saturation vs. nM SIBLING added. Fractional acceptor saturation
(fa) was determined by calculating £, = (v — y9/(vs — yy, where y,and y; are the area under the
curve of the fluorescent emission profile of free and fully bound MMP, respectively. Scatchard
plots were made by fitting the transformed data to the function »//Cs] = n/K; — r/K4, where r
represents the binding function, Csrepresents total ligand concentration, » represents the number
of binding sites, and K, represents the dissociation constant. The initial latent or active MMP
concentration was 3.5 nM and concentrated SIBLINGs were added in nM amounts. Both latent
and active MMPs, as well as SIBLINGs were dissolved in Hank’s balanced salt solution. To
determine stoichiometry, a titration was carried out under conditions with an excess of MMP
(10-fold higher than the dissociation constant). The stoichiometry was ascertained in each case

by transforming the data into a plot of fractional saturation vs. the ratio of total ligand Cs to total
acceptor Cy4. Extrapolating the two linear segments of the graph to their point of intersection
defined the MMP and SIBLING stoichiometry.

High-molecular-weight substrates

Fluorescein-conjugated gelatin (Molecular Probes, Inc., Eugene, OR) or casein (Pierce Chemical
Co., Chicago, IL) substrates were used to follow proteolytic activity on more natural
macromolecular substrates. These substrates are so highly substituted with fluorescein moieties
that the fluorescent signal is self-quenched until proteolytic cleavage liberates fragments, and a
robust fluorescent emission is measured. 1.4 nM MMP (latent or active MMP-2, MMP-3, and
MMP-9) was reacted with increasing concentrations of SIBLINGs or buffer alone and 12.5
pg/ml of the fluorescein-substrate conjugate in 50 mM Tris, pH 7.6, 150 mM NaCl, 5 mM
CaCl,. Fluorescent data were acquired with excitation at 485 nm and emission at 535 nm. In
indicated experiments, the general MMP inhibitor 1,10 phenanthroline was added. A final 1,10
phenanthroline concentration of 1 mM in zymograms and 1.4 uM in enzyme assays were made
by the appropriate dilution from a 100 mM stock solution dissolved in DMSO. In experiments
with TIMPs, the inhibitors were preincubated in equimolar amounts with the MMPs before the
addition of the SIBLINGs. Factor H was added at levels equimolar to the SIBLINGs.

Low-molecular-weight substrates

The activities of latent and active MMPs in the presence and absence of SIBLINGs and after
plasmin treatment were measured using the small fluorescence-quenched substrates (26). These




substrates have two fluorescent moieties covalently attached usually at either end of the peptide
such that the fluorescent signal of the intact substrate is effectively quenched. Cleavage of the
peptide results in loss of quenching and an enhanced fluorescence signal. The peptide substrates
were initially dissolved in DMSO and each assay carried out at 25°C in a buffer containing 50
mM HEPES, pH 7.5, 150 mM NaCl, 5§ mM CaCl,, 0.01% Brij-35 and 1% DMSO (v/v).
ProMMPs (140 nM) were added to 400 nM substrate in the presence or absence of SIBLING
(140 nM). Substrate cleavage was monitored using a Perkin Elmer Victor 2 multilabel plate
reader with 330 excitation and 390 emission filters.

Plasmin susceptibility

SIBLING and proMMP concentrations were 140 nM, plasmin 20 nM in 50 mM HEPES, pH 7.5,
150 mM NaCl, 8 mM CaCl,, 0.01% Brij 35, and 1% DMSO. Low-molecular-weight
fluorescently quenched methylcoumarin-derivatized substrates were employed at a concentration
of 400 nM to follow MMP activity in the presence and absence of SIBLINGs and plasmin.
Plasmin itself will not digest the peptide substrate under these conditions.

RESULTS
SIBLINGs and MMPs copurify

Full-length BSP, OPN, and DMP1 cDNA were subcloned into adenovirus vectors and expressed
in human bone marrow stromal cells. Each SIBLING was purified from the serum-free media of
the same primary cell cultures infected with their respective viruses to > 95% purity by anion
exchange chromatography under nondenaturing conditions (11). Interestingly, when purity was
further assessed using casein zymography, each HPLC-purified SIBLING exhibited a single but
different band of proteolytic activity (Fig. 14 and B). For DMP1 (M, of 110-120 kDa on PAGE),
a zymogram-positive band was seen at ~84 kDa, consistent with MMP-9. BSP (M, of 70-80
kDa) had an associated zymogram-positive band of ~66 kDa, consistent with MMP-2. Finally,
OPN (M, of 50— 60 kDa) had an associated zymogram positive band of ~45 kDa consistent with
MMP-3. Bands originally visible on the zymogram did not appear in gels treated with 1,10-
phenanthroline, showing that the copurifying proteolytic activity arose from metalloproteinases
(data not shown). This copurification of MMP-2 with BSP, MMP-3 with OPN, and MMP-9 with
DMP1 was verified by electrophoresing the same preparations of SIBLINGs on SDS
polyacrylamide gels followed by blotting to nitrocellulose and probing with monoclonal
antibodies against the three MMPs (Fig. 1C, D, and E).

SIBLING and MMP affinity purification

The specificity observed in copurification of individual MMPs with recombinant SIBLINGs was
confirmed in two cases by showing that SIBLINGs could be used to affinity purify their
respective MMPs from conditioned media. BSP and OPN were conjugated to resins and serum-
free conditioned BI16F10 medium was used as a source of MMPs, including MMP-2, MMP-3,
and MMP-9. Elution of bound material in a salt gradient yielded multiple peaks as monitored at
A 280 nm (Fig. 24 and B). Aliquots of fractions (denoted by arrows) were analyzed by
zymography. Zymogram bands with a M, corresponding to latent and active MMP-2 (for the
BSP affinity column) and proMMP-3 (for the OPN affinity column) and were visible only in
peaks eluted at higher (~0.3 M) salt (Fig. 2C and D). The gradient-eluting bands did not appear




in zymogram gels treated with 1,10-phenanthroline. The same fractions were also analyzed by
Western blot and immunoreactive MMP-2 (from the BSP affinity column) and immunoreactive
MMP-3 (from the OPN affinity column) were identified (Fig. 2E and F). A DMPI1 affinity
column was not made due to insufficient amounts of highly purified protein.

SIBLING and MMP binding specificity

Copurification by virtually identical methods of a single but different MMP with each SIBLING
suggested that there were specific and relatively strong interactions occurring between the
proteins. The relative abundance of tryptophan residues in the MMPs was exploited by carrying
out intrinsic fluorescence studies of purified, authentic latent and active MMP protein binding to
SIBLINGs. ProMMP-2 contains 15 tryptophan residues, proMMP-3 contains 8, and proMMP-9
contains 13. In contrast, mature OPN and DMP1 each contain 1 tryptophan residue whereas BSP
contains none. Intrinsic tryptophan fluorescence measurements of macromolecules yield
information about conformation, binding, and solvent interactions. Titration of proMMP-2 with
BSP yielded a proportional amount of quenching of the MMP’s tryptophan emission spectra
(Fig. 34). Titration of proMMP-3 with OPN and proMMP-9 with DMP1 also yielded a similar
quenching of the MMPs’ tryptophan emission spectra (Fig. 3B and C). Quenching of the MMP
tryptophan fluorescent signal is consistent with a significant conformational change (exposing
internal tryptophan residues to a more polar environment) as a direct result of the binding of its
corresponding SIBLING. The binding of each SIBLING to its preferred proMMP was saturable
(Fig. 3D, E, and F). When the interaction of SIBLINGs with propeptide-free (active) MMPs was
studied by intrinsic fluorescence, saturable binding was again observed only for the specific
pairs; BSP and active MMP-2, OPN and active MMP-3, and DMP1 and MMP-9 (Fig. 3D, E, and
F). K values of 2.9 £ 0.9 and 0.3 £+ 0.1 nM for BSP binding to latent and active MMP-2; 0.55 +
0.01 and 0.17 £ 0.01 nM for OPN binding to latent and active MMP-3, and 0.41 + 0.04 and 0.77
+ 0.01 nM for DMP1 binding to latent and active MMP-9 were determined from Scatchard plots
(Fig. 3G, H, and /). The stoichiometry of binding between SIBLINGs and their respective
proMMPs was found to be 1:1 for all three combinations (Fig. 3/, K, and L). All combinations of
mismatches of SIBLINGs and both pro and active MMPs (ex. BSP with proMMP-3 or DMP1
with MMP-2) yielded either no binding curve at all or no saturation, thereby again showing
specificity of the SIBLING to MMP interactions (data not shown).

SIBLING-MMP complexes modify the protease activity

The fluorescence spectroscopy observations suggesting that SIBLINGs induce conformational
changes in their corresponding MMP partners led to an investigation of whether SIBLING
binding affected MMP structure and function. First, samples of correctly matched proMMPs and
SIBLINGs were incubated for 1 h at room temperature and resolved by casein and gelatin
zymography to monitor propeptide presence. The addition of SIBLING to proMMP did not
appear to cause significant cleavage (auto-activation) to the lower molecular weight, active form

(Fig. 4).

Next the SIBLING-proMMP complex was tested for susceptibility of the proMMP to removal of
its propeptide by an added protease. Plasmin is normally an inefficient activator of MMP-2 and
MMP-9 (27) and treatment of proMMP-2 or proMMP-9 with plasmin resulted in minimal
generation of zymogram bands corresponding to the “active,” that is, lower M, forms (Fig. 54).
The addition of BSP to proMMP-2 and DMP1 to proMMP-9 and subsequent incubation with




plasmin, however, did result in greater levels of the small, active form of the MMP as measured
by zymography. As controls, neither the SIBLINGs alone, nor SIBLINGs incubated with
plasmin led to the appearance of zymogram bands corresponding to active MMPs.

An increased susceptibility of SIBLING-proMMP complexes to cleavage and activation by
plasmin was also seen when enzyme activity was monitored by incubation with the MMP-
specific, small, fluorescent substrates. Plasmin activation of proMMP-2 and proMMP-9 was
increased by treatment with SIBLING (BSP and DMP1, respectively). Surprisingly, treatment of
proMMP with SIBLING alone also led to a two- to threefold increase in proteolytic activity, as
measured using the low-molecular-weight substrates. Neither BSP nor DMP1 alone exhibited
any activity, demonstrating that the purification procedure for SIBLINGs removed residual
MMPs that had initially copurified with them, (Fig. $B). Taken together, these data are consistent
with SIBLING binding altering proMMP structure. The SIBLING—-proMMP complex displays
catalytic activity on small substrates and the propeptide is more readily cleaved by an added
protease than is the proMMP alone.

SIBLINGs and proMMP activation

To measure potential enzymatic effects of the binding of the SIBLINGs to proMMPs, a
fluorescent substrate (casein- or gelatin-fluorescein conjugate) assay was employed to screen the
protease activity of the proMMPs. ProMMP-2, proMMP-3, and proMMP-9 were titrated with
increasing concentrations of all three SIBLINGs or with vehicle alone and the resulting enzyme
activity measured by increased fluorescence signal. Increased proteolytic activity was observed
only for the three strong proMMP-SIBLING binding pairs and a graded dose—response was
evident (Fig. 64, B, and C). When the strong binding SIBLING was added to its corresponding
active MMP, enzymatic activity was not significantly changed (Fig. 6D, E, and F). This suggests
that the binding of the SIBLING with its active MMP partner did not interfere with its normal
proteolytic activity.

The properly matched SIBLING—proMMP pairs showed a dose—response increase in the amount
of gelatin (proMMP-2 and proMMP-9) or casein (proMMP-3) digested (Fig. 6G, H, and I).
Incubation of SIBLING with substrate was no different from substrate alone, showing that the
increase in activity in the proMMP + SIBLING was not caused by any proteolytic activity in the
SIBLING preparations used for these experiments. Mismatched pairs of SIBLINGs and
proMMPs (BSP with proMMP-3 and proMMP-9, OPN with proMMP-2 and proMMP-9, and
DMPI1 with proMMP-2 and proMMP-3) analyzed under identical conditions each yielded an
activity (as measured by relative change in fluorescence over time) equivalent to that of the
residual activity of each commercial proMMPs alone (Fig. 6/, K, and L). Given that there was no
observed increase in the amount of propeptide-free enzyme in all of these SIBLING-proMMP
pairs (see above), it is reasonable to hypothesize that the increase in activity is due to a
conformational change in the protease that allows its propeptide to be removed from the active
site and thereby permit the digestion of both small and large macromolecular substrates.

SIBLINGsS restore activity to inhibited MMPs

The quenching of tryptophan fluorescence and the increase in activity caused by SIBLING
binding to the proMMP are consistent with an alteration in the local structure near the active site.
The addition of BSP increased the activity of proMMP-2 more than twofold, whereas addition of



the specific inhibitor caused a reduction in the basal activity (Fig. 74). The activity of the
proMMP-2 + BSP complex treated with equimolar amounts of the inhibitor was 84% of that
shown by the SIBLING + proMMP complex alone and sixfold higher then that of proMMP +
inhibitor. That the increase in proMMP activity did not arise from activity copurifying with BSP
was indicated by the lack of additional activity seen upon addition of BSP alone to the assay.
Similarly, the abilities of the proMMP-3+OPN complex and the proMMP-9+DMP1 complex to
be inhibited by equimolar amounts of their specific MMP inhibitors resulted in only a 20-25%
reduction in the maximum SIBLING-stimulated rate (Fig. 7D and G). As was the case for BSP,
the relative rate of change in fluorescence was not significantly different between proMMP,
SIBLING, or inhibitor controls. In contrast to the specific inhibitors, 1,10 phenanthroline (which
disrupts MMP activity by chelating and removing the active site required zinc ion) blocked
proMMP activity even in the presence of SIBLING.

The active forms of the MMPs also exhibited quenching of tryptophan fluorescence emission
upon binding their specific SIBLING partner. The possibility that SIBLING binding also altered
inhibitor interaction with active MMPs was investigated. Specific low-molecular-weight
inhibitors were again used to block active MMP activity on the fluorescein-labeled substrate in
the presence of SIBLINGs. MMPs were incubated with either 1) vehicle, 2) equimolar
SIBLING, 3) equimolar MMP-specific inhibitor, 4) MMP-specific inhibitor and SIBLING, or 5)
SIBLING + 1,10 phenanthroline. The addition of SIBLING caused no significant change in
MMP activity, whereas the inhibitor-treated MMP exhibited an expected dramatic loss of
activity (Fig. 7B, E, and H). The addition of the corresponding SIBLING, however, rescued
much of the original activity, even in the presence of equimolar amounts of specific inhibitor. As
was the case for proMMPs, SIBLINGs were not able to restore activity to active MMPs treated

with 1,10 phenanthroline.

The effect of SIBLING on the ability of the specific inhibitors to decrease MMP enzyme activity
was further investigated by studying the dose-response. The activity of authentic active MMPs +
equimolar SIBLINGs were measured using the fluorescein-gelatin or casein fluorescent assay in
the presence of increasing concentrations of the MMP-specific inhibitors. SIBLINGs did not
alter active MMP activity, whereas the addition of 1.6 nM (equimolar) MMP-specific inhibitor to
MMP alone decreased activity dramatically. When the complex of equimolar active MMP +
SIBLING was treated with increasing concentrations of the inhibitor, significant loss of activity
was observed but only at substantially higher concentrations (Fig. 7C, F, and /).

Because MMPs occur in vivo associated with TIMPs, the effect of SIBLINGs on the activity of
MMP + TIMP complexes was investigated. Treatment of active MMP-2, MMP-3, or MMP-9
with equimolar amounts of the appropriate TIMP reduced the enzymatic activity of the MMP
between 85 and 98% (Fig. 8). The addition of the correctly matched SIBLING to the TIMP-
inhibited MMP caused a restoration of much of the original proteolytic activity. The addition of
BSP to TIMP2-inhibited MMP-2 caused a fivefold increase in enzyme activity over that of the
TIMP-MMP-2 complex alone. Similarly, the presence of equimolar OPN lead to a sevenfold
increase in activity of TIMPl-inhibited MMP-3, whereas DMP1 restored TIMPI-inhibited
MMP-9 activity over tenfold. It is a reasonable hypothesis that the conformational change in the
active MMP upon binding its SIBLING partner lowers the affinity of the TIMP (and low-
molecular-weight inhibitors) for the active site of the MMP thereby enabling substrate access.




Reversal of SIBLING-induced activity by Factor H

BSP, OPN and DMPI1 have previously been shown to bind to Factor H with high affinity,
10-100 fold higher than that just described for their partner MMPs (10, 11). This binding has
been shown in another context to be sufficiently strong to completely mask serum BSP and OPN
in standard ELISA assays (23). The question arises as to whether Factor H can compete with
MMPs for SIBLING binding and thereby affect each SIBLING’s interactions with its respective
proMMP and active MMPs. The gelatin and casein fluorescein conjugate assays were used to
investigate whether TIMP-inhibited MMPs, which had regained enzymatic activity by the
addition of their corresponding SIBLING could then have their enzymatic activity altered by the
subsequent addition of purified Factor H. Addition of equimolar Factor H to samples containing
SIBLINGsS, activated MMPs and TIMPs caused a 75% reduction in the BSP-induced recovered
activity for MMP-2, a 40% reduction for MMP-3 and a 90% reduction for MMP-9 (Fig. 84, B,
and C). The higher affinity of Factor H for the SIBLING protein appears to promote the removal
of the SIBLING from the SIBLING-MMP complex thereby permitting the MMP to reverse its
conformation and allow the TIMP to again bind to the active site and reinhibit the enzyme.

The action of Factor H on the SIBLING-mediated activation of proMMPs was also investigated.
Reaction mixtures consisting of 1) proMMP alone, 2) proMMP + SIBLING, or 3) proMMP +
SIBLING +Factor H were incubated with the fluorescein-gelatin conjugate and the fluorescent
signal recorded for up to 8 h. The addition of Factor H caused the rate of substrate digestion by
the SIBLING-activated proMMP complex to decrease suggesting that the removal of the
SIBLING from the proMMP resulted in the reinactivation of the catalytic activity by the still-
attached propeptide (Fig. 8D, E. and F). The Factor H-mediated decrease in activity was

observed for all three SIBLING-proMMP pairs consistent with the higher affinity Factor H
binding and removing the SIBLING from the SIBLING-proMMP complexes. The addition of
Factor H alone to the proMMPs or active MMPs had no effect on the observed activity (data not
shown). These results support the hypothesis that the propeptide is not removed in order to create
the enzymatic activity in the proMMP-SIBLING pairs.

DISCUSSION

In this study, we have demonstrated that three members of the SIBLING family (BSP, DMPI,
and OPN) can each bind to different latent and the corresponding active MMPs (MMP-2, MMP-
9, and MMP-3, respectively) in a 1:1 stoichiometry with nM affinity in vitro. This has been
demonstrated by 1) copurification of the pairs through nondenaturing chromatographic columns;
2) solution phase intrinsic fluorescence binding studies; and 3) showing that BSP and OPN
affinity columns can be used to purify MMP-2 and MMP-3, respectively, from media containing
several MMPs. In addition, we have shown that purified SIBLINGs added to their respective
authentic proMMPs cause an increase in proteolytic activity without removal of the inhibitory
propeptide. In all of these observations, SIBLINGs and proMMPs showed specificity in their
partnering, with BSP binding to and activating proMMP-2, OPN activating proMMP-3 and
DMP1 activating proMMP-9. Other pairings of the SIBLINGs and proMMPs did not lead to
binding saturation or to significant increases in proteolytic activity when studied in equimolar
stoichiometries. Binding of the same preferred pairs of proteins was also seen for the active
forms of the MMPs, although no changes in proteolytic activity against natural substrates were
observed.




We have observed 1) fluorescent quenching during SIBLING binding titration (indicating a
change in the microenvironment of the MMP’s tryptophans); 2) increased susceptibility of
proMMP-SIBLING pairs to plasmin digestion; 3) increased enzymatic activity of the proMMPs
upon binding their specific SIBLING partner; 4) reduced ability of specific low-molecular-
weight inhibitors to block SIBLING + MMP complexes; and 5) restoration of activity to TIMP-
inhibited MMPs by the corresponding SIBLING. These observations are consistent with binding
of SIBLING to MMP being associated with structural changes in the MMP. Our hypothesis is
that these conformational changes induced in the structure of the MMP by the binding of the
SIBLING partner can at least partially disrupt interaction of inhibitors with enzyme’s active site,
presumably by lowering the affinity of the tested inhibitors for their MMPs. In vivo, this result is
likely to mean that even in the presence of TIMPs, MMPs may be enzymatically active in
regions of locally high concentrations of specific SIBLINGs.

Complement Factor H, a high-abundance serum protein known to have a high affinity for these
three SIBLINGs, was shown to reverse the SIBLING-induced resistance of the active MMP to
TIMPs, presumably by binding and removing the SIBLING partner from the complex. The
decrease by Factor H of SIBLING-mediated proMMP activation is also consistent with
competition between the MMP and Factor H for the binding of the SIBLING. That a portion of
the activity of the three proMMP-SIBLING pairs returned to their normal low levels upon the
addition of Factor H would suggest that the propeptide can reinsert into the active site and return
the protease to its inactive state. However, that some enzymatic activity remains after the
addition of the Factor H also suggests that the propeptide reinsertion is not always successful
under these specific in vitro conditions. Factor H invariably prevents the active complexes from
forming when it binds to the SIBLINGs before they can complex with their partnering MMPs.
Our previous work had indicated that these three SIBLING family members in solution were
rapidly bound by complement Factor H. This suggests that the activation of the proMMP or
reactivation of TIMP-inhibited MMPs by the simple binding of their respective SIBLINGs will
be limited to short distances from their sites of secretion due to the abundance of Factor H in the
body.

In vivo, the proforms of the MMPs are generally fully activated through proteolytic cleavage of
the inhibitory propeptide. Interestingly, TIMP-2, a protein that can inhibit the catalytic activity of
MMP-2, is also thought to play a role in at least one mechanism of activation of propeptide
cleavage (28). This activation of proMMP-2 has been proposed to involve formation of a
complex of the proMMP-2 with TIMP-2 and MT1-MMP (MMP-14) on the cell surface. A
second, TIMP-2-free, MT1-MMP then activates the MMP-2 by cleaving off the propeptide. By
analogy, it is interesting to hypothesize that proMMPs undergoing a conformational change
when binding their SIBLING partners may become better substrates for other proteases in vivo
that result in the removal of the inhibitory propeptides. This paper has shown such an increase in
susceptibility to at least one protease, plasmin.

Finally, because the expression of two of these SIBLINGs—BSP and OPN—have been
correlated with cancer progression and severity, it is interesting to consider that these proteins
may be locally activating their corresponding proteases in vivo. All three MMPs have been
shown to be important in tumor development and metastasis (24). The modulation of MMP
activity by SIBLINGs may even include SIBLINGs coming from the tumor cells and the MMPs
from the nearby stroma. Furthermore, because MMPs have been shown to be associated with
vascular invasion (29, 30) and that BSP and OPN have been shown to possess angiogenesis



activity in vivo (31, 32), it may be that the two observations can be linked by the mechanism of
MMP activation presented in this report. By defining the basic biochemistry of these
interactions, we now possess the requisite structural knowledge and analytical tools to pursue
meaningful tissue culture and in vivo studies.
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