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ABSTRACT

The type 1 insulin-like growth factor receptor (IGF-1R) is a promising target for
cancer therapy with antibodies and small molecule tyrosine kinase inhibitors (TKIs)
which have been actively tested clinically. Evidences have demonstrated that insulin
receptor (IR), which is implicated in tumorigenesis, conveys resistance to IGF-1R
targeted therapy. This provided the compelling rationale for co-targeting IGF-1R and
IR. Herein we have developed an approach to simultaneously down-regulate IGF-1R
and IR in protein levels. By generating and screening several engineered ubiquitin
ligases, we have identified that, PTB-U-box, which is composed of an IGF-1R/IR-
binding domain and a functional E3 ubiquitin ligase domain, binds activated IGF-1R/
IR and targets their ubiquitination and degradation. When ectopically expressed in
HepG2 and Hela cells, PTB-U-box inhibits cell proliferation and invasion, increases
chemo-sensitivity, as well as interrupts glucose metabolism. Finally, intratumoral
injection of adenovirus carrying PTB-U-box dramatically retards the growth of
HepG2 xenograft. Therefore, well-designed engineered ubiquitin ligase represents
an effective therapeutic strategy for the treatment of the cancers with co-expressed
IGF-1R/IR.

INTRODUCTION

Insulin and insulin-like growth factor (IGF) function
as potent mitogen and metabolic modulators by binding
to insulin and IGF-1 receptors, a subfamily of receptor
tyrosine kinase (RTK) family, which in turn activate Akt
and mitogen-activated protein kinase (MAPK) signaling
networks [1, 2]. Growing experimental and clinical
evidences demonstrated that insulin and IGF-1 receptor
family are commonly expressed and have important
roles in various neoplasia, rendering them as promising
therapeutic targets [1, 2]. The drug candidates that target

insulin and IGF-1 receptor family include anti-receptor
antibodies, anti-ligand antibodies, receptor-specific
tyrosine kinase inhibitors, and other agents with novel
mechanisms [1, 3, 4]. Among them, the antibodies against
IGF-1R have been actively developed and undertaken into
clinical trials [1, 2, 4], but the most recent outcomes of
Phase IT and Phase III clinical trial were disappointing [5,
6]. Thus, it is important to re-consider current clinical trial
programs and/or develop novel therapeutic strategies in
this field.

Insulin receptor (IR) and Insulin-like growth factor I
receptor (IGF-1R) are transmembrane proteins with similar
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structure, comprising of two extracellular a-subunits with
the ligand-binding site and two transmembrane B-subunits
with intracellular tyrosine kinase activity [7]. In addition,
IR/IGF-1R “hybrid” receptor is formed by a half receptor
from IR and a half receptor from IGF-1R [8]. Binding of
insulin, IGF-1 or IGF-2 to the extracellular portion of the
IR, IGF-1R or hybrid receptor stimulate the B-subunit
tyrosine kinase activity and consequent phosphorylation
of additional tyrosine residues, which in turn recruits
insulin receptor substrates (IRS) and other adaptor
proteins, allowing activation of the Akt and MAPK
signaling pathways [9, 10]. Over-activation of IGF/IGF-
1R and insulin/IR signaling pathway has been reported to
promote several cancer hallmarks, including uncontrolled
cell proliferation, migration, transformation, metastasis,
angiogenesis and glycolysis [8-11]. Gene expression
databases have revealed that most cancers express both the
gene encoding the insulin receptor and the gene encoding
the IGF-1R [12, 13]. Moreover, it is the case that when
both receptors are expressed, “hybrid” receptors are
always present on the cell surfaces [14, 15]. Importantly,
it has been shown that insulin receptor conveys intrinsic
resistance to IGF-1R targeted therapy [16-18]. Therefore,
novel approaches that target both receptors may represent
promising therapeutic strategies.

Covalent modification of the protein by
ubiquitin, i.e., ubiquitination, can target the substrates
for degradation in proteasome or lysosome [19, 20].
Ubiquitination is a three-step enzymatic reaction that
is carried out by several enzymes: ubiquitin-activating
enzyme (E1), ubiquitin conjugating protein (E2) and
ubiquitin ligase (E3) [21]. E3s are responsible for
transferring ubiquitin from E2 or E3 to the substrates they
recognize. Thus, E3 determines the substrate specificities

PTBR(PTB) PTB

PTBRs.RING(PTB-RING)

[22]. According to their functional domain, E3s can be
divided into HECT-type E3s with a homologous to E6-
AP COOH terminus (HECT) domain [23], RING-finger
proteins [24] and U-box proteins [25]. The U-box protein
CHIP (carboxy terminus of Hsc70 interacting protein)
can bind to the molecular chaperone Hsc70/Hsp90 via
its three tetratricopeptide repeats (TPRs) and mediates
ubiquitination and subsequent degradation of the client
proteins of Hsp90/Hsc70 [26]. Cbl, as a RING finger E3,
functions as a dominant “activated protein tyrosine kinase
(PTK)-selective” ubiquitin ligase by binding the activated
PTK and promoting their degradation [27]. In this study,
we sought to specifically decrease the protein levels of
both IR and IGF-1R through enhancing their protein
degradation. We created two artificial IR/IGF-1R-targeted
ubiquitin ligases by fusing the U-box of CHIP or RING
finger of Cbl with PTB (phosphotyrosine binding) domain
of IRS-1 (insulin receptor substrate-1), a downstream
adaptor that is recruited to the phosphorylated tyrosine
residues of activated IR/IGF-1R through its PTB. We
demonstrated that the engineered ubiquitin ligase PTB-
U-box can promote the ubiquitination and degradation of
IGF-1R and IR, and thus effectively inhibit in vitro and
in vivo malignant behaviors of liver cancer HepG2 and
cervical cancer HeLa cells that over-express IGF-1R and
IR.
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Figure 1: Generation of the engineered ubiquitin ligase. A, Schematic representation of the engineered ubiquitin ligases. B, PTB-
U-box promotes IGF-1R and IR down-regulation. HeLa and HepG2 cells were transiently transfected as indicated and analyzed by Western
blotting. The bands intensity were quantified and normalized to the control. C, PTB-U-box does not change IGF-1R and IR transcription.
Total RNA was isolated from the indicated transfectants and reverse-transcribed into cDNA. mRNA levels of IGF-1R (left) and IR (right)

were measured by quantitative Real-time PCR.
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RESULTS

The engineered ubiquitin ligases specifically
down-regulate IGF-1R and IR protein levels

Upon activation by insulin and IGF-1, the
B-subunit tyrosine kinases of IR and IGF-1R mediate the
phosphorylation of additional tyrosine residues, which will
serve as the docking sites for the adaptor proteins such as
insulin receptor substrates (IRS) [9, 10] (Supplementary
figure 1A). Therefore, we generated the engineered
ubiquitin ligases as shown in Fig.1A. PTB domain, which
is derived from IRS-1, a primary adaptor of IGF-1R/
IR signaling [9, 10], is responsible for recognizing and
interacting with specific phospho-tyrosine residues of
active receptors [28]. U-box domain from CHIP and RING
finger domain from Cbl confer E3 ubiquitin ligase activity
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[25, 29]. PTB-U-box and PTB-RING were supposed to
be sufficient for the functional E3 ligase activity and IGF-
1R/IR targeting. PTB was created as the control that has
only the binding domain. Additionally, PTB-U-box (HQ),
which harbors a point mutation of H260Q that is known
to disrupt the E3 activity of CHIP [30], was designed to
serve as the counterpart of PTB-U-box without functional
E3 activity. All of the constructs were cloned into pFLAG-
CMV-4 to add the FLAG tag at the N-terminus.

To screen the effect of these recombinant constructs
on IGF-1R, IGF-1R-encoding plasmid was transiently
transfected into HEK293 cells together with empty vector,
PTB, PTB-U-box or PTB-RING. Compared with empty
vector and PTB, both PTB-U-box and PTB-RING are
able to down-regulate IGF-1R protein in the presence of
IGF-1, but PTB-U-box is more potent than PTB-RING
(Supplementary figure 2). Thus, we mainly focused on
PTB-U-box in this study.

We examined several cancer cell lines as for
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Figure 2: Engineered ubiquitin ligases promote the ubiquitination and degradation of IGF-1R and IR. A, HeLa cells
were transfected as indicated, treated with insulin or IGF-1 and lysed. Interaction between engineered ubiquitin ligase and IGF-1R or IR
was determined by co-immunoprecipitation assay. B, HeLa cells were transfected with the indicated constructs together with pcDNA3.1(+)-
3xHA-Ub, treated with MG-132 and insulin or IGF-1 as described in Material and Methods. IGF-1R and IR ubiquitination were assessed
by in vivo ubiquitinatin assay. Whole cell lysates (WCL) were subjected to Western blotting with an anti-FLAG antibody. C, HeLa cells
transfected as indicated were treated with CHX (50pg/ml) for 0, 6, 12 and 24 h. IGF-1R or IR protein stability was analyzed by Western
blotting. D, HeLa cells transfected as indicated were treated with or without MG132 for 4 h and with or without specific ligands (IGF-1 and
insulin) for 15min, IGF-1R or IR protein level was then determined by Western blotting.
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endogenous IGF-1R and IR levels, among which HepG2
and HeLa cells were chosen for the further study, because
they express high levels of IGF-1R and IR and these
receptors are constitutively activated when cultured
in the serum-containing complete culture medium
(Supplementary figure 1B). We found that IGF-1R and
IR protein were significantly down-regulated in PTB-U-
box transfected HepG2 cells and HeLa cells (Fig.1B).
However, the cells transfected with vector, PTB and PTB-
U-box(HQ) did not show significant decrease in IGF-1R
and IR levels. Similar results were also obtained in PTB-
U-box-transfected pancreatic cancer cell line PANC-1
(Supplementary figure 3). Meanwhile, IGF-1R and IR
mRNA levels, analyzed by quantitative real-time PCR,
were not significantly changed (Fig.1C), suggesting that
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their down-regulation occurred at post-transcriptional
level. In addition, we examined the protein level of EGFR
and Met, which were not designed to be targeted by our
engineered ubiquitin ligase, and found that PTB-U-box
did not affect these receptors (Supplementary figure 4).
Together, these data indicated that PTB-U-box specifically
decreases IGF-1R and IR protein levels and such effect
depends on the functional U-box domain.

The engineered ubiquitin ligase interacts with
IGF-1R and IR and promotes their ubiquitination
and degradation

Next, we examined whether PTB-U-box can interact
with IGF-1R and IR and promote their ubiquitination. All

HelLa

[*] Y @
= =] =]

Colony formation ratio (%)

P

w
=3

]
=3

£ =
PTB-U-box(HQ) 3@

P
=]
=

-
]
=]

Cell numberffield

Figure 3: PTB-U-box inhibits cancer cell proliferation and invasion. A and B, HeLa and HepG2 cells were transfected with
the indicated constructs, and cell growth was measured by MTT assay for 5 days. C and D, HeLa and HepG2 cells transfected as indicated
were seeded into six-well plates and cultured in the medium containing G418 to allow for colony formation. The colonies were stained
and photographed and the colony formation ratio was assessed as described in Materials and Methods. E and F, HepG2 and HeLa cells
that were transfected as in (C) were seeded onto matrigel-coated chamber for 24 h. The invasive cells were calculated in ten random fields
(400xmagnification). The histogram represents the quantification of invasive cells. In A-F, the results are represented as the meands.d.

*P<0.05 for PTB-U-box v.s.vector.
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FLAG-tagged constructs were transiently transfected into
HeLa cells respectively, and co-immunoprecipitation
assay and in vivo ubiquitination assay were performed.
As expected, FLAG-tagged PTB-U-box and PTB-U-
box(HQ) were co-immunoprecipitated with IGF-1R and
IR as efficiently as PTB upon treatment with IGF-1 or
insulin (Fig.2A). The result of in vivo ubiquitination assay
clearly showed that over-expression of PTB-U-box was
associated with an obvious increase in the ubiquitination
of IGF-1R and IR, whereas the empty vector, deletion and
H260Q mutation of U-box domain failed to enhance IGF-
IR and IR ubiquitination (Fig.2B).

To further determine whether enhancement of IGF-
IR and IR ubiquitination by PTB-U-box result in their
degradation, we compared the stability of IGF-1R and
IR in PTB and PTB-U-box expressing HeLa cells using
cycloheximide (CHX) chase experiment. As shown in
Fig.2C, expression of PTB-U-box markedly shortened
the stability of IGF-1R and IR, suggesting that PTB-U-

box caused ubiquitination of IGF-1R and IR resulted in
their degradation. Moreover, IGF-1R and IR degradation
mainly occurred in proteasome because MG-132 treatment
inhibited downregulation of activated IGF-1R and IR
(Fig.2D). Together, these results indicated that PTB-
U-box could bind to, and promote ubiquitination of
activated IGF-1R and IR, leading to their degradation in
proteasome.

PTB-U-box inhibits cancer cell proliferation and
invasion

It has been well documented that down-regulation
of IGF-1R or insulin receptor inhibits cell proliferation,
metastasis and in vivo tumor growth [31-33]. To
investigate whether the engineered ubiquitin ligase could
inhibit cancer cell growth, MTT assay was performed
in HeLa and HepG2 cells transfected with different
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Figure 4: Targeted degradation of IGF-1R and IR attenuates Akt and MAPK signaling and increases the chemo-sensitivity
of HepG2 cells. A, HepG2 cells transfected with indicated plasmids were lysed and subjected to Western blotting with the indicated
antibodies, respectively. The bands intensity was quantified. B, HepG2 cells transfected with indicated plasmids were treated with cisplatin
(3pg/mL) and cell apoptosis determined by Annexin V-PI stain and flow cytometry. The histogram represents the percentage of apoptotic
cells. **P<0.01 for PTB-U-box v.s. vector. C and D, HepG2 cells transfected with indicated plasmids were treated with cisplatin (3pug/ml)
for the indicated time interval (C), or with indicated concentration of cisplatin for 8h (D). Cell viability was measured by the MTT assay.
*P<0.05 and **P<0.01 for PTB-U-box-transfection plus cisplatin v.s. PTB-U-box-transfection.
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with the indicated adenovirus were treated with or without insulin. The membrane and cytoplasmic proteins were extracted and subjected
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adenovirus and lactate production was measured. *P<0.05 for Ad-PTB-U-box infection v.s. Ad-PTB infection.
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constructs. As shown in Fig.3A, PTB-U-box led to a
significantly reduced cell growth from the time point of
4 days upon transfection. In contrast, PTB and the U-box
mutant did not exhibit cell growth inhibition. Similar
result was observed in HepG2 cells, showing an obvious
growth inhibition in PTB-U-box transfectant compared
with vector control (Fig. 3B). Further, The colony-
formation assay showed that PTB-U-box expression
markedly inhibited colony formation in both HeLa and
HepG2 cells, whereas PTB and the PTB-U-box(HQ)
transfectants revealed no significant effects (Fig. 3C and
D). Together, these data suggested that PTB-U-box could
inhibit cell proliferation.

Furthermore, we determined whether PTB-U-box
affects cell invasion by performing cell invasion assay.
As shown in Fig.3E, the invasive cells of PTB-U-box
transfectant were significantly less than those of vector
control. However, PTB and PTB- U-box(HQ) transfection
have no significant effect on cell invasion. Likewise,
similar results were obtained in HeLa cells (Fig.3F).
Collectively, these data indicated that PTB-U-box led to
an inhibition of cancer cell invasion via down-regulating
IGF-1R and IR.

PTB-U-box inhibits activation of Akt and
ERK signaling pathways and enhances chemo-
sensitivity in cancer cells

Activated IGF-1R and IR, through recruiting IRS-
1 and other adaptors, is able to activate the downstream
Akt and MAPK signaling pathway, both of which play
important roles in cell proliferation, migration and survival
[8-10]. Therefore, we assumed that down-regulation
of IGF-1R and IR due to PTB-U-box expression also
attenuate Akt and ERK activation. Indeed, as shown
in Fig4A, PTB-U-box transfection resulted in IGF-
IR and IR down-regulation, accompanied by reduced
phosphorylation of Akt and ERK, whereas the total
Akt and ERK levels were not affected. In contrast, the
expression of ligase activity-deficient forms, either PTB or
PTB-U-box(HQ), did not alter phospho-Akt or phospho-
ERK levels. Therefore, the targeted degradation of IGF-1R
and IR effectively attenuates the downstream MAPK and
PI3K/Akt signaling pathway.

Chemotherapy is a common therapeutic approach
for several types of cancers. Cisplatin, a widely used
chemotherapeutic agent, by binding to and causing
crosslink of DNA, can trigger cell apoptosis [34], and
thus exert its anti-tumor function. It has been shown that
knockdown of IGF-1R enhances chemo-sensitivity of
many types of cancers, such as liver cancer cells [31].
Therefore, we determined whether PTB-U-box-driven
down-regulation of IGF-1R and IR also enhance the
chemo-sensitivity. To this end, we first detected cisplatin-
triggered apoptosis of HepG2 cells that were transfected

with different constructs. As shown in Fig.4B, PTB-U-
box-transfected HepG2 cells exhibited much higher cell
apoptosis (21.85+£1.33%) upon cisplatin treatment than
the control (5.57+£0.67%), PTB (7.2+1.15%) and PTB-U-
box (H260Q) transfectants (14.23+3.58%). The similar
results were obtained by using another chemotherapeutic
agent, doxorubicin (Supplementary figure 5), suggesting
that PTB-U-box indeed can enhance chemo-sensitivity.
To further confirm this conclusion, PTB and PTB-U-box
transfectants were untreated or treated with cisplatin of
different doses or for different time interval, then the
cell viability was evaluated by MTT assay. As shown
in Fig.4C, in PTB-U-box-expressing HepG2 cells, low
dose of cisplatin (3pg/mL) significantly and dramatically
inhibits cell viability upon treatment for 8 hours. However,
such dose of cisplatin has no significant effect on cell
viability in PTB-expressing cells, even after incubation
for 16 hours. Further, using different doses of cisplatin
(2-6 ng/mL) to treat the cells for 8 hours, it was shown
that cisplatin cooperates with PTB-U-box, rather than
PTB, to promote cell death at concentration of 4-6 ng/mL
(Fig.4D). Together, these data suggested that PTB-U-box
could enhance chemo-sensitivity by down-regulating IGF-
1R and IR protein levels and the downstream signaling.

PTB-U-box inhibits translocation of Glut4 to
membrane and glucose metabolism in HepG2
cells

As well known, increased glucose uptake and
aerobic glycolysis is one of the critical hallmarks of
cancer cells [35]. Upon activation, both IR and IGF-
IR signal through Akt signaling pathway and lead to a
various of downstream cellular effects, among which
the translocation of glucose transporter 4 (Glut4) from
cytoplasm to membrane will induce glucose uptake
[36]. Therefore, we examined whether down-regulation
of IR caused by PTB-U-box could also inhibit Glut4
translocation and glucose uptake in cancer cells. To this
end, HepG2 cells were infected with the recombinant
adenovirus which carries FLAG-tagged PTB-U-box (Ad-
PTB-U-box) or PTB (Ad-PTB). The expression and down-
regulatory effect of PTB-U-box on IGF-1R and IR were
confirmed by Western-blot (Fig.5A). As shown in Fig.5B,
membrane Glut4 but not cytoplasm Glut4 was significantly
increased by insulin treatment in Ad-PTB infected cells.
However, such an effect was almost abrogated in Ad-
PTB-U-box infected cells. This was further confirmed
by immunofluorescence staining, showing that insulin
treatment led to more Glut4 translocation into the
membrane in Ad-PTB but not Ad-PTB-U-box infected
cells (Supplementary figure 6). As a result, glucose
uptake (Fig.5C) as well as lactate production (Fig.5D)
in Ad-PTB-U-box infected HepG2 cells was attenuated
compared with Ad-PTB infected cells. Together, these
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results suggested that engineered ubiquitin ligase PTB-U-
box, via IGF-1R and IR degradation, could inhibit cancer
glucose metabolism through preventing Glut4 membrane
translocation.

PTB-U-box-carrying adenovirus
HepG2 xenograft growth in mice

suppresses

Based on the strong in vitro inhibitory effect of PTB-
U-box on cell malignancy, we finally pursued the potential
efficacy of Ad-PTB-U-box as an anti-tumor agent in
HepG2-transplanted nude mice model. HepG2 xenograft
were generated by subcutaneously injecting HepG2 cells
into the right armpit of each mouse, and 2 weeks later,
an intratumoral injection of Ad-PTB or Ad-PTB-U-box
were performed repeatedly for up to 5 times (Fig.6A). At
the end of the experiment, the mice were sacrificed and
the resultant tumors were evaluated. As shown in Fig.6B
and 6C, the average tumor volume and tumor weight of
Ad-PTB-U-box-treated mice were significantly less than
those of Ad-PTB-treated mice (P<0.05). Collectively,
these data indicated that the targeted degradation of IGF-
IR/IR by Ad-PTB-U-box significantly inhibit the in vivo
tumor growth of IGF-1R/IR-overexpressing cancer cells,
implying its potential as a therapeutic agent.

DISCUSSION

Although IGF-1R and IR are both widely expressed
on normal tissues, the strong implications of IGF-1R in
various cancers have already been well recognized and
therapeutic strategies with antibodies and small molecule
TKIs have been actively tested in clinical trials [1, 2, 4,
37-39]. On the other hand, however, the oncogenic role of
IR and consideration of IR-targeted strategy has attracted
much attention most recently. Using xenograft and
transgenic mouse model, it was shown that IR knockout
or knockdown inhibits tumorigenesis, angiogenesis and
metastasis [11, 18, 33, 40]. In addition, there is compelling
evidence that compensatory crosstalk between IGF-1R
and IR accounts for resistance to anti-IGF-1R therapy
[18, 41]. All of these findings provide the rationale for
co-targeting IGF-1R and IR in cancer treatment. Actually,
dual IGF-1R/IR tyrosine kinase inhibitor, such as OSI-
906, has already been developed, with some of them being
taken into clinical trials [42]. It has also been shown that
OSI-906 provides superior anti-tumor efficacy compared
with targeting anti-IGF-1R antibody alone [41]. Our study
hereby provides another alternative strategy -- targeted
degradation of IGF-1R and IR simultaneously -- for the
treatment of cancers with IGF-1R/IR co-expression and
over-activation.

Targeted degradation of a specific protein by
harnessing the endogenous ubiquitin system represents an
alternative approach that knocks down the target protein

at protein levels, also known as “protein knockout” [43-
45]. This can be achieved by creating either an artificial
E3 ubiquitin ligase that recognizes proteins of interest,
or a small “adaptor” molecule that can bridge the target
proteins to an E3 ubiquitin ligase, ultimately resulting in
ubiquitination-mediated proteolysis. Over the past decade,
several groups have successfully utilized such approaches
to eradicate the disease-associated proteins [43]. On the
other hand, different chimeric E3 ubiquitin ligases, by
fusing an “interacting domain” with an “E3 catalytic
domain”, have been reported to specifically degrade
cancer-causing proteins, including p-catenin [46], KRAS
[47] and ErbB1-3 [44], thus successfully inhibiting the
related tumor growth in cultured cells and animal models.
Our study presented here further strengthens the proof-
of-concept of targeted ubiquitination and degradation of
oncogenic RTKs. Together with previous studies from
ours [48] and others [44], these data imply that rewiring
oncogenic RTKs to degradation by recombinant ubiquitin
ligase represents an effective therapeutic strategy for the
treatment of cancers with aberrant RTKs.

There are several obvious advantages of the targeted
protein degradation for cancer treatment. First, because
target proteins are eliminated directly in protein level,
it can overcome anti-cancer agents-induced secondary
mutations, a main mechanism for acquired drug
resistance. Second, well-designed engineered ubiquitin
ligases are able to degrade multiple oncoproteins which
share the same binding partner, thereby achieving the
goal of combinatory therapy. This is of great importance
because most type of cancer cells either over-express
more than one oncoproteins simultaneously or they can
activate the compensatory pro-survival pathway upon
single target-directed therapy. Third, this RTKs-targeting
degradation strategy can be combined with antibodies or
small molecule inhibitors against RTKs, especially when
kinase-independent biologic functions of RTKSs, such as
IGF-1R and EGFR, also contribute to cancer malignancy
[49]. Finally, our strategy described here and previously
[48] takes advantage of the functional E3 domain from
mono-molecule E3 ligase, i.e., Cbl or CHIP, but not that
from multi-subunit E3 complex such as Skp-Cullin-F-
box complex, thus it does not necessitate the presence or
abundance of the other components of E3 complex. Taken
together, such a strategy may hold the promises for future
cancer treatment and drug resistance.

In this study, we have created and screened several
engineered ubiquitin ligases which are composed of an
IGF-1R/IR-binding domain and a functional ubiquitin
ligase domain. We identified that PTB-U-box was
more potent as for degradation effect on the two target
proteins compared with PTB-RING. It is possible that
the structure of PTB-RING is not optimized for its E3
activity, or other regulations such as RING-mediated
autoubiquitination exist and affect its function. Upon
ectopic expression, PTB-U-box enhances IGF-1R/IR
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ubiquitination and degradation, thereby inhibiting several
key cancer hallmarks, i.e., proliferation, invasion, drug
insensitivity and glucose metabolism, and thus retarding
the tumor growth in xenograft. However, the two E3
activity-defective constructs, PTB and PTB-U-box (HQ),
have no inhibitory effect on cell malignancies, albeit
they are capable of binding to IGF-1R/IR and supposed
to interfere with the recruitment of IRS-1 to IGF-1R/IR
and downstream signaling to some extent. We reason that,
in situation of PTB/PTB-U-box(HQ) overexpression,
the unchanged receptors may recruit other adaptors such
as IRS-2-4 and thus compensate for IRS-1 interference,
which is supported by unchanged Akt and ERK activation.
Thus, the efficacy of PTB-U-box attributes to PTB-
U-box-caused IGF-1R/IR degradation and subsequent
downstream signaling inhibition. Our finding is consistent
with the previous studies, showing that IGF-1R and/or IR
knockdown inhibits the tumor growth as well as increases
the chemo-sensitivity [31, 33, 50]. Notably, by targeting
both IR and IGF-1R, PTB-U-box was able to suppress
glucose metabolism of cancer cells. Indeed, the strategies
that target the cancer metabolism are being actively tested
recently [51], among which targeting insulin system such
as insulin inhibition and metformin has shown promising
anti-tumor effect. The advantage of co-targeting IR and
IGF-1R also lies in simultaneous attenuation of cancer
growth and cancer metabolism, which can strengthen the
anti-tumor efficacy.

In this study, to evaluate the in vivo efficacy of PTB-
U-box, we used adenovirus (Ad) as a delivery method.
Adenovirus is one of the most frequently used vectors
in cancer gene therapy because of several advantageous
characteristics, including high gene transfer efficiency in
both dividing and non-dividing cells, lack of insertional
mutagenesis and induction of oncolysis by viral replication
[52]. The limitations are their potential immunogenicity,
transient expression and short half-life time in the target
cells, especially for long-term and systemic administration.
Encouragingly, however, such shortcomings might be
overcome with the development of new Ad delivery
systems. For example, modification of Ad with polymers
or nanomaterials can minimize the immune response and
degradation and improve the transduction efficacy; smart
Ad/manohybrid systems, through conjugating targeting
ligands with Ad, can significantly increase the selectivity/
specificity of cellular uptake, transgene expression levels
and anti-tumor efficacy [52].

Another major concern for our strategy may be
insulin resistance, which may result from PTB-U-box-
trigged IR down-regulation, especially in the case of non-
selective accumulation of adenoviruses in cancers and the
adjacent normal tissues. However, such type of insulin
resistance in normal cells, due to decreased IR and IGF-R
signaling, could be beneficial, because the concomitant
decrease in mTOR activity can slow down aging, prolong
life span and prevent cancer [53, 54]. Particularly, recent

studies favor the notion that attenuation of IGF-1 signaling
can protect normal cells, but not cancer cells, against
fasting and chemotherapy [55]. Moreover, it has been well
documented that direct or indirect inhibition of insulin (or
IGF-1)/PI3K/Akt/mTOR pathway, such as rapamycin,
metformin and dietary protein restriction, have cancer-
preventing or treating effects [54, 56]. These evidences,
together with the improvement and optimization of
Ad delivery system, highly support that systemic
administration of our PTB-U-box adenovirus is feasible.
In the future study, it merits to evaluate the therapeutic
and preventative effect of PTB-U-box on cancers by using
different types of orthotopic cancer models.

In summary, herein we artificially created an
engineered ubiquitin ligase, which is composed of an IGF-
1R/IR-binding domain and a functional E3 ubiquitin ligase
domain, so as to target the ubiquitination and degradation
of activated IGF-1R/IR. We have provided evidences
that such an engineered molecule, PTB-U-box, can
effectively degrades IGF-1R/IR, inhibits cell proliferation
and invasion, increases chemo-sensitivity and reduces
glucose metabolism when ectopically expressed in cancer
cells. Moreover, intratumoral injection of adenovirus
carrying PTB-U-box dramatically retards the growth of
HepG2 xenograft. Therefore, co-targeting IGF-1R and
IR for ubiquitination and degradation by well-designed
engineered ubiquitin ligase represent an alternative
therapeutic strategy for the treatment of cancers co-
expressing IGF-1R/IR.

METHODS

Cell lines, antibodies and reagents

Human cervical cancer HeLa, liver cancer HepG2,
pancreatic cancer PANC-1 and human embryonic kidney
cell HEK-293T cell lines were maintained in DMEM (Life
Technologies) supplemented with 10% fetal bovine serum.
All these cell lines were cultured in a 37°C incubator with
5% CO2 humidified air. Antibodies against IGF-1Ra,
IGF-1Rp, IRB,B-Actin and a-tubulin were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), FLAG
and IgG were from Sigma-Aldrich (St Louis, MO, USA),
and Glut4, Akt, p-Akt(S473), ERK and p-ERK from Cell
Signaling (Andover, MA, USA). Antibody against HA
was purchased from NeoMarkers (Fremont, CA, USA).
Antibody against N-cadherin was from BD Biosciences.
IGF-1 and insulin were obtained from Sigma-Aldrich,
and the proteasome inhibitor MG132 from Calbiochem
(Billerica, MA, USA). SYBR Green universal master
mix and Multiscript RT were purchased from TaKaRa
Biotechnology (Dalian) Co., Ltd (Dalian, China).
Cy3- and FITC-conjugated secondary antibodies and
4’,6-diamidino-2-phenylindole (DAPI) were purchased
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from Boster Biology Company (Wuhan, China). 2-[N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-
glucose (2-NBDG), a fluorescence labeled deoxyglucose
analog, was obtained from Cayman Chemical Company
(Ann Arbor, MI, USA).

Plasmids construction and cell transfection

DNA segment encoding PTB domain was amplified
from cDNA of HeLa cells. U-box domain was amplified
from pcDNA3.0-CHIP, provided by W.P. Xu (National
Cancer Institute, Rockville, MD), and RING domain was
amplified from the pEFHACDI plasmid (a kind gift from
Y.C. Liu, La Jolla Institute for Allergy and Immunology,
La Jolla, CA). PTB-U-box and PTB-RING were generated
by fusing PTB with U-box or RING, using overlapping
extension PCR. PTB, PTB-U-box and PTB-RING were
then cloned into EcoR I/EcoR V sites of the pFLAG-
CMV-4 vector. PTB-U-box (H260Q) was amplified from
pFLAG-CMV4-PTB-U-box by site-directed mutagenesis
using PfuUltra™ High-Fidelity DNA Polymerase
(stratagene, La Jolla, CA). pcDNA3.1(+)-3xHA-Ub were
gifts from David Dornan (Genentech, Inc., South San
Francisco, CA). pPBABE-bleo IGF-1R was purchased from
Addgene (Addgene plasmid 11212). All constructs were
verified by DNA sequencing. For cell transfection, HeLa,
HepG2, PANC-1 and HEK-293T cells were transfected
with Lipofect AMINE™2000 (Invitrogen) according to the
manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR) analysis

The cells was transiently transfected with the
indicated plasmids and 48h later, total RNA was extracted
using TRIZOL reagent (Invitrogen) according to the
manufacturer’s protocol. The first strand ¢cDNA was
generated from total RNA (2pg) with reverse transcriptase
(Promega, WI, USA) and used as the template for qRT-
PCR analysis. GAPDH cDNA was used as an internal
control to normalize variances. The primers used were as
follows: IGF-1R, 5’-TCTGGCTTGATTGGTCTGGC-3’

(forward), 5’-aaccattggctgtgcagtca-3’ (reverse);
IR, 5’-gcctetacaacctgatgaac-3’ (forward),
5’-acagatgtctccacactee-3’ (reverse); GAPDH,
5’-ctgcaccaccaact gcttag-3’ (forward),

5’-ttetgggtggcagtgatg-3’ (reverse). PCR was performed in
Prism 7500 real-time thermocycler (ABI). PCR conditions
were 30s at 95°C, followed by 10s at 95°C and 30s at
60°C for 40 cycles.

Co-immunoprecipitation and Western blotting

For co-immunoprecipitation assay, cells transfected
with the indicated plasmids were starved for 12 hours

and 15min before collection, IGF-1 (100ng/ml) or insulin
(1pg/ml) were added into the medium. Then the cells were
lysed and the lysates containing 1 to 1.5 mg total proteins
were incubated with anti-IGF-1Ro/B or anti-IRp antibodies
for 3 h at 4°C, followed by incubation with protein A
Sepharose beads over night at 4°C. The precipitates were
resolved by 8% to 15% SDS-PAGE and transferred to
nitrocellulose membranes. For in vivo ubiquitination assay,
cells transfected as indicated were starved for 12 hours
and then treated with 10uM MG-132 for 4 h and with
insulin (1pg/ml) or IGF-1(100ng/ml) for 15 min before
harvesting. For Western blotting, cell extracts containing
30 to 50 pg total protein were directly subjected to SDS-
PAGE and transferred. The membranes were blocked
with 5% BSA or 5% milk, probed with indicated primary
antibodies and the corresponding secondary antibodies,
and then detected by enhanced chemiluminescence or by
using the Odyssey Imaging System (Li-Cor Biosciences).
The bands intensity were quantified by densitometry and
normalized to a-tubulin using Image J analysis software.

Cycloheximide (CHX) chase experiment

HeLa cells were transfected with the indicated
plasmids and twenty-four hours later, the cells were treated
with CHX (50pg/ml) for 0, 6, 12 and 24 hours. Then the
cells were harvested and cell lysates were subjected to
Western blotting analysis to assess the protein stability of
IGF-1R and IR.

Cell growth, colony formation, and cell invasion
assays

For cell growth assays, twenty-four hours
after transfection, cells were seeded at 2,000/well in
septuple in 96-well. Cell growth was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay every day.

For colony formation assays, cells transfected with
the indicated plasmids and seeded at 200/well in six-well
plates in triplicate and cultured for 14-21 days using the
complete medium containing G418 (600-800pg/mL). Cell
colonies were fixed and then stained with Giemsa for 20
to 30 min. The number of colonies was reported, and the
colony formation ratio was calculated according to the
following formula: colony formation ratio (%) = (colony
number/seeded cells number) x100%.

Cell invasion assay was performed in matrigel-
coated transwell chambers (8-um pore size, BD
Pharmingen). Cells transfected with the indicated plasmids
were seeded in triplicate at 2x10* in 0.1% FBS containing
medium per upper chamber, which were placed in 24-
well tissue culture plates containing 5% FBS containing
medium. Twenty-four hours later, the invasive cells
was stained with Giemsa and photographed under the
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microscope. The amount of invasive cells for each group
was calculated in ten random fields (400xmagnification)
and the data were reported as the meanss.d.

The above experiments were repeated at least in
triplicate.

Drug sensitivity assay

Cells were seeded in 6-well plate in triplicate
and transfected with indicated plasmids, and 48 h later,
treated with 3ug/ml cisplatin (or 0.5pg/ml doxorubicin)
for 8 h. 1x10° cells were collected, doubly stained with
propidium iodide (PI) and Annexin V, and cell apoptosis
were measured by flow cytometry. Or, cells were seeded in
96-well plate in sextuple and transfected with the indicated
plasmids. Forty-eight hours later, cells were treated with
3ug/ml cisplatin for the indicated time interval or with
the indicated concentration of cisplatin for 8h, and cell
viability assessed by MTT assay. Each experiment was
conducted in triplicate.

PTB/PTB-U-box recombinant
generation and cell infection

adenovirus

The recombinant adenovirus carrying FLAG-
tagged PTB or PTB-U-box (Ad-PTB or Ad-PTB-U-box)
was generated and provided by Vector Gene Technology
Company Ltd (Beijing, China). The final titer of the
purified recombinant adenovirus was 1x10''v.p./mL.
For in vitro cell infection, HepG2 was seeded at 1x10°
in 6-well plates and infected with 1x10°v.p. recombinant
adenovirus. Forty-eight hours later, the cells were collected
and cell lysates were subjected to Western blot analysis, or
the cells were subjected to the analysis described below.

Glucose uptake assay

HepG2 cells seeded in 6-well plate in triplicate
were infected with Ad-PTB or Ad-PTB-U-box adenovirus
respectively. Thirty-six hours later, cells were serum-
starved (0.1% FBS) for 12 hours, refreshed with glucose-
free DMEM for 2 hours, and then 100uM 2-NBDG was
added into the cell medium for a duration of 30 min. Then
the cells were treated with or without insulin (1pg/ml) for
another 15 min, and glucose uptake was quantified using
FACS analysis. The experiment was repeated in triplicate.

Lactate production assay

HepG2 cells were seeded in 24-well plate (3x10%)
in triplicate and infected with Ad-PTB or Ad-PTB-U-box
adenovirus respectively. Thirty-six hours later, culture
medium was removed from cells and lactate concentration
was determined using lactate test kits (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instruction. Next, cells were harvested and
cell numbers were counted directly under the microscope
using hemocytometer. Last, the rate of lactate production
were determined (lactate production rate = lactate
concentration/cells/time). The experiment was repeated in
triplicate.

Anti-tumor effect of Ad-PTB-U-box in HepG2
xenograft

HepG2 xenograft was established by subcutaneously
injecting HepG?2 cells into the right armpits of six-week-
old BALB/c nude mouse (1x107 cells/per mouse; five
animals per group). Two weeks later, when the tumor
is visible, mice were treated with an intratumoral (IT)
injection of 100ul adenovirus (1x10"v.p./mL) of Ad-PTB
or Ad-PTB-U-box once every 3 days for up to 5 times. At
the end of the experiment, tumor growth was monitored
by measuring tumor size and calculating tumor volume
using a standard formula: tumor volume (mm?) = width
(mm)*xlength (mm)x0.5. Mice were then sacrificed, the
tumors were isolated, and tumor weight assessed.

Statistical analysis

Statistical analysis was performed with the
SPSS17.0 software package for Windows by using
the two-sided Student’s t-test for independent groups.
Statistical significance was based on a value of P < 0.05.
Data are expressed as meanzs.d.

ACKNOWLEDGEMENTS

We would like to thank Dr.Yuncai Liu (La Jolla
Institute for Allergy and Immunology, La Jolla, CA),
Dr. Wanping Xu (National Cancer Institute, Rockville,
MD) and Dr. David Dornan (Genentech, Inc., South San
Francisco, CA) for providing Cbl, CHIP and HA-Ub
plasmids respectively, Dr. Zifan Lu and Dr. Jian Zhang for
helpful discussion and critical reading of the manuscript.
This work was supported by grants from the National
Natural Science Foundation of China (Nos. 30800492
and 30972723); Sub-project under National Science and
Technology Major Project (2009Z2X09301-009-RC03) and
fellowship from The Fourth Military Medical University
(4138C41A1Z2).

Conflict of interests

The authors declare no conflict of interest.

www.impactjournals.com/oncotarget

4955

Oncotarget



REFERENCES

10.

11.

12.

13.

Pollak M. The insulin receptor/insulin-like growth factor
receptor family as a therapeutic target in oncology. Clin
Cancer Res. 2012; 18(1):40-50.

Pollak M. Insulin and insulin-like growth factor signalling
in neoplasia. Nat Rev Cancer. 2008; 8(12):915-928.

Mikkelsen JH, Resch ZT, Kalra B, Savjani G, Kumar
A, Conover CA and Oxvig C. Indirect targeting of IGF
receptor signaling in vivo by substrate-selective inhibition
of PAPP-A proteolytic activity. Oncotarget. 2014;
5(4):1014-1025.

Pollak M. The insulin and insulin-like growth factor
receptor family in neoplasia: an update. Nat Rev Cancer.
2012; 12(3):159-169.

Reidy DL, Vakiani E, Fakih MG, Saif MW, Hecht JR,
Goodman-Davis N, Hollywood E, Shia J, Schwartz J,
Chandrawansa K, Dontabhaktuni A, Youssoufian H, Solit
DB and Saltz LB. Randomized, phase II study of the
insulin-like growth factor-1 receptor inhibitor IMC-A12,
with or without cetuximab, in patients with cetuximab- or
panitumumab-refractory metastatic colorectal cancer. J Clin
Oncol. 2010; 28(27):4240-4246.

J. Jassem CJL, D. D. Karp, T. Mok, R. J. Benner, S. J.
Green, K. Park, S. Novello, J. Strausz, A. Gualberto.
Randomized, open label, phase III trial of figitumumab
in combination with paclitaxel and carboplatin versus
paclitaxel and carboplatin in patients with non-small cell
lung cancer (NSCLC). J Clin Oncol. 2010; 28:7500.

Hofmann F and Garcia-Echeverria C. Blocking the insulin-
like growth factor-I receptor as a strategy for targeting
cancer. Drug discovery today. 2005; 10(15):1041-1048.

Miller BS and Yee D. Type I insulin-like growth factor
receptor as a therapeutic target in cancer. Cancer research.
2005; 65(22):10123-10127.

Kurmasheva RT and Houghton PJ. IGF-I mediated survival
pathways in normal and malignant cells. Biochimica
et Biophysica Acta (BBA)-Reviews on Cancer. 2006;
1766(1):1-22.

Atzori F, Traina TA, Ionta MT and Massidda B. Targeting
insulin-like growth factor type 1 receptor in cancer therapy.
Targeted oncology. 2009; 4(4):255-266.

Heidegger I, Kern J, Ofer P, Klocker H and Massoner
P. Oncogenic functions of IGFIR and INSR in prostate
cancer include enhanced tumor growth, cell migration and
angiogenesis. Oncotarget. 2014.

Cox ME, Gleave ME, Zakikhani M, Bell RH, Piura E,
Vickers E, Cunningham M, Larsson O, Fazli L and Pollak
M. Insulin receptor expression by human prostate cancers.
Prostate. 2009; 69(1):33-40.

Law JH, Habibi G, Hu K, Masoudi H, Wang MY, Stratford
AL, Park E, Gee JM, Finlay P, Jones HE, Nicholson
RI, Carboni J, Gottardis M, Pollak M and Dunn SE.
Phosphorylated insulin-like growth factor-i/insulin receptor

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

is present in all breast cancer subtypes and is related to poor
survival. Cancer Res. 2008; 68(24):10238-10246.

Sprynski AC, Hose D, Kassambara A, Vincent L, Jourdan
M, Rossi JF, Goldschmidt H and Klein B. Insulin is a potent
myeloma cell growth factor through insulin/IGF-1 hybrid
receptor activation. Leukemia. 2010; 24(11):1940-1950.

Belfiore A, Frasca F, Pandini G, Sciacca L and Vigneri R.
Insulin receptor isoforms and insulin receptor/insulin-like
growth factor receptor hybrids in physiology and disease.
Endocr Rev. 2009; 30(6):586-623.

Avnet S, Sciacca L, Salerno M, Gancitano G, Cassarino
MF, Longhi A, Zakikhani M, Carboni JM, Gottardis M,
Giunti A, Pollak M, Vigneri R and Baldini N. Insulin
receptor isoform A and insulin-like growth factor II as
additional treatment targets in human osteosarcoma. Cancer
Res. 2009; 69(6):2443-2452.

Zhang H, Pelzer AM, Kiang DT and Yee D. Down-
regulation of type I insulin-like growth factor receptor
increases sensitivity of breast cancer cells to insulin. Cancer
Res. 2007; 67(1):391-397.

Ulanet DB, Ludwig DL, Kahn CR and Hanahan D. Insulin
receptor functionally enhances multistage tumor progression
and conveys intrinsic resistance to IGF-1R targeted therapy.
Proc Natl Acad Sci U S A. 2010; 107(24):10791-10798.
Kravtsova-Ivantsiv Y and Ciechanover A. Non-canonical
ubiquitin-based signals for proteasomal degradation.
Journal of cell science. 2012; 125(3):539-548.

Hoeller D and Dikic 1. Targeting the ubiquitin system in
cancer therapy. Nature. 2009; 458(7237):438-444.

Tanno H and Komada M. The ubiquitin code and its
decoding machinery in the endocytic pathway. Journal of
biochemistry. 2013; 153(6):497-504.

Joazeiro CA and Weissman AM. RING finger proteins:
mediators of ubiquitin 2000;
102(5):549-552.

Huibregtse JM, Scheftner M, Beaudenon S and Howley
PM. A family of proteins structurally and functionally
related to the E6-AP ubiquitin-protein ligase. Proc Natl
Acad Sci U S A. 1995; 92(7):2563-2567.

Lorick KL, Jensen JP, Fang S, Ong AM, Hatakeyama S
and Weissman AM. RING fingers mediate ubiquitin-

ligase activity. Cell.

conjugating enzyme (E2)-dependent ubiquitination. Proc
Natl Acad Sci U S A. 1999; 96(20):11364-11369.

Jiang J, Ballinger CA, Wu Y, Dai Q, Cyr DM, Hohfeld J
and Patterson C. CHIP is a U-box-dependent E3 ubiquitin
ligase: identification of Hsc70 as a target for ubiquitylation.
J Biol Chem. 2001; 276(46):42938-42944.

McDonough H and Patterson C. CHIP: a link between
the chaperone and proteasome systems. Cell stress &
chaperones. 2003; 8(4):303.

Mohapatra B, Ahmad G, Nadeau S, Zutshi N, An W,
Scheffe S, Dong L, Feng D, Goetz B, Arya P, Bailey
TA, Palermo N, Borgstahl GE, Natarajan A, Raja SM,
Naramura M, et al. Protein tyrosine kinase regulation by

WWW

.impactjournals.com/oncotarget

4956

Oncotarget



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ubiquitination: critical roles of Cbl-family ubiquitin ligases.
Biochimica et biophysica acta. 2013; 1833(1):122-139.
Yaffe MB. Phosphotyrosine-binding domains in signal
transduction. Nature reviews molecular cell biology. 2002;
3(3):177-186.

Joazeiro CA, Wing SS, Huang H, Leverson JD, Hunter T
and Liu YC. The tyrosine kinase negative regulator c-Cbl
as a RING-type, E2-dependent ubiquitin-protein ligase.
Science. 1999; 286(5438):309-312.

Zhou P, Fernandes N, Dodge IL, Reddi AL, Rao N, Safran
H, DiPetrillo TA, Wazer DE, Band V and Band H. ErbB2
degradation mediated by the co-chaperone protein CHIP.
Journal of Biological Chemistry. 2003; 278(16):13829-
13837.

Zhang YW, Yan DL, Wang W, Zhao HW, Lu X, Wu JZ
and Zhou JR. Knockdown of insulin-like growth factor I
receptor inhibits the growth and enhances chemo-sensitivity
of liver cancer cells. Curr Cancer Drug Targets. 2012;
12(1):74-84.

Durfort T, Tkach M, Meschaninova MI, Rivas MA, Elizalde
PV, Venyaminova AG, Schillaci R and Francois JC. Small
interfering RNA targeted to IGF-IR delays tumor growth
and induces proinflammatory cytokines in a mouse breast
cancer model. PLoS One. 2012; 7(1):¢29213.

Zhang H, Fagan DH, Zeng X, Freeman KT, Sachdev D and
Yee D. Inhibition of cancer cell proliferation and metastasis
by insulin receptor downregulation. Oncogene. 2010;
29(17):2517-2527.

Einhorn LH. Treatment of testicular cancer: a new and
improved model. Journal of Clinical Oncology. 1990;
8(11):1777-1781.

Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144(5):646-674.

Shaw LM. The insulin receptor substrate (IRS) proteins:
at the intersection of metabolism and cancer. Cell Cycle.
2011; 10(11):1750-1756.

Sachdev D and Yee D. Inhibitors of insulin-like growth
factor signaling: a therapeutic approach for breast cancer.
J Mammary Gland Biol Neoplasia. 2006; 11(1):27-39.

Hewish M, Chau I and Cunningham D. Insulin-like growth
factor 1 receptor targeted therapeutics: novel compounds
and novel treatment strategies for cancer medicine. Recent
Pat Anticancer Drug Discov. 2009; 4(1):54-72.

King ER and Wong KK. Insulin-like growth factor: current
concepts and new developments in cancer therapy. Recent
Pat Anticancer Drug Discov. 2012; 7(1):14-30.
Novosyadlyy R, Vijayakumar A, Lann D, Fierz Y, Kurshan
N and LeRoith D. Physical and functional interaction
between polyoma virus middle T antigen and insulin and
IGF-I receptors is required for oncogene activation and
tumour initiation. Oncogene. 2009; 28(39):3477-3486.
Buck E, Gokhale PC, Koujak S, Brown E, Eyzaguirre A,
Tao N, Rosenfeld-Franklin M, Lerner L, Chiu MI, Wild R,
Epstein D, Pachter JA and Miglarese MR. Compensatory

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

insulin receptor (IR) activation on inhibition of insulin-
like growth factor-1 receptor (IGF-1R): rationale for
cotargeting IGF-1R and IR in cancer. Mol Cancer Ther.
2010; 9(10):2652-2664.

Mulvihill MJ, Cooke A, Rosenfeld-Franklin M, Buck E,
Foreman K, Landfair D, O’Connor M, Pirritt C, Sun Y,
Yao Y, Arnold LD, Gibson NW and Ji QS. Discovery of
OSI-906: a selective and orally efficacious dual inhibitor of
the IGF-1 receptor and insulin receptor. Future Med Chem.
2009; 1(6):1153-1171.

Sakamoto KM. Protacs for treatment of cancer. Pediatr Res.
2010; 67(5):505-508.

Kong F, Zhang J, Li Y, Hao X, Ren X, Li H and Zhou
P. Engineering a single ubiquitin ligase for the selective
degradation of all activated ErbB receptor tyrosine kinases.
Oncogene. 2014; 33(8):986-995.

Zhou P. Targeted protein degradation. Curr Opin Chem
Biol. 2005; 9(1):51-55.

Su Y, Ishikawa S, Kojima M and Liu B. Eradication
of pathogenic beta-catenin by Skpl/Cullin/F  box
ubiquitination machinery. Proc Natl Acad Sci U S A. 2003;
100(22):12729-12734.

Ma Y, Gu Y, Zhang Q, Han Y, Yu S, Lu Z and Chen J.
Targeted Degradation of KRAS by an Engineered Ubiquitin
Ligase Suppresses Pancreatic Cancer Cell Growth In Vitro
and In Vivo. Mol Cancer Ther. 2013; 12(3):286-294.

Li X, Shen L, Zhang J, SuJ, Liu X, Han H, Han W and Yao
L. Degradation of HER2 by Cbl-based chimeric ubiquitin
ligases. Cancer Res. 2007; 67(18):8716-8724.

Janku F, Huang HJ, Angelo LS and Kurzrock R. A kinase-
independent biological activity for insulin growth factor-1
receptor (IGF-1R) : implications for inhibition of the IGF-
IR signal. Oncotarget. 2013; 4(3):463-473.

Fox EM, Miller TW, Balko JM, Kuba MG, Sanchez V,
Smith RA, Liu S, Gonzalez-Angulo AM, Mills GB, Ye F,
Shyr Y, Manning HC, Buck E and Arteaga CL. A kinome-
wide screen identifies the insulin/IGF-I receptor pathway as
a mechanism of escape from hormone dependence in breast
cancer. Cancer Res. 2011; 71(21):6773-6784.

Seyfried TN, Flores RE, Poff AM and D’Agostino DP.
Cancer as a metabolic disease: implications for novel
therapeutics. Carcinogenesis. 2014; 35(3):515-527.

Kasala D, Choi JW, Kim SW and Yun CO. Utilizing
adenovirus vectors for gene delivery in cancer. Expert
opinion on drug delivery. 2014; 11(3):379-392.
Blagosklonny MV. Once again on rapamycin-induced
insulin resistance and longevity: despite of or owing to.
Aging (Albany NY). 2012; 4(5):350-358.

Blagosklonny MV. Common drugs and treatments for
cancer and age-related diseases: revitalizing answers to
NCI’s provocative questions. Oncotarget. 2012; 3(12):1711-
1724.

Lee C, Safdie FM, Raffaghello L, Wei M, Madia F,
Parrella E, Hwang D, Cohen P, Bianchi G and Longo VD.

WWW

.impactjournals.com/oncotarget

4957

Oncotarget



Reduced levels of IGF-I mediate differential protection of
normal and cancer cells in response to fasting and improve
chemotherapeutic index. Cancer Res. 2010; 70(4):1564-
1572.

56. Fontana L, Adelaiye RM, Rastelli AL, Miles KM,
Ciamporcero E, Longo VD, Nguyen H, Vessella R and
Pili R. Dietary protein restriction inhibits tumor growth in
human xenograft models. Oncotarget. 2013; 4(12):2451-
2461.

www.impactjournals.com/oncotarget 4958 Oncotarget



