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he oncofetal RNA-binding protein
IGF2BP1 (IGF2 mRNA binding
protein 1) controls the cytoplasmic fate
of specific target mRNAs including
ACTB and CD44. During neural
development, IGF2BPs promote neurite
protrusion and the migration of
neuronal crest cells. In tumor-derived
cells, IGF2BP1 enhances the formation
of lamellipodia and
Accordingly, the de novo
of IGF2BP1 observed
malignancies was reported to correlate
with
overall poor prognosis. However, if and
how the protein enhances metastasis

invadopodia.
synthesis
in  primary

increased metastasis and an

remains controversial. In recent studies,
we reveal that IGF2BP1

the directed migration of
derived cells in vitro by controlling the
expression of MAPK4 and PTEN.
The IGF2BP1-facilitated inhibition of
MAPK4 mRNA translation interferes
with  MKS5-directed  phosphorylation
of the heat shock protein 27 (HSP27).
This limits G-actin sequestering by
phosphorylated HSP27, enhances cell
adhesion and elevates the velocity of
tumor cell migration. Concomitantly,
IGF2BP1 promotes the expression of
PTEN by interfering with PTEN
mRNA turnover. This results in
a shift of cellular PtdIns(3,4,5)Ps/
PtdIns(4,5)P, ratios and
RACI-dependent cell polarization which
finally promotes the directionality of
tumor cell migration. These findings
identify IGF2BP1 as a potent oncoge-
nic factor that regulates the adhe-
sion, migration and invasiveness of
tumor cells by modulating intracellular

promotes

tumor-

enhances

signaling.
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Introduction

The formation of metastases is the major
cause of cancer associated death.
Accordingly, the identification of regula-
tory mechanisms that control whether or
not tumor cells become “directed walkers”
is a crucial issue of cancer research. The
deregulation of cell migration during
cancer progression determines the capacity
of tumor cells to invade adjacent tissue and
escape the primary tumor to finally form
metastases. Accumulating evidence indi-
cates that the
essentially determined by both the tran-
scriptional and post-transcriptional repro-

fate of tumor cells is

gramming of gene expression. The latter is
essentially facilitated by microRNAs, some
of which have been identified as powerful
pro-metastatic ~ factors."*  Surprisingly,
however, litde is known about the role

of RNA-binding proteins (RBPs) in the

context of tumor cell migration and

invasion.
The IGF2 mRNA binding protein 1
is a member of the RNA-binding

IGF2BP protein family, also termed
VICKZ proteins, that comprises three
members in mammals (IGF2BP1/2/3).34
To our knowledge, IGF2BP1 is exclusively
expressed during embryogenesis but is
de novo synthesized in a broad variety of
malignancies.* Notably, IGF2BP1 expres-
correlated with an overall
poor prognosis in some cancers suggesting
that the protein is a potent oncogenic
factor.>® In the cytoplasm, IGF2BPs
control the localization, translation and/

sion was

or turnover of specific target transcripts.
Various target mRNAs have been sug-
gested for IGF2BPs based on PAR-CLIP
studies and

structural  constrains.”®
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However, only a few of these putative
candidates have been validated in respect
to their physiological relevance. For
IGF2BP1 and its chicken ortholog ZBP1
(zipcode binding protein 1) validated
target mRNAs include: ACTB, IGF2,
MYC, CD44, CTNNB1 and BTRC
(referenced in refs. 5, 9 and 10). As
expected from this list of confirmed target
mRNAs, IGF2BP1 serves essential func-
tions in modulating cell proliferation,
growth and migration. One of the most
striking observations indicating a role of
IGF2BPs in controlling cell motility was
revealed in Xenopus where the ortholog
of human IGF2BP3, termed Vgl-RBP,
promotes the directed migration of
neuronal crest cells during development."’
In primary mammalian neurons as well
as fibroblasts, IGF2BP1 the
spatially restricted translation of the
ACTB mRNA.>'" This was suggested
to enhance spatially restriced ACTB

controls

monomer concentration at exploratory
growth cones or lamellipodia and thus

promote  F-actin the
9,13,14

polymerization,
driving force for cell protrusion.
In tumor-derived cells, IGF2BPs were
the

lamellipodia, enforce intrinsic polarization

shown to enhance formation of
and thus promote directed cell migra-
tion.>">'®  Notably, IGF2BP1/3 also
impose the formation of invadopodia
by preventing degradation of the CD44
mRNA." This supports the view that
both proteins promote the migratory
and metastatic potential of
cells. However, analyses in mammary
carcinoma-derived  cells  suggest  that
IGF2BP1 interferes with metastasis by
enhancing intrinsic cell polarization to
a level which abolishes chemotactic
" In recently presented

tumor

responsiveness.
work, we expand the understanding of
IGF2BP1-controlled tumor cell motility
by demonstrating that the protein
promotes the directed migration of
tumor-derived cells via the fine-tuning
of MK- (MAPKAPK, mitogen-activated
protein kinase-activated protein kinases)
and PtdIns(3,4,5)P;5-dependent signaling
networks.'® Here we discuss how
IGF2BP1 modulates the directed migra-
tion of tumor cells and present evidence
for a regulatory role of the protein in
controlling MK-dependent cell adhesion.
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IGF2BP1 Controls
MK5- and PTEN-Directed Signaling

In osteosarcoma-derived U20S as well
as in ovarian carcinoma-derived ES-2
the IGF2BP1
induced a severe reorganization of the

cells, knockdown  of
microfilament system resulting in a severe
loss of stress-fibers and the formation
of short needle like F-actin structures.'®
This

was associated with significantly reduced

redistribution of actin filaments

cell motility, whereas the opposite was
observed by the expression of ZBPI,
the chicken ortholog of IGF2BP1."
Consistent with elevated actin polymeriza-
tion at higher monomer concentrations,
stress-fiber formation was forced by the
expression of YFP-ACTB. Thus, the
IGF2BP1 knockdown-induced redistribu-
tion of F-actin was unlikely to result from
the release of translational control on the
ACTB mRNA facilitated by IGF2BP1.
This suggested that IGF2BP1 controls
actin dynamics and/or organization by
other means and thus promotes cell
migration via directing the fate of other
target transcripts.

To identify novel target mRNAs of
IGF2BP1, we analyzed changes in RNA
abundance induced by IGF2BP1 knock-
down in stressed U208 cells. In previous
work, we demonstrated that IGF2BP1
exclusively prevents the turnover of its
target transcripts during cellular stress.'®
Thus, we expected to identify novel target
transcripts regulated at the level of turn-
over or mRNA translation in non-stressed
cells by applying only one screening
criterion in stressed cells, RNA depletion
in cause of IGF2BP1 knockdown. This
identified various putative IGF2BP1 target
mRNAs, including MAPK4 and PTEN."®
Immunopurification of IGF2BP1 from
U20S cells as well as in vitro RNA-
binding confirmed a direct association of
the protein with both mRNAs. Loss- as
well as gain-of-function analyses in U20S
cells revealed that IGF2BP1 promotes
PTEN expression by interfering with
PTEN mRNA turnover, as also demon-
strated for MYC.’ In contrast, IGF2BP1
reduces MAPK4 protein synthesis by
inhibiting mRNA translation upon asso-
ciating with the MAPK4-3'UTR, as pre-
viously described for ACTB.”

Cell Adhesion & Migration

MAPK4 phosphorylates and thereby
activates MKS5, resulting in the cytoplas-
mic relocalization of this MAPKAPK
family member."”** MK5 was previously
implicated in modulating cell migration by
inducing rearrangement of the actin
cytoskeleton through the phosphorylation
of the heat shock protein 27 (HSP27).*' In
humans, HSP27 comprises three phos-
phorylation sites (S15, S78 and S82),
which are targeted by different kinases
including MK2, MK3 and MK5.*
Notably, MK2 and MK3 were proposed
to phosphorylate all three serine residues
whereas MK5 was suggested to exclusively
phosphorylate at S78 and $82.”' IGF2BP1
knockdown induced the cytoplasmic accu-
mulation of MK5 and upregulated phos-
phorylation of HSP27 at S78 and S82.
Notably MAPK4 protein and
HSP27 phosphorylation were reduced by
the forced expression of IGF2BP1 or its
chicken ortholog ZBP1. Hence, IGF2BP1
antagonizes the phosphorylation  of
HSP27 at S78 and S82 by interfering
with the MAPK4-dependent activation of
MKS5.'°

In addition to MAPK4, we identified
PTEN as a novel target transcript of
IGF2BP1."° This tumor suppressive phos-
phatase antagonizes downstream signaling of
PIP3Ks [PtdIns(3,4,5)P5-kinases] by con-
verting PtdIns(3,4,5)P; to PtdIns(4,5)7.
Thus, PTEN interferes with the activation
of AKT-kinases as well as small GTPases like
RACI. PTEN-directed regulation of the
latter was suggested to modulate cell

levels

polarization and chemotaxis, presumably
via the spatiotemporal control of GTPase
activation by PtdIns(3,4,5)P5.>* The
expression of PTEN was decreased whereas
PtdIns(3,4,5)P; levels as well as AKT-
activation were increased in response to
IGF2BP1 knockdown. As for MAPK4-
dependent signaling, the opposite was
observed by the forced expression of
IGF2BP1 leading to elevated PTEN levels."
This confirmed that IGF2BP1 enhances the
expression of active PTEN. Notably, we
observed that AKT1 phosphorylates HSP27
exclusively at $82,'*' but the role of
IGF2BP1 in antagonizing HSP27 phos-
phorylation was readily facilitated via the
inhibition of MK5 activation in U20S as
well as ES-2 cells.” In summary, our studies
identify IGF2BP1 as a key regulator of
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intracellular signaling. ~Significantly, the
protein antagonizes MKS5-activation by
inhibiting MAPK4 protein synthesis and
thus interferes with the phosphorylation of
HSP27 at S78 and $82. Concomitantly,
IGF2BP1 shifts the cellular PtdIns(3,4,5) P/
PtdIns(4,5)P, equilibrium by enhancing
PTEN expression and thus modulates
downstream signaling directed by these

phospholipids.

IGF2BP1 Promotes Cell Migration
and Adhesion by Antagonizing
the Phosphorylation of HSP27

A key finding of our recent work is that
the forced of IGF2BP1
enhances the velocity of cell migration in
U208, ES-2 cells as well as glioblastoma-
derived U251 cells.'® The opposite was
observed upon IGF2BP1 knockdown in
U20S and ES-2 cells. In these, reduced
motility was associated with a severely

expression

impaired organization of the microfila-
ment system and upregulated HSP27
phosphorylation.'"®  HSP27  abundance
and aberrant phosphorylation were pre-
viously shown to modulate microfilament
organization and cell migration.”*** This
suggested that IGF2BP1 promotes actin
dynamics to enhance cell migration by
limiting the MK5-directed phosphoryla-
ton of HSP27. Indeed, upregulated
phosphorylation of HSP27 induced by
IGF2BP1 knockdown in an
MAPK4/MKS5-dependent of

cellular G-/F-actin ratios. This deregula-

resulted
increase

tion correlated with an elevated association
of phosphorylated HSP27 and monomeric
G-actin'® confirming HSP27 as a potent
> Moreover,
these findings imply that the upregulation

of actin sequestering by HSP27 is due to a

actin  sequestering factor.?

phosphorylation-induced  disassembly of
HSP27-oligomers.*"** Notably, the actin
cytoskeleton remained largely unaffected

by PTEN knockdown as well as the
overexpression of AKT1 indicating that
the exclusive phosphorylation of HSP27 at
S82 has little effect on actin dynamics.'®
Taken together, our findings identify
IGF2BP1 as a key regulator of the
actin cytoskeleton. This protein controls
ACTB protein synthesis and concomi-
the availability of
monomers for F-actin polymerization by
limiting HSP27-facilitated ~ sequestering
of G-actin.

Integrity of the microfilament system is

tantly modulates

an essential determinant of cell adhesion
and thus we hypothesized that IGF2BP1
also modulates the
matrix contacts by antagonizing the phos-
phorylation of HSP27. As expected, the
knockdown of IGF2BP1
expressing  phosphor-mimicking HSP27-
DD significantly impaired the formation
of focal contacts (FCs), as revealed by
immunostaining for vinculin (Fig. 1). This

formation of cell-

as well as
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Figure 1. IGF2BP1 promotes the formation of focal contacts (FCs) by antagonizing HSP27 phosphorylation. (A-C) U20S cells were transfected with
control (siC) or IGF2BP1-directed [sil(1)] siRNAs for 72 h and treated with MK-inhibitor (MKI, 10 uM) for 48 h where indicated. Alternatively, cells were
transfected with GFP-tagged HSP27-S78,82D (HSP27-DD) or HSP27-578,82A (HSP27-AA) for 48 h. Focal contacts (FCs, green) were analyzed by
immunostaining for vinculin (A). Bar, 3 um. The number of vinculin positive FCs per cell (B) and the maximal size of FCs (C) is depicted as a box plot.
At least 20 cells were analyzed per condition; p values: *, p = 0.05; **, p = 0.005. For controls of IGF2BP1 knockdown and deregulated phosphorylation of
HSP27, as well as additional experimental details please refer to Stohr et al.'
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knockdown-induced disturbance of FCs
was abrogated by the pharmacological
inhibition of MK-signaling. Moreover,
FCs appeared essentially unaffected by
the expression of non-phosphorylatable
HSP27-AA (Fig.1). Cell adhesion and
spreading were significantly reduced by
IGF2BP1 knockdown or the expression of
HSP27-DD suggesting that HSP27 phos-
phorylation interferes with the formation
of cell-matrix contacts (Fig. 2). As for FC-
formation, cell adhesion and spreading
were significantly restored by the inhibi-
tion of MK-signaling upon IGF2BP1
knockdown and remained essentially un-
affected by HSP27-AA (Fig.2). These
findings indicated that IGF2BP1 modu-
lates both actin dynamics and
adhesion by antagonizing HSP27 phos-
phorylation. How this affects the migra-

cell

tion of tumor cells in vitro remained
elusive. We observed that the forced
expression of IGF2BP1 enhanced the
velocity of cell migration in all analyzed
tumor-derived cells, whereas the opposite
was observed after IGF2BP1 knock-
down.' The expression of HSP27-DD
reduced migration velocity whereas the

inhibition of MK-signaling restored migra-
tion speed when IGF2BP1 was depleted."
In summary, these findings indicate that
IGF2BP1 promotes actin dynamics, cell-
matrix adhesion and also increases the
velocity of tumor cell migration by
antagonizing the MK-directed phos-
phorylation of HSP27. Hence, in the
analyzed tumor-derived cells the enhance-
ment of cell adhesion facilitated by
IGF2BP1 through antagonizing HSP27-
phosphorylation  does

cell migration.

not countervail

IGF2BP1 Enhances Cell
Polarization and Directed
Migration by Promoting
PTEN Expression

The overexpression of IGF2BP1 not only
enhanced the velocity of cell motility but
also promoted the directionality of migra-
% However, directionality was not
controlled by the IGF2BPI1-directed
inhibition of HSP27 phosphorylation
and thus suggested that IGF2BP1 pro-

motes directed migration via PTEN. This

tion.

was supported by the observation that the

increase in migration directionality induced
via IGF2BP1 overexpression was abolished
by the knockdown of PTEN.' Remini-
scent of observations in Dictyostelium,*
we observed that the knockdown of PTEN
in ZBPl-expressing U20S cells signific-
antly elevated the formation of lateral
pseudopods, impaired cell polarization and
reduced the directionality of cell motility."
Various studies identified a pivotal role
of PtdIns(3,4,5)Ps-dependent  signaling
through AKTs and the small GTPase
RAC1 in the control of directed cell
migration.”” In fibroblasts and tumor-
derived cells RACI provides a potent
regulatory  switch modulating random
directed cell migration.”® Whether
IGF2BP1 promoted the directionality of
an AKTI- RACI-
dependent manner was tested in ZBP1-
expressing U20S cells upon the knock-
down of PTEN.' While the loss of
PTEN was efficiently compensated by
dominant negative RACI1, this was not

VS.

migration in or

observed for dominant negative AKTTI.
Hence, IGF2BP1 apparently imposed the
directionality of cell migration by
limiting the activation of RACI in a
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Figure 2. IGF2BP1 promotes tumor cell adhesion and spreading by antagonizing MK-signaling. (A) U20S were transfected and cultured as described in
Figure 1 before seeding on collagen-coated coated dishes for 45 min. After extensive washing and fixation, the percentage of adherent cells was
determined by DAPI staining relative to controls. S.d. indicates standard deviation. (B) Cell spreading on collagen-coated coverslips was monitored for
cells treated as described in Figure 1 by F-actin labeling (left panel). Representative images are shown; bar, 5 um. The cell area was determined for a total
of at least 60 cells and is depicted as a box plot (right panel). p values: *, p = 0.05; **, p = 0.005; ***, p =< 0.005.
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PTEN-dependent manner. This was sup-
ported by analyses in U251 cells which do
not express IGF2BP1 or PTEN.' In
these cells, exogenous IGF2BP1 exclu-
sively increased the speed of migration.
Even more strikingly, the directed migra-
tion of U20S cells was significantly
elevated by the co-expression of both,
HSP27-AA and PTEN.' In contrast,
HSP27-AA alone only enhanced the
velocity of migration whereas PTEN
failed to influence the speed of cell
motility. In summary, these findings
reveal that IGF2BP1 enhances the direc-
tionality of cell migration in a RACI-
dependent manner by promoting PTEN

expression.

Methods

Cell culture, transfection and inhibitors.
U208 cells were cultured, transfected and
treated with MK-inhibitor (MKI; HSP25
kinase inhibitor, Calbiochem; 10 pM) as
previously described.'
Immunofluorescence, adhesion and
spreading assays. U20S were grown on
collagen-coated glass coverslips or dishes as
indicated before fixation and processing
for indirect immunostaining of focal
contacts by anti-vinculin (hVinl, Sigma)
or F-actin labeling by Phalloidin, respec-
tively. For spreading assays, 1 X 10° cells
were seeded on collagen-coated coverslips
whereas cell adhesion was determined in

collagen-coated 96-well plates upon seed-
ing of 5 X 10" cells per well. All images
were acquired by a Leica SP5 LSM
microscope using a 100xTIRF objective
(Fig. 1) or a 20xAir-objective (Fig. 2). The
number and size of focal contacts (Fig. 1)
was determined upon local thresholding
using the Image] software. Cell areas
(Fig.2) were determined by the Leica
LAS AF software. Statistical significance
was determined by Student’s t-test.

Conclusions

The de novo synthesis of IGF2BP1 in
primary malignancies is correlated with an
overall poor prognosis and an enhanced
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Figure 3. The role of IGF2BP1 in modulating tumor cell adhesion, migration and invasion. IGF2BP1 inhibits the protein expression of MAPK4'® (A) and
ACTB? (B) by interfering with mRNA translation. In contrast the protein enhances the expression of CD44'” (C) and PTEN' (D) by preventing mRNA
turnover. The inhibition of MAPK4 protein synthesis (A) antagonizes MK5-directed phosphorylation of HSP27 at S78 and S82 (E). Phosphorylation of
HSP27 at both residues induces the disassembly of oligomers®' (F) and enhances the sequestering of actin monomers by the phosphorylated protein'®
(G). This shifts the cellular G-/F-actin equilibrium (actin dynamics), promotes cell adhesion and finally enhances the speed of cell migration."

The enhancement of CD44 expression by IGF2BP1 (C) imposes the formation of invadopodia and thus may promote the directed movement of tumor
cells as well as their invasive potential.'” The IGF2BP1-controlled upregulation of PTEN (D) reduces cellular PtdIns(3,4,5)Ps/PtdIns(4,5)P; ratios (H) and
thus interferes with the activation of AKTs and small GTPases like RACT. The spatial (local) restriction of PIP3-directed activation of RAC1 enforces intrinsic
cell polarization®® (J) and thereby promotes directed tumor cell migration.'® The interconnectivity of the depicted pathways needs to be addressed,
as indicated by gray dotted lines.
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formation of lymph node metastasis in
colon carcinomas.®® However, if and how
IGF2BP1 promotes metastasis remains
controversial. In breast carcinoma-derived
cells, IGF2BP1 antagonizes chemotaxis
due to a severe upregulation of intrinsic
cell polarization."> Despite these contro-
versial findings, IGF2BP1 is commonly
accepted to enhance directed cell migra-
tion. Initially, it was presumed that the
protein promotes cell protrusion by direct-
ing spatially restricted ACTB mRNA
translation to exploratory growth cones
and lamellipodia.””*®* However,
evidence suggests that the spatially
restricted translation of ACTB mRNA
sustains rather than directed
cell migration, because cell protrusion

recent

initiates

significantly precedes the localization of
ACTB mRNA at the leading edge of
primary fibroblasts.” In view of our
studies, these findings suggest that
IGF2BP1 enhances cell migration velocity
and potentially its persistence by modu-
lating actin dynamics. Two interconnected
regulatory mechanisms are proposed for
this effect.

The control of ACTB mRNA trans-
lation sustains directed migration and the
inhibition of MAPK4/MK5-directed sig-
naling due to decreased MAPK4 protein
synthesis limits the sequestering of ACTB
monomers by phosphorylated HSP27. In
tumor cells these regulatory roles of
IGF2BP1 the structural and
dynamic integrity of the microfilament

ensure

system and thus increase the velocity of
migration as well as cell-matrix adhesion
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motes metastasis.
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