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Functional antagonism of β-arrestin isoforms balance IGF-1R
expression and signalling with distinct cancer-related biological
outcomes
N Suleymanova1, C Crudden1, T Shibano1, C Worrall1, I Oprea1, A Tica2, GA Calin3,4, A Girnita1,5 and L Girnita1

With very similar 3D structures, the widely expressed β-arrestin isoforms 1 and 2 play at times identical, distinct or even opposing
roles in regulating various aspects of G protein-coupled receptors (GPCR) expression and signalling. Recent evidence recognizes the
β-arrestin system as a key regulator of not only GPCRs, but also receptor tyrosine kinases, including the highly cancer relevant
insulin-like growth factor type 1 receptor (IGF-1R). Binding of β-arrestin1 to IGF-1R leads to ligand-dependent degradation of the
receptor and generates additional MAPK/ERK signalling, protecting cancer cells against anti-IGF-1R therapy. Because the interplay
between β-arrestin isoforms governs the biological effects for most GPCRs, as yet unexplored for the IGF-1R, we sought to
investigate specifically the regulatory roles of the β-arrestin2 isoform on expression and function of the IGF-1R. Results from
controlled expression of either β-arrestin isoform demonstrate that β-arrestin2 acts in an opposite manner to β-arrestin1 by
promoting degradation of an unstimulated IGF-1R, but protecting the receptor against agonist-induced degradation. Although
both isoforms co-immunoprecipitate with IGF-1R, the ligand-occupied receptor has greater affinity for β-arrestin1; this association
lasts longer, sustains MAPK/ERK signalling and mitigates p53 activation. Conversely, β-arrestin2 has greater affinity for the ligand-
unoccupied receptor; this interaction is transient, triggers receptor ubiquitination and degradation without signalling activation,
and leads to a lack of responsiveness to IGF-1, cell cycle arrest and decreased viability of cancer cells. This study reveals contrasting
abilities of IGF-1R to interact with each β-arrestin isoform, depending on the presence of the ligand and demonstrates the
antagonism between the two β-arrestin isoforms in controlling IGF-1R expression and function, which could be developed into a
practical anti-IGF-1R strategy for cancer therapy.
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INTRODUCTION
The arrestin system plays a well-established role in regulating the
spatio-temporal characteristics of signalling downstream of
GPCRs. Of the four mammalian arrestin isoforms, two are found
only in photoreceptor cells of the eye (arrestin1 and arrestin4, the
visual arrestins), whereas the other two non-visual arrestins,
termed arrestin2 and -3, more commonly known as β-arrestin1
and 2 (β-arr1 and 2 throughout), are ubiquitously expressed.1

β-arrestin recruitment and binding to the ligand-stimulated
receptor is essential for desensitization, sequestration, recycling
and downregulation of most GPCRs.2,3 The amino-acid sequences
of the two non-visual isoforms are 78% identical, diverging most
in the C-terminal regions.4 Knockout mice models show that β-arrs
can at least partially functionally substitute for each other as the
single knockout phenotype is viable, whereas the double-
knockout phenotype is embryonic lethal.5–7 Nonetheless, in vitro
and in vivo studies do not support completely redundant roles for
all β-arr-mediated functions: internalization of some GPCRs like
the angiotensin II type 1A receptor is mediated in the same
manner by both β-arr isoforms,8,9 whereas for other receptors only
one isoform is involved (for example, β-arr2 for β2-adrenergic

receptor).10,11 The corollary of these data is that despite a very
similar 3D structure, the two β-arr isoforms have distinct roles in
regulating functional characteristics of GPCR signalling.4,12,13

Intriguingly, accumulating evidence recognizes the β-arr system
as a key regulator of not only GPCRs, but another major class of
cell surface receptors; receptor tyrosine kinases, including the
insulin-like growth factor type 1 receptor (IGF-1R), epidermal
growth factor receptor and insulin receptor.14 Of these, the IGF-1R
has gained much attention for its central role in cancer cell growth
and survival. Shown to be essential for malignant transformation
by many classical oncogenes,15,16 its roles include not only
proliferation and cell survival, but also key elements of the
metastatic phenotype such as anchorage-independent growth,
migration, invasion and tumour neovascularization.17–20 There is,
therefore, justifiably a focus for IGF-1R therapeutic antagonism, yet
despite promising preclinical results, its targeting has proven more
complex in clinical settings. One possible explanation is that all
anti-IGF-1R therapeutic strategies so far have been designed
mainly based on the tyrosine kinase receptor paradigm of the IGF-
1R,21,22 while overlooking the kinase-independent capabilities of
the receptor.23–26 Especially relevant, recent studies demonstrated
that Mdm2-mediated ubiquitination of the IGF-1R, orchestrated by
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the G protein-coupled receptor kinases (GRK)/β-arr
system,22,24,27,28 is a central mechanism controlling the response
to anti-IGF-1R-targeted therapy.29–31

It is now clear that in much the same way as with the GPCRs,
ligand-induced conformational changes within the IGF-1R pro-
motes recruitment of cytoplasmic β-arrs to the receptor GRK-
phosphorylated serine sites.32,33 Through this interaction, while
initiating removal of the receptor from the cell surface (inter-
nalization), β-arrs also act as signalling mediators, connecting the
receptor with downstream effectors such as components of the
MAPK pathway.27,34–36

Although the key role of β-arr1 in controlling signalling
downstream of the IGF-1R is well recognized,28 there is very little
information surrounding the involvement of β-arr2 in these
processes. We therefore sought to investigate specifically the
regulatory roles of the β-arr2 isoform on IGF-1R expression and
function.

RESULTS
Effect of β-arrestin2 modulation on IGF-1R ligand-dependent
degradation
A growing body of evidence demonstrates that β-arr1 recruitment
to an agonist-stimulated IGF-1R leads to receptor
degradation,28,29,32,37,38 whereas the role of β-arr2 in this process
has not yet been studied in detail. Thus, we initially compared the
kinetic characteristics of ligand-induced IGF-1R degradation in
mouse embryonic fibroblast (MEF) cells derived from wild-type
mice or from their littermates that are knockout for either β-arr
isoform.5,6 Following western blot (WB) confirmation of β-arr
expression levels in all cell lines (Figure 1a, left panel), receptor
degradation was monitored by WB detection of IGF-1R levels in
serum-starved cells stimulated with IGF-1 for up to 24 h

(Figure 1a). The IGF-1R degradation rate is increased in the cells
expressing only β-arr1 (β2KO) and decreased in MEF with only β-
arr2 (β1KO) as compared to the cells expressing both isoforms
(WT). These trends were confirmed by densitometry quantification
of multiple experiments (Figure 1a, graph).
These findings were confirmed using WT MEF cells transiently

transfected with either β-arr1 or two selective siRNA, or β-arr-
expressing plasmids, to reveal their functions by minimizing or
increasing their expression levels. Transfection efficiencies were
confirmed by WB detection of both β-arr isoforms (Figure 1b, left
panel). Consistent with the pattern observed in β1/β2-MEF KO
cells, β-arr2 depletion enhanced while β-arr1 silencing severely
hindered receptor degradation (Figure 1b). In addition, in gain-of-
function experiments the two β-arr isoforms demonstrate an
equivalent opposing pattern: β-arr2 overexpression reduces,
whereas β-arr1 overexpression enhances the rate of ligand-
dependent degradation relative to mock-transfected cells
(Figure 1b). Densitometric quantification of multiple experiments
confirmed the diverging roles for the two isoforms in both
silencing and overexpression conditions (Figure 1b, graphs). The
same experiment performed in the human embryonic kidney cell
line HEK293T extended the opposing roles of the two β-arr
isoforms to cells of human background (Figure 1c). It should be
noted that before stimulation (serum-starved cells), the levels of
IGF-1R are decreased in conditions with β-arr2 overexpression,
both in MEF and HEK293T cells (Figures 1b and c).
Taken together, these results suggest that in contrast to the

documented role of β-arr1 in facilitating IGF-1R degradation,
β-arr2 limits the rate of ligand-induced IGF-1R degradation.

Role of β-arrestin2 in IGF-1R-mediated signalling
The other distinctive role of β-arr1 in regulating IGF-1R function is
to sustain its signalling and act as a transducer molecule by

Figure 1. Effect of β-arrestin2 on IGF-1R ligand-dependent degradation. (a–c) MEFs knockout for either β-arr isoform (a) or MEF WT (b) and
HEK293T (HEK) (c) transfected with isoform-specific β-arr-encoding plasmids (+β1/+β2), siRNAs (-β1/-β2) or respective controls (M) were lysed
and endogenous (a) and post-transfection (b, c) levels of β-arrs were verified by WB, using GAPDH as a loading control (left panels). Cells
transfected as indicated were serum starved and then stimulated with IGF-1 (50 ng/ml) for 0, 12 and 24 h and lysates were analysed by WB for
IGF-1R, and GAPDH as a loading control (middle panels). IGF-1R signals were quantified by densitometry, normalized to GAPDH and expressed
as a percentage of the IGF-1R in unstimulated cells (right panels). Data correspond to the mean± s.e.m. from three independent experiments.
Statistical analysis (two-tailed t-test): IGF-1-induced degradation rate following β-arr modulation (in KO, +, − ) compared with their respective
WT or M (empty vector/non-target siRNA) controls, *Po0.05, **Po0.01.
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connecting the receptor with downstream cytoplasmic signalling
complexes.27,32,39,40 For the IGF-1R as well as for the larger class of
GPCRs, the stability of the receptor–arrestin interaction controls
the fate of the complex throughout the endocytic pathway, with a
clear relationship between the short time effects (0–60 min) of
ligand-induced signalling and longer effects (12–24 h) on degra-
dation. A strong and durable interaction supports sustained ERK
activity and eventual degradation, whereas a weak interaction is
mirrored by transient ERK activation, favouring receptor
recycling.13,32,33,37 Thus, we next investigated the roles of the
different β-arr isoforms in regulating the temporal characteristics
of IGF-1 signalling. To separate the effects of the two isoforms, we
first examined the dynamics of the two key IGF-1R downstream
signalling pathways (Ras/Raf/MEK/ERK and PI3K/Akt) in MEF cells
lacking either β-arr1 or β-arr2. Serum-starved cells were stimulated
with IGF-1 (50 ng/ml) for up to 60 min and phosphorylated levels
of the receptor, Akt and ERK1/2 were measured by WB as
indicators of IGF-1R signalling activation. Although the phospho-
IGF-1R and phospho-Akt levels were essentially similar in the cells
expressing both β-arrs (WT) or only one isoform (β2KO, β1KO), the
most dramatic, and statistically significant differences were
observed in the ERK activation at the later (30–60 min) time
points (Figure 2a). In all cell lines, ERK1/2 activation reaches
maximal levels within 5 min of IGF-1 treatment. In WT cells,
phospho-ERK rapidly decreases at 30 min, returning to basal levels
~ 60 min after stimulation. This decrease is much slower in cells
expressing only β-arr1 (β2KO) with phospho-ERK levels at 30 and

60 min after stimulation approximately threefold higher compared
to basal levels (Figure 2a, graph). In contrast, expression of β-arr2
alone (β1KO) leads to a very dynamic but transient ERK1/2
activation, which decreases rapidly after 10 min of IGF-1 treatment
and reaches basal levels 30 min after stimulation (Figure 2a).
To confirm the inhibitory role of β-arr2 on sustained IGF-1-

induced ERK signaling, we used a transient transfection system to
overexpress and silence the β-arr2 isoform in MEF WT cells.
Verified transfection efficiency levels were similar to the ones
displayed in Figure 1b.
Consistent with the results obtained with β2KO cells, β-arr2

silencing resulted in prolonged ERK activation, with their levels
approximately threefold higher than basal levels 30 and 60 min
after stimulation, while in the mock-transfected cells the activated
ERK levels returned to the unstimulated levels about 30 min after
IGF-1 treatment.
Overexpression of β-arr2 on the other hand reverses this

phenomenon, and the late phospho-ERK profile is suppressed in
comparison to mock transfected, confirming an inhibitory role for
β-arr2 on IGF-1-induced ERK phosphorylation (Figure 2b). The
same β-arr2 loss/gain-of-function experiment was performed with
human HEK293T, revealing a similar pattern, with β-arr2 suppres-
sing continued ERK activation, opposing β-arr1 sustained ERK
activation (Figure 2c). Trends and statistical significance were
confirmed by densitometry quantification of multiple indepen-
dent experiments (Figure 2, graphs) and once more verify that the
regulatory roles of β-arr2 in IGF-1R occur not only in mouse, but

Figure 2. Role of β-arrestin2 in IGF-1R-mediated signalling. (a–c) MEFs knockout for either β-arr isoform (a) or MEF WT (b) and HEK293T (HEK)
(c) transfected with isoform-specific β-arr2-encoding plasmid (+β2), siRNA (-β2) or respective controls (M), were serum starved and stimulated
with IGF-1 (50 ng/ml) for 0–60 min. Lysates were analysed by WB for levels of phosphorylated (p) -IGF-1R, -AKT, -ERK, alongside total ERK and
AKT, and GAPDH as a loading control (left panels). Late (30 and 60 min) ERK phosphorylation levels were quantified by densitometry,
normalized to GAPDH and displayed as fold change from unstimulated level (graphs, right panel). Values indicate mean± s.e.m. from three
independent experiments. Statistical analysis (two-tailed t-test): changes of IGF-1-dependent late pERK induced by β-arr modulation (KO, +, − )
compared with their respective WT or M (empty vector/non-target siRNA) control, *Po0.05, **Po0.01, ***Po0.001.
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also in human background cells. Of note, the pIGF-1R level
showed a slight tendency for increase after β-arr2 overexpression,
yet this difference was not statistically significant across multiple
independent experiments.
Altogether, these results suggest that levels of β-arr2-mediated

ERK1/2 activation downstream of IGF-1R follows a very different
time course from that mediated by β-arr1. Whereas β-arr1
sustained IGF-1-induced ERK activation,27 β-arr2 functionally
antagonizes β-arr1 to limit MAPK action at later time points.

Dependency on Mdm2 of the β-arr2-mediated IGF-1R degradation
and signalling
We have previously shown that β-arr1 is a key protein controlling
receptor expression and MAPK activation through Mdm2-dependent

IGF-1R ubiquitination.27,28 The C terminal of the IGF-1R is essential
for β-arr1 binding, which in turn connects the Mdm2 ubiquitin
ligase to the activated receptor.24,28,32 Thus, we sought to evaluate
whether there is a causative relationship between the IGF-1R/
Mdm2 interaction and the observed effects of β-arr2. MEF cells
knockout for IGF-1R and stably expressing a C-terminal truncated
IGF-1R (Δ1245), were transfected with specific β-arr2 siRNA or
overexpressing plasmid, and transfection efficiency verified by WB
(Figure 3a). Transfected, serum-starved cells were either stimu-
lated with IGF-1 for up to 24 h to monitor the IGF-1R degradation
rate or for up to 60 min to display the signalling activation. Unlike
WT IGF-1R in the same MEF background (Figure 1), Δ1245 IGF-1R
was insensitive to either reducing or overexpressing β-arr2 as
demonstrated by an unchanged degradation rate (Figure 3a,

Figure 3. Dependency on Mdm2 of the β-arr2-mediated IGF-1R degradation and signalling. (a, b) MEF expressing truncated IGF-1R, defective in
binding Mdm2 (MEF 1245), transfected with isoform-specific β-arr2-encoding plasmid (+β2), siRNA (− β2) or respective control (M) were lysed and
level of β-arr2 verified by WB, using GAPDH as a loading control (a, left panel). Transfected cells were serum starved and stimulated with IGF-1
(50 ng/ml) for 0, 12 or 24 h. Lysates were analysed by WB for IGF-1R, quantified by densitometry, normalized to GAPDH and displayed as
percentage of mock unstimulated controls (a). Parallel samples were stimulated for 0–60 min and analysed by WB for phosphorylated (p) -IGF-1R,
-AKT, -ERK and GAPDH. Late (30 and 60 min) ERK phosphorylation levels were quantified by densitometry, normalized to GAPDH and displayed
as fold change from unstimulated level (graphs, right panel). Values indicate mean± s.e.m. from three independent experiments. (c, d) U2OS and
SAOS2, transiently transfected with isoform-specific β-arr2-encoding plasmid (+β2), siRNA (− β2) or respective control (M) were lysed and levels of
β-arr2 level verified by WB, using GAPDH as a loading control (c, left panel). Transfected cells were serum starved and stimulated with IGF-1
(50 ng/ml) for 0, 12 or 24 h. Lysates were analysed by WB for IGF-1R, quantified by densitometry, normalized to GAPDH and displayed as
percentage of mock unstimulated controls (c, right panel, graphs). Parallel samples were stimulated for 0–60 min and analysed by WB for
phosphorylated (p) -IGF-1R, -AKT, -ERK and GAPDH. Late (30 and 60 min) ERK phosphorylation levels were quantified by densitometry,
normalized to GAPDH and displayed as fold change from unstimulated level (graphs, right panel). Values indicate mean± s.e.m. from three
independent experiments (d). Statistical analysis (two-tailed t-test): IGF-1-induced degradation rate following β-arr modulation (+, − ) compared
with their respective M (empty vector/non-target siRNA) controls (a, c). Changes of IGF-1-dependent late pERK induced by β-arr modulation (+,
− ) compared with their respective M (empty vector/non-target siRNA) control (b, d). *Po0.05, ***Po0.001.
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upper panel). Likewise, the Δ1245 IGF-1R signalling activity as
measured by phosphorylated levels of IGF-1R, ERK and Akt in
response to IGF-1 was essentially unchanged by β-arr2 modulation
(Figure 3b). Additional control of the total levels of ERK and Akt
demonstrated that they were unchanged by transfection or
stimulation (Supplementary Figure 1A). These results suggest that
β-arr2, similar to β-arr1, mediates its effects through the Mdm2-
interacting domain of the IGF-1R.
To explore in greater detail the dependency of β-arr2 on the

Mdm2 system, two human osteosarcoma cell lines, U2OS and
SAOS-2, were used. The rationale behind this choice is that the
expression level of Mdm2 differs considerably in these two cell
lines: U2OS expresses high levels of Mdm2, whereas SAOS-2 is p53
negative and therefore exhibits low Mdm2 expression levels.41–43

Both cell lines were transfected with β-arr2 plasmid or β-arr2
siRNA and transfection efficiency confirmed by WB (Figure 3c, left
panel). In U2OS, β-arr2 inhibition enhanced IGF-1R degradation
rate while β-arr2 overexpression stabilizes receptor levels,
consistent with the results obtained in the other tested cells
expressing both Mdm2 and full-length IGF-1R (Figure 3c). SAOS-2
on the other hand, expressing low Mdm2, showed no significant
difference in IGF-1-induced degradation rates following β-arr2
modulations (Figure 3c). Once more, as with MEF and HEK293T cell
lines, β-arr2 overexpression decreased IGF-1R basal levels both in
U2OS and SAOS-2 cells.
We also explored the possible dependency of β-arr2-mediated

IGF-1R signalling on Mdm2 by stimulating the cells with IGF-1 for up
to 60min (Figure 3d). In U2OS cells, ERK phosphorylation in
response to IGF-1 was extended in conditions with decreased β-arr2

and shortened by β-arr2 overexpression (Figure 3d, graph), whereas
the same signalling pathway was essentially unchanged in SAOS-2
cells. In all transfection conditions, levels of total Akt and ERK were
unchanged throughout stimulation (Supplementary Figure 1B).
Taken together, these results indicate that the β-arr2 effects on

IGF-1R degradation and signalling are dependent on the presence
of Mdm2 and its interaction with the IGF-1R C terminus, pointing
towards Mdm2-mediated ubiquitination of the IGF-1R as a
potential mediating mechanism.

β-arrestin2/IGF-1R interaction and receptor ubiquitination as the
underlying mechanism controlling IGF-1R expression and
signalling
Previous in vitro experiments indicated that β-arr1 is more efficient
than β-arr2 in inducing IGF-1R ubiquitination,28 and established
β-arr1 recruitment to the IGF-1R as an essential step controlling
trafficking and signalling through ligand-dependent ubiquitina-
tion of the receptor.24,28,32 Thus, we next questioned whether a
similar sequence of events is true for β-arr2 by comparing how the
two isoforms interact with the IGF-1R, affect receptor ubiquitina-
tion, and the ligand dependency of these behaviours. As an
experimental system, we used the U2OS cell line, as they
overexpress functional Mdm2.41 Cells transfected with Flag-
tagged versions of either of the β-arr isoforms, serum starved
and stimulated or not with IGF-1, were lysed and the Flag-tagged
proteins immunoprecipitated. The obtained β-arr-immuno-pre-
cipitates were analysed by WB for the presence of the β-subunit of
IGF-1R (Figure 4a). The Flag-tagged protein and IGF-1R levels in

Figure 4. β-arrestin2/IGF-1R interaction and receptor ubiquitination as the underlying mechanism controlling IGF-1R expression and
signalling. (a) U2OS cells transfected with isoform-specific Flag-tagged-β-arr-encoding plasmids (+β1/+β2) were serum starved and stimulated
with IGF-1 (50 ng/ml) for 0–60 min. β-arrs were immunoprecipitated (IP) via their Flag-tag and association with IGF-1R detected by WB, with
Flag detection used as loading controls. Expression of IGF-1R, Flag and GAPDH in the total cell lysates (TCL) before IP were anaysed by WB.
(b) U2OS cells co-transfected with IGF-1R and Flag-tagged-β-arr-encoding plasmids (+β1/+β2), were serum starved, stimulated with IGF-1 (50 ng/ml)
for 0–60 min, and immunoprecipitated via their Flag tag. WB detection analysed level of IGF-1R in the immuno-precipitates. Expression of
IGF-1R, Flag and GAPDH in the TCL before IP were analysed by WB. (c) U2OS cells co-transfected with IGF-1R and Flag-tagged-β-arr-encoding
plasmids (+β1/+β2), were serum starved, stimulated with IGF-1 (50 ng/ml) for 0–60 min, and immunoprecipitated via IGF-1R. WB detection
analysed level of ubiquitin (Ub) in the immuno-precipitates. Expression of IGF-1R, Flag and GAPDH in the TCL before IP were analysed by WB.
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the lysates prior to precipitation, as well as the amounts of Flag
protein captured by the anti-Flag beads are shown (Figure 4a).
Both Flag-tagged β-arr isoform immuno-precipitates contained

clearly detectable levels of IGF-1R, however, the β-arr1/IGF-1R
association lasted longer while β-arr2 disengages earlier from the
ligand-occupied IGF-1R (Figure 4a). Densitometry quantification of
multiple experiments demonstrates that the IGF-1R/β-arr2 dis-
sociation reaches statistical significance 5 min after stimulation,
compared with 60 min for β-arr1 (Supplementary Figure 2).
Attempts to verify the resultant ubiquitination of endogenous
IGF-1R was unsuccessful due to high inter-experimental variability
of the IGF-1R levels after β-arr overexpression, therefore, we co-
transfected the cells with IGF-1R overexpressing plasmids
(Figure 4b). In conditions where both IGF-1R and either β-arr
isoform were overexpressed, β-arr2 demonstrated a higher affinity
for the unstimulated receptor. Addition of IGF-1 clearly increases
β-arr1/IGF-1R association but rapidly disengages β-arr2, evident
even by 2 min after stimulation (Figure 4b). These patterns were
verified by quantification of multiple independent experiments
(Supplementary Figure 2). The lower panels confirm Flag-tagged
protein and IGF-1R levels in the lysates prior to precipitation and
the amounts of Flag protein captured (Figure 4b). Parallel samples
were used for IGF-1R immuno-precipitation to verify the resultant
ubiquitination status of the receptor in each condition, using
IGF-1R-only transfected cells as control (Figure 4c). In line with
previous studies,24,28 increasing β-arr1 recruitment to the IGF-1R
enhanced both the basal and ligand-stimulated receptor ubiqui-
tination. On the other hand and in line with the observed IGF-1R
association pattern, an increased level of β-arr2 also increased

unstimulated IGF-1R ubiquitination, which remained unchanged
upon commencement of ligand stimulation, resulting in an overall
dampening of levels of receptor ubiquitination when compared
with the mock or β-arr1-transfected cells (Figure 4c).
Together, these data suggest that in comparison to β-arr1, the

β-arr2 isoform has a higher affinity for the unstimulated receptor,
where it maintains a basal ubiquitination level, dissociates faster
following ligand stimulation delaying ligand-dependent IGF-1R
degradation.

Effects of β-arrestin2 on IGF-1-dependent proliferation
So far, our results demonstrate that β-arr2 functionally antag-
onizes β-arr1 by inhibiting IGF-1R ubiquitination and degradation,
as well as limiting MAPK/ERK signalling activation. The MAPK/ERK
pathway is critical for IGF-1-induced cell cycle progression and
proliferation,27,44,45 therefore, we investigated the impact of
β-arr2 in this process. The β-arr1/β-arr2 status quo in U2OS and
SAOS-2 was unbalanced by transfecting either β-arr1/β-arr2
plasmid or β-arr1/β-arr2 siRNA, and transfection efficiency
confirmed by WB (Figure 5a). SAOS-2 cells express low endogen-
ous levels of β-arr1, and hence suppression was at the boundary
of WB detection, therefore, qPCR was performed and confirmed at
least 80% knockdown. Serum-starved cells, stimulated with and
without IGF-1 for 24 h, were analysed by FACS for cell cycle phase
distribution and equivalent samples were evaluated for total cell
number (Figures 5b and c). Both U2OS and SAOS-2 cells respond
to IGF-1 stimulation by moving from a G0/G1 phase into an
S/G2 phase, indicative of cell cycle progression (Figure 5b), and
which translated into a corresponding increase in cell number

Figure 5. Effects of β-arrestin2 on IGF-1-dependent proliferation. (a) U2OS and SAOS2 were transfected with isoform-specific β-arr-encoding
plasmids (+β1/+β2), siRNAs (− β1/− β2) or respective controls (M), and transfection efficiency was assayed by WB, with GAPDH as a loading
control. (b, c) Transfected cells stimulated or not with IGF-1 (50 ng/ml) for 24 h were analysed for cell cycle distribution (G1, S and G2/M) (b) or
cell viability (c). Results from three independent experiments are displayed as mean± s.e.m., percentage of total cell population (b) or as a
mean± s.e.m. relative to unstimulated M controls (c). Statistical analysis (two-tailed t-test): IGF-1-induced cell cycle progression (b) or
proliferation (c) following β-arr modulation (+, − ) compared with their respective M (empty vector/non-target siRNA) controls. **Po0.01,
***Po0.001.
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(Figure 5c). β-arr1 overexpression or siRNA knockdown of β-arr2 in
either cell lines slightly increases IGF-1-mediated cell cycle
progression (Figure 5b) and total cell number (Figure 5c); however,
these trends reach statistical significance only in U2OS cells
with the -β-arr2 condition. On the other hand, β-arr2 over-
expression or β-arr1 inhibition yields the most critical, statistically
significant changes, making the cells unresponsive to IGF-1 and
drastically reducing the total cell number (Figures 5b and c).
Intriguingly, the pattern of cell cycle arrest was different
between the two cell lines: while U2OS cells display both G1
and G2/M arrest, and are ultimately insensitive to IGF-1 stimula-
tion, SAOS-2 cells respond to IGF-1 by successfully entering the
cell cycle but appear unable to complete mitosis, illustrated by a
G2 phase predominance enlarged by IGF-1. Evaluation of total cell
number (Figure 5c) mirrored the effects revealed by FACS analysis:
β-arr2 overexpression or β-arr1 inhibition drastically decreases the
total cell number, with the SAOS-2 cells being preferentially
affected.
These results suggest that sustained β-arr1-MAPK signalling,

antagonized by β-arr2, is required for entering and completing
G1/S transition in U2OS cells as well as for completing G2/M
transition in both cell lines.

Resultant p53 cancer relevant effects of unbalanced β-arrestin1/β-
arrestin2
How does unbalancing β-arr1/β-arr2 equilibrium towards the latter
decrease cell number, cause cells to preserve or fail in their response
to IGF-1 and halt proliferation at different points of the cell cycle? We
considered two possible scenarios: first, that β-arr2 is more effective
at downregulating the IGF-1R in serum-free conditions in U2OS as
compared with SAOS-2 cells. In this case, downregulation of IGF-1R,
prior to ligand stimulation would make U2OS cells insensitive to
IGF-1. The second possibility is that the disparate G1/S cell cycle
arrest of U2OS and SAOS-2 after β-arr2 overexpression/β-arr1
inhibition may be due to their difference in p53 status, as SAOS-2
cells are null for p53, whereas U2OS have WT p53.
Along such lines, we examined the first scenario by studying the

effects of β-arr1/β-arr2 modulation on IGF-1R expression while
maintaining the cells in serum-free media for the entire duration
of the experiment. β-arr1 inhibition or β-arr2 overexpression
decreased receptor levels in both cell lines (Figure 6a), yet the
SAOS-2 cells were much more sensitive in this respect, as well as in
regards to overall cell survival: they could not survive longer than
72 h after transfection. In the absence of IGF-1 stimulation, β-arr1
overexpression also decreased the receptor levels in both cell
lines, yet the onset of these effects were delayed ~ 24 h compared

Figure 6. Resultant p53 cancer relevant effects of unbalanced β-arrestin1/β-arrestin2. (a, b) U2OS and SAOS2 transfected with isoform-specific
β-arr-encoding plasmids (+β1/+β2), siRNAs (− β1/− β2) or respective controls (M), were cultured in serum-free media (SFM) conditions, and
samples collected at indicated times. Lysates were analysed by WB for IGF-1R, with GAPDH as a loading control. (c) U2OS cells, transfected as
indicated were serum starved and stimulated with IGF-1 (50 ng/ml) for 0, 12 or 24 h. Lysates were analysed by WB for p53, with GAPDH as a
loading control. WBs were quantified, normalized to GAPDH and displayed as percentage of mock (M) unstimulated (0 h) control. Results from
three independent experiments are shown as mean± s.e.m. Statistical analysis (two-tailed t-test): IGF-1-induced changes in p53 expression
following β-arr modulation (+, − ) compared with their respective M (empty vector/non-target siRNA) controls, *Po0.05, **Po0.01,
***Po0.001.
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to conditions with increased β-arr2 and were less detrimental to
overall cell survival in both cell lines. We next evaluated the
second scenario, by specifically testing the U2OS cells for p53 level
in response to IGF-1 stimulation. Ligand-activated IGF-1R resulted
in decreased p53 levels in conditions with functionally selected
β-arr1 signalling (that is, β-arr1 overexpression or β-arr2 inhibition)
(Figure 6c). Once more, β-arr2 prevalence plays an opposite role
and reverses this pattern by increasing p53 levels despite IGF-1
stimulation.
These results suggest that both scenarios overlap to explain the

behaviour of cancer cells with predominant β-arr2 control: IGF-1
insensitivity, secondary to receptor downregulation in the serum
starvation phase could contribute to the decrease in the overall
cell number; in cells with functional p53, increase in its expression
levels, parallel the G1/S cell cycle arrest.

DISCUSSION
The last decades have witnessed the recognition of the β-arr
system as a major hub controlling nearly the entire GPCR
signalling network. β-arrs are now known to orchestrate many
GPCR functions, including receptor desensitization, trafficking2,3,46

and signal transduction12,13,47–50 eventually directing the GPCR’s
biological effects.51,52 As both β-arrs coordinate the signalling
cascades downstream of activated receptors, the antagonism
versus complementarity of the two isoforms represents an
essential layer of combined safe control and specialization. The
high degree of sequence similarity provides an explanation of
how β-arr isoforms complement each other,53,54 while crystal-
lographic, biophysical and proteomic studies begin to reveal the
mechanisms underlying their functional divergence. These include
the conformational differences, interactions with other proteins
and subcellular localization (for extensive reviews, see refs 55–57),
with the affinity of the GPCR/β-arr association emerging as a
critical controller of receptor trafficking and signalling. On the
basis of this criteria, most GPCRs can be classified into two
groups.58 Class A receptors (for example, β2 adrenergic
receptor10,48 and the dopamine D1A receptor58) bind β-arr2 with
greater affinity but transiently, recycle rapidly, and mediate short
β-arr-dependent MAPK signalling. Class B receptors, on the other
hand, (for example, the angiotensin II type 1A receptor59 and the
vasopressin V2 receptor50,60) bind both β-arr isoforms with equal
affinity, recycle slowly, remain bound to their β-arr through
trafficking to endosomes, and hence mediate a longer β-arr-
dependent MAPK signal.39,58 Furthermore, at any one receptor,
both β-arr isoforms can be required for ERK signalling (termed
codependence), or one isoform activates ERK signalling while the
other inhibits it (termed reciprocal regulation).59

Although for GPCRs the functional partnership between β-arr
isoforms is acknowledged to be relevant for various physiological
and pathological processes and so for therapeutic targeting,55,61,62

little is known about this process in the case of receptor tyrosine
kinases. Hence, the first main finding of the present study reveals
the functional antagonism between β-arr isoforms in relation to
the IGF-1R, a prototypical receptor tyrosine kinase. This opposing
behaviour was demonstrated for the two main roles known for
β-arr1 at the IGF-1R. First, our results revealed that β-arr2 acts to
protect the receptor from ligand-induced degradation, opposing
the IGF-1R depletion enhanced by β-arr1. In conditions with low or
absent IGF-1, overexpression of either β-arr1 or β-arr2 down-
regulates the receptor, yet for the latter, this effect is faster and
more prominent. Second, our data exposes a reciprocal regulation
pattern with clear antagonism between isoforms in relation to
signalling: β-arr2 balances against β-arr1 sustained MAPK/ERK
activity induced by IGF-1. Of note, this feature was not present in
SAOS-2 cells, which have low Mdm2 levels. The functional analysis
of IGF-1R/β-arr interactions demonstrated that both isoforms
interact with the IGF-1R via its C-terminal tail, promoting

Mdm2-mediated ubiquitination. Conditions with absent or low
IGF-1 favour a GPCR class A-like, transient β-arr2-recruitment
pattern, while IGF-1R conformational changes induced by ligand
stimulation mirrored a GPCR class B-like pattern with an increased,
stabilized receptor/β-arr1 interaction that in turn boosts Mdm2-
dependent IGF-1R ubiquitination. Furthermore, our data exposed
an intriguing β-arr antagonism downstream of IGF-1R on p53
activation: while β-arr1 sustains low p53 levels, β-arr2 acts to limit
these effects. This is remarkable as it has been recently
demonstrated that in response to β2-adrenoreceptors activation,
β-arr1 moves to the nucleus where it functions as an adaptor
protein to promote the binding and degradation of p53 by the E3-
ubiquitin ligase Mdm2, allowing accumulation of DNA
damage.63,64

One fundamental question remains: what mechanisms control
the functional divergence of β-arr isoforms downstream of IGF-1R?
One potential mechanistic insight is provided by the clear
correspondence between the effects on ERK signalling, ubiquiti-
nation and degradation, and implies different affinities of the
receptor for each β-arr isoform, controlled by ligand-induced
conformational changes. In this model (Figure 7), we propose that
β-arr2 has greater affinity than β-arr1 for the ligand-unoccupied
receptor, as demonstrated by the co-immunoprecipitation studies.
Although this interaction is short lived, it can trigger receptor
ubiquitination and degradation, without effects on MAPK activa-
tion. Conversely, the ligand-occupied receptor has a greater
affinity for β-arr1, the association lasts longer, suppresses p53
levels and activates MAPK signalling at the cost of increased
receptor degradation. Yet, all these effects can be reversed by
modifying local β-arr concentrations, suggesting a possible direct
competition between the two isoforms, determined by their
relative abundance. Such a mechanism could be particularly
relevant for the observed functional antagonism on p53 levels as
it has been reported that βarr2 sequesters βarr1 in the cytosol
through hetero-dimerization, thus preventing its nuclear translo-
cation and p53 degradation.56,64–66

As the second key finding, the present study identifies the
antagonism between the two β-arr isoforms in controlling IGF-1R
as a potential target for cancer therapy. As proof of concept, we
demonstrated contrasting abilities of IGF-1R to interact with each
β-arr isoform, depending on the presence of the ligand or local
concentrations of β-arr isoforms. Biasing this system towards β-
arr2 leads to decreased viability of cancer cells, unable to
complete the G1/S transition or complete mitosis.
Cell proliferation can be induced by either prolonged exposure

to mitogens or a two-pulse sequential stimulation. A first
signalling wave, which includes ERK, primes cells into early G1
while activating a p53-restraining response.67 A second pulse of
mitogens generates sustained MAPK signalling and removes the
p53 constraint, allowing the cells to complete the cell cycle. In
U2OS, in the relative absence of β-arr1 signalling downstream of
IGF-1R (due to β-arr1 inhibition or β-arr2 overexpression), p53
accumulates and halts the cells in G1. As the cells already in S/G2
are unable to exit the cell cycle, this indicates β-arr1 signalling as
essential for cell cycle completion. On the other hand, in the same
conditions, SAOS-2 cells bypass the G1 checkpoint when
stimulated by IGF-1, because no p53 is present to halt them, yet
arrest in G2 and are unable to complete the cycle. The corollary of
this data is that β-arr1-mediated signalling downstream of IGF-1R
is required to remove p53 constraints and allow entry into S-phase
as well as for completion of G2/M phase. Together with the effects
on IGF-1R expression and signalling, this model explains the
functional outcome of targeted β-arr1/2 imbalance towards the
latter in cancer cells: lack of responsiveness to IGF-1 and cell cycle
arrest, leading to decreased viability.
With the present study, we highlight the opposing roles of β-arr

isoforms to modulate IGF-1R expression and function. The β-arr1/2
balance plays a key role in cell cycle checkpoint progression, even
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in instances where p53 is absent. The manipulation of this system
carries strong therapeutic potential by acting to both inhibit a pro-
tumourigenic proliferative signal, and also to enhance anti-
tumourigenic apoptotic pathway.

MATERIALS AND METHODS
Cell culture
HEK293T, SAOS-2 and U2OS cell lines were obtained from ATCC (via LGC
Standards, Middlesex, UK) and grown in DMEM (HEK293T) or IMDM (U2OS
and SAOS-2) medium supplemented with 10% (vol/vol) FBS and 1%
penicillin/streptomycin (P/S). MEF Δ1245 (IGF-1R knockout MEF cells, stably
transfected with IGF-1R containing a C terminus truncation at position
1245) were kindly provided to us by Dr R Baserga (Thomas Jefferson
University, Philadelphia, PA, USA)68 and were cultured in DMEM
supplemented with 10% FBS and 1% P/S in the presence of G-418
(Promega Biotech AB, Nacka, Sweden). MEFs from wild type or from β-
arrestin1 or β-arrestin2 knockout mice were kindly provided to us by Dr RJ
Lefkowitz (Howard Hughes Medical Institute, Durham, NC, USA),5,6 and
were cultured in DMEM medium supplemented with 10% FBS and 1% P/S.
All human cell lines were validated by short tandem repeat profiling of
extracted genomic DNA (Uppsala Genome Centre, Uppsala, Sweden).
Mouse cell lines were authenticated by examination of growth character-
istics and expression of truncated IGF-1R or knockout of β-arrestin isoform
by WB. All cell lines were tested for mycoplasma contamination regularly.

Transfection
Small interfering RNAs (siRNAs) targeting β-arrestin1 (Human ARRB1 (408)
#LU01197100, Mouse ARRB1 (109689) #LU0409700) and β-arrestin2
(Human ARRB2 (409) #LU0072900, Mouse ARRB2 (216869) #LU04102201)
were purchased from GE Dharmacon via Thermo Fisher Scientific
(Göteborg, Sweden). For both human and mouse cells, a non-target siRNA
(D00181001) was used as a control. The cells were transfected at 40–50%
confluency in six-well plates, using Lipofectamine RNAiMAX (Invitrogen via
Thermo Fisher Scientific) according to the manufacturer’s instructions.

The Flag-tagged β-arrestin1 and β-arrestin2 plasmids in pcDNA3 were
kindly provided to us by Dr RJ Lefkowitz (Duke University Medical Center/
Howard Hughes Medical Institute, Durham, NC, USA).53,69 Cells were
plasmid transfected using Turbofect (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Empty vector (pcDNA3) transfections were
used as controls for plasmid overexpression. All transfection experiments
were verified for efficiency by WB at 24 h after transfection.29,32

qPCR
Transfection efficiency for β-arrestin1 silencing in SAOS-2 and U2OS
(Figure 5) was confirmed by qRT–PCR, as described in detail elsewhere.70

Specific human probes (Hs00244527_m1) for β-arrestin1 were used for
real-time qPCRs, performed with the StepOne Plus Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA).

IGF-1 stimulation
Prior to IGF-1 stimulation experiments (long-term degradation or short-
term signalling), attached cells were washed with PBS and changed to
serum-free medium and incubated at 37 °C for 8–12 h. Stimulation was
preformed using recombinant human IGF-1 (Sigma-Aldrich Ltd., St Louis,
MO, USA) at 50 ng/ml.

Immunoprecipitation
After indicated treatments, cells cultured in six-well plates were lysed with
600 μl Pierce IP Lysis buffer (Thermo Scientific) containing protease
inhibitor cocktails (Thermo Fisher Scientific). When detecting ubiquitina-
tion of IGF-1R, 10 mM N-ethylmaleimide was additionally added to the lysis
buffer. Protein concentration was determined by bicinchoninic acid assay
(Thermo Fisher Scientific). Equivalent amounts of lysates were incubated
with 10 μl of anti-Flag agarose beads or 1 μg of IGF-1R antibodies
overnight at 4 °C and with 10 μl of Protein G agarose beads (GE Healthcare,
Amersham, UK) for 2 h at 4 °C. The immunoprecipitates were collected by
centrifugation, the pellet was washed four times with lysis buffer and then
dissolved in a sample buffer for SDS/PAGE and was further analysed by WB.
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Figure 7. Functional divergence of β-arr isoforms at the IGF-1R. (a) The agonist-unstimulated IGF-1R has a greater affinity for β-arr2 than β-arr1,
initiating a low level of Mdm2-dependent IGF-1R ubiquitination, which in β-arr2 predominance conditions leads to ligand-independent
degradation. β-arr2 in the cytoplasm sequesters β-arr1 by forming biologically inactive heterodimers. (b) Ligand-induced receptor
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SDS–PAGE and WB
Protein samples were dissolved in lithium dodecyl sulfate sample buffer
and analysed by SDS–PAGE with 4–12% Bis-Tris gels (Invitrogen, via
Thermo Fisher Scientific). Upon separation, the proteins were transferred
to nitrocellulose membranes, blocked for 1 h in bovine serum albumin and
0.1% Tween 20 in tris-buffered saline (TBS), followed by overnight
incubation with primary antibody at 4 °C. Antibodies against phosphory-
lated(p)Akt (#4060), pERK1/2 (#9101), ERK1/2 (#9102), pIGF-1R (#3021),
IGF-1R (#3027) and β-arrestin1/2 (#4674S) were from Cell Signaling
Technology (via BioNordika, Stockholm, Sweden) and were all used at
1:2000 dilution in bovine serum albumin. Ubiquitin (P4D1) (sc-8017), p53
(sc-126) and GAPDH antibodies (sc-25778) were from Santa Cruz
Biotechnology (Heidelberg, Germany) and were used at 1:2000 in milk.
Following 3× 10 min washing (TBS-T), membranes were incubated with
secondary antibody, either fluorescence-conjugated IRDye (LI-COR Bios-
ciences, Cambridge, UK) and detection with LI-COR Odyssey (LI-COR
Biosciences, Cambridge, UK) or horseradish peroxidase-conjugated and
detection with ECL substrate (Pierce via Thermo Fisher Scientific) and
exposure to X-ray film.37

Quantification of WBs
Western transfer analysis bands were quantified using the ImageJ
programme (http://rsbweb.nih.gov/ij/) or Image Studio (LI-COR Bios-
ciences, Cambridge, UK), subtracting the background level.

Cell viability/proliferation
Cells were incubated with PrestoBlue (Life Technologies, Carlsbad, CA, USA)
reagent for 30 min and the fluorescence from excitation at 560 nm and
emission at 590 nm was measured using a TECAN Infinite 1000 plate reader.
A standard curve was used to interpolate fluorescence to cell number.

Cell cycle distribution analysis
Following treatment, cells were collected and centrifuged at 1500 rpm for
4 min to pellet, resuspended dropwise in 0.5 ml of 95% ethanol and
incubated for 41 h. Cells were rehydrated in water and treated with
protease subtilisin and nuclei were then stained with DAPI for 30 min
before analysis by FACS.71

Statistical analysis
Where indicated, data from a minimum of three independent experimental
replicates of two conditions were compared using a two-tailed, unpaired
t-test assuming equal variance. As part of experimental design, before
performing the experiment, a threshold value of P=0.05 was chosen for
testing the null hypothesis. The variances of experimental groups that are
being compared were not statistically different. Data expressed with error
bars show mean± s.e.m. from three independent biological experiments,
unless otherwise stated. Significance is given as *Po0.05, **Po0.01,
***Po0.001.
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