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Background: As well as inhibiting insulin-like growth factor (IGF) actions, IGF-binding protein (IGFBP)-6 also promotes
rhabdomyosarcoma cell migration.
Results: IGFBP-6 binds to prohibitin-2 on the cell membrane, and knockdown of the latter abrogates IGFBP-6-inducedmigration.
Conclusion: Prohibitin-2 is required for IGFBP-6-induced rhabdomyosarcoma cell migration.
Significance: Prohibitin-2 may be a novel target to inhibit cancer cell migration.

Insulin-like growth factor (IGF)-binding protein (IGFBP)-6
decreases cancer cell proliferation and survival by inhibiting the
effects of IGF-II. More recently, IGFBP-6 was found to promote
the migration of rhabdomyosarcoma (RMS) cells in an IGF-in-
dependent manner, and MAPK pathways were involved in this
process. However, the precise molecular mechanisms of these
IGF-independent migratory actions of IGFBP-6 are largely
unknown. Here, we report that prohibitin-2 (PHB2), a single-
span membrane protein, is a key regulator of IGFBP-6-induced
RMS cell migration. PHB2 and IGFBP-6 co-localize on the RMS
cell surface, and they specifically interact, as demonstrated by
affinity chromatography, co-immunoprecipitation, biosensor
analysis, and confocal microscopy. Binding affinities for PHB2
are 9.0� 1.0 nM for IGFBP-6 and 10.2� 0.5 nM formIGFBP-6, a
non-IGF-binding mutant of IGFBP-6. The C-domain but not
the N-domain of IGFBP-6 is involved in PHB2 binding. In addi-
tion, IGFBP-6 indirectly increases PHB2 tyrosine phosphoryla-
tion on RMSmembranes. Importantly, PHB2 knockdown com-
pletely abolished IGFBP-6-mediated RMS cell migration. In
contrast, IGFBP-6-induced MAPK pathway activation was not
affected, suggesting that PHB2may act as a downstreameffector
of these pathways. These results indicate that PHB2 plays a key
role in this IGF-independent action of IGFBP-6 and suggest a
possible therapeutic target for RMS.

Rhabdomyosarcoma (RMS)2 arises from primitive skeletal
myoblasts and is the most common soft tissue malignancy of
childhood and adolescence. Embryonal (ERMS) and alveolar

(ARMS) are the two principal subtypes of RMS. ERMS mainly
affects children less than 10 years old (1), whereas ARMS is
predominantly found in adolescents and young adults, is more
aggressive, and has a poorer prognosis (2).
Insulin-like growth factor (IGF)-II has been implicated as an

autocrine growth factor for RMS and plays an important role in
its development andprogression (3). IGF actions aremodulated
by a family of six high affinity IGF-binding proteins (IGFBPs).
Of these, IGFBP-6 is distinctive for its �50-fold higher binding
affinity for IGF-II over IGF-I, and it inhibits IGF-II actions but
has little effect on IGF-I (3). This specificity makes IGFBP-6 an
attractive potential therapeutic candidate for IGF-II-dependent
pediatric malignancies, such as RMS, where it may be possible to
inhibit IGF-II in the tumor environment with minimal effect on
IGF-I-induced normal growth. However, IGFBP-6 also promotes
RMS cell migration by an IGF-independent mechanism that
involves MAPK pathway activation (4, 5), raising the possibility
that a receptor or membrane protein may be involved.
Prohibitins (PHB1 andPHB2) are highly conserved andubiq-

uitously expressed proteins. They are primarily found in mito-
chondria but are also present in several other cellular compart-
ments, including the cytosol, nucleus, and plasma membrane
(6, 7). They have diverse functions. For example, PHB1 and
PHB2 form large ring complexes in the inner mitochondrial
membrane and function as chaperone proteins that stabilize
mitochondrial respiratory enzymes and maintain mitochon-
drial integrity (8, 9). In the nucleus, PHBs serve as transcrip-
tional regulators, thereby repressing cell proliferation (10).
Cytoplasmic PHB1 plays an important role in Ras-mediated
epithelial cell migration (11), whereas cytoplasmic PHB2 has
been linked to phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) signaling, thereby modulating skeletal muscle
differentiation (12). Cell surface PHB1�PHB2 complexes inter-
act with the C-terminal cytoplasmic domain of the HIV-1 gly-
coprotein (13) and the Vi polysaccharide of Salmonella typhi in
intestinal epithelial cells (14), with the latter interaction resulting
in suppression of early inflammatory responses. Plasma mem-
branePHB2hasalsobeen identifiedasa receptor for insectdengue
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serotype 2 (15). However, it is unknown whether there is a native
mammalian ligand for cell surface PHBs.
In the present study, we report the identification and charac-

terization of PHB2 as a binding partner of IGFBP-6 on the RMS
cell surface. IGFBP-6 indirectly increases its tyrosine phosphor-
ylation, and PHB2 knockdown completely prevents IGFBP-6-
induced RMS cell migration. These results suggest that PHB2
plays a key role in this IGF-independent action of IGFBP-6.

EXPERIMENTAL PROCEDURES

Cells, Reagents, and Antibodies—Human Rh30 cells, derived
from an alveolar RMS, andRD cells, derived from an embryonal
RMS, were obtained from ATCC. The Mem-Per membrane
protein extraction kit and SuperSignal West Pico chemilumines-
cent substrate were from Thermo Fisher Scientific. Sequencing
grade trypsin was from Promega. Affi-Gel 10 was from Bio-Rad.
PCR primers for Phb2 expression were obtained from Sigma.
DharmaFECT3 transfection reagent, On-Target plus SMART-
pool siRNA for human PHB2, On-Target Plus non-targeting
siRNA 1, and siGLO RISC-Free control siRNA were from Mil-
lennium Science (Mulgrave, Australia). Phosphatase inhibitor
mixtures 1 and 2, streptavidin-agarose, and protein G-agarose
were from Sigma-Aldrich. Complete, EDTA-free protease
inhibitor mixture tablets were from Roche Applied Science.
Antibodies to phospho-ERK1/2 (Thr-204/Tyr-204), phospho-
JNK (Thr-181/Tyr-185), phospho-p38 (Thr-180/Tyr-182),
ERK1/2, JNK, p38, PHB1, and horseradish peroxidase-conju-
gated donkey anti-rabbit IgG were from Genesearch (Arundel,
Australia). �-Actin, phosphotyrosine, and PHB2 antibodies
were from Millipore (North Ryde, Australia). IGFBP-6 anti-
body was from Gropep (Adelaide, Australia). Alexa Fluor 568
goat anti-rabbit IgG,Alexa Fluor 488 streptavidin, TRIzol, and the
Superscript II reverse transcriptase kit were from Invitrogen. Dis-
posable PD-10 desalting columns, protein A-Sepharose CL-4B,
sheep anti-mouse IgG horseradish peroxidase-linked whole anti-
body, the CM5 chip, and the amine coupling kit were from GE
Healthcare. Ni-NTA resin was fromQiagen (Melbourne, Austra-
lia). Polycarbonate membranes (12-�m pores) were from Neuro
Probe, Inc. (Gaithersburg, MD). SeeBlue Plus2 molecular weight
markers were obtained from Invitrogen.
RMS Cell Culture and IGFBP-6 Stimulation—Rh30 and RD

cells were routinely cultured in RPMI 1640 andDMEM, respec-
tively. Both media were supplemented with 10% bovine calf
serum, 2 mM glutamine, 100 units/ml penicillin, 100 �g/ml
streptomycin, and 0.25 �g/ml amphotericin B.

Cells were serum-starved in serum-free RPMI 1640 or
DMEM (SFM) containing 0.05% BSA at 37 °C for 16 h, followed
by incubationwith SFMwith orwithout IGFBP-6 ormIGFBP-6
(1 �g/ml) for various times as described.
Isolation of RD RMS Cell Membrane Proteins Using mIGFBP-6

Affinity Chromatography—RD cells (20 175-cm2 flasks) were
detachedwithPBS (pH7.4), 0.5mMEDTA, 0.1%BSA.Cellmem-
brane proteins were extracted using the Mem-Per membrane
protein extraction kit according to the manufacturer’s instruc-
tions. AnmIGFBP-6 affinity columnwas prepared using 1ml of
Affi-Gel 10 and 5 mg of recombinant mIGFBP-6. The
mIGFBP-6 affinity columnwas loaded with isolatedmembrane
proteins diluted with column binding buffer (20 mM Tris, pH

7.4, 50 mM NaCl, 0.1% Triton X-100). The column was washed
with column binding buffer, and bound proteins were eluted
with 0.5 M and then 1 M NaCl in column binding buffer, fol-
lowed by 0.5 M acetic acid. Eluted fractions were subjected to
SDS-10% PAGE.
Trypsin Digestion and Mass Spectrometry—Coomassie Blue

staining bands from the acetic acid eluate were cut out and
washed extensively with 100 mM ammonium bicarbonate (pH
8.0) and then ammoniumbicarbonate/acetonitrile (1:1) prior to
drying. Sequencing grade trypsin (5 �l) was added directly at
40 °C for 4 h. Tryptic peptides were then mixed with �-cyano-
2,5-dihydroxycinnamic acid matrix and dried. Samples were
analyzed byMALDI-TOF-MS (BrukerDaltonics, Bremen,Ger-
many), and spectra were analyzed using the Mascot search
engine (Matrixscience) against the SwissProt protein database.
PHB2 Expression Plasmid—Total RNA was extracted from

RD cells using TRIzol followed by DNase I digestion. RNA (10
�g) was reverse-transcribed using Superscript II reverse tran-
scriptase. The PHB2 cDNA was amplified, and 5� NcoI and 3�
EcoRI sites were introduced by PCR (94 °C for 3 min; 32 cycles
of 94 °C for 30 s or 60 or 68 °C for 30 s, depending on the primer
pair; 72 °C for 30 s; and then extension at 72 °C for 10 min).
Primers (5�-TCAGCCATGGCCCAGAACTTGAAGG-3� and
5�-CTGGGTGATCAGCTGTGAGGC-3�) were used to gener-
ate a 474-bp 5�-PHB2 cDNA, and primers (5�-TGTGGTGGC-
CAAGTTCAATGC-3� and 5�-GGTGGAATTCTTGGTGAC-
TAGGCTCATTTC-3�) were used to obtain a 496-bp 3�-PHB2
cDNA. These PCR products were digested by NcoI/BclI and
BclI/EcoRI, respectively, and ligated into the pProExHTb
expression vector in-frame with an N-terminal His6 tag. The
PCR product was sequenced to confirm that it was correct.
Expression and Purification of Recombinant Proteins—Expres-

sion and Ni-NTA chromatographic purification of recombinant
His6-tagged IGFBP-6, mIGFBP-6, and N- and C-domains of
IGFBP-6 have been described previously (5). Following purifica-
tion, recombinant proteins were dialyzed against RPMI 1640 and
stored in aliquots (1–2 �g/ml) at �80 °C.
The PHB2 expression plasmid was transformed into Esche-

richia coli strain JM109, and expression was induced with 1.5
mM isopropyl 1-thio-�-D-galactopyranoside at 37 °C for 4–5 h.
Recombinant PHB2 was purified by Ni-NTA affinity chroma-
tography and eluted with 200 mM imidazole, 6 M guanidine
hydrochloride. The protein was refolded by dialysis against 10
mM sodium acetate (pH 5.5) and stored at �80 °C.
PHB2 Pull-down—Recombinant IGFBP-6, mIGFBP-6, and

RNase (1 mg) were mixed with sulfo-NHS-biotin (2.5- and
20-fold molar excess), respectively, at room temperature for
1 h, followed by desalting. Biotinylated proteins (4.5 �M) were
incubated with Rh30 cells (10-cm dish, 80% confluent) at 4 °C
for 1 h. Cell lysates were prepared and incubated with strepta-
vidin-agarose (50 �l) at 4 °C for 2 h. Biotin solution (250 �l, 2
mM) was added, and the mixture was incubated at room tem-
perature for 5min. Beads were washed five times with 250 �l of
TBS (20 mM Tris, pH 7.4, 140 mM NaCl), and bound proteins
were eluted with sample loading dye (2% SDS), followed by
SDS-10% PAGE and PHB2 or PHB1Western blotting.
Co-immunoprecipitation—Recombinant IGFBP-6 or mIGFBP-6

(200 ng) was incubated with recombinant PHB2 (300 ng) at room
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temperature for 3 h. PHB2 antibody or IgG (2.5 �g), protein
A-Sepharose, and protein G-agarose beads (15 �l each) were
added for 1 h at 4 °C. Beads were washed three times with 1 ml
of TBS, andboundproteinswere eluted by boiling in sample load-
ing buffer for 5 min, followed by IGFBP-6Western blotting.
To detect PHB phosphorylation, Rh30 cells were incubated

with mIGFBP-6 (1 �g/ml) at 37 °C for 20 min. After preclearance
of cell lysates with protein A/G bead mixture (60 �l), anti-phos-
photyrosine antibody or IgG (3 �g) was added with protein A/G
beads (60 �l) for 3 h at 4 °C. Beads were washed, and bound pro-
teins were eluted as above prior to PHB2 or PHB1 Western
blotting.
Surface Plasmon Resonance—Surface plasmon resonance

analysis was performed using the Biacore T100. Recombinant
PHB2 in 10 mM sodium acetate (pH 5.5) was immobilized on a
CM5 sensor chip using the manufacturer’s amine coupling kit,
followed by blocking with 1 M ethanolamine (pH 6.0). The
increase in signal of recombinant PHB2 was 1784 response
units. The control flow cell was activated and blocked the same
way. IGFBP-6, mIGFBP-6, or isolated N- and C-domains of
IGFBP-6 (8–512 nM) in HBS-EP buffer (10 mMHEPES, pH 7.4,
150 mM NaCl, 3 mM EDTA, 0.05% Surfactant p20 (GE Health-
care)) were passed over control and PHB2 flow cells at 10
�l/min for 70 s at 25 °C. Following injection, dissociation was
evaluated by passing HBS-EP buffer alone over the chip at 10
�l/min for 10 min. After each run, the chip was regenerated
with 0.045% SDS for 30 s. Data were processed using BIAevalu-
ation software (version 1.1.1).
Biotinylation and Pull-down of RMS Cell Surface Proteins—

Rh30 or RD cells from four 10-cm dishes each were incubated
with IGFBP-6 (1 �g/ml) at 37 °C for 20 min. Cells were washed
twice with cold PBS and surface-biotinylated with sulfo-NHS-
S-S-biotin (0.5 mg/ml in 0.25% DMSO/PBS) at 4 °C for 40 min.
Cells were then incubated with RPMI or DMEM at 4 °C for 10
min, followed by a 20-ml cold PBS wash. Cell lysates (3 mg)
were incubated with 160 �l of streptavidin-agarose (50%) in
TBS containing protease inhibitors and phosphatase inhibitors
for 3 h. Beads were washed three times with 1 ml of cold TBS
(pH 7.4). Biotinylated cell surface proteins were eluted with
sample loading buffer containing DTT and analyzed by phos-
photyrosine, PHB2, and PHB1Western blotting. Band intensi-
ties were quantitated using ImageJ software (version 1.47).
In Vitro Phosphorylation—PHB2 (5 �g) was incubated with

WT or mIGFBP-6 (5 �g) in 20 �l of Hepes buffer, pH 7.4,
containing 1 mM DTT, 5 mM MgCl2, and 5 mM MnCl2 with or
without 100 �M ATP, for 30 min at 30 °C. Phosphorylation of
N-ezrin (5 �g) by the EGF receptor (1.62 units) was used as a
positive control as described previously (16). The reaction was
stopped by the addition of SDS-PAGE sample buffer and boil-
ing, and the products were analyzed by SDS-10% PAGE and
phosphotyrosine Western blotting.
Confocal Microscopy—Rh30 cells were detached and incu-

bated with biotinylated IGFBP-6 or RNase (50 �g/ml) in 200 �l
of PBS at 4 °C for 20 min and then with anti-PHB2 antiserum
(150 �l, 1:100) at 4 °C for 20 min, followed by fixation with 4%
paraformaldehyde at 4 °C for 30 min. After PBS washing (1.5
ml), cells were incubated with a mixture of Alexa Fluor 568
donkey anti-rabbit IgG (1:100) andAlexa Fluor 488 streptavidin

(1:100) in 1% BSA at room temperature for 1 h and then stained
with DAPI (600 nM) for 1min. Cells were washed with 1.5 ml of
PBS and examined using a Nikon Alr confocal microscope with
a �40 water lens. Confocal images were generated using Fuji
ImageJA 1.45b.
PHB2Knockdown—HumanPHB-2 siRNAs SMARTpool and

an On-TARGETplus non-targeting siRNA 1 were used for
knockdown experiments. PHB2 or control siRNA (final con-
centration 300 nM) was incubated at room temperature for 20
min in 100�l of serum-free RPMImediumwith 0.05%BSA and
5.3 �l of DharmaFECT3 transfection reagent. Rh30 cells (1.5 �
105 cells/well in 12-well plates) were grown for 24 h and then
incubated for 72 h at 37 °Cwith the siRNAmixture dilutedwith
400 �l of fresh 10% serum-containing RPMI. Western blotting
and cell migration assays were then performed.
Cell Migration Assay—Rh30 cell migration studies were per-

formed using a 48-well chemotaxis chamber (Neuroprobe,
Cabin John, MD) as described previously (4, 5). WT or
mIGFBP-6 (1 �g/ml) or IGF-II (100 ng/ml) in SFM was added
to the bottom wells of the chamber. Polycarbonate filters
(12-�m pore size, coated with gelatin (100 �g/ml) in 10 mM

acetic acid at room temperature for 30 min) were placed over
the bottom wells, and Rh30 cells (5.6 � 104 cells/well) in SFM
were seeded in the top wells. After 24 h, the filter was removed,
fixed in 100%methanol for 5min, and stained with 0.5% crystal
violet, 50% methanol solution for 20 min. Membranes were
washed in water to remove excess dye and unbound cells and
mounted on glass slides. Three random fields/well were photo-
graphed, and migrating cells were counted using ImageJ soft-
ware (version 1.44o). Each data point represents 4–6 replicates.
StatisticalAnalysis—Results are shownasmean� S.E. of 3–5

independent experiments, as indicated. Data were log-trans-
formed to stabilize variance if required and analyzed by one-
way analysis of variance, followed by Fisher’s protected least
significant difference test to compare individual treatments.

RESULTS

PHB2 Binds IGFBP-6 on RMS Cell Membranes—We previ-
ously reported that IGFBP-6 induces RMS cell migration in an
IGF-independent manner (4, 5), suggesting that IGFBP-6 may
bind to a cell surface protein or receptor. To identifymembrane
proteins that interact with IGFBP-6, we carried out a large scale
preparation of RD membrane proteins, and IGFBP-6-binding
membraneproteinswere isolatedusinganmIGFBP-6 (amutantof
IGFBP-6 that does not bind IGFs) affinity column. A 35 kDaCoo-
massie Blue-stained band was isolated and subjected to tryptic
peptidemapping followedbymass spectrometry. Sixpeptides cor-
responding to sequences within PHB2 (17), also called B-cell
receptor-associatedprotein 37 (BAP37) and repressor of estrogen
receptor activity (REA), were identified (Table 1).
IGFBP-6 Specifically Binds to PHB2—To further confirm the

interaction between IGFBP-6 and PHB2, co-immunoprecipita-
tion and Biacore biosensor experiments were performed. Bioti-
nylatedWTandmIGFBP-6 both pulled downPHB2 fromRh30
cell lysates, whereas biotinylated RNase, an unrelated control
protein, did not (Fig. 1A). Furthermore, a 3-fold excess of unla-
beled mIGFBP-6 competed for the interaction between bioti-
nylatedmIGFBP-6 and PHB2. In contrast, PHB1was not found
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in the pulled down fraction (not shown). These results suggest
that IGFBP-6 physically interacts with PHB2 and that the inter-
action is reversible.
Recombinant human PHB2 was next expressed in E. coli and

purified (Fig. 1B). Co-immunoprecipitation using recombinant
IGFBP-6 ormIGFBP-6 andPHB2was performed.ThePHB2anti-
body, but not control IgG, successfully pulled down PHB2�IGFBP-6
and PHB2�mIGFBP-6 complexes (Fig. 1C).
The kinetics of the IGFBP-6/PHB2 interaction was charac-

terized by surface plasmon resonance. BothWTandmIGFBP-6
bound to immobilized PHB2 in a concentration-dependent fash-
ion (Fig. 1,D andE).CalculatedKD values for the interactionswere
9.0 � 1.0 nM for IGFBP-6 and 10.2 � 0.5 nM for mIGFBP-6. In
contrast, immobilized PHB-2 did not bind to unrelated proteins,
including 500 nM BSA or �-globulin (not shown).

The C-domain of IGFBP-6 Binds to PHB2—IGFBP-6 shares a
three-domain structure with the other IGFBPs, and the struc-
tured N- and C-domains are involved in binding to IGFs and
other biomolecules. To further analyze the PHB2 interaction
with IGFBP-6, we prepared recombinant N- and C-domains of
IGFBP-6 as described previously (5, 18). The isolatedC-domain
of IGFBP-6 bound PHB2 with a KD of 68.8 � 10.2 nM (Fig. 2A).
In contrast, the N-domain of IGFBP-6 did not bind (Fig. 2B).
PHB2 and IGFBP-6 Are Co-localized on the RMS Cell Mem-

brane—To determine whether PHB2 is located on RMS cell
membranes, cell surface proteins were biotinylated and then
pulled down using streptavidin-agarose beads. Western blot-
ting showed that both PHB2 and PHB1 were found in the
pulled-down fraction of RD (Fig. 3A) and Rh30 cells (Fig. 3B).
These results suggest that both PHB2 and PHB1 are located on
RMS cell membranes. Importantly, incubation of biotinylated
IGFBP-6 with Rh30 cells resulted in its co-localization with
membrane-associated PHB2 (Fig. 3C).
IGFBP-6 Indirectly Stimulates Tyrosine Phosphorylation of

PHB2—PHB phosphorylation may contribute to its biological
actions (19). Rh30 cells were incubated with mIGFBP-6 for 20
min, after which cell lysates were immunoprecipitated with a
phosphotyrosine antibody followed by PHB2Western blotting.

FIGURE 1. IGFBP-6 binds to PHB2. A, Rh30 cells were incubated with biotinylated IGFBP-6, mIGFBP-6, or RNase. Proteins in cell lysates were pulled down by
streptavidin-agarose and analyzed by PHB2 Western blotting. The blot is representative of three independent experiments. B, Coomassie Blue staining of
purified recombinant PHB2 after SDS-10% PAGE. C, co-immunoprecipitation of recombinant IGFBP-6 or mIGFBP-6 with recombinant PHB2 using a PHB2
antiserum for immunoprecipitation and an IGFBP-6 antiserum for Western blotting. D and E, binding of IGFBP-6 or mIGFBP-6 (8 –512 nM) to immobilized PHB2.
Sensorgrams were recorded using a Biacore T100 and are representative of three independent experiments.

TABLE 1
Tryptic peptides of PHB2 identified by mass spectrometry

Amino acid position Tryptic peptide sequences

25–48 LLLGAGAVAYGVRESVFTVEGGHR
55–84 IGGVQQDTILAEGLHFRIPWFQYPIIYDIR
98–123 DLQMVNISLRVLSRPNAQELPSMYQR
148–165 FNASQLITQRAQVSLLIR
201–209 QVAQQEAQR
290–299 GSDSLIKGK
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This showed that mIGFBP-6 increased tyrosine phosphoryla-
tion of PHB2 in Rh30 cells (Fig. 4A). In contrast, PHB1 was not
pulled down (not shown), indicating that it is not tyrosine-
phosphorylated in these cells. Furthermore, PHB2 was not Ser/

Thr-phosphorylated in the absence or presence of mIGFBP-6
(not shown). These results suggest that mIGFBP-6 specifically
increases PHB2 tyrosine phosphorylation in these cells.
To further investigate if IGFBP-6 increases tyrosine phos-

phorylation of PHB2 on RMS cell surfaces, cells were treated
with IGFBP-6 (1 �g/ml) for 20 min, and cell surface biotinyla-
tion was performed, followed by streptavidin-agarose pull-
down, SDS-10% PAGE, and then phosphotyrosine, PHB2, and
PHB1 Western blotting. Tyrosine phosphorylation of PHB2,
but not PHB1, was increased by IGFBP-6 on both RD and Rh30
cell surfaces, whereas it had no effect on PHB2 or PHB1 abun-
dance (Fig. 4, B and C). After correcting for total PHB2, IGFBP-6
significantly increased phosphorylation 2.5 � 0.5- and 1.4 � 0.2-
fold, respectively, in Rh30 and RD cells (p � 0.04 for each).

In vitro assays using purified proteinswere next performed to
determine whether IGFBP-6 directly stimulates PHB2 phos-

FIGURE 2. The C-domain, but not the N-domain, of IGFBP-6 binds to PHB2. Biosensor analysis of the C-domain (A) and the N-domain (B) of IGFBP-6 (8 –512
nM) binding to immobilized PHB2. Sensorgrams are representative of three independent experiments.

FIGURE 3. PHB2 and IGFBP-6 colocalize to the plasma membrane in RMS
cells. RD (A) or Rh30 (B) cells were subjected to cell surface biotinylation,
followed by streptavidin-agarose pull-down and PHB1 and PHB2 Western
blotting. Whole lysate control (con) is shown. The blots are representative of
three experiments. C, Rh30 cells were incubated with biotinylated IGFBP-6
and PHB2 antiserum, followed by incubation with streptavidin-Alexa Fluro
488 nm and anti-rabbit antibody-Alexa Fluor 567 nm, and then stained with
DAPI. Staining is shown for IGFBP-6 (a), PHB2 (b), and DAPI (c). d, merge of a– c.

FIGURE 4. IGFBP-6 increases tyrosine phosphorylation of PHB2 in Rh30
cells. A, Rh30 cells were incubated with mIGFBP-6 (1 �g/ml) at 37 °C for 20
min. Cell lysates were immunoprecipitated with a phosphotyrosine antibody
(pTyr Ab) or IgG, followed by PHB2 Western blotting. The blot is representative
of four independent experiments. RD (B) or Rh30 (C) cells were incubated with
mIGFBP-6 (1 �g/ml) for 20 min. Cell surface proteins were biotinylated and
pulled down with streptavidin-agarose, followed by phospho-Tyr, PHB1, and
PHB2 Western blotting. Blots are representative of 2– 4 independent
experiments.
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phorylation. Although the EGF receptor stimulated tyrosine
phosphorylation of ezrin as described previously (16), PHB2
phosphorylationwas not detected in the absence or presence of
WT or mIGFBP-6 (Fig. 5), indicating that IGFBP-6 does not
directly phosphorylate PHB2.
Knockdown of PHB2 Abolishes IGFBP-6-induced Rh30 Cell

Migration—siRNA was used to transiently knock down PHB2
expression to determine whether it plays a role in IGFBP-6-
induced RMS cell migration. PHB2 levels were reduced to 10�
3% of control levels in the presence of PHB2-specific pooled
siRNAs, whereas levels were unaffected by control siRNA 72 h
after transfection (Fig. 6A). Furthermore, disruption of PHB2
expression also reduced PHB1 levels to 6� 2% of control levels,
as reported previously in other cells (20–22). PHB2 siRNA had
no effect on PHB1 mRNA levels, indicating that the effect on
protein levels was post-transcriptional. PHB2 siRNA also had
no effect on IGFBP-6 mRNA levels, further supporting the
specificity of the siRNA. mIGFBP-6 had no effect on PHB2 and
PHB1 levels in the absence or presence of PHB2 siRNA.
To investigate the effects of PHB2 knockdown on IGFBP-6-

induced Rh30 cell migration, assays were performed 72 h
after transfection with PHB2 or control siRNA. IGFBP-6 and
mIGFBP-6 both significantly increased cell migration in the
absence of siRNA or in the presence of control siRNA (p �
0.001; Fig. 6B). In contrast, the IGFBP-6-induced increase in
Rh30 cell migration was completely abolished in PHB2 knock-
down cells. These results clearly demonstrate that PHB2 plays
an important role in IGFBP-6-dependent Rh30 cell migration.
Basal and IGF-II-stimulated Rh30 cell migration were not
affected by PHB2 knockdown (Fig. 6C), suggesting that PHB2 is
specifically involved in IGFBP-6-induced migration.
Knockdown of PHB2 Does Not Affect Basal or IGFBP-6-in-

duced MAPK Activation—PHB1 has been reported to regulate
the ERK MAPK pathway in both normal and cancer cells (11,
19, 23), and we have shown that IGFBP-6-induced ERK and
JNK MAPK phosphorylation contributes to IGFBP-6-induced
Rh30 cell migration (4). We therefore investigated if PHB2
knockdown affected MAPK signaling. mIGFBP-6 significantly

increased ERK (Fig. 7A) and JNK1 (Fig. 7B) in the presence or
absence of PHB2 knockdown, and knockdown had no effect on
the magnitude of this increase. In addition, basal levels of
phospho-p38 MAPK were not changed by IGFBP-6 or PHB2
knockdown (Fig. 6C). These results suggest that neither PHB

FIGURE 5. IGFBP-6 does not directly phosphorylate PHB2 in vitro. Recom-
binant PHB2 (5 �g) was incubated with WT or mIGFBP-6 (5 �g) in the presence
or absence of 100 �M ATP. Samples were analyzed by phosphotyrosine (pY)
Western blotting. Phosphorylation of N-ezrin (5 �g) by the EGF receptor
(EGFR; 1.62 units) was used as a positive control. The blot is representative of
two independent experiments.

FIGURE 6. Knockdown of PHB2 abolishes IGFBP-6-induced Rh30 cell
migration. A, Rh30 cells were treated with PHB2 or control (Con) siRNA for
72 h, followed by PHB2 and PHB1 Western blotting. Control cells without
siRNA are shown for comparison. �-Actin was used as a protein loading con-
trol. The blot is representative of five independent experiments. B, migration
assay was performed in the absence (Con) and presence of 1 �g/ml WT (BP6)
or mIGFBP-6 (mBP6) for 24 h. Results are expressed as a percentage of the
relevant control and shown as mean � S.E. (error bars) of five independent
experiments (***, p � 0.001 versus control). C, migration assay was performed
as above in the absence (Con) and presence of mIGFBP-6 (mBP6; 1 �g/ml) or
IGF-II (100 ng/ml) for 24 h. Results are expressed as a percentage of the rele-
vant control and shown as mean � S.E. of three independent experiments
(*, p � 0.05; **, p � 0.01; ***, p � 0.001 versus control; ^, p � 0.05 mBP6/Phb2
siRNA versus mBP6 with no or control siRNA).
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is involved in IGFBP-6-induced or basal MAPK activation in
Rh30 cells.

DISCUSSION

In the present study, we describe five novel findings: (a)
IGFBP-6 co-localizes with PHB2 on RMS cell plasma mem-
branes, and the affinity of the IGFBP-6/PHB2 interaction is
within the plausible biological range; (b) the C-domain, but not
the N-domain, of IGFBP-6, is directly involved in binding; (c)
IGFBP-6 does not alter PHB2 levels but indirectly induces tyro-
sine phosphorylation of plasma membrane PHB2 in RMS cells;
(d) disruption of PHB2 expression abolishes IGFBP-6-induced
Rh30 cell migration; (e) PHBs are not involved in basal or
IGFBP-6-induced MAPK activation in Rh30 cells.

Many studies have shown that IGFBP-6 inhibits IGF-II
actions in a range of cell types (3, 24). IGF-II is an autocrine
growth factor forRMS(3, 25), and IGFBP-6 inhibitedproliferation
and survival of RMS cells in vitro (26). Further, IGFBP-6 overex-
pression inhibited RMS xenograft growth in vivo (26). IGFBP-6 is
strongly down-regulated in spontaneously metastatic RMS cells
compared with non-metastatic cells (additional data in Ref. 27).
IGFBP-6mayalso localize to thenucleus inRMScells, and this has
been associated with increased apoptosis (28, 29).
Although most literature suggests that IGFBP-6 is an IGF-II

inhibitor and is therefore anti-tumorigenic, there is circum-
stantial evidence that it may have additional actions. For exam-
ple, MNU-induced glial carcinogenesis in the rat is associated
with increased IGFBP-6 expression (30). IGFBP-6 levels are

FIGURE 7. Knockdown of PHB2 does not affect basal or IGFBP-6-induced MAPK activation in Rh30 cells. A, Western blot analysis of phospho-ERK (pERK)
and ERK; B, phospho-JNK (pJNK) and JNK; C, phospho-p38 (pp38) and p38 of Rh30 cells treated with PHB2 and control siRNA for 72 h, followed by incubation
with mIGFBP-6 (1 �g/ml) for 5 min. �-Actin was used as a protein loading control. Blots from 3– 4 independent experiments were scanned, and the ratio of
phosphoprotein to total protein abundance was quantified. Results are shown as mean � S.E. (error bars), with mIGFBP-6-stimulated levels designated as 1.0.
**, p � 0.01; ***, p � 0.001 versus mIGFBP-6.
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increased in pancreatic (31) and adrenocortical cancer (32), and
IGFBP-6 levels correlate with meningioma invasiveness in vivo
(33). These examples may represent a compensatory response
to increased IGF-II activity, or they may reflect IGF-indepen-
dent actions of IGFBP-6. Indeed, we have recently shown that
IGFBP-6 promotes RMS cell migration in an IGF-independent
manner (4, 5).
PHB2 Is a Cell Surface Protein That Binds IGFBP-6—Al-

though a number of IGF-independent actions of IGFBPs have
been described via distinct mechanisms (34), there is limited
information regarding cell surface proteins (“IGFBP recep-
tors”) that are responsible for these actions (35, 36). IGFBP-1
and -2 interact with cell surface integrins to modulate cell
migration and adhesion via Arg-Gly-Asp (RGD) sequences in
theirC-terminal domains (37, 38). IGFBP-3 binds to a cell death
receptor, IGFBP-3R, which mediates anti-tumor effects in
breast and prostate cancer (36). IGFBP-4 binds to aWnt recep-
tor (Frizzled 8) and low density lipoprotein receptor-related
protein 6, aWnt co-receptor, to enhance cardiomyocyte differ-
entiation (35). In this study, we show for the first time that cell
surface PHB2 binds to IGFBP-6 and modulates its IGF-inde-
pendent promigratory effect in RMS cells.
PHB1 and -2 are highly conserved membrane proteins that

act interdependently (20–22, 39) by forming ring complexes
that serve as protein scaffolds and chaperones in mitochondria
(8, 21).However, some actions and protein interactions are spe-
cific to PHB1or PHB2. PHBsmodulate signaling pathways (19),
including MAPK pathways, and affect apoptosis, proliferation,
adhesion, andmigration in a cell- and context-specific manner.
They are found in mitochondria, nuclei, and cell membranes
and translocate between these sites (8). In particular, PHBsmay
be functional on the cell surface. In human intestinal epithelial
cells, PHB1 and PHB2 are components of a cell surface-associ-
ated complex that binds to the Vi capsular polysaccharide of
Salmonella typhi, resulting in decreased IL-8 production (14).
Cell surface PHB1 and -2 are involved in the T cell receptor-
mediated signaling cascade in activated T cells (40) and also
interact with the IgM receptor on B lymphocyte membranes
(41). PHB2 was identified as a receptor mediating dengue sero-
type 2 entry into insect cells (15). However, all of these ligands
are either small molecules or viral proteins. Whether there is a
eukaryotic ligand for membrane-associated PHB1 and -2 was
not known. In this study, however, IGFBP-6 was identified as a
high affinity mammalian ligand.
The IGFBP-6/PHB2 Interaction—PHB2 interacts with vari-

ous proteins in different subcellular compartments. In mito-
chondria, PHB2 interacts with Mdm12p (20) and sphingosine-
1-phosphate (42), thereby regulating mitochondrial functions.
In the nucleus, PHB2 physically interacts with the estrogen
receptor (43) and brefeldin A-inhibited guanine nucleotide-ex-
change protein 3 (BIG3) (44), resulting in suppression of gene
transcription and contributing to tumor growth inhibition (10).
In the cytosol, PHB2 but not PHB1 binds Akt2 and reciprocally
regulates Akt2 levels and muscle differentiation (12, 45). PHB2
also interacts with�-actinin and annexinA2 (46). However, the
in vitro binding affinities of PHB2 for these ligands are higher
than 500 nM (46), which raises the question of their biological
significance. We found that IGFBP-6 binds to PHB2 with high

affinity (9 nM), which is within the biological range for multi-
protein complex formation and is the highest affinity so far
reported.
In most cases, the C-domains of IGFBPs are responsible for

binding with non-IGF ligands, and these interactions may con-
tribute to their IGF-independent actions (3). Consistent with
this, the C-domain, but not the N-domain, of IGFBP-6 binds
PHB2. RMS cell migration is also mediated by the C-domain of
IGFBP-6 (5), further supporting the notion that PHB2 is
involved in IGFBP-6-dependent actions.
IGFBP-6 Indirectly Induces PHB2 Tyrosine Phosphorylation—

PHB phosphorylation at different residues has been suggested
as a mechanism to regulate its subcellular localization and
actions, particularly with respect to cell signaling and cross-talk
between pathways (19). The PHB1�PHB2 phosphocomplex is
required for mitochondrial homeostasis and survival of human
T cells (47). Insulin-induced phosphorylation of cell membrane
PHB1 at tyrosine 114 and 259 by insulin receptor kinase facili-
tates its interaction with Shp1, which in turn negatively regu-
lates PIP3/Akt signaling in myoblasts (48) and breast cancer
cells (48, 49). On the other hand, Akt-induced threonine 258
phosphorylation of PHB1 inhibits its interactions with PIP3 and
Shp2, which may facilitate insulin-induced PIP3/Akt signaling in
3T3-L1 adipocytes (50). Increased threonine 258 phosphorylation
of PHB1 in lipid rafts is associated with enhanced cancer cell
migration/invasion (23). Consistent with this, viral capsid pro-
tein VP1 decreased both cervical cancer migration/invasion
and threonine 258 phosphorylation of PHB1 in lipid rafts (51).
Calcium/calmodulin-dependent kinase IV phosphorylates ser-
ine 91 of PHB2, resulting in decreased PHB2-mediated repres-
sion of MEF2-dependent gene expression (52). In the current
study, we found that IGFBP-6 increased tyrosine phosphoryla-
tion of PHB2, but not PHB1, in plasma membranes of RMS
cells. In keeping with its lack of a kinase catalytic domain,
IGFBP-6 did not directly phosphorylate PHB2, suggesting that
it may induce a structural change that facilitates phosphoryla-
tion by another yet to be determined kinase. Nevertheless, this
finding is consistent with an emerging role of PHB phosphory-
lation in its actions (19) and suggests that IGFBP-6-induced
tyrosine phosphorylation of PHB2 may play a role in IGFBP-6-
induced RMS cell migration.
PHB2 Plays a Critical Role in IGFBP-6-induced RMS Cell

Migration—In this study, we showed that knockdown of PHB2
completely abolished IGFBP-6-induced Rh30 RMS cell migra-
tion. This is the first report that links PHB2 with cancer cell
migration. However, PHB1 plays an important role in Ras-me-
diated epithelial cell migration (53) and regulates prostate can-
cer cell migration mediated by TGF-� (54). This may be rele-
vant because PHB1 and PHB2 expression are interdependent,
so that depletion of one protein leads to loss of the other by
post-transcriptional mechanisms (20–22, 39), as was observed
in our study. This finding has been attributed to enhanced deg-
radation of one PHB in the absence of the other (21). Although
the effects of reduced PHB2 or PHB1 in the present study could
not be definitively distinguished, they are likely to be due to
PHB2 because IGFBP-6 binds to it and increases its phosphor-
ylation. Although we localized the binding interaction to the
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cell membrane, it remains possible that PHB2 in other cellular
compartments may also contribute to its actions.
PHBs Are Not Required for IGFBP-6-induced MAPK Signal-

ing in Rh30 Cells—PHB1 has been shown to be indispensable
for Ras-induced Raf-1/MEK/ERK activation in several cell
types (11, 19), including human epithelial cells (14, 53) and
human prostate (55) and cervical cancer cells (51). PHB1 (51,
53), PHB2 (56), and PHB1�PHB2 complexes (14, 57) associate
with plasmamembrane lipid rafts that are believed tomodulate
many intracellular signaling events. Overexpression of PHB1 in
3T3-L1 fibroblasts up-regulates basal ERK MAPK signaling,
leading to adipogenesis (58). In contrast, increased PHB1 phos-
phorylation, rather than changed PHB1 protein levels in lipid
rafts, plays an important role in the Ras-driven activation of
PIP3/AKT and Raf-1/ERK signaling cascades, resulting in the
promotion of cancer cellmetastasis (23).Our results differ from
these findings, showing that reduced PHB levels in RMS cells
had no effect on basal or IGFBP-6-induced ERKMAPK activa-
tion. This suggests that the PHBs may modulate cell migration
as downstream effectors of ERK signaling (55), as shown in Fig.
8, pathway 3. Alternatively, PHB1 and PHB2may regulate RMS
cell migration independently of IGFBP-6-induced ERK and
JNK MAPK activation (Fig. 8, pathway 4). Further studies are
required to investigate these possibilities.
In summary, we demonstrate for the first time that PHB2 is a

cell surface protein that binds IGFBP-6 in RMS cells. The inter-
action between PHB2 and IGFBP-6 on RMS cell membranes
results in increased tyrosine phosphorylation of PHB2 and
leads to cancer cell migration. Although PHB2 is indispensable
for IGFBP-6-induced RMS cell migration, this action is not
dependent on MAPK activation. IGFBP-6 has been shown to

have anti-tumorigenic properties by inhibiting IGF-II actions
and, more recently, by inhibiting angiogenesis via an IGF-inde-
pendentmechanism (59). However, IGFBP-6-inducedmigration
may favor cell invasion, and targeting PHB2 may ameliorate this
potentially adverse effect of an IGFBP-6-based therapeutic for
IGF-II-dependent tumors.
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