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Recent findings suggest that nuclear IGF1R binds to enhancer
regions and functions as a transcriptional cofactor. However, the
downstream transcriptional regulators of this pathway remain to
be defined. Here, we show that nuclear IGF1R associates with the
transcription factor LEF1 and increases promoter activity of LEF1
downstream target genes cyclin D1 and axin2. Furthermore,
nuclear IGF1R augments protein levels of cyclin D1 and axin2.
Our findings suggest a novel function for IGF1R, thus further
emphasizing the important role of this receptor in cancer biology.
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INTRODUCTION
The Wnt and insulin-like growth factor-1 receptor (IGF1R)
signalling pathways function in numerous developmental
processes, and alterations of both signalling pathways are
associated with common pathological conditions, including
cancer [1,2].

Activation of the Wnt signalling pathway leads to the
stabilization and nuclear translocation of b-catenin. Complex
formation of b-catenin with the T cell factor/lymphoid enhancer
factor (TCF/LEF) transcription factors activates the transcription of
target genes, several of which are known to be important for
human tumourigenesis such as axin2 [3] and cyclin D1 [4]. LEF1
is unable to activate transcription on its own, but it can activate
transcription in collaboration with other factors, such as b-catenin
in response to Wnt signalling or cofactor ALY independent of Wnt
signalling [5,6]. In unstimulated cells, LEF1 can associate with the
corepressor Groucho to repress Wnt-responsive genes [7].

IGF1R is overexpressed in many human cancers [8,9], and its
activation leads to downstream activation of the phosphatidyli-
nositol 30-kinase (PI3K)–Akt pathway [10] and the mitogen-
activated protein kinase–Erk pathway [11,12].

There is accumulating evidence for the interaction between
IGF1R and Wnt oncogenic pathways. IGFs are known to cause
translocation of b-catenin to the nucleus, where it activates
the target genes [13–16]. Insulin receptor substrate-1 (IRS1), a
docking protein important for the activation of IGF1R-mediated
signalling pathways, can upon IGF1 stimulation be translocated to
the nucleus [17]. IRS1 is required for IGF1-mediated nuclear
translocation of b-catenin [18]. Furthermore, nuclear IRS1
activates the rDNA and TCF/LEF promoters [19]. This promoter
activation is PI3K-independent but is IGF1-dependent [19].
We recently demonstrated that IGF1 stimulates the SUMOylation
of IGF1R at three evolutionarily conserved lysine residues—
Lys1025, Lys1100 and Lys1120—in the b-subunit of the receptor.
Mutation of these lysine residues blocks SUMOylation of the
receptor and prevents its accumulation in the nucleus but does not
interfere with its endocytosis or activation of the PI3K or mitogen-
activated protein kinase pathways [20]. SUMOylation is a
prerequisite for the nuclear translocation of IGF1R; however,
SUMOylated IGF1R is predominantly localized perinuclearly and
at the nuclear membrane. The SUMO-modified IGF1R is
deSUMOylated after passage across the nuclear membrane [20].
Aleksic et al [21] reported high levels of nuclear IGF1R (nIGF1R)
in primary renal cancer cells, preinvasive lesions in the breast and
in proliferative nonmalignant tissues. In renal cancer, presence of
nIGF1R was associated with poor prognosis [21]. The molecular
mechanism by which nIGF1R mediates its function remains
unknown. In our recent work we also demonstrated that nIGF1R
binds to putative enhancer sites in genomic DNA and drives
transcription of target genes [20]. On the basis of our findings
and the mentioned reports, we asked whether nIGF1R could bind
to the TCF–LEF complex and affect the expression of its
targeted genes.

In this report, we demonstrate that IGF1R associates with LEF1
in the cell nucleus. Downstream target genes of TCF/LEF
transcription factors, axin2 and cyclin D1 reporter promoters,
responded to the addition of wild type (wt)-IGF1R with an
increase in transcription. Elevated protein levels of axin2 and
cyclin D1 were also detectable after wt-IGF1R overexpression.
These promoter activations and protein inductions are absent
when cells are transfected with the mutated form of IGF1R that
cannot be SUMOylated and translocated to the cell nucleus.
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RESULTS AND DISCUSSION
IGF1R colocalizes with LEF1 in the cell nucleus
Interaction between b-catenin and IGF1R has been demonstrated
in vitro [22] and in vivo [15]. We confirmed IGF1R–b-catenin
association in human melanoma (DFB), nonsmall lung carcinoma
(H1299) and human cervical carcinoma (HeLa) cell lines by
co-immunoprecipitation (co-IP) (Fig 1A). On the basis of the recent
discovery of nuclear translocation of IGF1R [20] and the fact that
b-catenin forms a transcriptional complex with the TCF/LEF family
of transcription factors, we investigated whether IGF1R could also
associate with LEF1. As shown in Fig 1A, IGF1R co-IPs with
endogenous LEF1. The specificity of the co-IP bands was
confirmed by IP with IgG (Fig 1A). The expression levels of
IGF1R, b-catenin and LEF1 in total cell lysate (TCL) are shown in
Fig 1A, lower panel. To confirm IGF1R–LEF1 association, we next
performed co-IP experiments using transiently transfected H1299
cells with Myc-LEF1. IGF1R was found to co-precipitate with
Myc-LEF1. The reciprocal co-IP experiment also showed that
Myc-LEF1 can be found in the IGF1R precipitate (Fig 1B).

To determine the subcellular localization of the complexes,
IP was performed after fractionation of the cells. Although
IGF1R colocalizes with b-catenin both in the membrane and
nuclear fractions, LEF1 colocalization with IGF1R occurs exclu-
sively in the nucleus (Fig 1C). Through the use of markers for
plasma membrane (Naþ - and Kþ -dependent adenosine tripho-
sphatase, Naþ , Kþ -ATPase), endoplasmic reticulum (calnexin)
and nucleus (histone H3) we could confirm adequate purity
of the fractions (Fig 1C). SUMOylation and nuclear localization of
IGF1R under basal conditions in all the three cell lines were
analysed confirming our previous publication (supplementary
Fig S1A,B online).

To investigate the ligand-dependency of LEF1–IGF1R associa-
tion, serum-starved H1299 cells transiently transfected with
Myc-LEF1 were stimulated with IGF1 for indicated times. IGF1R
was immunoprecipitated from TCLs and analysed by blotting for
anti-Myc (Fig 1D). The IGF1R–Myc-LEF1 co-IP band appeared
already after 10 min stimulation and increased at later time points
(30–60 min). As previously shown, nuclear translocation of IGF1R
is ligand-dependent [20,21]. The kinetics of nIGF1R accumulation
in H1299 cells was determined. Serum-starved cells, which were
devoid of nIGF1R, accumulated nIGF1R 10–60 min after addition
of ligand (Fig 1D, lower panel) correlating with IGF1R–LEF1
association and demonstrating the spatiotemporal nature of
this interaction.

IGF1R–LEF1 association does not involve IRS1 or b-catenin
Previous studies have established that IGF1 stimulation enhances
tyrosine phosphorylation of b-catenin and IRS1, and that this
phosphorylation rapidly dissociates b-catenin from E-cadherin at
the plasma membrane followed by relocation to the cellular
cytoplasm [14]. Furthermore, it is shown that the IGF1 stimulation
translocates IRS1 and b-catenin to the nucleus and activates the
TCF/LEF reporter [18]. Therefore, the next question we addressed
was whether b-catenin and IRS1 are involved and/or required for
the IGF1R–LEF1 association.

To determine whether b-catenin is required for IGF1R–LEF1
association, co-IP experiments were carried out using H1299
cells transfected with Mock, Myc-wt-LEF1 and LEF1 mutant
lacking the b-catenin binding site (Myc-Db-cat-LEF1). Surprisingly,

Myc-Db-cat-LEF1 did not augment the IGF1R–LEF1 association
(Fig 2A), indicating that the IGF1R binding site on LEF1 is distinct
from the b-catenin binding domain. Furthermore, the IGF1R–LEF1
association was neither compromised upon small interfering RNA-
mediated b-catenin knockdown nor was it affected by b-catenin
overexpression (Fig 2B), indicating that b-catenin is not required
for IGF1R–LEF1 interaction. Fig 2A,B, lower panels, show levels of
b-catenin, IGF1R and Myc-LEF1 proteins in TCL analysed by
western blot.

To assess whether IRS1 functions as a scaffold for IGF1R–LEF1
association, we used fibroblasts derived from IGF1R-null mice (R�

cells), which were stably transfected with wt-IGF1R (Rþ ) and a
mutant IGF1R in which the putative IRS1 binding site had been
mutated (R-DIRS1). R_ cells were used as negative control. In R-
DIRS1 cells, the IGF1R tyrosine at amino acid 950, which is the
major binding site for IRS1 [23,24], has been mutated to
phenylalanine (Y950F). The inability of Y950F to bind to IRS1
was confirmed by co-IP experiments using IGF1Rb antibody
followed by a western blot analysis with anti-IRS1 (Fig 2D,
middle panel). As nuclear localization of IGF1R is essential for
IGFR1–LEF1 association (Fig 1), Rþ and R-DIRS1 cells were
fractionated and analysed by western blotting to determine the
presence of nIGF1Rb in these cells (Fig 2C). The association of
Y950F-IGF1R with LEF1 was also assessed (Fig 2D, upper panel).
Altogether, our data show that Y950F-IGF1R, which is unable to
bind IRS1, translocates to the nucleus and binds LEF1, demon-
strating that IRS1 is not required for IGF1R nuclear translocation
and LEF1 association. Levels of IGF1R, IRS1 and LEF1 in TCL
derived from R_, Rþ and R-DIRS1 cells were determined (Fig 2D,
lower panel). The graphs show the quantified and normalized
signals of nIGF1R and IGF1R–LEF1 association in Rþ and R-DIRS1
cells based on three independent experiments.

nIGF1R increases axin2 and cyclin D1 promoter activity
To distinguish the nuclear and non-nuclear activities of IGF1R, we
used the tri-SUMO-site mutant (TSM) IGF1R construct. As
previously reported, TSM-IGF1R has the same internalization and
signalling properties as wt-IGF1R but it does not translocate to the
nucleus because of the omitted receptor SUMOylation sites [20].
Signalling and nuclear translocation of wt- and TSM-IGF1R were
reconfirmed by transfecting IGF1R-deficient leiomyosarcoma
SKUT1 cells [25] with wt- and TSM-IGF1R plasmids, as shown in
supplementary Fig S1C online and Fig 3A. Supplementary Fig S1C
online shows the comparable wt- and TSM-IGF1R signalling as
measured by Akt and Erk phosphorylation in response to IGF1
stimulation and Fig 3A shows that despite equal expression levels in
TCL, the nuclear fraction is abundant with wt- but not with TSM-
IGF1R. This provides us with a system where we can investigate the
effects that are specific to nuclear localization of IGF1R.

IGF1R–LEF1 association and its subcellular localization were
analysed by in situ proximity ligation assays (PLAs; Fig 3B). The PLA
assay allows visualization of the interaction between two endogen-
ous proteins in fixed cells strictly dependent on the simultaneous
recognition of the target by two antibodies (see Methods). As shown
in Fig 3B, wt-IGF1R binds to LEF1 exclusively in the cell nucleus but
TSM-IGF1R does not bind to LEF1. LEF1–wt-IGF1R interaction and
the lack of LEF1–TSM-IGF1R interaction was confirmed by co-IP
experiments as shown in Fig 3C. Altogether, these data emphasize
the importance of nuclear localization of IGF1R for IGF1R–LEF1.
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Considering that cyclin D1 [26] and axin2 [27] genes are direct
targets for transactivation by LEF1, we next investigated the
activity of cyclin D1 and axin2 promoters using promoter-
luciferase reporter constructs in the wt- and TSM-IGF1R trans-
fected cells. Upon wt-IGF1R overexpression, the activity of
cyclin D1 and axin2 promoters increased by 17% and 22%,
respectively. In cells expressing TSM-IGF1R, the cyclin D1 and
axin2 promoter activities decreased with 7% and 20%, respec-
tively, compared with the control (Fig 3D). Taken together, the
cyclin D1 and axin2 reporter data suggest that nIGF1R increases
LEF1 downstream activity.

nIGF1R binds to genomic cyclin D1 promoter
As a proof-of-concept the proposed assembly of IGF1R with LEF1
on the endogenous promoter for cyclin D1 was tested by
chromatin IP (ChIP)–qPCR. On the basis of the possibility that
the IGF1R-deficient SKUT1 cells might not contain the enhancer
regions to which nIGF1R binds, we used cell lines with
endogenous IGF1R expression. Chromatin fragments from DFB
and HeLa cell lysates, which co-IPd with IGF1R antibody, were
analysed by qPCR to detect the genomic regions containing the
TCF/LEF binding element in the cyclin D1 promoter. Fig 4A shows
that the binding of IGF1R to the LEF1 binding site in the cyclin D1
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promoter region is nearly sixfold higher in DFB cells and
about 12-fold higher in HeLa cells compared with a nonspecific
control region.

Owing to high transfectability of the H1299 cells we were able
to compare the binding of IGF1R with genomic cyclin D1 in
H1299 cells transfected with mock, wt- and TSM-IGF1R. The
abundance of nIGF1R was greater in cells transfected with wt-
IGF1R than in cells transfected with either the empty vector or
TSM-IGF1R (Fig 4C, upper panel). The levels of IGF1R in TCL are
shown in Fig 4C, lower panel. We detected a nearly 120-fold
increase in IGF1R binding to the LEF1 binding site of the cyclin D1
promoter in cells overexpressing wt-IGF1R compared with cells
overexpressing TSM-IGF1R, suggesting that nIGF1R binds to the
LEF1 binding site in the cyclin D1 promoter region (Fig 4B). TSM-
IGF1R does not translocate to the nucleus in SKUT1 cells that are
IGF1R deficient (Fig 3A). In contrast, H1299 cells transfected with
TSM-IGF1R have increased levels of nIGF1R (Fig 4C). One
possibility could be that TSM-IGF1R hetrodimerizes with
endogenous receptor and therefore can be translocated to the
nucleus. However, TSM-IGF1R transfection decreased the level of
endogenous IGF1R binding to genomic cyclin D1 promoter,

suggesting that although increased level of nIGF1R is detected, the
function of endogenous IGF1R is impaired upon TSM-IGF1R
transfection. One could speculate that the hetrodimerization of
endogenous IGF1R with TSM-IGF1R might change the DNA
binding capabilities of the endogenous IGF1R.

nIGF1R increases axin2 and cyclin D1 protein levels
To investigate whether the observed effects of nIGF1R on reporter
assays, as shown in Fig 3D, could affect the expression of the
TCF/LEF complex gene targets, H1299 cells were transfected with
wt- and TSM-IGF1R and subsequently analysed by western
blotting for changes in cyclin D1 and axin2 protein levels.
Consistent with reporter assay experiments, wt-IGF1R increased
the protein levels of axin2 and cyclin D1 (Fig 4D). Protein levels of
cyclin D1 and axin2 are somewhat more significantly increased
than the effects seen by reporter experiments. TSM-IGF1R
decreased protein expression of cyclin D1 but had no significant
effect on axin2 protein expression, which could be due to other
mechanisms involved in regulating protein levels. Quantified
data of axin2 and cyclin D1 protein levels, normalized to
glyceraldehyde 3-phosphate dehydrogenase, are shown in Fig 3E.
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Taken together, our data suggest that, apart from its classical
tyrosine kinase activity, IGF1R binds to the LEF1 transcription
factor in the nucleus, leading to elevated protein levels of cyclin
D1 and axin2. This might be an additional molecular mechanism
by which IGF1R promotes uncontrolled cell proliferation and thus
contributes to the neoplastic transformation of cells. Future studies
will be directed at further detailing the molecular mechanisms by
which nIGF1R affects gene expression.

METHODS
Duolink in situ proximity ligation assay. SKUT1 cultured
on coverslips were fixed with 4% paraformaldehyde. Fixed cells
were permeabilized with 0.2% Triton for 30 min followed
by 30 min blocking with blocking buffer (5% bovine serum
albumin, 5% Donkey serum, 0.3% Triton in phosphate-buffered
saline). The cells were incubated with primary antibodies
overnight at room temperature in a humidity chamber. Duolink
in situ proximity ligation assay was conducted according to
the manufacturer’s protocol (OLINK Bioscience, Uppsala,
Sweden) using PLA probe anti-mouse minus and PLA probe
anti-rabbit plus.

Chromatin IP. ChIP assay was performed using ChIP assay kit
(Upstate Biotechnology) according to the manufacturer’s protocol.
Briefly, chromatin was sonicated in a BioRupter to an average size
of 300 bp. Rabbit IGF1R or IgG control antibodies were used for
IP. Quantification of immunoprecipitated DNA was performed by
qPCR using ABI PRISM 7500 Sequence Detection System and
ChampionChip qPCR Primers and RT2 SYBR Green Master Mix
assay (SABiosciences, Frederick, MD, USA). The queried site
primer detects the LEF1 binding site in the CYCLIN D1 promoter
(Human CCND1, NM_053056.2 (-)01 kb) and the negative
primers measure the relative amount of nonspecific DNA
sequences that co-precipitates during the ChIP procedure (ChIP–
qPCR Human IGX1A Negative Control). The cycling parameters
used were one cycle at 95 1C for 10 min; 40 cycles of 95 1C for
15 s and 60 1C for 1 min. The fold-change in occupancy (also
known as fold-enrichment) was calculated by determining the IP
efficiency (ratios of the amount of immunoprecipitated DNA to
that of the input sample) and normalized to the level observed at a
control region.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Fig 4 | Nuclear IGF1R increases protein levels of axin2 and cyclin D1. (A) Increase in binding of IGF1R to the LEF1 binding site in the cyclin D1

promoter measured as fold-enrichment after ChIP followed by qPCR analysis in DFB and HeLa cells compared with its binding to an unspecific DNA

control region. (B) Increase in binding of IGF1R to the LEF1 binding site in the cyclin D1 promoter measured as fold-enrichment after ChIP followed

by qPCR analysis in H1299 cells transiently transfected with mock, wt- and TSM-IGF1R. (C) Cells as described in B were fractionated and the total cell

lysate and nuclear cell lysate were analysed for the content of IGF1R by immunoblotting. Histone H3 was used as loading control for NCL and GAPDH

was used as loading control for TCL. (D) Expression levels of axin2 and cyclin D1 in TCL of cells described in panels B and C were analysed by IB.

GAPDH was used as loading control. (E) Densitometric ratio of cyclin D1/GAPDH (left) and axin2/GAPDH (right) are shown in D. Means and s.d.s

(n¼ 3 experiments) are shown. Analysis of variance was performed using the normalized raw data, Po0.05. ChIP, chromatin immunoprecipitation;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; IGF1R, insulin-like growth factor-1 receptor; IP, immunoprecipitation; LEF1,

lymphoid enhancer factor 1; M, membrane fraction; NCL, nuclear cell lysate; TSM, tri-SUMO-site mutant; TCL, total cell lysate; wt, wild type.
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