www.impactjournals.com/oncotarget/ Oncotarget, Vol. 5, No. 4

Indirect targeting of IGF receptor signaling in vivo by substrate-
selective inhibition of PAPP-A proteolytic activity

Jakob H. Mikkelsen'*, Zachary T. Resch?*, Bhanu Kalra3 Gopal Savjani?, Ajay
Kumar3, Cheryl A. Conover?, and Claus Oxvig*

! Department of Molecular Biology and Genetics, University of Aarhus, DK-8000 Aarhus C, Denmark

2 Endocrine Research Unit, Division of Endocrinology, Mayo Clinic, Minnesota, MN, USA

3 Ansh Labs, Webster, TX, USA

" These authors contributed equally to this work

Correspondence to: Claus Oxvig, email: co@mb.au.dk

Keywords: insulin-like growth factor receptor, pregnancy-associated plasma protein-A, proteolytic inhibition, therapeutic anti-
body, xenograft mouse model

Received: November 26, 2013 Accepted: January 17, 2014 Published: January 17, 2014

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT:

The insulin-like growth factor (IGF) signaling pathway is involved in certain
human cancers, and the feasibility of directly targeting the IGF receptor has been
actively investigated. However, recent evidence from clinical trials suggests that this
approach can be problematic. We have developed an alternative strategy to indirectly
inhibit the IGF signaling by targeting the metalloproteinase, pregnancy-associated
plasma protein-A (PAPP-A). PAPP-A associated with the cell surface cleaves IGF
binding protein-4 (IGFBP-4), when IGF is bound to IGFBP-4, and thereby increases
IGF bioavailability for receptor activation in an autocrine/paracrine manner. We
hypothesized that inhibition of PAPP-A would suppress excessive local IGF signaling
in tissues where this is caused by increased PAPP-A proteolytic activity. To test this
hypothesis, we developed an inhibitory monoclonal antibody, mAb 1/41, which targets
a unique substrate-binding exosite of PAPP-A. This inhibitor selectively and specifically
inhibits proteolytic cleavage of IGFBP-4 with an inhibitory constant (Ki) of 135 pM. In
addition, it inhibited intracellular signaling of the IGF receptor (AKT phosphorylation)
in monolayers of A549 cells, an IGF-responsive lung cancer-derived cell line found to
express high levels of PAPP-A. We further showed that mAb 1/41 is effective towards
PAPP-A bound to cell surfaces, and that it is capable of inhibiting PAPP-A activity
in vivo. Using a murine xenograft model of A549 cells, we demonstrated that mAb
1/41 administered intraperitoneally significantly inhibited tumor growth. Analysis
of xenograft tumor tissue recovered from treated mice showed penetration of mAb
1/41, reduced IGFBP-4 proteolysis, and reduced AKT phosphorylation. Our study
provides proof of concept that IGF signaling can be selectively reduced by targeting
a regulatory proteinase that functions extracellularly, upstream of the IGF receptor.
PAPP-A targeting thus represents an alternative therapeutic strategy for inhibiting
IGF receptor signaling.
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INTRODUCTION

The insulin-like growth factor receptor type I (IGF-
IR) and its native ligands, IGF-I and IGF-II, play crucial
regulatory roles in many cellular processes, particularly
during normal development and growth [1, 2]. In addition,
dysregulated IGF-IR signaling has been linked to various
diseases, especially cancer [3-6]. In fact, the relationship
between the IGF system and cancer has been extensively
studied for decades. It includes early evidence that cancer
cell lines secrete IGF-I [7], express the IGF-IR on their
surface [8], and that IGF-IR is required for embryonic
cells to be transformed by oncogenes [9]. Furthermore,
numerous epidemiological studies have linked the
circulating level of IGF-I to cancer risk [5, 10].

For these reasons it is not surprising that major
efforts have focused on targeting IGF-IR signaling in
cancer therapy. Several different strategies have been
developed, including the use of 1) anti-ligand antibodies
to reduce the concentration of bioactive ligand capable
of stimulating the receptor, 2) anti-receptor antibodies,
which trigger receptor internalization and block binding
of active IGF-I or -II, and 3) small molecule inhibitors of
the intracellular receptor tyrosine kinase domain [11, 12].
Although all of these strategies have made the transition
into clinical trials, each of them is connected with potential
problems, and the outcomes have been less fruitful than
anticipated [13, 14].

Some of the problems arise from the fact that IGF
signaling is similar structurally and functionally to insulin
signaling with shared intracellular signaling machinery
and homologous receptor subunits, capable of forming
hybrid receptors [15]. Structural similarity also poses a
problem for the use of kinase inhibitors, which are likely
to inhibit the kinase domain of both receptors [13]. In
addition, cancer cells frequently express the A-isoform
of the insulin receptor (IR), which lacks exon 11 (IR-A)
[16]. IR-A has high affinity for both insulin and IGF-
II, but is not targeted by IGF-IR blocking antibodies.
Furthermore, the IGF-IR has widespread occurrence,
and it is increasingly recognized that therapeutic, global
manipulation of the receptor may have undesirable side
effects related to metabolism, some of which had not been
predicted prior to clinical trials [13].

A fundamental difference between insulin and
IGF signaling is the mechanisms that control the level
of bioactive ligand. In contrast to insulin signaling,
IGF signaling is often based on local synthesis of either
IGF-I or -II. The IGFs are present in tissues at relatively
high concentrations, but at the same time, their ability
to interact with IGF-IR is counteracted by differentially
expressed IGF binding proteins, IGFBP-1 through -6. The
high-affinity complexes of IGFBP and IGF constitute a
local reservoir from which bioactive IGF can be released
by different mechanisms, principally enzymatic cleavage
of the IGFBP [17].

One such IGF-releasing enzyme is the
metalloproteinase, pregnancy-associated plasma protein-A
(PAPP-A), whose known substrates are IGFBP-4 [18]
and -5 [19]. While several different proteinases are
capable of cleaving IGFBP-5, physiological cleavage
of IGFBP-4 may be limited to PAPP-A, suggesting that
in the IGF system, PAPP-A and IGFBP-4 function as
an interdependent pair [20, 21]. PAPP-A may therefore
comprise a desirable therapeutic target to inhibit focal
growth where an excessive level of bioactive IGF is
caused by increased PAPP-A proteolytic activity. By
using such a strategy, fewer side effects are likely because
tissues where PAPP-A is absent will not be affected. To
test the hypothesis that IGF-IR stimulation can be reduced
by inhibition of PAPP-A, we generated a monoclonal
antibody that selectively inhibits the cleavage of IGFBP-4
by targeting a unique substrate-binding exosite of PAPP-A,
analyzed its efficacy in vitro, and assessed the principle in
vivo by using a mouse xenograft model.

RESULTS

Targeting the proteolytic activity of PAPP-A
towards IGFBP-4

The C-terminally located LNR3 module of PAPP-A
(Fig. 1A) harbors a unique substrate-binding exosite,
which is required for binding and proteolytic cleavage of
IGFBP-4 [22, 23]. To develop an inhibitory monoclonal
antibody targeting this site, mice were immunized with
full-length human PAPP-A. PAPP-A knockout mice [24]
were used to ensure an efficient immune response towards
conserved regions of the protein, in particular the LNR3
region which is highly conserved between species [25].
Antibodies secreted by hybridoma clones were screened
successively for 1) recognition of the immunogen, 2)
recognition of a recombinant C-terminal fragment of
PAPP-A containing the target site (Fig. 1A and 1B), and
3) for lack of recognition of mutant PAPP-A(D1484A), in
which the structure of LNR3 is disrupted [26]. Selected
candidates were then screened for their ability to inhibit
PAPP-A cleavage of IGFBP-4, and one antibody, mAb
1/41, was chosen for further characterization following
production in milligram quantities. In reducing SDS-
PAGE, this IgG2a antibody migrated as two distinct
bands, suggesting homogenously glycosylation of its
subunits (Fig. 1C). Qualitative analysis demonstrated that
mAb 1/41 efficiently inhibited the cleavage of IGFBP-4
by both human and murine PAPP-A (Fig. 1D). Cleavage
of IGFBP-5 by PAPP-A2 [27], the only other homologous
proteinase (Fig. 1A), was not affected by mAb 1/41
(Fig. 1E), even at a large molar excess (10.000 fold) of
mADb 1/41 over PAPP-A2. Analysis by surface plasmon
resonance confirmed the suspected high-affinity binding
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of the antibody to the target site of recombinant PAPP-A
(K, =97 pM) (Fig. 2A), and by kinetic analysis, mAb 1/41
qualified as a potentially useful reagent for inhibition of
PAPP-A activity with a favorable inhibitory constant (K
of 135 pM (Fig. 2B).
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PAPP-A mAb 1/41 inhibits the activity of native
PAPP-A and AKT phosphorylation in cell
monolayers

Specific and IGF-dependent proteolytic cleavage of
IGFBP-4 has previously been documented in conditioned
media from non-small cell lung cancer cell lines [28],
although the identity of the responsible proteinase was
unknown then. Recently, the level of circulating PAPP-A
was found to be increased in patients with lung cancer
[29]. We therefore screened a panel of human lung cancer
derived cells (Table 1), and picked the adenocarcinoma
cell line, A549, as a model for PAPP-A-mediated
stimulation of the IGF receptor based on its high level of
PAPP-A secretion.

Using the A549 cell line, we assessed the ability of
mADb 1/41 to inhibit IGF receptor signaling measured as
inhibition of AKT phosphorylation in cultured monolayers
of adherent cells (Fig. 3A). Compared to untreated cells,
the addition of IGF-I caused a six-fold enhancement of
AKT phosphorylation; a similar enhancement (four-
fold) was observed with IGF-I pretreated with equimolar
amounts of IGFBP-4. This might seem contradictory,
considering the inhibitory action of IGFBP-4. However,
IGF-I is released from the inactive IGF/IGFBP-4 complex
by the high levels of PAPP-A secreted by the A549 cells.
In agreement with this, we observed a dramatic decrease
in AKT phosphorylation when the cells treated with the
IGF/IGFBP-4 complex were also treated with inhibitory
mADb 1/41. The effect appeared to be saturable and to

Figure 1: Development of an inhibitory antibody
targeting the substrate-binding exosite of PAPP-A.
A, Schematic outline of the 200 kDa 1547-residue human
PAPP-A subunit. Amino acid numbering, the positions of the
three Lin12-Notch repeat modules (LNR1-3), five complement
control protein modules (CCP1-5), and the proteolytic domain
(grey) are shown. The position of the C-terminal recombinant
fragment, used for selection of antibodies targeting the
substrate-binding exosite located in the LNR3 region, is shown
by the dashed rectangle. The LNR3 module is 100% conserved
between mouse and man. B, Non-reducing (-) and reducing (+)
SDS-PAGE of purified C-terminal fragment of human PAPP-A,
PAPP-A(1133-1547), corresponding to the dashed rectangle
of A. The molecular weights of marker proteins are indicated.
C, Reducing SDS-PAGE of purified PAPP-A inhibitor, mAb
1/41, a murine IgG2a monoclonal antibody. The positions of
molecular markers are indicated. D, Inhibition of cleavage of
radiolabeled IGFBP-4 by recombinant human PAPP-A (200
pM, left panel) and recombinant murine PAPP-A (200 pM, right
panel) by using mAb 1/41. Please note that in this experiment,
C-terminally tagged IGFBP-4 was used, causing the N- and
C-terminal cleavage fragments to co-migrate. Intact IGFBP-4 (i)
and the co-migrating cleavage fragments (c) are indicated. E,
MAD 1/41 does not inhibit cleavage of radiolabeled IGFBP-5
by recombinant human PAPP-A2 (100 pM). Concentrations of
mAb 1/41 are specified.
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Table 1: Secretion of PAPP-A from selected human cancer cell lines. Selected
human lung cancer derived adenocarcinoma cell lines were cultured to confluency, and
the levels of PAPP-A secreted into the culture medium were assessed by ELISA. ND,
non-detectable.

Cell line Level of PAPP-A in conditioned medium (ng/ml)

H1975 0.1

H358 0.1

HCC827 0.1

H1568 1

A549 164

Calu-3 ND

H1666 12

decrease with lower doses of mAb 1/41.

To verify at the level of proteolysis that mAb 1/41
was capable of inhibiting the native PAPP-A secreted
from the A549 cells, culture medium from these cells was
treated with a variable amount of mAb 1/41, or a control
antibody of the same subtype. The control antibody had
no effect on the proteolytic activity towards IGFBP-4,
while mAb 1/41 efficiently inhibited cleavage (Fig. 3B).
This experiment demonstrates that not only recombinant
PAPP-A (Fig. 1), but also native PAPP-A can be targeted
by mAb 1/41.

Assessment of the ability of mAb 1/41 to inhibit
PAPP-A activity in vivo

To address the question whether mAb 1/41 is
a functional inhibitor of PAPP-A in vivo, mice were
administered the inhibitor or a control antibody
intraperitoneally. Four hours later, the mice were given
heparin to increase the concentration of PAPP-A present in
the circulation [30, 31], and trace amounts of radiolabeled
IGFBP-4 pre-bound with IGF-II was injected into the
tail vein. Proteolytic cleavage of the injected IGFBP-4
was then assessed by autoradiography of serum samples
separated by SDS-PAGE (Fig. 4A). No cleavage of
IGFBP-4 was observed at the high dose of mAb 1/41.
At a lower dose, cleavage was not completely inhibited.
Eight days after injection of the antibody, faint traces of
IGFBP-4 cleavage fragments were present at both the high
and the low dose of antibody, although efficient inhibition
was still evident (Fig. 4B). We therefore conclude that
mAb 1/41 is capable of inhibiting PAPP-A present in the
extracellular environment of a living organism. By using
flow cytometry, we further demonstrated that mAb 1/41 is
capable of binding the fraction of PAPP-A that in vivo is
likely to be bound to surfaces of cells [30] (Fig. 4C).

Finally, we assessed the pharmacokinetic properties
of mAb 1/41 in mice (Fig. 4D). A high (30 mg/kg) and
a low (3.0 mg/kg) dose of the antibody were injected
intraperitoneally, and the circulating levels were

monitored. For both the high and the low dose, the level
of antibody had decreased to about 65% of the initial
concentration following eight days.
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Figure 2: Characterization of inhibitory antibody
mAb 1/41. A, MAb 1/41 binds PAPP-A with high affinity
as demonstrated by surface plasmon resonance. Twofold
serial dilutions of a human PAPP-A C-terminal fragment,
PAPP-A(1133-1547), ranging from 6.25 nM to 97.5 pM, were
injected over a surface with immobilized mAb 1/41. The
experiment with 6.25 nM is shown in replicate, demonstrating
good reproducibility. Recorded binding curves are shown
in black, and a global 1:1 Langmuir fit is shown in grey. The
fitted constants are: k = 3.168 £ 0.002 x 10° M''s", k,= 3.080
+0.002 x 10*s™, resulting in K = 9.72 x 10" M. B, Relative
initial velocities of PAPP-A-mediated IGFBP-4 cleavage in the
presence of increasing concentrations of mAb 1/41. Inhibitory
constant, K, = 1.35 £ 0.24 x 10" M. Using murine PAPP-A,
mPAPP-A(1129-1545) [23], similar kinetics were obtained.
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PAPP-A mAb 1/41 inhibits growth in a xenograft
model

Based on the above, xenograft experiments were
carried out to determine the effectiveness of targeting
PAPP-A in vivo. A549 lung cancer cells were implanted
subcutaneously in immunocompromised mice, and on day
6 and 13, the mice were treated with 10 mg/kg of mAb
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Figure 3: Inhibition of IGF-IR signaling and IGFBP-4
proteolysis by native PAPP-A in vitro. A, Human lung
carcinoma cells (A549) were cultured, and PAPP-A secreted into
the culture medium was allowed to accumulate to a level of 48.6
ng/ml. The cells were treated with IGF-I (50 ng/ml), or IGF-I (50
ng/ml) first incubated with a fivefold molar excess of IGFBP-4
to allow formation of the inactive IGF/IGFBP-4 complex. Prior
to treatment with the IGF/IGFBP-4 complex, the cells were
incubated with varying doses of mAb 1/41 as indicated, and AKT
phosphorylation was quantified. Average values +/- SDs of three
independent experiments are shown. B, Forty-eight hour A549
conditioned medium was treated with varying concentrations
of mAb 1/41 or a subtype control (IgG2a), as indicated. The
ability of the treated culture medium to proteolyze IGFBP-4
was assessed by the addition of recombinant IGFBP-4 followed
by Western blotting using antibodies specific for the N- and
C-terminal regions of IGFBP-4. Intact IGFBP-4 (i) and N- (N)
and C-terminal (C) cleavage fragments are indicated.
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Figure 4: Inhibition of PAPP-A-mediated IGFBP-4
proteolysis in vivo. A, Adult, male mice were delivered
IgG2a (30 mg/kg) or inhibitory mAb 1/41 (30 or 3.0 mg/kg)
by intraperitoneal injection. Proteolysis in the circulation of
exogenously administered, radiolabeled IGFBP-4 was assessed
by gel electrophoresis and autoradiography 24 hours following
antibody delivery. Individual lanes are results from individual
mice. The positions of intact (i) and co-migrating cleavage
fragments (c) are indicated. To allow proteolysis of IGFBP-4 in
the circulation [30, 31], injection of heparin to release surface
bound PAPP-A was given prior to the injection of IGFBP-4. B,
A similar experiment was carried out 8 days after delivery of
the antibody. C, Flow cytometry demonstrating strong binding
of mAb 1/41 to cells transfected with PAPP-A cDNA (right
panel) but not to cells transfected with empty plasmid cDNA
(left panel). D, Example showing circulating levels of mAb 1/41
measured at various times after intraperitoneal administration of
30 or 3.0 mg/kg.
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DISCUSSION

1/41, or an subtype control antibody. Following onset of
treatment, the tumor sizes were measured twice weekly
for two weeks. The animals were then sacrificed and the
tumor masses were determined by weighing. Treatment
with mAb 1/41 showed a significant reduction in growth
rate (Fig. SA), most prominent until day 15, where the
total reduction was greater than 50%. The difference in
tumor mass at harvest (day 21) was significant between
the two groups (Fig. 5B).

The ability of tumor extracts to proteolyze IGFBP-4
was then assessed. As expected, extracts from mice treated

Despite the enormous interest in therapeutic
manipulation of IGF signaling, very few efforts have
been made to target upstream regulatory molecules in the
extracellular part of the IGF signaling network. Use of
IGFBPs to sequester IGF bioactivity is being attempted
[15], but there are no prior reports in which the proteolytic
activity of an IGFBP proteinase has been targeted.
Reasons for that might be that some proteinases shown
to cleave IGFBPs, e.g. matrix metallloproteinases, are

with the inhibitory antibody showed a clear reduction in
proteolysis (Fig. 6A). Concordantly, we found a significant
reduction in IGF signaling, as measured by AKT
phosphorylation, between the groups (Fig. 6B). Finally, we
verified by IgG2a immunostaining that the antibody was
present in the xenograft tissue at the end of the experiment
(Fig. 6C). Although, based on this experiment, it is not
possible to determine the degree of mAb 1/41 penetration,
the presence of the antibody within the tissue is evident

and most likely the reason for the reduced IGF signaling.

known to be involved in proteolytic regulation outside the
IGF system [17]. Hence, proteolytic targeting clearly can
have unwanted and unpredictable consequences. For two
reasons we believe that targeting of PAPP-A is different:
First, targeting the substrate-binding exosite of PAPP-A
selectively inhibits cleavage of IGFBP-4 [22, 23]. Second,
IGFBP-4 is cleaved in an unusual IGF-dependent manner
by PAPP-A [19], and does not appear to be a physiological
substrate of other proteinases [20, 21].

By immunizing PAPP-A knockout mice, we have
developed a prototype PAPP-A inhibitor in the form of a

A monoclonal antibody, mAb 1/41, that targets the substrate-
1 binding exosite, present in the highly conserved C-terminal
200 | = Control lg62a (10 mokg) . LNR module (LNR3) of PAPP-A. The antibody binds

{ —e MAb 1/41 (10 mg/kg) ST ) : .
T PAPP-A with picomolar affinity (K, = 97 pM), is specific
£ 250 l * for PAPP-A, and shows excellent inhibitory kinetics (K,
£ 2001 % of = 135 pM) towards the cleavage of IGFBP-4 for both

3 150 4 l human and murine PAPP-A (Fig. 1 and 2).

g X Using cultured A549 cells, which secrete both
£ 100 PAPP-A and IGFBP-4, we demonstrated that mAb
= 504 1/41 is capable of inhibiting both proteolytic cleavage
,,,,,,,,,,,,,,,,,,,,, of IGFBP-4 and IGF signaling, the latter assessed by

0 2 4 6 8 10 12 14 16 18 20

measuring decreased AKT phosphorylation (Fig. 3). This
experiment provides an in vitro model system in which
the coupled action of IGFBP-4 and PAPP-A regulates
B IGF receptor stimulation. It is important to note that the
inhibitory antibody is effective towards native PAPP-A,

Time post xenograft (days)

7007 not only recombinant PAPP-A, which was used in the
5 600 1 selection process of the antibody. We further demonstrated
E 500 % that mAb 1/41 is capable of exerting its inhibitory function
%., 400 in vivo towards native murine PAPP-A (Fig. 4).
£ 200 - Cleavage of IGFBP-4 and resulting release of
5 bioactive IGF in close proximity to the IGF-IR is believed
E 200 to be important for efficient IGF-IR stimulation [20], in

100 - agreement with the ability of PAPP-A to bind to cellular

0 surfaces [30]. Because the cell surface binding site of

PAPP-A is located in modules SCR3 and SCR4 (Fig.
1A), close to the LNR3 module containing the epitope
of mADb 1/41, the accessibility of the epitope of surface-
bound PAPP-A might be compromised. However, the
simultaneous binding of PAPP-A to the cell surface and
to mAb 1/41 demonstrates that this is not the case (Fig.
4C). Therefore, mAb 1/41 can inhibit PAPP-A present in
tissues, where it is reasonable to assume that the majority
of PAPP-A is associated with cell surfaces.

Control IgG2a MADb 1/41

(10 mg/kg) (10 mg/kg)
Figure 5: Inhibition of xenograft tumor growth using
PAPP-A inhibitor mAb 1/41. A, Athymic nude mice were
delivered A549 cells subcutaneously and treated at day 6 and
13 with IgG2a or mAb 1/41 at doses of 10 mg/kg. Each group
contained 15 mice. Tumor volumes were assessed and average
values +/- SEMs were plotted as a function of time post-
xenografting. B, Average tumor masses following three weeks
for mice treated with control IgG2a and mAb 1/41. *p <0.001.
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To then test the hypothesis that targeting of PAPP-A
can indirectly reduce excessive IGF-IR stimulation in vivo,
we assessed the ability of mAb 1/41 to inhibit growth
in a xenograft mouse model based on subcutaneously
implanted A549 cells (Fig. 5). We found, in agreement
with our hypothesis, that inhibition of PAPP-A decreased
the tumor growth rate, even in this experimental system
with secretion from A549 cells being extremely high
compared to measured physiological levels of the protein.
Our results therefore provide proof of principle for a
strategy of targeting upstream extracellular components of
the IGF system in vivo to reduce IGF signaling locally. For
further studies, it may be desirable to substitute the current
heterotopic xenograft model with a more sophisticated
model system, in which extracellular IGF system
components are characterized, and dose and treatment
regimen can be optimized.

The involvement of PAPP-A in the development
or growth of different types of cancer is increasingly
suggested in the literature. These include ovarian cancer,
renal cancer, mammary cancer, gastric cancer, lung cancer,
and pleural mesothelioma [29, 32-41]. Furthermore,
studies in mice have shown that PAPP-A transcription is
activated by mutant p53 [42], and, of particular interest,
PAPP-A null mice have a markedly reduced incidence of
spontaneous cancers of age [43]. Finally, recent reports
demonstrate that a ShRNA- [39] or siRNA-mediated [41]
reduction in PAPP-A gene expression causes reduced

A

Control IgG2a MAb 1/41

1.0 1

0.8 1

0.6 -

0.4 1

0.2 1

AKT phosphorylation

Control IgG2a MAD 1/41

tumor cell proliferation in xenograft models.

It is therefore reasonable to hypothesize that in some
cancers, where the tumor phenotype is driven by increased
IGF signaling, increased PAPP-A activity may be part of
the underlying mechanism. In these cases inhibition of
PAPP-A might be beneficial — and include the advantage
of local and indirect targeting of the IGF-IR, rather than
direct global targeting which lacks specificity and is likely
to interfere with metabolism. Importantly in this regard,
the PAPP-A knockout mice do not show secondary
endocrine alterations [24].

Furthermore, PAPP-A may serve as a predictive
biomarker to identify probable responders, the lack of
which is currently recognized as a major problem in
cancer treatment based on IGF-IR antagonists [44]. In
line with this, it is also possible that IGFBP-4 cleavage
fragments, generated by PAPP-A activity, have biomarker
value, either for patient selection or as a tool to monitor
efficacy of the treatment.

In conclusion, we have developed the concept
of indirect inhibition of IGF-IR signaling by inhibiting
a proteolytic enzyme, PAPP-A. Inhibition of PAPP-A
prevents the generation of bioactive IGF by specific
cleavage of IGFBP-4, and we have demonstrated that this
local targeting approach works in vivo. The advantage
of targeting PAPP-A is principally increased specificity,
fewer side effects, as well as its potential use as a
biomarker. Future work will aim at optimizing the efficacy

' i
100 ym

Figure 6: Intra-xenograft inhibition of PAPP-A activity following treatment with inhibitory monoclonal antibody. A,
A549 xenografts from mice treated with IgG2a or mAb 1/41 were homogenized and the ability of the homogenate to proteolyze IGFBP-4
was assessed by the addition of recombinant IGFBP-4 followed by Western blotting using antibodies specific for the N- and C-terminal
regions of IGFBP-4. Intact IGFBP-4 (i) and N- (N) and C-terminal (C) cleavage fragments are indicated. B, Quantification of AKT
phosphorylation in xenograft tissue following treatment with IgG2a control or mAb 1/41. *p < 0.01. C, Immunofluorescent detection of
mAb 1/41 penetrance within the xenograft was conducted using a FITC-labeled, anti-mouse 1gG2a antibody (green) in untreated (upper

panel) and mAb 1/41 treated (lower panel) mice.
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of PAPP-A inhibition in more translational model systems,
and to assess the possible value of combining PAPP-A
inhibition with other therapeutic strategies.

METHODS

Expression and purification of recombinant
protein

Human  embryonic  kidney  293T  cells
(293tsA1609neo) were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2mM
glutamine, nonessential amino acids, and gentamicin
(Invitrogen). Cells were plated onto 6-cm tissue culture
dishes and transiently transfected 18 h later by calcium
phosphate co-precipitation using 10 pg of plasmid DNA.
The plasmids encoded the following: Wild-type human
PAPP-A [45], and mutants E483Q [45] and D1484A
[26], wild-type murine PAPP-A [46], human c-Myc-His
tagged IGFBP-4 [47], or a c-Myc-His tagged version
of plasmid PA(1133-1547) [22], encoding a C-terminal
fragment of human PAPP-A, starting at SCR module 1,
PAPP-A(1133-1547). After 48 h, the culture media were
harvested and cleared by centrifugation, or the cells
were further cultured in serum free medium, CD293
(Invitrogen), to facilitate purification. Tagged proteins
were purified by nickel affinity chromatography using
Chelating-Sepharose Fast Flow beads (1 ml) (Amersham
Biosciences). The column was washed with 1 M NacCl, 50
mM sodium phosphate, pH 5.5, and bound protein was
eluted with phosphate-buffered saline containing 20 mM
EDTA.

Generation of inhibitory antibody

PAPP-A knockout mice [24] were immunized
with human PAPP-A complex purified from human
pregnancy serum [48]. Initial injections of 50 pg were
given subcutaneously in Freund’s Complete Adjuvant
(MP Biomedical, 0855828). After one month, each mouse
was given a booster injection in Freund’s Incomplete
Adjuvant (MP Biomedical, 0855829). Based on screening
of tail blood on plates coated with the antigen, good
responders were selected for final boosting following
one additional month: For four consecutive days,
mice received approximately 160 pg of the antigen
intraperitoneally. On the fifth day, the mice were sacrificed
and the spleens removed aseptically. Spleen cells were
centrifuged, aliquoted and stored in liquid nitrogen.
Fusion with SP2/0 cells was performed with one aliquot
of the spleen cells. Culture supernatants of picked clones
were screened on antigen coated plates, and positive
clones were re-cloned. The clones were then screened

for recognition of purified human C-terminal PAPP-A
fragment, PAPP-A(1133-1547), coated onto plastic, and
for lack of recognition of PAPP-A mutant D1484A. The
latter PAPP-A mutant was immobilized to the wells by
using polyclonal rabbit anti-PAPP-A [48]. Selected clones
were cultured for antibody production and purification
on protein A Sepharose (GE Healthcare). These clones
were finally screened for their ability to inhibit PAPP-A
(human and murine) cleavage of IGFBP-4 (see above). A
kit (IsoQuick Strips, Sigma Aldrich, cat. no. 19285) was
used for isotyping. Sufficient amounts of the mAb 1/41
antibody was produced and purified by a commercial
service provider (BioServ UK Ltd., Sheffield, UK). Prior
to use in animal experiments, the biochemical properties
of the antibody was verified by the methods described
above.

Analysis of IGFBP cleavage in vitro

To assess proteolytic inhibition, the proteolytic
activity of PAPP-A against IGFBP-4 was analyzed as
previously described in detail [49]. Briefly, purified
IGFBP-4 was labeled with 1251 (Amersham Biosciences),
and cleavage reactions (t = 60 min) were carried out in
50 mM Tris-HCI, 100 mM NaCl, 1 mM CaCl2, pH 7.5,
in the presence of a molar excess of IGF-II (Diagnostic
Systems Laboratories) at 37 °C. Concentrations were:
PAPP-A, 200 pM; IGFBP-4, 10 nM; IGF-II, 100 nM. In
some reactions, purified antibody was added in known
amounts as specified. Reactions were terminated by the
addition of SDS-PAGE sample buffer supplemented with
25 mM EGTA. For kinetic analysis, reaction times were
0, 30, 60, and 120 min. Cleavage products were separated
by 10-20% SDS-PAGE and visualized by autoradiography.
The degree of cleavage was determined by quantification
of band intensities using a Typhoon imaging system
(GE Healthcare), and background levels (mock signals)
were subtracted. Relative initial velocities (V/V ) were
determined by linear regression assuming no substrate
depletion. Quantitative analyses for inhibitory constant
(K) determination were carried out with GraphPad Prism
5.0 software using the Morrison K. model (competitive
inhibition). For semi-quantitative experiments, unlabeled
IGFBP-4 (R&D Systems) was used, and proteolytic
activity was assessed by the separation of cleavage
products in Western blotting. Briefly, samples were
separated by 4-20% SDS-PAGE, blotted onto a PVDF
membrane (Millipore), blocked with LI-COR blocking
buffer, and probed for the N- and C-terminal fragment
of IGFBP-4 using specific antibodies (ab92625 and
ab153654, Abcam) by incubation for 20 h at 4°C.
Fluorescently labeled secondary antibodies (LI-COR)
were used for detection of intact and cleaved IGFBP-4,
images were captured using a LI-COR Odyssey scanner,
and intensities measured using the Image J software.
Cleavage (t = 30 min at 37 °C) of IGFBP-5 by human
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PAPP-A2 was carried out as previously detailed [27],
using 10 nM IGFBP-5, 100 nM IGF-II, 100 pM PAPP-A2
and a variable concentration (0-1000 nM) of mAb 1/41.

Surface plasmon resonance analysis

Surface plasmon resonance experiments were
carried out on a Biacore T200 (GE Healthcare). Purified
antibody was captured in flow cell 2 of a protein A coupled
PAD 500L chip (XanTec Bioanalytics) to a density of 100
response units. To collect kinetic binding data, a twofold
serial dilution of the analyte, PAPP-A(1133-1547),
ranging from 6.25 nM to 97.5 pM, in 10 mM HEPES pH
7.4, 500 mM NaCl, 1 mM CaCl2 and 0.05% Tween-20,
was injected over flow cells 1 and 2 at 30 pl/min. The
association phase was 180 s, followed by a 600 s
dissociation phase. Binding analysis was performed at 25
°C. At the end of each binding cycle, all surfaces were
regenerated by a 60 s injection of 10 mM glycine pH 1.7.
Analyte concentrations were determined by amino acid
analysis. Data were collected at a rate of 10 Hz. Recorded
signals were subtracted the background signal, as
determined by the response obtained from a reference cell
(flow cell 1) without antibody capture. Global fitting of
a 1:1 Langmuir model was performed, using the Biacore
T200 Evaluation Software, version 1.0

Determination of AKT phosphorylation

A panel of human lung cancer derived cell lines
(ATCC, Table 1) were assessed by ELISA for the presence
of PAPP-A in the culture medium. Human alveolar
adenocarcinoma cells (A549, ATCC) [50] were selected
and thereafter maintained in DMEM containing 10%
FBS, 2 mM glutamine, penicillin and streptomycin. The
cells were allowed to reach confluence in a 96-well plate,
washed three times and switched to DMEM containing
antibiotics and 0.1% bovine serum albumin for 16 hours
to allow PAPP-A secretion and accumulation in the
medium. Varying doses of an irrelevant control 1gG2a
antibody (BioXCell) or PAPP-A mAb 1/41 were added 1
h prior to the addition of recombinant human IGF-I (50
ng/ml, R&D Systems), or IGF-I and human recombinant
IGFBP-4 (50/500 ng/ml, R&D Systems) pre-incubated for
30 minutes to allow the IGF/IGFBP-4 complex to form.
Fifteen minutes after IGF stimulation, conditioned media
were collected and cells fixed and permeabilized for In-
Cell Western analysis (LI-COR). An anti-phospho-AKT
antibody (Novus Biologicals) was used to assess IGF
receptor signaling using the LI-COR Odyssey system.
Levels of PAPP-A were determined by ELISA (AL-101,
Ansh Labs).

Flow cytometry

Transfected 293T cells were detached with 20 mM
HEPES, 150 mM NacCl, pH 7.5 containing SmM EDTA
48 h post-transfection with PAPP-A ¢cDNA and washed
with cold culture medium containing 5% FBS. The cells
were incubated on ice with primary antibody (mAb 1/41)
diluted in culture medium with 10% FBS to 0.5 pg/ml for
1 h. After washing three times, the cells were incubated
with Alexa Fluor 488 goat anti-mouse diluted to 2 pg/ml
for 1 h. After 3 washes, the cells were suspended in PBS
with 2% paraformaldehyde and analyzed on a Beckman
Coulter FC500 instrument. At least 10,000 cells were
analyzed.

Analysis of IGFBP-4 cleavage in vivo

Adult, male FVB mice (Charles River Laboratories)
were administered control IgG2a (BioXCell) or PAPP-A
mAb 1/41 by intra-peritoneal injection of 3.0 or 30 mg/
kg. Serum was collected from previously antibody-
treated mice by eye bleed at various time points for the
determination of circulating levels of PAPP-A mAb
1/41 (eBioscience). At 24 h and 8 days post injection of
antibody, the inhibitory potential in the circulation was
assessed: Mice were administered 10 U heparin (Sigma)
(to release cell surface-associated PAPP-A) followed
by radiolabeled IGFBP-4 (cf. above) and IGF-II via tail
vein injection. Animals were sacrificed 10 minutes after
the injection of trace amounts of 125I-labeled IGFBP-4.
Serum was collected and stored at -80 prior to separation
by 4-20% SDS-PAGE. The gels were dried and exposed
to X-ray films (Kodak) for visualization of IGFBP-4
proteolysis.

Xenograft model

Adult, female athymic nude mice (Charles River
Laboratories) were allowed to acclimatize for one week
following delivery to the animal facility. The mice were
housed in pathogen-free conditions for the duration of the
study. A549 cells were propagated, lifted by trypsinization,
washed three times with phosphate-buffered saline (PBS),
and counted. Animals (n = 15 per group) were delivered
5.0 x 10° cells suspended in a volume of 100 ul PBS
subcutaneously mid-thigh. The mice were followed for
six days, and tumor volumes (in mm?) were determined
by two-dimensional caliper measurement using the
modified ellipsoid formula, V =" (L x W?), where L =
length in mm, and W = width in mm, and randomized to
treatment group. Treatments were initiated at day 6 by
intraperitoneal injections of control IgG2a or PAPP-A
mADb 1/41 at 10 mg/kg. A second dose was given one
week later for a total of two treatments. Tumor volumes
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were determined every three days. The animals were
sacrificed three weeks after xenografting, the tumors
were weighed, and serum was collected. Portions of the
tumor were flash-frozen for biochemical analysis or OCT-
embedded for immunohistochemistry and stored at -80
until further analysis. The levels of AKT phosphorylation
in tumor extracts from mice treated with mAb 1/41 (n
= 6) or control IgG2a (n = 5) were assessed as above.
Tumor extracts were also assessed for the ability to cleave
IGFBP-4. All protocols involving animals were reviewed
and approved by the Institutional Animal Care and Use
Committee of Mayo Clinic.

Immunohistochemistry

Cryosections (5 pm) of xenograft tumor were
fixed in methanol and dried on glass slides. Sections
were rehydrated in PBS, blocked in protein-free buffer
(DAKO), and murine IgG2a was detected using a
FITC-labeled, anti-mouse IgG2a antibody (Jackson
ImmunoResearch). Images were captured using a Zeiss
fluorescent microscope.

Statistical analysis

Results are expressed as average values +/- SDs for
the indicated number of experiments. Statistical analyses
were performed using ANOVA, followed by multiple
comparisons.

ACKNOWLEDGEMENTS

This work was supported in by The Danish Council
for Independent Research, and an unrestricted research
grant from ANSH Labs. We thank Kristine Raaby
Jakobsen for culture of cell lines (Table 1) for screening.

Conflict of interests

JM, CC, and CO are inventors on patent or patent
application relating to the use of pregnancy-associated
plasma protein-A (PCT/EP2009/050796, JM and CO; US
7115382, CC and CO).

REFERENCES

1. Jones JI and Clemmons DR. Insulin-like growth factors
and their binding proteins: biological actions. Endocr Rev.
1995; 16(1):3-34.

2. De Meyts P. Insulin and its receptor: structure, function and
evolution. Bioessays. 2004; 26(12):1351-1362.

3. Seccareccia E and Brodt P. The role of the insulin-like

growth factor-I receptor in malignancy: an update. Growth
Horm IGF Res. 2012; 22(6):193-199.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Harris LK and Westwood M. Biology and significance of
signalling pathways activated by IGF-II. Growth Factors.
2012; 30(1):1-12.

Pollak M. Insulin and insulin-like growth factor signalling
in neoplasia. Nat Rev Cancer. 2008; 8(12):915-928.

Limesand KH, Chibly AM and Fribley A. Impact of
targeting insulin-like growth factor signaling in head and
neck cancers. Growth Horm IGF Res. 2013; 23(5):135-140.
Huff KK, Kaufman D, Gabbay KH, Spencer EM, Lippman
ME and Dickson RB. Secretion of an insulin-like growth
factor-I-related protein by human breast cancer cells.
Cancer Res. 1986; 46(9):4613-4619.

Furlanetto RW and DiCarlo JN. Somatomedin-C receptors
and growth effects in human breast cells maintained in
long-term tissue culture. Cancer Res. 1984; 44(5):2122-
2128.

Sell C, Rubini M, Rubin R, Liu JP, Efstratiadis A and
Baserga R. Simian virus 40 large tumor antigen is unable
to transform mouse embryonic fibroblasts lacking type 1
insulin-like growth factor receptor. Proc Natl Acad Sci U S
A.1993;90(23):11217-11221.

Gallagher EJ and LeRoith D. Minireview: IGF, Insulin, and
Cancer. Endocrinology. 2011; 152(7):2546-2551.

Arcaro A. Targeting the insulin-like growth factor-1
receptor in human cancer. Front Pharmacol. 2013; 4:30.
Pollak M. Targeting insulin and insulin-like growth factor
signalling in oncology. Curr Opin Pharmacol. 2008;
8(4):384-392.

Pollak M. The insulin and insulin-like growth factor
receptor family in neoplasia: an update. Nat Rev Cancer.
2012; 12(3):159-169.

Yee D. Insulin-like growth factor receptor inhibitors: baby
or the bathwater? J Natl Cancer Inst. 2012; 104(13):975-
981.

Heidegger I, Pircher A, Klocker H and Massoner P.
Targeting the insulin-like growth factor network in cancer
therapy. Cancer Biol Ther. 2011; 11(8):701-707.

Belfiore A, Frasca F, Pandini G, Sciacca L and Vigneri R.
Insulin receptor isoforms and insulin receptor/insulin-like
growth factor receptor hybrids in physiology and disease.
Endocr Rev. 2009; 30(6):586-623.

Forbes BE, McCarthy P and Norton RS. Insulin-like growth
factor binding proteins: a structural perspective. Front
Endocrinol (Lausanne). 2012; 3:38.

Lawrence JB, Oxvig C, Overgaard MT, Sottrup-Jensen
L, Gleich GJ, Hays LG, Yates JR, 3rd and Conover CA.
The insulin-like growth factor (IGF)-dependent IGF
binding protein-4 protease secreted by human fibroblasts is
pregnancy-associated plasma protein-A. Proc Natl Acad Sci
U S A. 1999; 96(6):3149-3153.

Laursen LS, Overgaard MT, Soe R, Boldt HB, Sottrup-
Jensen L, Giudice LC, Conover CA and Oxvig C.
Pregnancy-associated plasma protein-A (PAPP-A) cleaves
insulin-like growth factor binding protein (IGFBP)-5

www.impactjournals.com/oncotarget

1023

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

independent of IGF: implications for the mechanism of
IGFBP-4 proteolysis by PAPP-A. FEBS Lett. 2001; 504(1-
2):36-40.

Laursen LS, Kjaer-Sorensen K, Andersen MH and Oxvig C.
Regulation of insulin-like growth factor (IGF) bioactivity
by sequential proteolytic cleavage of IGF binding protein-4
and -5. Mol Endocrinol. 2007; 21(5):1246-1257.

Ning Y, Schuller AG, Conover CA and Pintar JE. Insulin-
like growth factor (IGF) binding protein-4 is both a
positive and negative regulator of IGF activity in vivo. Mol
Endocrinol. 2008; 22(5):1213-1225.

Weyer K, Boldt HB, Poulsen CB, Kjaer-Sorensen K, Gyrup
C and Oxvig C. A substrate specificity-determining unit
of three Lin12-Notch repeat modules is formed in trans
within the pappalysin-1 dimer and requires a sequence
stretch C-terminal to the third module. J Biol Chem. 2007;
282(15):10988-10999.

Mikkelsen JH, Gyrup C, Kristensen P, Overgaard MT,
Poulsen CB, Laursen LS and Oxvig C. Inhibition of
the proteolytic activity of pregnancy-associated plasma
protein-A by targeting substrate exosite binding. J Biol
Chem. 2008; 283(24):16772-16780.

Conover CA, Bale LK, Overgaard MT, Johnstone EW,
Laursen UH, Fuchtbauer EM, Oxvig C and van Deursen J.
Metalloproteinase pregnancy-associated plasma protein A is
a critical growth regulatory factor during fetal development.
Development. 2004; 131(5):1187-1194.

Overgaard MT, Sorensen ES, Stachowiak D, Boldt HB,
Kristensen L, Sottrup-Jensen L and Oxvig C. Complex of
pregnancy-associated plasma protein-A and the proform
of eosinophil major basic protein. Disulfide structure and
carbohydrate attachment. J Biol Chem. 2003; 278(4):2106-
2117.

Boldt HB, Kjaer-Sorensen K, Overgaard MT, Weyer K,
Poulsen CB, Sottrup-Jensen L, Conover CA, Giudice
LC and Oxvig C. The Linl2-notch repeats of pregnancy-
associated plasma protein-A bind calcium and determine its
proteolytic specificity. J Biol Chem. 2004; 279(37):38525-
38531.

Overgaard MT, Boldt HB, Laursen LS, Sottrup-Jensen L,
Conover CA and Oxvig C. Pregnancy-associated plasma
protein-A2 (PAPP-A2), a novel insulin-like growth
factor-binding protein-5 proteinase. J Biol Chem. 2001;
276(24):21849-21853.

Noll K, Wegmann BR, Havemann K and Jaques G. Insulin-
like growth factors stimulate the release of insulin-like
growth factor-binding protein-3 (IGFBP-3) and degradation
of IGFBP-4 in nonsmall cell lung cancer cell lines. J Clin
Endocrinol Metab. 1996; 81(7):2653-2662.

Bulut I, Coskun A, Ciftci A, Cetinkaya E, Altiay G,
Caglar T and Gulcan E. Relationship between pregnancy-
associated plasma protein-A and lung cancer. Am J Med
Sci. 2009; 337(4):241-244.

Laursen LS, Overgaard MT, Weyer K, Boldt HB, Ebbesen

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

P, Christiansen M, Sottrup-Jensen L, Giudice LC and
Oxvig C. Cell surface targeting of pregnancy-associated
plasma protein A proteolytic activity. Reversible adhesion
is mediated by two neighboring short consensus repeats. J
Biol Chem. 2002; 277(49):47225-47234.

Terkelsen CJ, Oxvig C, Norgaard BL, Glerup S, Poulsen
TS, Lassen JF, Moller HJ, Thuesen L, Falk E, Nielsen
TT and Andersen HR. Temporal course of pregnancy-
associated plasma protein-A in angioplasty-treated ST-
elevation myocardial infarction patients and potential
significance of concomitant heparin administration. Am J
Cardiol. 2009; 103(1):29-35.

Suzuki M, Kobayashi H, Tanaka Y, Hirashima Y,
Kanayama N, Takei Y, Saga Y, Suzuki M, Itoh H and Terao
T. Bikunin target genes in ovarian cancer cells identified
by microarray analysis. J Biol Chem. 2003; 278(17):14640-
14646.

Tanaka Y, Kobayashi H, Suzuki M, Hirashima Y,
Kanayama N and Terao T. Genetic downregulation
of pregnancy-associated plasma protein-A (PAPP-A)
by bikunin reduces IGF-I-dependent Akt and ERK1/2
activation and subsequently reduces ovarian cancer cell
growth, invasion and metastasis. Int J Cancer. 2004;
109(3):336-347.

Callahan G, Denison SR, Phillips LA, Shridhar V and Smith
DI. Characterization of the common fragile site FRA9E
and its potential role in ovarian cancer. Oncogene. 2003;
22(4):590-601.

Dalgin GS, Holloway DT, Liou LS and DeLisi C.
Identification and characterization of renal cell carcinoma
gene markers. Cancer Inform. 2007; 3:65-92.

Ryan AJ, Napoletano S, Fitzpatrick PA, Currid CA,
O’Sullivan NC and Harmey JH. Expression of a protease-
resistant insulin-like growth factor-binding protein-4
inhibits tumour growth in a murine model of breast cancer.
Br J Cancer. 2009; 101(2):278-286.

Boldt HB and Conover CA. Overexpression of pregnancy-
associated plasma protein-A in ovarian cancer cells
promotes tumor growth in vivo. Endocrinology. 2011;
152(4):1470-1478.

Nagarajan N, Bertrand D, Hillmer AM, Zang ZJ, Yao F,
Jacques PE, Teo AS, Cutcutache I, Zhang Z, Lee WH, Sia
YY, Gao S, Ariyaratne PN, Ho A, Woo XY, Veeravali L, et
al. Whole-genome reconstruction and mutational signatures
in gastric cancer. Genome Biol. 2012; 13(12):R115.

Pan H, Hanada S, Zhao J, Mao L and Ma MZ. Protein
secretion is required for pregnancy-associated plasma
protein-A to promote lung cancer growth in vivo. PLoS
One. 2012; 7(11):e48799.

Salim H, Arvanitis A, de Petris L, Kanter L, Haag P,
Zovko A, Ozata DM, Lui WO, Lundholm L, Zhivotovsky
B, Lewensohn R and Viktorsson K. miRNA-214 is related
to invasiveness of human non-small cell lung cancer and
directly regulates alpha protein kinase 2 expression. Genes
Chromosomes Cancer. 2013; 52(10):895-911.

WWW

.impactjournals.com/oncotarget

1024

Oncotarget



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Huang J, Tabata S, Kakiuchi S, The Van T, Goto H,
Hanibuchi M and Nishioka Y. Identification of pregnancy-
associated plasma protein A as a migration-promoting
gene in malignant pleural mesothelioma cells: a potential
therapeutic target. Oncotarget. 2013; 4(8):1172-1184.

Chander H, Halpern M, Resnick-Silverman L, Manfredi
JJ and Germain D. Skp2B overexpression alters a
prohibitin-p53 axis and the transcription of PAPP-A, the
protease of insulin-like growth factor binding protein 4.
PLoS One. 2011; 6(8):€22456.

Conover CA and Bale LK. Loss of pregnancy-associated
plasma protein A extends lifespan in mice. Aging Cell.
2007; 6(5):727-729.

Boone DN and Lee AV. Targeting the insulin-like
growth factor receptor: developing biomarkers from gene
expression profiling. Crit Rev Oncog. 2012; 17(2):161-173.

Overgaard MT, Haaning J, Boldt HB, Olsen IM, Laursen
LS, Christiansen M, Gleich GJ, Sottrup-Jensen L, Conover
CA and Oxvig C. Expression of recombinant human
pregnancy-associated plasma protein-A and identification
of the proform of eosinophil major basic protein as its
physiological inhibitor. J Biol Chem. 2000; 275(40):31128-
31133.

Soe R, Overgaard MT, Thomsen AR, Laursen LS, Olsen
IM, Sottrup-Jensen L, Haaning J, Giudice LC, Conover CA
and Oxvig C. Expression of recombinant murine pregnancy-
associated plasma protein-A (PAPP-A) and a novel variant
(PAPP-Ai) with differential proteolytic activity. Eur J
Biochem. 2002; 269(8):2247-2256.

Boldt HB, Overgaard MT, Laursen LS, Weyer K,
Sottrup-Jensen L and Oxvig C. Mutational analysis of
the proteolytic domain of pregnancy-associated plasma
protein-A (PAPP-A): classification as a metzincin. Biochem
J.2001; 358(Pt 2):359-367.

Oxvig C, Sand O, Kristensen T, Kristensen L and Sottrup-
Jensen L. Isolation and characterization of circulating
complex between human pregnancy-associated plasma
protein-A and proform of eosinophil major basic protein.
Biochim Biophys Acta. 1994; 1201(3):415-423.

Gyrup C and Oxvig C. Quantitative analysis of insulin-like
growth factor-modulated proteolysis of insulin-like growth
factor binding protein-4 and -5 by pregnancy-associated
plasma protein-A. Biochemistry. 2007; 46(7):1972-1980.
Lieber M, Smith B, Szakal A, Nelson-Rees W and Todaro
G. A continuous tumor-cell line from a human lung
carcinoma with properties of type II alveolar epithelial cells.
Int J Cancer. 1976; 17(1):62-70.

www.impactjournals.com/oncotarget

1025

Oncotarget



