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Abstract

Background

Insulin-like growth factor binding protein (IGFBP)-5 levels are increased in systemic sclero-

sis (SSc) skin and lung. We previously reported that IGFBP-5 is a pro-fibrotic factor that

induces extracellular matrix (ECM) production and deposition. Since IGFBP-5 contains a

nuclear localization signal (NLS) that facilitates its nuclear translocation, we sought to

examine the role of nuclear translocation on the fibrotic activity of IGFBP-5 and identify

IGFBP-5 binding partners relevant for its nuclear compartmentalization.

Methods

We generated functional wild type IGFBP-5 and IGFBP-5 with a mutated NLS or a mutated

IGF binding site. Abrogation of nuclear translocation in the NLS mutant was confirmed

using immunofluorescence and immunoblotting of nuclear and cytoplasmic cellular

extracts. Abrogation of IGF binding was confirmed using western ligand blot. The fibrotic

activity of wild type and mutant IGFBP-5 was examined in vitro in primary human fibroblasts

and ex vivo in human skin. We identified IGFBP-5 binding partners using immunoprecipita-

tion and mass spectrometry. We examined the effect of nucleolin on IGFBP-5 localization

and function via sequence-specific silencing in primary human fibroblasts.

Results

Our results show that IGFBP-5-induced ECM production in vitro in primary human fibro-

blasts is independent of its nuclear translocation. The NLS-mutant also induced fibrosis ex
vivo in human skin, thus confirming and extending the in vitro findings. Similar findings were

obtained with the IGF-binding mutant. Nucleolin, a nucleolar protein that can serve as a

nuclear receptor, was identified as an IGFBP-5 binding partner. Silencing nucleolin reduced

IGFBP-5 translocation to the nucleus but did not block the ability of IGFBP-5 to induce ECM

production and a fibrotic phenotype.
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Conclusions

IGFBP-5 transport to the nucleus requires an intact NLS and nucleolin. However, nuclear

translocation is not necessary for IGFBP-5 fibrotic activity; neither is IGF binding. Our data

provide further insights into the role of cellular compartmentalization in IGFBP-5-induced

fibrosis.

Introduction
Insulin-like growth factor binding protein (IGFBP-5) is one of six IGFBP proteins with high
affinity binding to IGFs. IGFBPs serve as carriers for IGF and regulate IGF activity. IGFBPs
also play IGF-independent functions. The effects of IGFBPs can be cell and tissue-specific. We
previously reported that IGFBP-5 levels were increased in two fibrotic disorders, systemic scle-
rosis (SSc) and idiopathic pulmonary fibrosis (IPF) [1, 2]. Furthermore, IGFBP-5 exerted pro-
fibrotic effects in primary fibroblasts [2]. In human skin maintained in organ culture, IGFBP-5
increased collagen bundle and dermal thickness [3]. In addition to its in vitro and ex vivo
effects, IGFBP-5 induced fibrosis in vivo in mouse lung and skin [4–6].

The C-terminal domain of IGFBP-5 contains a putative nuclear localization signal (NLS) [7,
8]. This NLS is believed to mediate the translocation of IGFBP-5 to the nuclear compartment
as IGFBP-5 was detected in the nucleus of the breast cancer cell line T47D, lung fibroblasts
from patients with IPF, vascular smooth muscle cells and osteosarcoma cells [2, 7, 9–11]. The
subcellular compartmentalization of IGFBP-5 can affect its function. For example expression
of IGFBP-5 with a mutated NLS mainly localized to the cytoplasm and showed enhanced pro-
liferation and migration compared to wild type IGFBP-5. Wild-type IGFBP5 translocated to
the nucleus where it exerted inhibitory effects on proliferation and migration of MDA-MB-435
cells suggesting that IGFBP-5 cellular compartmentalization dictates its role in breast cancer
cell metastasis [12]. In primary fibroblasts, IGFBP-5 induced Egr-1 and its nuclear localization
[9]. In addition, trafficking of IGFBP-5 was dependent on caveolin-1 as loss of caveolin-1 pro-
moted the accumulation of IGFBP-5 in the extracellular milieu [13]. Since we and others have
reported nuclear localization of IGFBP-5 [2, 7, 9–11] which parallels its activation of transcrip-
tion factors such as Egr-1, we sought to examine the role of nuclear translocation on the
fibrotic activity of IGFBP-5.

Identification of IGFBP-5 binding partners can provide insights into the mechanisms medi-
ating IGFBP-5 effects. Some of the IGFBP-5 binding partners have been identified. For exam-
ple, IGFBP-5 was shown to interact with four and a half LIM domains protein (FHL)-2 in
osteoblast-like cells [10] to coordinate bone formation. IGFBP-5 also was shown to interact
with and serve as a substrate for pregnancy-associated plasma protein-A2 (PAPPA2) [14, 15],
a specific protease that cleaves circulating IGFBP-5. IGFBP-5 interacted with Ras-association
domain family 1 protein (RASSF1C) [16] to regulate osteoblast cell proliferation.

Although IGFBP-5 was originally identified as an IGF-binding protein, increasing numbers
of IGF-independent functions have been identified [11, 17–21]. For example in myogenesis,
IGFBP-5 exerted IGF-dependent effects on myoblasts, but its effects on cell survival and its
anti-apoptotic functions were IGF-independent [20]. IGFBP-5 induced breast cancer cell
MCF-7 adhesion and inhibited its migration in an IGF-independent manner [21]. In addition,
the transactivation activity of IGFBP-5 in vascular smooth muscle cells was reported to occur
independently of IGF [11].
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Our goal was to determine whether the NLS is required for IGFBP-5 to exert pro-fibrotic
effects and whether its IGF binding capacity was necessary for its induction of ECM. We also
sought to identify IGFBP-5 binding partners in primary human fibroblasts.

Materials and Methods

Adenovirus Constructs
The full length cDNA of human IGFBP-5 was generated as previously described [2]. The
cDNA was subcloned into the shuttle vector pAdlox with a C-terminal triplicate (3x) Flag tag
and used for the generation of replication deficient adenovirus expressing IGFBP-5-Flag.
Mutant constructs were generated by GeneWiz (South Plainfield, NJ). For the NLS mutant,
amino acid residues 214–218 consisting of RGRKR were mutated to MDGEA [8]. For the IGF
binding mutant, amino acid residues 68–74 were mutated from KPLHALL to NQQHAQQ
[22]. Mutant IGFBP-5 constructs were also used for the generation of replication-deficient ade-
noviruses in the Vector Core facility of the University of Pittsburgh.

Primary human lung fibroblast culture
Primary human lung fibroblasts were cultured from normal donor lungs following written con-
sent as previously described [2] under a protocol approved by the University of Pittsburgh
Institutional Review Board (IRB). Cells were used in passages 4 to 7. Fibroblasts were infected
with adenoviruses at a multiplicity of infection (MOI) of 50. Normal human skin remnants
from plastic surgery were obtained following written consent under a protocol approved by the
University of Pittsburgh IRB.

Small interfering RNA (siRNA) transfection
Primary human lung fibroblasts were seeded in six-well plates 24–48 hours prior to transfec-
tion with siRNA. Nucleolin sequence-specific siRNA and negative control scrambled siRNA
were purchased from Applied Biosystems/Ambion (Austin, TX). Transfection was done using
Lipofectamine 2000 (Invitrogen, Grand Island, NY) and 100pmol siRNA diluted in Opti-MEM
I Reduced-SerumMedium (Life Technologies, Grand Island, NY) following the manufacturer’s
recommendation.

Fibroblast nuclear and cytoplasmic extracts
Nuclear and cytoplasmic extracts were prepared as previously described [23] with some modi-
fications. Briefly, 5–6 x 106 fibroblasts were pelleted and resuspended in 200 μl of Buffer A
[10 mMHEPES-KOH pH 7.9, 1.5 mMMgCl2, 10 mM KCl, 0.5 mM dithiothreitol, supple-
mented with protease inhibitors cocktail (Sigma, St Louis, MO)] and incubated on ice for
10 minutes. After centrifugation at 12,000 rpm for 30 seconds, supernatant (cytoplasmic
extract) was harvested [23]. The pellet was washed three times using 1 ml buffer A supple-
mented with 0.2%NP-40 to remove any residual cytoplasmic extracts and peri-nuclear pro-
teins. The pellet was then resuspended in 50 μl Buffer C (20 mMHEPES-KOH pH7.9, 25%
glycerol, 420 mMNaCl, 1.5 mMMgCl2, and 0.2 mM EDTA) and protease inhibitors cocktail
and incubated on ice for 20 minutes with intermittent vortexing. After centrifugation at 12,000
rpm for 5 minutes, the supernatant was collected and used as a source of nuclear proteins.

Ex vivo human skin culture
Human skin was maintained in organ culture as described previously [3]. Adenoviruses (1 x 108

pfu in 100 μl of 1xPBS) were injected intradermally. Skin was harvested after 10 days, fixed in
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10% formalin, and embedded in paraffin. Sections were stained with hematoxylin and eosin
(H&E). Images were captured on an Olympus Provis 2 microscope (Olympus Corporation,
Melville, NY). Dermal thickness was measured using Image J. Thickness was measured in 4
random fields from each sample. The experiment was repeated using skin from four different
donors.

Western ligand blot
Western ligand blot to detect IGF binding activity was done as previously described [2]. Briefly,
25 μg of protein was resolved on SDS-PAGE under non-reducing conditions. Proteins were
transferred to PVDF membrane. The membrane was blocked with 5% non-fat dry milk at
room temperature for one hour, incubated with 0.5 μg/ml of biotinylated IGF-I (GroPep, The-
barton, SA, Australia) in TBS/Tween-20 (TBST) at 4°C overnight, washed with TBST, and
incubated with Streptavidin-HRP (Amersham, Piscataway, NJ) for one hour at room tempera-
ture, then washed again. Signal was detected using Chemiluminescence (Perkin Elmer, Wal-
tham, Massachusetts). Images were analyzed using Image J.

Western blot
For immunoblotting (IB), whole cell lysates were prepared by scraping cells directly in 2x SDS
sample buffer. Extracellular matrix was prepared as we previously described [2]. Proteins were
separated by SDS-PAGE and transferred to membranes. Membranes were blocked with 5%
non-fat dry milk in TBST buffer then incubated with antibodies against IGFBP-5 (Gropep,
Thebarton, SA, Australia), fibronectin, collagen 1A1, GAPDH, tenascin-C, nucleolin (Santa
Cruz, Dallas, TX), Histone H3 (Sigma, St. Louis, MO) or tubulin (Epitomics Inc, Burlingame,
CA), washed with TBS three times, then incubated with horseradish peroxidase-labeled sec-
ondary antibody (Santa Cruz, Dallas, TX). Signals were detected by chemiluminescence (Per-
kin Elmer, Waltham, MA). Images were analyzed using Image J.

Immunoprecipitation
Human lung fibroblasts were infected at a MOI of 50 with replication-deficient adenoviruses
encoding IGFBP-5-3x Flag or control vector encoding 3x Flag for 72 hours. Cells were lysed in
lysis buffer (50mM Tris HCl, pH 7.4, 150mMNaCl, 1mM EDTA, 1%Triton X-100) supple-
mented with protease inhibitors cocktail (Sigma, St Louis, MO). A total of 200 μg lysates was
incubated with 40 μl of gel suspension EZview Red anti-Flag M2 affinity gel (Sigma, St Louis,
MO) overnight at 4°C, beads were washed with 1ml TBS (50mM Tris HCl, 150mMNaCl, pH
7.4) three times, and the binding proteins were eluted by boiling in 30 μl of 2x SDS sample
buffer. Proteins were resolved on 10%SDS-PAGE and gels were stained with Coomassie Blue.
Gel bands were excised and proteins were identified by Mass Spectrometry in the Proteomics
Core of the University of Pittsburgh. In some experiments, lysates were incubated with anti-
nucleolin antibody-bound agarose beads for immunoprecipitation (IP), and subjected to
immunoblotting.

Immunofluorescence
Human lung fibroblasts were seeded in chamber slides (BD Biosciences, Bedford, MA) and
infected with replication-deficient adenoviruses encoding IGFBP-5 or NLS-mutant IGFBP-5
for 72 hours. Cells were fixed with 2% of paraformaldehyde for 15 minutes, permeabilized with
0.1% TritonX-100 for 15 minutes, blocked with 5% of goat normal serum for one hour, and
incubated with anti-IGFBP-5 antibody (Gropep, Thebarton, SA, Australia) overnight at 4°C.
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Slides were washed with 1X PBS three times, incubated with biotinylated secondary antibody
for one hour at room temperature, followed by Texas Red Avidin D (Vector Labs, Burlingame,
CA). Hoechst (Sigma, St Louis, MO) was used to identify nuclei. Images were taken on an
Olympus Provis 3 microscope (Olympus Corporation, Melville, NY).

Hydroxyproline assay
Skin collagen content was measured using hydroxyproline assay as previously described [24].

Statistical analysis
All continuous variables were expressed as the mean ± standard deviation. Comparison among
3 or more groups was performed using One-way ANOVA followed by the student’s t test. The
significance level was set at P<0.05.

Results

Generation of mutant IGFBP-5
The domains of IGFBP-5 that bind to IGF-I localize to the N-terminal domain at aa49-74 and
C-terminal domain at aa208-218, with the N-terminal domain being the high affinity binding
site while the C-terminal region contains a low affinity binding site. This latter site overlaps
with the ECM binding site and the NLS. To delineate the role of the NLS and IGF-binding
domains in fibrosis, we generated three IGFBP-5 constructs: a wild type human IGFBP-5 [2] to
which we added a FLAG tag, IGFBP-5 with a mutated NLS with aa214-aa218 mutated from
RGRKR to MDGEA [8], and IGFBP-5 with a mutated IGF binding domain with aa68 to aa74
mutated from KPLHALL to NQQHAQQ [22] (Fig 1A).

Primary human fibroblasts expressing wild type, NLS mutant, and IGF mutant IGFBP-5
expressed and secreted comparable levels of IGFBP-5 as detected by western blot (Fig 1B).
Western ligand blotting confirmed that the wild type and NLS mutant IGFBP-5 proteins main-
tained IGF binding whereas the binding of the IGF-mutant IGFBP-5 to IGF-I was abrogated.

To confirm that the NLS mutation blocked IGFBP-5 translocation to the nucleus, immuno-
fluorescence was used to localize IGFBP-5 in fibroblasts expressing wild type and NLS mutant
IGFBP-5. Wild-type IGFBP-5 was distributed in the cytoplasm and nucleus of the cells, but the
NLS mutant was mainly perinuclear and cytoplasmic in distribution (Fig 1C). This was further
confirmed by cellular fractionation of fibroblasts that showed IGFBP-5 was undetectable in
cells expressing the NLS mutant (Fig 1D), whereas cytoplasmic levels of IGFBP-5 were higher
compared to wild type IGFBP-5 (Fig 1E). These findings also confirm that an intact NLS is nec-
essary for IGFBP-5 translocation to the nucleus in primary human fibroblasts.

IGFBP-5 induces ECM production in vitro independently of its nuclear
translocation and binding to IGF
We had previously reported that IGFBP-5 induces ECM production in primary human fibro-
blasts [2]. We now show that addition of a C-terminal Flag tag to IGFBP-5 does not hinder its
ECM promoting effects (Fig 2). To determine if the pro-fibrotic effect of IGFBP-5 requires its
translocation to the nucleus or its binding to IGF, we compared the effect of expressing wild-
type IGFBP-5, the NLS mutant, and the IGF-binding mutant on ECM production. When com-
pared to wild type IGFBP-5, expression of NLS mutant IGFBP-5 induced production of colla-
gen and fibronectin to similar levels (Fig 2). The IGF-binding mutant had a more modest effect
on ECM production but still increased collagen and fibronectin levels compared to the control.
It is noteworthy that the NLS mutant showed very little deposition of IGFBP-5 in the ECM
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(Fig 2). This is likely due to the fact that the NLS and ECM binding domains overlap, and thus
mutating the NLS domain abolished ECM binding. In spite of the fact that very low levels of
NLS mutant IGFBP-5 were detected in the ECM, fibronectin and collagen levels were increased
to levels comparable to those induced by wild type IGFBP-5 (Fig 2). These results imply that
neither the NLS sequence nor the IGF-binding domain is necessary for the ECM-promoting
effects of IGFBP-5.

IGFBP-5 induces fibrosis ex vivo independently of its nuclear
translocation and binding to IGF
To extend the in vitro findings, we engineered human skin maintained in organ culture to
express wild type IGFBP-5, the NLS mutant, and the IGF-binding mutant. All three proteins
exerted similar pro-fibrotic effects in that they induced dermal thickness in human skin, as

Fig 1. Generation of IGFBP-5 with mutated IGF binding and NLS domains and validation of the loss of function imparted by the mutations. (A)
Schematic of wild type, IGF binding site-mutant, and NLS-mutant IGFBP-5 expressing constructs used for the generation of adenoviruses. (B) Confirmation
that all three constructs result in IGFBP-5 production by western blotting and validation of the loss of binding to IGF of the IGF-binding site mutant using
western ligand blotting. (C) The NLS-mutant IGFBP-5 does not translocate to the nucleus of primary human fibroblasts as detected using
immunofluorescence. (D) The NLS-mutant IGFBP-5 is not detected in nuclear extracts of primary human fibroblasts expressing the indicated constructs, but
its levels were higher in cytoplasmic fractions as detected following cellular fractionation and immunoblotting.

doi:10.1371/journal.pone.0130546.g001
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measured on H&E-stained sections of paraffin-embedded skin samples (Fig 3A and 3B). The
increase in dermal thickness paralleled increased hydroxyproline levels in skin from four differ-
ent donors (Fig 3C). The ex vivo results further confirm that mutating the NLS or IGF-binding
domains of IGFBP-5 does not impact its pro-fibrotic effect.

Nucleolin is an IGFBP-5 binding protein
To identify proteins that may interact with IGFBP-5 in primary human fibroblasts and contrib-
ute to its pro-fibrotic activity, we immunoprecipitated IGFBP-5 and identified binding partners
using mass spectrometry. Using three independent immunoprecipitation assays, we identified
nucleolin as an IGFBP-5 binding protein. The interaction with nucleolin was confirmed using
cellular lysates from fibroblasts derived from three different donors (Fig 4A). The IGFBP-
5-nucleolin interaction was confirmed by reverse IP using anti-nucleolin antibody (Fig 4B).
Furthermore, nucleolin bound both wild type IGFBP-5 and IGFBP-5 with a C-terminal Flag
tag suggesting that the tag does not disrupt binding of IGFBP-5 to nucleolin (Fig 4B). Using
immunofluorescence, we show that IGFBP-5 and nucleolin co-localize in the nucleus of pri-
mary human fibroblasts (Fig 4C).

To determine if the pro-fibrotic effects of IGFBP-5 require nucleolin, we silenced nucleolin
in primary human fibroblasts and expressed wild-type and mutant IGFBP-5. Efficient silencing
of nucleolin using sequence-specific siRNA was observed as nucleolin protein levels following
silencing decreased by 65% compared to the control siRNA (Fig 5A). Silencing nucleolin did
not change levels of secreted IGFBP-5 (Fig 5A) but reduced IGFBP-5 translocation to the
nucleus (Fig 5B). These findings suggest that IGFBP-5 translocation to the nucleus is depen-
dent on nucleolin. However, silencing nucleolin did not block the ability of IGFBP-5 to induce

Fig 2. Mutant IGFBP-5 exerts in vitro pro-fibrotic activity that is similar to that of wild-type IGFBP-5. Primary human fibroblasts were infected with
adenovirus expressing wild type IGFBP-5, IGF binding site-mutant IGFBP-5, or NLS-mutant IGFBP-5. Cell culture supernatants (sups), cellular (lysates), and
extracellular (ECM) fractions were analyzed by immunoblotting.

doi:10.1371/journal.pone.0130546.g002
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ECM production (Fig 5C). Co-immunoprecipitation of wild type and NLS mutant IGFBP-5
showed decreased interaction of the NLS mutant with nucleolin (Fig 6). These findings suggest
that IGFBP-5 may interact with nucleolin via the NLS domain, and that its interaction with
nucleolin may be necessary for the translocation of IGFBP-5 to the nucleus. Since mutating the
NLS of IGFBP-5 did not impact its ECM-inducing effects, it is not surprising that reducing
IGFBP-5 translocation to the nucleus by silencing nucleolin also did not abrogate the ECM-
promoting effects of IGFBP-5.

Discussion
IGFBP-5 is known to exert both IGF-dependent and independent effects. Identification of
IGFBP-5 binding partners would provide insights into the mechanisms mediating IGFBP-5
effects. IGFBP-5 has been shown to interact with and serve as a substrate for PAPPA2 [14, 15].

Fig 3. Mutant IGFBP-5 is pro-fibrotic ex vivo in human skin.Human skin from four different donors was injected with the indicated IGFBP-5 expressing
adenoviruses and maintained in organ culture for 10 days. (A) Skin was harvested and examined histologically. (B) Dermal thickness was measured in
human skin explants. (C) ECM was quantified using hydroxyproline assay. Data in (B) and (C) represent mean and standard deviation.

doi:10.1371/journal.pone.0130546.g003
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Further, IGFBP-5 nuclear localization in vascular smooth muscle cells resulted in transcrip-
tional regulatory activity [11]. Our group showed that caveolin-1 interacted with IGFBP-5 and
coordinated trafficking of IGFBP-5 from the plasma membrane to the nucleus [13]. To assess
the functional importance of the IGF-binding and NLS domains for IGFBP-5’s pro-fibrotic
effects, the effect of NLS-mutant and IGF-binding mutant IGFBP-5 was compared to that of
wild-type IGFBP-5. All three IGFBP-5 constructs retained fibrotic activity, promoted fibronec-
tin and collagen deposition in the ECM, and increased skin thickness to a similar degree. Our
results demonstrate that IGFBP-5 translocation to the nucleus and its binding to IGF are not
required for its fibrosis-promoting effects.

IGFBP-5 binds ECM components such as collagen, laminin, fibronectin thrombospondin-
1, osteopontin and vitronectin [25–28], as part of its IGF modulating function and/or for pro-
tection of ECM components from proteolytic degradation [13, 27, 28]. We currently show that
IGFBP-5 binds nucleolin. Nucleolin mainly localizes to the nucleolar compartment and was
originally described to function in ribosome biogenesis [29]. More recently, novel roles for
nucleolin in several cellular processes such as phosphorylation, glycosylation and methylation
have been reported [30–33]. Nucleolin contains a nucleic acid binding domain and functions
in the regulation of transcription, posttranscriptional processing, DNAmetabolism, cell cycle,
and cell proliferation [34–36]. Nucleolin is also described as a receptor for growth factor

Fig 4. Nucleolin is an IGFBP-5 binding partner. Following identification of nucleolin using mass spectrometry, interaction with IGFBP-5 was confirmed
using co-precipitation. (A) Wild type IGFBP-5 binds nucleolin in fibroblasts from three different donors. (B) Reverse pull-down with nucleolin antibody
confirms the interaction with IGFBP-5. GAPDH in input lysate was detected to confirm that lysate fractions with equivalent protein levels were used for the IP.
(C) Co-localization of nucleolin and IGFBP-5 is detected using immunofluorescence (IGFBP-5: red; nucleolin: green).

doi:10.1371/journal.pone.0130546.g004
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midkine (MK) [37], pleiotrophin (PTN) [38], and endostatin [39]. Nucleolin is able to translo-
cate from the nucleus to the cell surface and serve as a receptor for Francisella tularensis [40].
Thus nucleolin is a pleiotropic protein with multiple functions. We now add a novel function
to the repertoire of activities attributed to nucleolin: as nuclear receptor for IGFBP-5 that is
responsible for the translocation of IGFBP-5 to the nucleus. Importin β was reported to medi-
ate nuclear import of IGFBP-5 [8]. Our findings suggest that nucleolin is necessary for IGFBP-
5 trafficking to the nucleus. However, since silencing nucleolin did not abrogate the ability of
IGFBP-5 to induce ECM production, and since mutating the IGFBP-5 NLS did not abrogate
the protein’s pro-fibrotic effects, we conclude that nucleolin and nuclear trafficking of IGFBP-

Fig 5. Silencing nucleolin does not alter the ECM-promoting effects of IGFBP-5. (A) Nucleolin is efficiently silenced using sequence-specific siRNA.
Silencing nucleolin has no effect on IGFBP-5 production. (B) Silencing nucleolin inhibits translocation of IGFBP-5 to the nucleus as detected by
immunoblotting of nuclear extracts. Histone H3 is used to confirm nuclear localization. (C) Silencing nucleolin does not alter the ECM-promoting effects of
IGFBP-5 as detected using immunoblotting.

doi:10.1371/journal.pone.0130546.g005
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5 are not required for its ECM-promoting activity. Our findings do not rule out the possibility
that nucleolin may contribute to some of the other functions attributed to IGFBP-5 in other
cell types, such as proliferation, migration, differentiation, or survival/apoptosis.

Our efforts have focused on delineating the mechanisms mediating the pro-fibrotic activity
of IGFBP-5. To that end, we showed that DOK5/IRS6 is a downstream mediator of IGFBP-5
function [41] and that IGFBP-5 localizes to caveolae [13]. We also showed that IGFBP-5
induces Egr-1, and that Egr-1 is required for IGFBP-5 induction of ECM production [9]. Fur-
ther, several of the effects of IGFBP-5 were dependent on MAPK activation [9, 41]. The current
findings suggest that the pro-fibrotic activity of IGFBP-5 is independent of its nuclear translo-
cation. This supports our previous findings showing reduced intracellular IGFBP-5 in cells
deficient in caveolin-1 with maintenance of a fibrotic phenotype when caveolin-1 levels are
reduced. This could be attributed, at least in part, to the ECM-promoting activity of extracellu-
lar IGFBP-5 [13]. Other effects of IGFBP-5 have been the focus of research in the cancer field.
IGFBP-5 was shown to mediate proliferation and cell migration [21]. Thus, the nuclear locali-
zation of IGFBP-5 may facilitate the protein’s modulation of cell proliferation, migration, dif-
ferentiation, and survival but not necessarily ECM induction. This is supported by the fact that
IGFBP-5 has a transactivation domain that facilitates its regulation of transcription [11].

Since the ECM binding domain of IGFBP-5 overlaps with the NLS [42], mutating the NLS
also eliminated IGFBP-5 binding to the ECM. Interestingly, even though IGFBP-5 was not able
to bind ECM, its induction of fibronectin and collagen deposition in the ECM was similar to
that of wild-type IGFBP-5. It is thus likely that the ECM binding domain of IGFBP-5 does not
regulate its pro-fibrotic effects, similarly to what has been reported for IGFBP-3 [28]. Mutation
of the ECM binding domain of IGFBP-5 reduced smooth-muscle cell response to IGF [42].
Our group recently showed that DOK5/IRS6 is a downstream mediator of IGFBP-5 function
[41]. DOK5 expression is increased by IGFBP-5, and DOK5 mediated the pro-fibrotic effects
of IGFBP-5. DOK5 is a membrane-associated adaptor protein that likely interacts with a mem-
brane receptor or cytoplasmic protein(s). It is plausible that it is this interaction with an adap-
tor protein, rather than with the ECM, that is critical for the pro-fibrotic activity of IGFBP-5. It
is noteworthy that IGFBP-5 mediated remodeling of the ECM in the involuting mammary
gland occurs via interaction with the plasminogen system [43] and is likely tissue-specific.

IGFBP-5 initially was identified as an IGF binding protein, however several functions of
IGFBP-5 are IGF-independent. Several groups have reported IGF-independent effects of
IGFBP-5 in different cells [11, 17–21, 44] and tissues [45]. We now add promotion of fibrosis
as yet another IGF-independent activity of IGFBP-5, validating previous in vitro findings using
neutralizing anti-IGF-I antibody [9].

Fig 6. Mutating the NLS domain of IGFBP-5 reduces its ability to bind nucleolin. The interaction of Flag-
tagged IGFBP-5 and nucleolin was detected using immunoprecipitation using anti-Flag antibody followed by
immunoblotting to detect nucleolin. Input nucleolin was detected in lysates prior to co-precipitation to ensure
that samples contained equivalent amounts of protein.

doi:10.1371/journal.pone.0130546.g006

IGFBP-5 in Fibrosis

PLOS ONE | DOI:10.1371/journal.pone.0130546 June 23, 2015 11 / 14



Conclusion
In summary, our findings demonstrate that IGFBP-5 does not require an intact NLS nor high
affinity binding to IGF-I to induce a pro-fibrotic phenotype. Further, IGFBP-5 localization to
the nucleus is facilitated by its interaction with nucleolin as loss of nucleolin abrogated IGFBP-
5 translocation to the nucleus but did not affect is fibrotic activity, further confirming that
IGFBP-5 nuclear compartmentalization is not necessary for promoting fibrosis.
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