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IGFBP7 Binds to the IGF-1 Receptor and Blocks Its
Activation by Insulin-Like Growth Factors
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INTRODUCTION

Insulin-like growth factor 1 receptor (IGF1R) and insulin receptor (INSR)
are ubiquitous in normal cells and tissues and play critical roles in regulating growth, differentiation, survival, longevity, and metabolism (1–3).
There is now considerable evidence that IGF1R and the signal transduction networks it regulates have important roles in neoplasia that make it an
attractive therapeutic target (3–5). However, therapeutic targeting of
IGF1R is complicated by its extensive crosstalk with INSR and by oncogenic activation of other alternative signaling pathways that converge
downstream of IGF1R (3, 5–8). IGF1R and INSR are structurally similar.
Both consist of two half-receptors, each composed of one extracellular
a-subunit responsible for ligand binding and one predominantly intracellular
b-subunit with tyrosine kinase activity. The a and b subunits are generated
from single precursor molecules. Because of high sequence similarity,
IGF1R and INSR can form hybrid receptors, in which insulin half-receptors
associate with IGF half-receptors (1, 9). IGF1R and INSR are activated by
the binding of their ligands IGF-1 or IGF-2 and insulin, respectively, resulting in the autophosphorylation of several tyrosine residues within their b
subunits and subsequent recruitment of insulin receptor substrate-1 (IRS-1)
and IRS-2, as well as other proteins. In turn, IRS proteins activate downstream phosphatidylinositol 3-kinase (PI3K)–AKT and Ras–mitogen-activated
protein kinase (MAPK) signaling pathways (1, 2, 4).
The activities of IGF1R and INSR are tightly regulated at multiple
levels, including their processing, endocytosis, and trafficking, and the bioavailability of their cognate ligands (1, 4). The latter is controlled in part by
the family of secreted IGF-binding proteins (IGFBP1 to IGFBP6), which
have high affinity for IGF-1. In addition, various IGFBP-related proteins
have been identified (10, 11). IGFBP7, also known as IGFBP-related pro1
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tein 1 (IGFBP-rP1), mac25, prostacyclin-stimulating factor (PSF), tumor
adhesion factor (TAF), or angiomodulin (AGM), shares ~30% similarity
with IGFBP1 to IGFBP6 in its N-terminal domain, including the conserved IGFBP motif, and is thought to function predominantly as a tumor
suppressor (12). IGFBP7 binds to insulin, IGF-1, and IGF-2; however, its
affinity for IGF-1 is more than 100-fold lower than that of IGFBP1 to
IGFBP6 (11, 13). Although IGFBP7 has been shown to enhance IGF-1 and
insulin activities by stimulating growth of mouse fibroblasts (14), other
studies have suggested that it blocks INSR activation by binding to insulin
(15) or that it functions in an IGF- and insulin-independent manner (16).
Here, we tested the role of IGFBP7 in regulating IGF1R and INSR signaling in normal and cancerous mammary epithelial cell lines and Igf1r-null
mouse fibroblasts. We established that in contrast to IGFBP1 to IGFBP6,
which reduce IGF1R activity by sequestering IGFs (10), IGFBP7 directly
binds to IGF1R and blocks its activation. Prolonged exposure to IGFBP7
enhanced IGF1R protein stability and induced apoptosis in an IGF1Rdependent manner, indicating that IGFBP7 may protect IGF1R from degradation in the absence of its ligands while suppressing its growth and
survival activities.

RESULTS

IGFBP7 blocks IGF1R activation in normal and breast
cancer cells
We sought to determine the effect of IGFBP7 on signaling downstream of
IGF1R and INSR in normal and breast cancer cells. We expected that if
IGFBP7 could bind to insulin, IGF-1, or both as previously suggested
(13–15), it would interfere with IGF1R or INSR-mediated signaling induced by these ligands. For our initial analysis, we chose MCF10A cells,
a nontransformed cell line that recapitulates many properties of normal
mammary epithelium, and MCF10CA1a cells, an H-Ras–transformed,
highly malignant and metastatic subclone (17). When added simultaneously
with insulin, IGF-1, or IGF-2, IGFBP7 did not affect the phosphorylation of
IGF1Rb or INSRb or the activation of downstream PI3K-AKT signaling
induced by these factors (fig. S1), arguing against the notion that IGFBP7
sequesters receptor ligands into inactive complexes. In contrast, pretreatment with IGFBP7 in serum-free medium significantly reduced subsequent
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Insulin-like growth factor–binding protein 7 (IGFBP7) is a secreted factor that suppresses growth, and the
abundance of IGFBP7 inversely correlates with tumor progression. Here, we showed that pretreatment of
normal and breast cancer cells with IGFBP7 interfered with the activation and internalization of insulin-like
growth factor 1 receptor (IGF1R) in response to insulin-like growth factors 1 and 2 (IGF-1/2), resulting in the
accumulation of inactive IGF1R on the cell surface and blockade of downstream phosphatidylinositol
3-kinase (PI3K)–AKT signaling. Binding of IGFBP7 and IGF-1 to IGF1R was mutually exclusive, and the
N-terminal 97 amino acids of IGFBP7 were important for binding to the extracellular portion of IGF1R
and for preventing its activation. Prolonged exposure to IGFBP7 resulted in activation of the translational repressor 4E-binding protein 1 (4E-BP1) and enhanced sensitivity to apoptosis in IGF1R-positive
cells. These results support a model whereby IGFBP7 binds to unoccupied IGF1R and suppresses
downstream signaling, thereby inhibiting protein synthesis, cell growth, and survival.
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induced phosphorylation of IGF1Rb and binding of the downstream scaffold protein IRS-1 but did not affect insulin-induced phosphorylation of
INSRb and IRS-1 binding (Fig. 1D).
Despite the inability of IGFBP7 to block constitutively active AKT signaling in certain cell lines, treatment with IGFBP7 efficiently suppressed
IGF-1–induced phosphorylation of IGF1Rb in all cell lines analyzed in this
study. Moreover, ectopic expression of the secreted form of IGFBP7 in
MDA-MB468 cells also blocked activation of IGF1R in response to IGF-1
(fig. S2B). Similar to MCF10CA1a and Hs578T cells, however, IGFBP7
did not prevent downstream phosphorylation of AKT, which was persistently
high in serum-starved and IGF-1– or insulin-stimulated MDA-MB468 cells
(fig. S2, A and C), likely because of inactivating PTEN mutations and EGFR
amplifications in this cell line (19, 22). IGFBP7 did not interfere with insulininduced phosphorylation of INSRb, which was enhanced in MDA-MB468
cells expressing IGFBP7 compared to vector-alone cells (fig. S2B), suggesting that in some cell lines, IGFBP7 may actually induce INSR activity. This
could be due to a compensatory response to the IGF1R blockade because
the same phenomenon has been observed with specific IGF1R inhibitors
(23, 24). These results demonstrate that externally added or ectopically expressed IGFBP7 potently and selectively inhibits the activity of IGF1R.
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Fig. 1. IGFBP7 blocks IGF1R activation in mammary epithelial cells. (A) Serumstarved MCF10A and MCF10CA1a cells (Starved) were treated with IGFBP7
before induction with insulin or IGF-1 and analyzed by immunoblotting. (B) Densitometric quantification of IGF1R and AKT phosphorylation from (A), normalized
against the total amount of each corresponding protein. Corresponding values
in IGF-1–induced cells in the absence of IGFBP7 were set as 1.0, and data are

means ± SEM (n = 3 experiments, two-tailed Student’s t test). (C) Serum-starved
MCF10A cells were treated with IGFBP7 before induction with increasing concentrations of insulin, IGF-1, or IGF-2 and analyzed by immunoblotting. n = 2
experiments. (D) Immunoblot of proteins immunoprecipitated with IGF1Rb or
INSRb antibodies from MCF10A cells pretreated with IGFBP7 and then left untreated or induced with insulin (80 ng/ml) or IGF-1 (50 ng/ml). n = 2 experiments.
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IGF-1– or insulin-induced phosphorylation of IGF1Rb or INSRb in both
MCF10A and MCF10CA1a cell lines (Fig. 1, A and B). IGF-1–induced
phosphorylation of IGF1Rb or INSRb was also inhibited in BT474 cells
and, to a lesser extent, in MDA-MB231 breast cancer cell lines (fig. S2A).
Although the response of IGF1Rb to IGF-1 was almost completely blocked,
phosphorylation of AKT was less affected in IGFBP7-treated MCF10CA1a
cells (Fig. 1, A and B). Likewise, phosphorylation of AKT in Hs578T cells
was not affected by IGFBP7 treatment, potentially because of the low abundance of IGF1R and INSR and constitutive activation of AKT signaling (fig.
S2A) (18). In both MCF10CA1a and Hs578T cells, AKT signaling is likely
driven by the activated Ras-MAPK pathway because oncogenic H-Ras mutants are present in both cell lines [the G12V mutant in MCF10CA1a cells
(17) and the G12D mutant in Hs578T (19)]. Together, these results indicate
that in the absence of their cognate ligands, IGFBP7 can specifically target
IGF1R or INSR but does not block alternative pathways such as Ras-MAPK
that may also activate AKT signaling.
Given that the high doses of insulin (10 µg/ml; 2 µM) used in the
above experiments can induce phosphorylation of IGF1Rb in MCF10A
cell lines (20, 21), we set out to determine whether IGF1R or INSR
was most affected by IGFBP7. To uncover early activating events, we analyzed MCF10A cells pretreated with IGFBP7, 5 min after induction with
insulin, IGF-1, or IGF-2. Phosphorylation of IGF1Rb and AKT remained
low in IGFBP7-treated cells even in the presence of the highest concentrations of the corresponding IGFs (Fig. 1C). In contrast, insulin-induced
phosphorylation of AKT and Ras–extracellular signal–regulated kinase
(ERK) signaling appeared to be less affected by IGFBP7 (Fig. 1C). Immunoprecipitation results further confirmed that IGFBP7 prevents IGF-1–
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IGFBP7 may affect the activity or abundance of plasma membrane–localized
IGF1R. The IGF1R dynamics on the cell surface of serum-starved or IGF-1–
treated MCF7 cells in response to IGFBP7 were analyzed by flow cytometry. High amounts of plasma membrane–localized IGF1R were detected
in serum-starved cells, which were reduced from ~23 to 6% in response to
IGF-1 stimulation (Fig. 2, A and B). This could be due to internalization
of activated IGF1R (1). However, pretreatment of serum-starved cells with
IGFBP7 resulted in substantial retention of plasma membrane–localized

A

IGF1R, increasing its abundance more than twofold in IGF-1–stimulated
cells, with the highest difference observed within 15 min of IGF-1 stimulation (Fig. 2B). These results are consistent with the notion that IGFBP7
directly or indirectly inhibits IGF-1 binding to IGF1R and subsequent internalization of the activated receptor by anchoring it in the plasma membrane. IGF-1 can likely overcome IGFBP7-mediated retention of IGF1R
to an extent, based on the reduction of plasma membrane–localized IGF1R
from ~36 to 13% in cells pretreated with IGFBP7 (Fig. 2, A and B).
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Fig. 2. IGFBP7 suppresses IGF1R internalization in response to IGF-1 and
enhances IGF1Rb protein stability. (A) Flow cytometric analysis of IGF1Rphycoerythrin (PE)–positive MCF7 cells treated with IGFBP7 before induction with IGF-1. (B) Data from three to six independent experiments as in
(A) ± SEM are shown (two-tailed Student’s t test). (C) Indicated cell lines
were treated with IGFBP7 for 48 hours before induction with IGF-1 and
analyzed by immunoblotting. (D) Densitometric quantification of IGF1Rb
and phosphorylated AKT in MCF10A and MCF7 cells from (C), normalized
against tubulin or total AKT, respectively. Corresponding values in untreated control cells were set as 1.0, and data are means ± SEM (n = 3
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experiments, two-tailed Student’s t test). Panels to the right show the
4E-BP1a to 4E-BP1g ratio calculated from (C) after normalization of the
corresponding proteins to tubulin; P values were obtained by two-way
analysis of variance (ANOVA) (n = 3 experiments). (E) MCF10A cells were
treated with IGFBP7 before addition of cycloheximide (CHX) for the indicated times and analyzed by immunoblotting. (F) Densitometric quantification of IGF1Rb and INSRb after the 18-hour CHX treatment from (E),
normalized against tubulin. Abundance of IGF1Rb in untreated control
cells was set as 1.0, and data are means ± SEM (n = 3 experiments,
two-tailed Student’s t test).
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Ectopic expression or treatment of xenograft tumors with
IGFBP7 results in increased IGF1Rb protein abundance
Increased abundance of IGF1R has been linked to less severe histopathological grade and improved breast cancer–specific survival in large
cohorts of breast cancer patients, and phosphorylation, rather than total
abundance, of IGF1R, has been suggested to be a better prognostic marker
for responsiveness to IGF1R-targeting therapeutics (33–35). On the other
hand, we have shown that xenograft tumors developed from IGFBP7expressing MDA-MB468 cells or from MDA-MB231/1833 cells systemically treated with IGFBP7 exhibit reduced tumorigenicity and higher
apoptotic rates (36, 37). We therefore wondered if the observed reduced
tumorigenicity could also be associated with increased abundance of
IGF1R in these tumors. Indeed, immunohistochemistry revealed an
increased IGF1Rb signal in xenografts established from MDA-MB468
cells expressing IGFBP7 compared to those established from vector control
cells (Fig. 3A). Moreover, IGF1Rb abundance was increased in MDAMB231/1833 xenografts when tumor-bearing mice were locally or intravenously injected with IGFBP7, and was also associated with IGFBP7
accumulation in tumor cells (Fig. 3B). Therefore, similar to its properties
in cell lines, overexpression of or treatment with IGFBP7 appears to increase IGF1Rb abundance in xenograft tumors. Together with the reported ability of IGFBP7 to inhibit proliferation in various cancer cell
lines and tumor xenografts while inducing apoptosis (36, 37), these results demonstrate that increased IGF1Rb abundance in IGFBP7-treated
tumors is not likely to be associated with enhanced IGF1R activity. Increased abundance of IGF1R may therefore serve as a marker for positive
outcomes if IGFBP7 were to be used in clinical trials, as has been previously suggested (37, 38).

IGFBP7 interacts with the extracellular portion of IGF1R
in the absence of IGF-1
To gain further insight into the mechanism of IGFBP7-mediated IGF1R
blockade, we used Igf1r-null mouse embryonic fibroblasts (MEFs) and their
counterparts reconstituted with human IGF1R (39). We first tested whether
IGFBP7 could interfere with receptor activation and downstream signaling
in these cell lines. Because of the lack of IGF1R in Igf1r− MEFs, phosphorylation of IGF1Rb was induced by IGF-1 exclusively in IGF1R+ cells, was
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Fig. 3. Immunohistochemical staining showing increased IGF1Rb abundance in xenograft tumors in response to IGFBP7 overexpression (A) or treatment
(B). IV, intravenously. Scale bars, 25 µm. Images are representative of n = 4 xenografts per condition.
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Given that internalization can lead to subsequent degradation of activated IGF1R (1), it was not surprising that the abundance of IGF1Rb was
somewhat increased in IGF-1–induced MCF7 cells after prolonged exposure to IGFBP7, whereas the abundance of INSRb did not appear to be
affected (Fig. 2, C and D). In line with its potential effect on IGF1R protein stability, IGF1Rb, but not INSRb, remained elevated in IGFBP7-treated
MCF10A cells during 18 hours of treatment with cycloheximide (Fig. 2, E
and F), a translational inhibitor used to assess protein stability (27). In addition to enhanced stability, prolonged exposure to IGFBP7 resulted in
diminished responsiveness to IGF-1, as evidenced by reduced phosphorylation of AKT in MCF10A and MCF7 cells, where IGFBP7 was not substantially cleaved (Fig. 2, C and D).
As a potential downstream target molecule that might be affected in
IGFBP7-treated cells, we tested 4E-binding protein 1 (4E-BP1), a translational repressor that, in its less phosphorylated a form, inhibits cap-dependent
translation initiation by binding to the eukaryotic translation initiation factor eIF4E (28). Phosphorylation by mammalian target of rapamycin complex 1 (mTORC1), a kinase complex downstream of AKT, results in 4E-BP1
inactivation, thereby allowing eIF4E to activate protein synthesis (28). In
agreement with other reports that show that 4E-BP1 is phosphorylated and
inactivated in part through the AKT pathway (29), we found that phosphorylation of 4E-BP1 positively correlated with that of AKT in cell lines sensitive to IGF-1. For instance, in MCF10A and MCF7 cells, treatment with
IGFBP7 resulted in reduced amounts of the slower-migrating highly phosphorylated 4E-BP1 g form, whereas the faster-migrating, less phosphorylated a form was significantly increased (Fig. 2, C and D). By contrast, most
4E-BP1 was highly phosphorylated in MDA-MB231 cells (potentially because of substantial IGFBP7 cleavage) and in MDA-MB468 cells treated
with IGFBP7 (Fig. 2C) or overexpressing IGFBP7 (fig. S2C), likely due
to constitutively activated AKT. Therefore, in IGF-1–responsive cell lines,
but not in those with aberrantly high PI3K-AKT signaling, IGFBP7 may promote translational repression by inhibiting the IGF1R-AKT-mTOR pathway
and abrogating phosphorylation of 4E-BP1. In turn, this may lead to growth
suppression and cell death because 4E-BP1 has been directly implicated in
inducing apoptosis (30–32). Overall, these results demonstrate that IGFBP7
prevents activation of IGF1Rb in response to IGF-1 and its subsequent internalization while enhancing the protein stability of IGF1Rb.
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To identify the IGFBP7 domain responsible for IGF1R binding, we tested a truncated recombinant IGFBP7 protein lacking
the N-terminal 97 amino acids, which include the conserved cysteine-rich IGFBP
motif shared by IGFBP1 to IGFBP6 and
the heparin-binding site consisting of a cluster of basic amino acids that are important
for interaction with cell-surface heparan
sulfate proteoglycans (Fig. 5A) (25, 26).
The truncated form is generated in certain
cancer cell lines by matriptase-mediated
cleavage of full-length IGFBP7 between
Lys97 and Ala98 (41). We found that IGFBP7
was more stable in IGF1R+ MEFs (fig. S4A),
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Fig. 4. IGFBP7 interacts with the extracellular portion of IGF1R in the absence of IGF-1. (A) Serumstarved MEFs were treated with IGFBP7 for 2 hours before induction with insulin or IGF-1 and analyzed
by immunoblotting. (B) Immunoblot of proteins, as indicated, after immunoprecipitation with IGF1Rb or
INSRb antibodies from serum-starved MEFs treated with IGFBP7 for 2 hours. The star indicates a crossreacting protein. (C) Igf1r− MEFs expressing the myristoylated hemagglutinin (HA)–tagged intracellular
(IC) portion of IGF1Rb (IC-IGF1Rb) along with control Igf1r− and IGF1R+ cells were treated with the indicated concentrations of IGFBP7 for 24 hours and analyzed by immunoblotting. (D) Immunoblot of proteins, as indicated, after immunoprecipitation with IGF1Rb antibodies from MEFs treated with IGFBP7 as
in (B). (E) Flow cytometric analysis of IGFBP7 binding to Igf1r− and IGF1R+ cells in the absence or presence of IGF-1. FITC, fluorescein isothiocyanate. The data shown in (A) to (E) are representative of three
independent experiments.
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increased the less phosphorylated a form of 4E-BP1 more than fourfold (Fig.
5, B and C). The failure of truncated IGFBP7 to suppress activation of the
IGF1R–AKT–mTOR–4E-BP1 pathway despite its ability to penetrate both
Igf1r− and IGF1R+ cells (Fig. 5B and fig. S4A) may thus indicate that the
extracellular IGFBP7-IGF1R interaction, and not cell penetration, could be
important for this function. This was further confirmed by flow cytometry
showing that the full-length IGFBP7 protein, but not the truncated form,
bound to the surface of IGF1R+ cells (Fig. 5D). Hence, the N-terminal 97–
amino acid domain of IGFBP7 interacts with the extracellular portion of
IGF1R and blocks its activity, and its loss abrogates the binding specificity
of IGFBP7.
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treated with recombinant full-length or truncated IGFBP7 proteins before induction with IGF-1 and analyzed
by immunoblotting. (C) Densitometric quantification of phosphorylated forms of IGF1Rb and AKT in IGF1R+
MEFs from (B), normalized against the total amount of each corresponding protein. Corresponding values
in IGF-1–induced cells in the absence of IGFBP7 were set as 1.0, and data are means ± SEM (n = 3
experiments, two-tailed Student’s t test). Panels to the right show the 4E-BP1a to 4E-BP1g ratio calculated
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www.SCIENCESIGNALING.org

18 December 2012

Vol 5 Issue 255 ra92

6

Downloaded from stke.sciencemag.org on January 15, 2013

IGFBP7 inhibits tumor growth by inducing
apoptosis or senescence (11, 12, 37). Indeed, we found that breast cancer cell lines
treated with full-length IGFBP7 underwent
apoptosis by day 4, as evidenced by increased
amounts of poly(ADP-ribose) polymerase
(PARP) and caspase 3 cleavage products
(Fig. 6, A and B). In some cell lines, such
as BT474 and MCF7, where a certain proportion of full-length IGFBP7 was still intact
(Fig. 6A), we also detected variable amounts
of the additional (smallest) 4E-BP1 form,
which may represent the 4E-BP1 cleavage
product that retains translation inhibitory
activity (42). By contrast, in Hs578T cells,
IGFBP7 had no effect on the abundance of
apoptosis-associated molecules or phosphorylated AKT, likely because of lower IGF1R
abundance and constitutive activation of AKT
(Fig. 6, A and B).
Further analysis revealed that full-length
IGFBP7 induced apoptosis in IGF1R+ cells,
as shown by increased cleavage of PARP and
caspase 3 (Fig. 6C and fig. S4A). This was
also associated with reduced AKT phosphorylation and higher IGF1Rb abundance in
these cells. Furthermore, consistent with
competition between full-length IGFBP7
and IGF-1 for IGF1R binding, IGF-1, but
not insulin, abrogated the proapoptotic activity of IGFBP7 in IGF1R+ cells and diminished its ability to stabilize IGF1Rb
(fig. S4B), indicating that IGFBP7 exerts
its effects mainly by interfering with the
IGF1R-AKT pathway. In contrast, the truncated IGFBP7 protein did not affect IGF1Rb
abundance but weakly induced caspase 3
cleavage in both Igf1r− and IGF1R+ cell lines
(fig. S4A). Together with the observed lower
but detectable cleavage of caspase 3 in Igf1r−
cells treated with full-length IGFBP7 (Fig.
6C and fig. S4A), these results may indicate
that the C-terminal IGFBP7 domain exhibits intrinsic proapoptotic activity that is
not IGF1R-specific.

A

Cell counts

Full-length IGFBP7
induces apoptosis in an
IGF1R-dependent manner

We also established that the enhanced susceptibility of IGF1R+ cells
to IGFBP7-driven apoptosis was not associated with changes in the
abundance of BNIP3L (BCL2/adenovirus E1B 19 kD protein-interacting
protein 3–like) protein (Fig. 6C), which acts downstream of IGFBP7
to induce apoptosis in B-RAF–transformed melanocytes (43). Likewise, the abundance of other Bcl-2 family members, including antiapoptotic Bcl-2 and proapoptotic Bad and Bax, was not affected in an
IGFBP7-dependent manner (Fig. 6C), arguing against the possibility
that changes in their abundance could contribute to IGFBP7-induced
apoptosis.
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To further elucidate whether specific blockade of the IGF1R-AKT
pathway is sufficient to sensitize IGF1R+ cells to apoptosis, we used
BMS-536924, an adenosine 5′-triphosphate competitor that blocks both
IGF1R and INSR (44), and picropodophyllin (PPP) an IGF1R inhibitor
that prevents phosphorylation of Tyr1136 in the kinase activation loop (45).
Using Igf1r− and IGF1R+ cell lines, we found that pretreatment with BMS536924 or PPP significantly inhibited IGF-1–induced phosphorylation of
IGF1R and AKT in IGF1R+ cells (Fig. 6, D and E). Prolonged treatment
with these drugs induced apoptosis, as judged by the increased cleavage of
caspase 3 and PARP (Fig. 6F). With the highest inhibitor doses, the abundance of cleaved forms of caspase 3 and PARP in IGF1R+ cells was increased
more than sixfold and was comparable to that caused by IGFBP7 (Fig. 6G).
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This study demonstrates that IGFBP7 acts as an IGF-1/2 antagonist that
can block IGF1R activation by binding to the receptor itself. This is in
contrast to IGFBP1 to IGFBP6, which sequester IGF-1 and IGF-2 into
inactive complexes (10). The IGF1R inhibitory activity exhibited by
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and analyzed by immunoblotting. The star indicates the 4E-BP1 cleavage product. (B) Densitometric quantification of cleaved forms of PARP
and caspase 3 from (A), normalized against total tubulin. Corresponding
values in untreated control cells were set as 1.0, and data are means ±
SEM (n = 3 experiments, two-tailed Student’s t test). (C) MEFs were treated
with IGFBP7 for 3 days and analyzed by immunoblotting. (D) Serumstarved MEFs were treated for 1 hour with IGFBP7, BMS-536924, or PPP
before induction with IGF-1 for 5 min. (E) Densitometric quantification of
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Furthermore, IGF1Rb abundance was significantly increased in IGFBP7treated IGF1R+ cells but not in drug-treated cells (Fig. 6, F and G), indicating that IGF1Rb stabilization cannot be achieved by simple inhibition of
IGF1R activity. Therefore, IGFBP7 may safeguard IGF1R integrity and
prevent inappropriate activation (Fig. 7).
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were set as 1.0, and data are means ± SEM (n = 3 experiments, oneway ANOVA). (F) MEFs were treated with IGFBP7, BMS-536924, or PPP
for 2 days and analyzed by immunoblotting. (G) Densitometric quantification of IGF1Rb and cleaved forms of PARP and caspase 3 in IGF1R+ cells
from (F), normalized against tubulin. Corresponding values in untreated
control cells were set as 1.0, and data are means ± SEM (n = 3 experiments,
one-way ANOVA).
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Fig. 7. Proposed model for IGFBP7-mediated regulation of IGF1R activity.
IGFBP7 binds to the extracellular portion of IGF1R in the absence of IGF-1/2
through its N-terminal 97–amino acid domain, thereby blocking IRS-1 phosphorylation and downstream PI3K–AKT–mTOR–4E-BP1 signaling. This, in
turn, results in inhibition of protein synthesis, suppression of cell growth and
proliferation, and, eventually, activation of apoptosis in an IGF1Rdependent manner. The inhibitory effects of IGFBP7 can be reversed by
(i) IGF-1 or IGF-2 because they have higher affinity to IGF1R; (ii) activating
mutations in the PI3K-AKT, Ras-ERK, EGFR, or other pathways converging
downstream of IGF1R; or (iii) plasma membrane–bound matriptase, which
cleaves the N-terminal IGF1R-binding domain.

and that their deletion abolishes the ability of IGFBP7 to specifically bind
to IGF1R and inhibit its activation. In this regard, the ability of matriptase
to cleave these critical 97 amino acids suggests a cellular mechanism that
could overcome the IGF1R-dependent inhibitory activity of IGFBP7. As
established in this study, other strategies developed by cancer cells to escape the proapoptotic effects of IGFBP7 include decreased abundance of
IGFBP7 or IGF1R, constitutive activation of AKT signaling due to RAS or
PTEN mutations, or EGFR or HER2 amplification (Fig. 7). Activation of
these and other pathways [such as platelet-derived growth factor receptor
(7)] have been reported to increase PI3K-AKT-mTOR signaling and to
limit the efficacy of specific IGF1R and AKT inhibitors in mouse models
and clinical trials (5, 8, 32).
Several lines of evidence indicate that the binding of IGFBP7 and that
of IGF-1 to IGF1R are mutually exclusive, and that IGFBP7 binds in the
absence of IGF-1. First, IGFBP7 coimmunoprecipitated with IGF1R and
bound to a greater extent to the surface of IGF1R+ cells in serum- and
IGF-1–deprived cells than in cells treated with IGF-1. Furthermore,
IGFBP7-mediated retention of IGF1R on the plasma membrane was reduced in response to IGF-1. Second, independent of the cell type, IGFBP7
required preincubation with cells to block subsequent IGF-1–mediated
IGF1R activation. IGFBP7 preincubation with IGF-1 or their simultaneous addition to the cells did not prevent IGF-1–induced IGF1R phosphorylation or activation of downstream signaling, suggesting that IGFBP7
cannot directly compete with IGF-1 for IGF1R binding and is a weaker
IGF1R binding partner. These results support the notion that IGFBP7 binds
to unligated IGF1R and occupies the same or adjacent binding site, thereby
sterically restricting binding of IGF-1 or causing conformational changes in
the receptor that prevent IGF-1 from binding.
Similar to IGFBP7, IGFBP3, but not IGFBP1 or IGFBP5, has also
been reported to compete with an IGF-1 analog for binding to the cell
surface and to block IGF1R activation, although a potential mechanism
did not appear to involve its direct interaction with IGF1R (46, 47). Furthermore, the N-terminal 95–amino acid IGFBP3 domain, which shows
~30% similarity to that of IGFBP7, interferes with the mitogenic actions
of IGF-1, despite the lack of IGF-1–binding ability (48). It is thus conceivable that in addition to its ability to sequester IGF-1, IGFBP3 may also
directly suppress IGF1R activation through its N-terminal domain, paralleling the effects we have observed for IGFBP7.
Boucher et al. have described IGF1R and INSR as dependence receptors that induce antiapoptotic signals in the presence of the ligand and
proapoptotic signals in the absence of the ligand (49). In this regard,
IGFBP7 could be viewed as a missing link in the dependence receptor
model, which, upon binding to unoccupied IGF1R, induces its intrinsic
proapoptotic activity. However, we favor the possibility that IGFBP7 triggers apoptosis by suppressing IGF1R-AKT-mTOR signaling in IGF-1–
sensitive cells, including MCF10A and MCF7 cells and IGF1R+ MEFs
tested in this study. In contrast to the brown preadipocyte cell models used
by Boucher et al. in which either IGF1R or INSR can induce apoptosis, in
our normal and breast cancer cell lines, IGFBP7 exerted its proapoptotic
effects primarily through IGF1R. Furthermore, we found that IGF1R
blockade by IGFBP7 did not affect or, in some cell lines including
MDA-MB468-IGFBP7 cells, even induced INSR activity and insulin sensitivity, in accord with other reports showing that INSR may substitute for
the loss of IGF1R (2, 5, 8, 9, 23, 24). It thus cannot be excluded that
cancers with increased INSR abundance may be less responsive to IGFBP7
treatments because of a compensatory response.
In summary, we provide evidence here that IGFBP7 elicits its effects
through direct targeting of unoccupied IGF1R, leading to its increased
abundance and decreased activity and enhanced propensity of IGF1R-positive
cells to apoptosis. These findings suggest that IGFBP7 could have substantial
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IGFBP7 is comparable to that of specific IGF1R-targeting drugs such as
BMS-536924 and PPP, including reduced phosphorylation of AKT and
induction of apoptosis during prolonged treatments. Our findings indicate
that the IGF1R–AKT–mTOR–4E-BP1 axis is a major IGFBP7 target,
which, when inhibited, leads to apoptosis (Fig. 7). Another unexpected
finding of this study is that IGFBP7-mediated blockade of IGF1R activity
was accompanied by enhanced IGF1Rb stability. We discovered a mechanism whereby IGFBP7 anchors inactive IGF1R on the cell surface and
prevents its internalization in response to IGF-1, which, in turn, may result
in IGF1Rb stabilization. Increased IGF1Rb protein abundance was observed not only in cell lines but also in xenograft tumors treated with
IGFBP7, where it was also associated with reduced tumorigenicity and
more pronounced apoptosis (36, 37). Our observations are consistent with
the finding that an increase in abundance of the phosphorylated (activated)
form of IGF1R, and not that of total IGF1R, is a stronger indicator of poor
prognosis (33–35). We thus propose that IGFBP7 is a component of the
physiological mechanism directed to preserve IGF1R integrity during differentiation or maintenance of normal tissues while restricting uncontrolled proliferative and prosurvival signaling. Increased abundance of
total IGF1R in tumors may thus indicate a more differentiated and less
malignant phenotype that potentially involves IGFBP7. In contrast, decreased IGFBP7 abundance observed in advanced cancers (12) may lead
to increased activation of the IGF1R pathway, contributing to metastatic
progression.
We determined that the N-terminal 97 amino acids of IGFBP7 are critically important for the interaction with the extracellular portion of IGF1R
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clinical efficacy in IGF1R-driven tumors while having minimal, if any,
effects on normal tissues.

MATERIALS AND METHODS

on formalin-fixed paraffin-embedded tissues was performed as described
(36), using IGF1Rb (1:20) or IGFBP7 (1:150; sc-6064, Santa Cruz Biotechnology) antibodies and the OmniMap-HRP Kit (Ventana) and hematoxylin and eosin for counterstaining. Staining was done with the Ventana
Discovery instrument (Ventana). Images were acquired with an Axioplan2
microscope (Zeiss) and converted to TIFF format.

IGFBP7 cloning and purification

Cell cultures and treatments
Breast cancer cell lines were obtained from the American Type Culture
Collection and maintained in regular Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% FBS. MCF10A and MCF10CA1a
cells were cultured in medium containing 5% horse serum, as previously described (17). Igf1r− and IGF1R+ MEFs were cultured in low-glucose DMEM
(1 g/liter; Gibco) supplemented with 10% FBS. Serum-starved cells were
treated with the recombinant full-length or truncated IGFBP7 proteins
(20 mg/ml of each) for 2 hours in serum-free medium followed by induction
with insulin (10 mg/ml) or IGF-1 (50 ng/ml) for 15 min, unless stated otherwise. Where indicated, cells were treated with BMS-536924 (provided to
M.P. by Bristol Myers Squibb through a material transfer agreement) and
PPP (Calbiochem).

Immunoblotting and immunoprecipitation
Cell lysis, fractionation, and immunoprecipitation were done as previously
described (50). Immunoblotting was performed with the following antibodies from Cell Signaling: pAKT (Ser473; 4058), total AKT (9272),
pERK1/2 (4377), ERK1/2 (4695), PARP (9542), cleaved caspase 3
(Asp175; 9661), pIGF1Rb/INSRb (3021), 4E-BP1 (9452), Bax (2772),
Bcl-2 (2876), and Bad (9292). Other antibodies used in this study were
c-myc (sc-40), IRS-1 (sc-559), IGF1Rb (sc-713), and INSRb (sc-57342),
purchased from Santa Cruz Biotechnology; tubulin (T5293, Sigma); HA
(MMS-101P; Covance); BNIP3L (2289; ProScience Inc.); and actin (a
custom-made antibody).
Previous reports have normalized cleaved PARP to the loading controls
and presented immunoblots of cleaved caspase 3 without also showing
uncleaved caspase 3 (51–54).
The ratio of 4E-BP1a to 4E-BP1g was quantified and presented without error bars as has been previously done for other proteins (55, 56). The
SE could not be properly estimated for the ratios without making additional
assumptions about the data.

Xenografting and immunohistochemistry
Xenografts were developed from MDA-MB468 cells ectopically expressing IGFBP7 or vector alone or from a highly malignant MDA-MB231/1833
subclone injected into the flanks of nonobese diabetic–severe combined
immunodeficient mice. Treatment of 1833 tumors with IGFBP7 was done
by local or intravenous injections every 4 days until the end point of the
experiment (day 26), as previously described (39). Immunohistochemistry

Flow cytometry
For IGFBP7 binding studies, serum-starved MEFs seeded in six-well
plates (~1 × 106 per well) were treated with full-length or truncated
IGFBP7s (20 mg/ml) in the absence or presence of IGF-1 (50 ng/ml)
for 4 hours. Cells were scraped out without trypsinization, washed with
phosphate-buffered saline (PBS), and incubated with primary IGFBP7
antibodies diluted 1:500 in 0.5% bovine serum albumin (BSA)–PBS for
30 min at 4°C. After being washed with the same buffer, cells were incubated with secondary anti-rabbit-FITC antibodies (Sigma) for 30 min at 4°C,
washed twice, and resuspended in PBS containing 0.5% BSA and propidium iodide (PI; Invitrogen; 1 mg/ml) or 7-amino-actinomycin D (7-AAD;
BioLegend; 5 mg/ml), for dead cell exclusion. Plasma membrane–bound
IGF1R was detected in MCF7 cells (250,000 per well in six-well plates) treated
overnight with IGFBP7 (40 mg/ml) or PBS in serum-free low-glucose
DMEM, followed by induction with IGF-1 (50 ng/ml) for 15 or 60 min.
Cells were collected by trypsinization, washed, and incubated with PElabeled IGF1R antibodies (MCA2344PET, AbD Serotec). Samples were
analyzed with a FACSCalibur flow cytometer (Becton Dickinson) with
the CellQuest Pro software (BD Biosciences). Gating was set to control
cells stained with 7-AAD or PI as indicated.

Statistical analysis
To ensure the applicability of standard analysis techniques, we first confirmed that the data were normally distributed by means of histograms and
Q-Q plots. F-tests were used to ensure that the proteins used for normalization had significantly lower variance than the proteins being tested,
allowing us to take ratios to normalize the data. Normalized data were
compared with unadjusted two-tailed Student’s t tests or one- or twoway ANOVA, where appropriate, for two or multiple variables, using
SPSS 20 software and Microsoft Excel.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/5/255/ra92/DC1
Fig. S1. IGFBP7 does not interfere with activation of the IGF1R or INSR pathways when
added simultaneously with their cognate ligands.
Fig. S2. Pretreatment with IGFBP7 or its ectopic expression in cancer cell lines inhibits
IGF-1–mediated activation of IGF1R.
Fig. S3. Plasma membrane localization of IGFBP7 in treated or transfected cell lines.
Fig. S4. Full-length but not the truncated form of IGFBP7 induces apoptosis in the absence
of IGF-1.
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