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Introduction: The signaling pathways of the insulin-like growth factors (IGF)
have been implicated in the etiology of a number of epithelial neoplasms
including prostate, breast, colon and more recently, gynecologic cancers.
The insulin-like growth factor-1 receptor (IGF-1R) is expressed in most
transformed cells, where it displays potent anti-apoptotic, cell-survival and
potentially, transforming activities. IGF-1R expression and activation are
typical hallmarks associated with tumor initiation and progression. Multiple
approaches have been used to abrogate IGF-1R signaling for targeted cancer
therapy including antibodies and small molecule tyrosine kinase inhibitors.
These novel IGF-1R targeting agents have produced significant experimental
and clinical results in many cancers and generated considerable optimism in
the field of cancer therapy.

Areas covered: The authors will review important research advances
regarding the role of the IGF axis in cancer, particularly preclinical and clinical
studies in cervical, uterine and ovarian cancers. The significance of tumor
expression and circulating ‘levels of the IGF pathway as well as targeting
therapies of the IGF axis in the gynecologic cancers will be discussed.

Expert opinion: Accumulating data confirm that the IGF-1R pathway has an
important role in-gynecologic cancers and in vivo and in vitro studies have
shown a significant impact of IGF-1R targeted therapies in these malignan-
cies, mainly ovarian and endometrial cancers. Currently, ongoing preclinical
and clinical trials are evaluating the efficacy of IGF-1R targeting. A better
understanding of the complex mechanisms underlying the regulation of the
IGF system will improve the ability to develop effective treatment modalities
for these malignancies.
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1. Introduction

The insulin-like growth factor (IGF) system has an important role in regulating
muldple cellular pathways, as well as in tumor initiation and progression.
IGF-1 was first isolated in the mid-1950s and the ‘insulin-like growth factors’
were so named because their structure resembled that of proinsulin. The IGF system
comprises ligands (IGF-1, IGF-2), cell-surface receptors (IGF-1 receptor (IGF-1R),
IGF-2 receptor (IGF-2R)) and at least six binding proteins (IGFBPs) that control
the normal growth and differentiation of most organs. The IGF axis regulates a
wide array of physiological processes, including metabolic, nutritional, endocrine,
growth and aging events. In addition to their normal actions, experimental,
clinical and epidemiological evidence indicate that the IGF signaling pathways are
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Article highlights.

o The insulin-like growth factor (IGF) system has an
important role in the development of

gynecologic cancers.

IGF-1R and IGF-2 are highly expressed in cervical,
endometrial and ovarian cancers.

IGF-1, IGF-2 and IGF-1R expression levels are associated
with disease outcome in the gynecologic malignancies.
Recent in vitro and in vivo studies showed significant
growth inhibition with IGF-1R-targeted therapies in the
gynecologic malignancies.

IGF-1R tumor expression and IGF-1R expression on
circulating tumor cells (CTCs) were suggested as
possible biomarkers for the efficacy of IGF-1R-targeted
therapies.

Ongoing clinical trials are evaluating the efficacy of
IGF-1R inhibitors in ovarian cancer in combination with
chemotherapy or other biologic agents.

This box summarizes key points contained in the article.

important mediators in the biochemical and molecular chain
of events that lead from a phenotypically normal cell to one
harboring neoplastic traits.

The biological actions of the IGFs are mainly mediated by
the IGF-1R, a transmembrane tyrosine kinase that is structur-
ally related to the insulin receptor (INSR) [1-3]. The IGFs
(IGF-1, IGF-2) are structurally and functionally related to
insulin 4] and the IGF-1R displays a large similarity to the
INSR. The structural and functional similarities between
insulin and IGF-1 suggest that both molecules are derived
from a common ancestral precursor that probably participated
in food intake and nutritional regulation. Whereas the INSR
(A and B isoforms) is mainly involved in metabolic types of
action, the IGF-1R mediates primarily growth activities [5].
The downstream signaling the IGF axis is mediated by
complex interactions between the IGF-1R, INSR and
IGF-1R-INSR hybrid receptors (composed of an IGF-1R
hemireceptor linked to an INSR hemireceptor). There is a
certain degree of cross-talk between insulin, IGFs and their
receptors. Specifically, insulin may interact with IGF-1R
with low affinity, thus mediating growth activities, whereas
IGFs may stimulate metabolic activities via interaction with
the INSR (4. Recent study showed co-overexpression of
IGF-1R and INSR in cancer cells sensitive to anti-IGF-1R
antibody (Ab) and demonstrated the presence of IGF-1R/
INSR heterodimeric receptors in these cells [6]. The IGF-1R
displays potent anti-apoptotic and, potentially, transforming
activities and is considered a key factor in cancer develop-
ment [7.8]. Early studies by Baserga and collaborators demon-
strated that fibroblast cells lacking the IGF-1R were resistant
to transformation by viral and cellular oncogenes [9,10].

In recent years, the IGF-1R has emerged as a promising
therapeutic target and major efforts are being invested to
translate experimental and preclinical data into solid medical

protocols [11-14]. This review will evaluate the role of the
IGF pathway in gynecologic malignancies.

Consistent with the proliferative role of IGF-1, large-scale
epidemiological studies performed about 15 years ago sug-
gested that elevated circulating IGF-1 levels were associated
with increased risk for several cancers, including breast and
prostate tumors [15,16]. In a prospective, nested control study
(the Nurse’s Health Study), the relative risk of breast cancer
in premenopausal women was 4.6 in the upper tertile of
IGF-1 values compared with women in the lower tertile.
Furthermore, the relative risk increased to 7.3 when IGFBP3
concentrations were included in the analysis. Following these
initial findings, numerous epidemiological studies were con-
ducted worldwide, with diverse (and sometimes conflicting)
outcomes [17-19]. A comprehensive meta-analysis of 21 studies
by Renehan ez al. concluded that despite certain controversies,
circulating IGF-1 values are positively associated with cancer
risk in prostate, premenopausal breast and colorectal tumors,
although the relative risks were substantially lower than those
reported in earlier studies [20]. Hence, although laboratory
methods need to be standardized, these epidemiological
observations could have major implications for risk assessment
and cancer prevention.

The typical features of the IGF-1R include potent anti-apoptotic
and mitogenic capacities, important roles in invasion,
metastasis and angiogenesis and involvement in oncogenic
transformation (1,3,21,22]. Figure 1 describes the IGF-1R signaling
pathway leading to activation of the Ras-Raf-MAP kinase and
PI3K-PDKI/PKB downstream pathways. Preclinical observa-
tions demonstrated that IGF-1R plays an important role in
growth, angiogenesis and metastasis in different human malig-
nancies. Increased local tumor expression of IGF-1, IGF-2
and IGF-1R have been documented in various malignancies,
with positive correlations between IGF-1/IGF-2 and IGF-1R
expression levels and tumor progression, tumor differentiation
and disease stage [23-25]. Recent microarray analyses revealed
expression ‘signatures’ specific for IGF-1 that correlate with
poor breast cancer prognosis and with response to anti-IGF-1R
inhibitors [26]. However, other studies reported conflicting
results regarding the prognostic significance of IGF-1R expres-
sion [27). Finally, regulation of IGF-1R gene expression is
attained primarily at the transcriptional level. Evidence was
provided that the IGF-1R gene transcription rate depends on a
number of stimulatory nuclear proteins [5-8] and is modulated
by negative transcriptional regulators, including p53/p63/
p73 128.29] and the breast cancer gene-1 (BRCA1) [30-321. The level
of expression of the IGF-1R gene is ultimately determined
by complex interactions between stimulatory and inhibitory
transcription factors.

1.1 IGF-1R pathway targeting

As mentioned above, the IGF axis is a very attractive oncolog-
ical therapeutic target. More than 30 drugs in clinical and
laboratory studies and over 60 Phase I - III clinical trials are
currently being used to evaluate IGF-1R targeting for cancer

2 Expert Opin. Ther. Targets [Early Online]

RIGHTS LI N Ky



Expert Opin. Ther. Targets Downloaded from informahealthcare.com by Tel Aviv University on 01/08/13

For personal use only.

Targeting IGF-1 signaling pathways in gynecologic malignancies

Insulin

Ras-raf-MAPK ,,/-"’/!
Pathway

T Metabolic actions

 EREFTIRE R " T Proliferation

ST I TSI ——

Hybrid
IGF1R/INSR

IGF Signaling Pathways

Figure 1. IGF signaling pathways. The biological actions of IGF-1 and IGF-2 are mainly mediated by the IGF-1R and modulated
by a family of six IGFBPs. IGF-1/2 bind to the extracellular domain of the IGF-1R and induce autophosphorylation of its tyrosine
kinase (TK) domain. After activation of the IGF-1R, the insulin receptor substrates (IRSs) become phosphorylated, leading to
activation of two main cascades, the Ras-Raf-MAP kinase and the PI3K-PDK1-Akt/PKB pathways. There is a certain degree of
cross-reactivity between ligands and receptors, and IGF-2 was shown to bind with relatively high affinity to the insulin
receptor (INSR), A isoform. In addition, both ligands can activate hybrid receptors, composed of an IGF-1R hemireceptor
linked to an INSR hemireceptor. The net consequences of the concerted activation of these pathways are, among other
biological effects, an increase in proliferation and a marked reduction in apoptosis.

therapy [33]. Three major classes of compounds being studied
in vitro and in clinical trials are: i) Abs that target the IGF-1R;
ii) small molecule tyrosine kinase inhibitors (TKI) that inhibit
the IGF-1R kinase activity and iii) Abs that target the IGF
ligands. Targeting the IGF-1R with a monoclonal Ab has
been the most pursued method of blocking IGF signaling in
clinical investigations to date. Most of these Abs induce
IGF-1R internalization and degradation. Therefore, it has
been suggested that IGF-1R Abs block signaling by two
different mechanisms: i) abrogating ligand binding and
ii) inducing receptor internalization and degradation [23].
In vitro and preclinical models showed that monoclonal Abs
targeting the IGF-1R inhibit IGF-I/II-stimulated prolifera-
tion of many solid tumors and certain hematologic malignan-
cies [34,35]. Furthermore, the anti-tumoral effect of IGF-1R
Abs was enhanced by combined treatment with cytotoxic
drugs (36]. [n wvivo studies using xenograft models showed
that treatment with anti-IGF-1R markedly decreased tumor
size and also augmented chemotherapeutic activity [57].

In recent years, several IGF-1R Abs have been developed,
some of which were evaluated in Phase I and II clinical trials

as monotherapy, as well as in combination with chemother-
apy, radiotherapy and/or additional Abs. Currently, the great-
est clinical impact of IGF system signaling inhibition for
cancer treatment is prevention or reversal of resistance to
anti-cancer therapies. Therapies directed against the IGF-1R
were shown to enhance the cytotoxic effects of conventional
treatments. Objective response to IGF-1R-targeting monother-
apy is generally low [38]; therefore, these targeted therapies are
usually expected to show their anti-tumor activity by augment-
ing the efficacy of cytotoxic and other biologic therapies. In a
Phase I study of AMG-479 (ganitumab, Amgen Inc., Thousand
Qaks, CA, USA, a monoclonal IGF-1R Ab) that enrolled
33 patients, three had an objective response and five had stable
disease. The dose-limiting toxicity of this agent was thrombocy-
topenia; additional adverse effects included arthralgia, diarrhea
and hyperglycemia [39]. Two Phase I trials evaluated the
activity of an IgG2 monoclonal Ab targeting the IGF-1R
(CP-751,871, figitumumab, Pfizer, New York, USA) in
combination with docetaxel or carboplatin and paclitaxel in
patients with advanced solid tumors and reported that this
drug combination was well tolerated [40]. A Phase II study
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recently validated the efficacy of AMG-479 in combination
with gemcitabine in patients with pancreatic cancer and
reported reasonable toxicity and a trend toward increased
survival rates and longer progression intervals with combination
treatment versus gemcitabine alone [41]. Phase I and II trials in
small cell lung cancer, colorectal, pancreatic and ovarian cancers
and in other solid tumors are currently underway. However, few
of these IGF-1R Ab trials have progressed to or completed
Phase III studies. Two Phase III trials testing figitumumab in
conjunction with chemotherapy or combined with EGFR
inhibitor (erlotinib) in advanced and in relapsed non-small
cell lung cancer, were discontinued after data showed significant
side effects [42].

Although most of these Abs do not bind to the INSR, some par-
tially cross-react with the INSR leading to hyperglycemia in clini-
cal studies. The potential effect of IGF-1R Abs on INSR signaling
is of special concern, given that these Abs can co-target or alter
INSR function, leading to insulin resistance and adverse effects
on glucose and carbohydrate metabolism. On the other hand,
INSR targeting could be potentially advantageous, because specific
inhibition of the INSR in the tumor might increase the effective
anti-tumoral activity (43]. Preliminary results from Phase I trials
in patients with advanced cancer treated with CP-751,871 or
IM Clone’s A12 Abs showed only infrequent, mild, transient
hyperglycemia with no dose-limiting toxicity [44.45].

In addition to IGF-1R Abs, a series of small-molecule
IGF-1R TKIs have demonstrated tumor growth inhibitory
properties in experimental studies. In general, these therapies
indiscriminately inhibit both IGF-1R and INSR kinase
domains, as these enzymatic domains are closely related [46].
However, several TKIs are more selective to the IGF-1R
and have a 15- to 30-fold increased potency for IGF-1R
kinase inhibition compared with INSR kinase inhibition [47].
NVP-AEWS541 (Novartis International AG, Basel, Switzerland),
an orally available, small molecule IGF-1R-specific TKI,
inhibited IGF-1R signaling in tumor xenografts and signifi-
cantly reduced the growth of IGF-1R-driven sarcomas [47]. In
addition, another selective inhibitor of the IGF-1R TK, picro-
podophyllin (PPP), blocked IGE-1R activity and induced
apoptosis and tumor regression in a xenograft mouse model (48].
Of importance, PPP was shown to inhibit the IGF-1R TK, but
not the INSR [49]. INSM18 is a small molecule inhibitor of the
IGF-1R that also acts against the HER2 receptor TK. In a clin-
ical trial, this therapy appeared to be well tolerated among
15 patients with prostate cancer and showed response in
2 patients [46. Only one IGF-targeting TKI, OSI-906
(linsitinib, OSI Pharmaceuticals, Melville, NY, USA), an orally
available, small molecule has progressed to a Phase I1I trial and is
being evaluated as a monotherapy in patients with advanced
adrenocortical carcinoma [42].

Finally, several 7 vivo studies demonstrated that the inhibition
of the IGF-1 and IGF-2 ligands using neutralizing Abs, resulted
in potent antitumor activity and offers an effective approach to
selectively target both the IGF-1R and INSR-A signaling
pathways [s0.. However, only MEDI-573, a fully human Ab

that neutralizes IGF-1 and IGF-2 and inhibits IGF signaling
through both the IGF-1R and INSR-A pathways, progressed
into clinical studies (advanced solid tumors (NCT00816361)
and metastatic breast cancer (NCT01446159)). To the best of
authors’ knowledge, this targeted strategy has never been
evaluated in gynecologic malignancies.

1.2 Biomarkers for IGF-1R targeting

Growing clinical evidence suggests potential correlations
between biomarkers related to the IGF-1R pathway and clin-
ical benefits from IGF-1R-targeted therapies. High IGF-1R
expression and elevated circulating IGF-1 levels were shown
to be correlated with improved response to IGF-1R-targeted
therapies in clinical trials (51,52]. Interestingly, IGF-1R expres-
sion on circulating tumor cells (CTCs) was associated with
response to targeting IGF-1R (CP-751,871) in patients with
advanced prostate cancer [53]. A recent study reported that
increased nuclear localization of IGF-1R is associated with
better overall survival for patients treated with IGF-1R Ab
therapy (54]. Pretreatment levels of insulin receptor substrate-
1 (IRS-1) were also reported to be correlated with response
to IGF-1R targeting [55].

Circulating levels of IGFs or IGFBPs may be predictive for
IGF-1R targeting, although it seems more likely that IGF
tumor expression will have more significant predictive values
of response. Tumor expression of IGF-1R/INSR/IRS-1 or
BRCA1/2 and p53 may be correlated with IGF-1R targeting.
Moreover, an association with IGF-1R in CTCs was suggested.
Measuring tumor expression requires invasive methods,
although isolation of CTGCs still has technical limitations.
Further studies of IGF expression in the tumors and in CTCs
in patients treated with IGF-1R inhibitors will confirm their
value as biomarkers for IGF-1R targeting.

2. Gynecologic cancers

Several studies have identified the IGF system as an important
player in the development of gynecologic tumors. For exam-
ple, in a study of 46 endometrial, 32 cervical and 20 ovarian
cancers, Hirano et al. [56] reported that IGF-1R mRNA was
highly expressed in 91, 100 and 87.5% of the gynecologic
tumors, respectively. The authors suggested that IGF-1R
signals might be involved in the growth of gynecologic
tumors. The roles of the IGF-IR in cervical, endometrial
and ovarian cancers are summarized below.

3. Cervical cancer

Early studies suggested a possible role for the IGF system in
cervical tumorigenesis. Overexpression of the IGF-1R in
primary cervical cancer cultures and cell lines compared
with normal cervical cells was shown by Steller ez al [57).
Moreover, this group found elevated IGF-2 mRNA levels fol-
lowing EGF stimulation in the cervical cancer cell line HT-3,
and suggested that autocrine production of IGF-2 and
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overexpression of IGF-1R play an important role in mediat-
ing cervical cancer. The increase in IGF-2 levels was inhibited
in a dose-dependent manner by IGFBP5, which binds to the
IGF-2 and neutralizes its effect [58].

3.1 Circulating IGF levels

Mathur et al (591 evaluated the serum levels of IGF-2 and
IGFBP3 in patients with cervical cancer, cervical intraepithe-
lial neoplasia (CIN) and in normal controls. Serum
IGF-2 levels were elevated in patients with CIN and cervical
cancers compared with controls. Of note, in patients success-
fully treated for CIN and cervical cancers, the IGF-2 levels
returned to normal. Serum IGFBP3 showed a significant
decrease in advanced stage disease and there was an inverse
relationship between IGF-2 and IGFBP3 levels. The authors
suggested that IGF-2 might be a marker for early diagnosis,
while IGFBP3 might be a prognostic marker for patients
with cervical cancer. Another study evaluated IGF-1 and
IGFBP3 plasma levels in 44 patients with cervical cancer,
82 with CIN and 40 with a normal cervix [60]. They showed
that the plasma levels of IGF-1 and the IGF-1:IGFBP3 ratio
were significantly higher in patients with CIN compared
with controls. There was, however, no significant association
with cancer. The authors suggested that IGF-1 and the
IGF-1:IGFBP3 ratio might be useful for early detection of
cervical cancer. Finally, Serrano ez al. reported that low levels
of IGF-1 and low IGF-1:IGFBP3 ratio might be associated
with cervical cancer [61]. Later, this group found that
IGE-2 levels were significantly lower in cervical cancer
patients versus controls and that IGFBP3 was significantly
higher in high-grade squamous intraepithelial lesions
(HGSIL) versus controls [62].

3.2 IGF tissue levels

Mathur ez al. (63) measured IGF-2 levels in gynecological
cancers (cervix, endometrium and ovary) using immunofluo-
rescence and found significantly higher levels in cervical
cancer biopsies compared with normal cervical biopsies.
They also reported a significant correlation between
IGEF-2 levels in the tumors and pelvic lymph node metastases.
In addition, small nests of malignant cells were identified in
the lymph nodes by using IGF-2 as a marker.

3.3 IGF and human papilloma virus

Kuramoto ez al. investigated the expression levels and
activation status of IGF-1R in patients with CIN and cervical
cancer [64]. IGF-1R expression was significantly elevated in
CIN-III and invasive cancer specimens. Furthermore,
IGF-1R phosphorylation was enhanced in all CIN and inva-
sive cancer specimens and its intensity was related to tumor
promotion. The authors suggested that human papilloma
virus (HPV) infection contributes to the up-regulation of
IGF-1R expression in cervical cancer and to tumor initiation
and progression. Serrano ¢t al. [65) showed that cervical cancer
cell lines differ in the type of insulin and IGF-I receptors expressed

according to the HPV status. Hence, HPV-positive cells express
IGF-1R, INSR-A, INSR-B and INSR/IGF hybrid receptors,
while HPV-negative cells express only INSR-A. Finally,
Harris et al. assessed the correlation between total IGF-1 and
IGFBP3 levels and the incidence of cervical oncogenic HPV
and CIN in 137 women [66]. A high IGF-1:IGFBP3 ratio was
associated with increased persistence of oncogenic HPV infection
and women with high serum IGFBP3 levels had significanty
lower rates of oncogenic HPV detection and HPV-positive CIN.

3.4 IGF-1R regulation in cervical cancer

The effect of IGF-1R signaling on cervical cancer formation
was investigated in cell lines and 7% vive. Shen et al. reported
that the growth and invasiveness of cervical cancer cells stim-
ulated by IGF-1 were dependent on IGF-1 dose [671.
Klopp er al. [68] investigated early gene expression changes
after chemoradiation in patients with cervical cancer. They
demonstrated that 262 genes were significantly changed and
that the IGF-1R pathway was one of the important regulated
signaling pathways. Moreover, IGF-2 gene expression was
lower in patients with recurrent disease compared with those
without recurrence. The clinical implications of the involve-
ment of the IGF system in this malignancy were evaluated
by Huang er al [69. They reported that the 5-year
recurrence-free and overall survival rates were significantly
lower among patients with high grade expression of IGF-1R
and that this parameter was also an independent predictor
of death and recurrence.

3.5 Targeted therapies

Treatment with IGF-1R blocking Ab significantly inhibited
tumor growth and caused tumor regression in an SCID
(severe combined immunodeficiency) mice model of cervical
cancer. Moreover, IGF-1R phosphorylation and downstream
Akt and Erk1/2 were remarkably decreased in animals treated
with blocking IGF-1R Abs [67]. These data suggest that the
IGF-1R pathway plays an important role in promoting the
development and progression of cervical cancer.

4. Endometrial cancer

Endometrial cancer is the most widespread gynecologic cancer
in Western countries, with a 2.5% lifetime risk of developing
it [70]. Endometrial cancers are classified into two major
groups, Type I and Type II. Type I tumors are estrogen-
related and account for more than 80% of cases [71,72]. Type
I tumors usually have an endometrioid, well-differentiated
morphology and are associated with a relatively good
prognosis as opposed to Type II tumors, which display a
less differentiated phenotype and have a worse prognosis.
Uterine serous papillary endometrial carcinoma (USPC)
constitutes the predominant histological class among
Type II tumors. It represents 10% of all endometrial carcino-
mas, is considered to be high grade and has a poorer prognosis
than endometrioid tumors [73].
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Diabetes mellitus type 2, a condition associated with
chronic endogenous insulin excess, is a well-established risk
factor for certain types of cancer, including endometrial
tumors [74]. Moreover, at least 40% of endometrial cancers
can be attributed to excess body weight. Recent epidemiolog-
ical studies have demonstrated that the metabolic syndrome
and its components (obesity, hyperlipidemia and high blood
pressure) constitute risk factors not only for diabetes and car-
diovascular diseases, but also for cancer [75]. Several studies
have demonstrated that the insulin/IGF pathway is a major
player in the chain of events linking the metabolic syndrome
with cancer [1,276-78]. In addition, chronic hyperinsulinemia
is a major link between obesity, lack of physical activity and
development of ovarian androgen excess. Insulin resistance is
an important potential risk factor for endometrial cancer.
The high levels of circulating insulin, a consequence of the
insulin resistance, exert both direct and indirect effects that
possibly contribute to the development of endometrial cancer.
Insulin directly promotes cell proliferation and survival
through activation of the PI3K/Akt and Ras/MAPK
pathways. Indirectly, insulin leads to changes in sex hor-
mones, including increased estrogen levels [79]. In this context,
recent studies showed a possible increased cancer risk in
patients treated with human insulin and insulin analogs.
Hemkens ez al [80) analyzed a data set that included
127,031 patients from Germany and showed a positive
association between cancer incidence and insulin dose for all
insulin types. Similar overall trends were reported in a
Swedish study based on 114,841 diabetic patients and a
Scottish study that included 49,197 patients [81.82].

IGF-1, which shares an extensive structural homology
and downstream signaling pathways with insulin, has also
gathered interest as a risk factor for endometrial carcinoma.
Likewise, as mentioned above, the IGF-1R displays a large
similarity to the INSR. In addition, several studies demon-
strated a functional cross-talk between IGF-1 and estrogen
signaling [83,84]. It was shown that IGF-1 induced activation
of estrogen receptor 0. (ER0) in a ligand-independent
manner and that activated IGF-1R interacts with ERot and
stimulates cancer progression [85].

4.1 Circulating IGF levels

Cyclic changes in IGF-1 expression and signaling play an
important role in regulating the transition of the premeno-
pausal endometrium through proliferative, secretory and
menstrual cycles. Several studies showed a significant role
for IGF-1R action in endometrial cancer and emphasized
the importance of altered IGF-1R gene expression in the
development of a malignant phenotype [86-89]. Ayabe et al.
(90] reported higher IGF-1 and lower IGFBP1 levels in post-
menopausal patients with endometrial cancer compared with
controls. Petridou ez al. [91] reported that endometrial cancer
was positively associated with IGF-2 serum levels and
inversely associated with IGF-1. Another case-cohort study
that included 250 incident endometrial cancer patients and

465 controls assessed the association between endometrial
cancer risk and serum levels of IGF-1, IGFBP3, insulin and
estradiol [92]. Low levels of free IGF-1 and high insulin levels
were associated with endometrial cancer risk after adjustments
for age, hormone therapy use and estradiol levels. Both associ-
ations were stronger among obese patients, especially the asso-
ciation between insulin and endometrioid adenocarcinoma.
By contrast, other studies did not show any evidence of an
overall association between endometrial cancer risk and serum
levels of IGE-1, IGF-2, IGFBP1, IGFBP3 and insulin [93]. In
summary, the data regarding the significance of circulating
levels of the IGF components in endometrial cancer are
inconsistent and more research is needed.

4.2 IGF tissue levels

Consistent with a central role of IGF-1R in endometrial
cancer, McCampbell ez al. [94] reported a significant increase
in IGF-1R expression in biopsies from hyperplastic endome-
trium and endometrial carcinoma compared with proliferative
endometrium. Likewise, Hirano ez al [56] reported high
expression of IGF-1R in all gynecological cancers, with
mRNA expression in 91.3% of endometrial cancers. The cor-
relation of IGF-1R and IGF-2 expression with endometrial
cancer stage was investigated in a study that included speci-
mens from 59 cases of endometrial adenocarcinoma, 10 of
endometrial hyperplasia and 7 normal controls (95]. IGF-1R
and IGF-2 expressions were much higher in advanced stage
(stages IIT - IV) malignant tissue compared with early stages
or endometrial hyperplasia. Finally, a recent study investigated
the association between IGF-1R and VEGE-C expressions and
lymphatic metastasis in 40 endometrial adenocarcinoma
tumors and 14 normal endometrium samples using immuno-
histochemistry [96]. IGF-1R expression was associated with
histological grade and with lymph node metastasis, but not with
surgical stage. Moreover, IGF-1R and VEGF-C expressions
were correlated in endometrial adenocarcinoma and lymphatic
vessel density was closely related to both. The authors concluded
that abnormal IGF-1R and VEGF-C expressions might be
important markers in investigating lymph node metastasis of
endometrial adenocarcinoma and might be potentially used to
evaluate the prognosis. In summary, these studies suggest that
IGF-1R and IGF-2 expressions are associated with poor outcome
in endometrial cancer.

4.3 IGF regulation in endometrial cancer

Polymorphisms in genes associated with the IGF pathway
might affect gene expression and protein function and influ-
ence cancer risk. A large case-control study investigated the
associations between 44 polymorphisms within the IGF-1,
IGF-2 and IGFBP3 genes and endometrial cancer risk, using
692 invasive endometrial cancer cases and 1923 matched
controls [97]. A significant inverse association with two
IGF-2 gene polymorphisms (rs3741211 and rs100446) and
an IGFBP3 gene polymorphism (rs2453839) and endome-

trial cancer risk was observed. However, polymorphisms
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in the IGF-1 and IGFBP1 genes were not associated with
endometrial cancer risk.

Studies from the authors’ group have shown that the
IGF-1R system is regulated by the p53 and BRCA1/2
pathways in a number of malignancies, including endometrial
cancer. p53 was shown to inhibit IGF-1R expression via
a mechanism that involves repression of the IGF-1R
promoter [88]. They also demonstrated that uterine serous
carcinoma (USC) tumors overexpressing p53 are more likely
to be affected by anti-IGF-1R therapies. In addition, they
recently reported high protein expression of BRCA1 and
IGF-1R in primary and metastatic USC tumors [89]. More-
over, they showed that BRCAI suppresses IGF-1R gene
expression and IGF-1R activity in USC cell lines. These
findings suggest a possible biological link between the
BRCA1 and the IGF-1 signaling pathways in USC.

4.4 Targeted therapy

In recent studies, the authors investigated the effect of IGF-1R
targeting in Type I (endometrioid) and Type II (USPC) endo-
metrial cancer cell lines. IGF-1R targeting with monoclonal
Abs IMC-A12 (cixutumumab, Imclone Systems, Inc., New
York, NY, USA), MK-0646 (dalotuzumab, Merck, White-
house Station, NJ, USA) and NVP-AEW-541 (a specific
IGF-1R TKI, Novartis) inhibited IGF-induced proliferation
in both types of endometrial carcinomas [98,99]. The results
demonstrated that treatment with IGF-1R inhibitors blocked
IGF-1-induced autophosphorylation of the IGF-1R. More-
over, it was shown that IGF-1R inhibitors abrogated
IGF-1-stimulated proliferation and increased apoptosis.
Mendivil et al. showed that a human monoclonal IGF-1R
Ab, currently in Phase II study [100], inhibited endometrial
cancer proliferation, predominantly through inhibition of
the Akt and MAPK signaling pathways. Shu ¢f a/. demon-
strated that RNA interference (RNAi)-mediated down-
regulation of IGF-1R expression in endometrial carcinoma
significantly decreased tumorigenesis and induced apopto-
sis [101]. Finally, to investigate the impact of IGF-1R activation
on the development of chemotherapeutic resistance in endo-
metrial cancer cells, a recent study evaluated the significance
of lentivirus-mediated small or short hairpin RNA (shRNA)
IGF-1R down-regulation on chemosensitivity [102]. Results
obtained showed that cell proliferation was significantly
inhibited in the transfected cells and that IGF-1R
down-regulation resulted in sensitization to cisplatin. Taken
together, these results suggest that IGF-1R inhibition is a
promising therapeutic tool against endometrial cancer.

5. Ovarian cancer

Ovarian cancer is the second most common gynecological
cancer and is the leading cause of death among all gynecolog-
ical cancers in the Western word [70]. Ninety percent of ovar-
ian malignancies are of epithelial origin. Most patients present
with advanced disease and have a poor prognosis. The

management of epithelial ovarian cancer (EOC) includes
either primary or neo-adjuvant surgical cytoreduction and
combined chemotherapy. Unfortunately, although primary
treatment achieves high response rates, 75% of patients
relapse with incurable disease [103]. Presently, there is no
cure available for patients with recurrent ovarian cancer and
new treatment approaches are needed to improve the
outcomes of these patients.

Current research in advanced and recurrent ovarian cancer
focuses on inhibition of signal transduction pathways and
DNA repair mechanisms. The major advance in targeted ther-
apy for EOC to date has been among agents that target angio-
genesis. Bevacizumab (a VEGF-A monoclonal Ab, Avastin,
Genentech, Inc., San Fransisco, CA, USA) has demonstrated
significant activity in Phase II and III trials as first-line
therapy (ICON-7, GOG-218) [104] and for recurrent disease
(OCEANS trial) [105] with reasonable side effects. Other
important research in ovarian cancer treatment is focused on
targeting DNA repair with poly-ADP-ribose polymerase
(PARP) inhibition, with several PARP inhibitors being
evaluated in clinical trials.

IGFs and their receptors are known to play key roles in
regulating the normal biology of ovarian surface epithelial
cells and have been implicated in the transformed phenotype
of ovarian carcinoma cells. A number of studies have shown
expression of IGF-1, IGF-2, IGF-1R and IGFBPs in ovarian
cancer cells [106,107). In addition, it was reported that ovarian
cancer cells display an autocrine growth loop mediated
through the IGF-1R [107]. Ongoing clinical trials are currently
evaluating the efficacy of IGF-1R inhibition in ovarian
cancer patients.

5.1 Circulating IGF levels

Circulating IGF-1 and IGF-2 may play a potentially impor-
tant role in the development of ovarian cancer. Two prospec-
tive studies reported a significant correlation between
IGF-1 serum levels and ovarian cancer risk among women
younger than 55 years at diagnosis [108]. Whereas, several ret-
rospective studies found that serum IGF-1 levels in patients
with malignant ovarian tumors were lower than in con-
trols [109]. Serin ez al. observed significantly decreased serum
IGF-1 and IGFBP3 concentrations in 47 postmenopausal
patients with ovarian tumors (23 malignant, 24 benign), com-
pared with 31 controls [110]. Another large study of 222 cases
and 599 controls, using data from three prospective control
cohorts (the Nurses Health Study (NHS, NHSII) and the
Women’s Health Study (WHS)) did not find any significant
association between IGF system proteins (IGF-1, IGFBP2,
IGFBP3) and ovarian cancer risk [111].

Genetic  variations in the IGF-1, IGFBP1 and
IGFBP3 genes were evaluated in relation to ovarian cancer
risk by genotyping 29 haplotype-tagged single nucleotide
polymorphisms (SNP) in 1173 cases and 1201 controls
from the New England Case-Control study and NHS [112].
Interestingly, the results indicated that some haplotypes and
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SNPs in IGF pathway genes might be associated with ovarian
cancer risk. Of particular interest was the IGFBP3 SNP
rs2270628, which was associated both with increased IGF-1
plasma levels and with increased risk of ovarian carcinoma.
Another large, three-center study, which included 1135
patients with ovarian cancer, 321 women with borderline epi-
thelial tumors and 1880 controls, assessed the association
between tag SNPs of the IGF signaling axis and the risk of
ovarian cancer [113]. Five tag SNPs in the IGF-2 gene were
associated with risk of ovarian cancer, while there were no
associations with variations in the IGF-1, IGFBP1 and
IGFBP3 genes. Finally, a recent study showed that IGF-2
gene methylation was associated with low mRNA expression
in a promoter-specific manner and that promoter 3 methyla-
tion and expression appeared to be critical parameters in
ovarian cancer [114l. The authors suggested that DNA
methylation regulates IGF-2 promoter-specific expression in
ovarian cancer and this regulation may play a role in
disease progression.

5.2 IGF tissue levels

Several studies observed overexpression of IGF ligands and
IGF-1R in ovarian cancer tissues [115-118]. Thus, IGF-1 and
IGF-1R transcripts were identified in 100% of freshly isolated
ovarian cancer specimens [119]. IGF-1 levels were found to be
higher in cystic fluid from invasive malignant ovarian neo-
plasms compared with that from benign neoplasms [120].
Using quantitative reverse transcription polymerase chain
reaction (QRT-PCR), Sayer ez al. found significantly higher
IGF-2 mRNA levels in 109 EOCs compared with eight
normal ovaries [121]. Moreover, high IGF-2 gene expression
was associated with high-grade advanced stage disease and
poor survival. The expression of IGF-1 and IGF-1R was
also evaluated in low-grade serous ovarian cancer cells [122].
mRNA analysis and immunostaining revealed significantly
higher IGF-1 expression in low-grade serous ovarian cancer
compared with serous borderline ovarian tumors or high-
grade ovarian cancer cells. In addition, low-grade ovarian
cancer cells were more sensitive to IGF-1 stimulation and
IGF-1R inhibition than were high-grade ovarian cancer cells.
In summary, these studies suggest that high IGF-2 and
IGF-1 mRNA expression are associated with poor survival.

5.3 Outcome in relation to IGF axis

Sayer ez al. reported that IGF-2 gene expression was associated
with high-grade advanced stage disease and poor survival [121].
Later, Brokaw et al. analyzed the IGF-1 mRNA expression
and protein levels in 215 patients with EOC and reported
that high IGF-1 mRNA and protein levels were associated
with increased risk of disease progression [123]. Another study
investigated the expression of IGF axis genes in relation to
outcome using microarray profiles from 64 patients with
advanced EOC [124. In this study, IGFBP4 and IGEF-2
receptor gene expression were inversely associated with sur-
vival. Eckstein ef al. recently reported on an important role

of the IGF-1R signaling pathway in chemotherapy resistance
in ovarian cancer [125]. Specifically, they demonstrated that
IGF-1R expression levels were correlated with cisplatin resis-
tance. Treatment with small molecule inhibitors showed
that IGF-1R and PI3K were essential for cisplatin resistance.
Finally, Huang et @l demonstrated that taxol-resistant
cells have higher IGF-2 expression and that IGF pathway
inhibition sensitizes drug-resistant ovarian carcinoma cells to
taxol [126]. This study also reported that high IGF-2 tumor
expression is significantly correlated with tumor grade,
advanced stage disease and shorter survival. Such novel
findings suggest that the IGF-1R pathway represents a
therapeutic target in ovarian cancer, particularly in regard to
chemotherapy resistance.

5.4 Targeted therapies

Clinical trial data are accumulating for anti-angiogenic
therapy, including VEGF inhibitors as well as PARP
inhibitors. Other targeted therapies, including the IGF-1R
inhibitors are in earlier phases of development for ovarian
cancer. In an attempt to find improvements in ovarian cancer
therapy, Gest ez al. evaluated the effectiveness of 10 biological
agents in decreasing ovarian cancer cell aggressiveness, using
models based on the capacity for invasion and vasculogenic
mimicry [127]. Interestingly, among the agents tested, inhibitors
of IGF-1R, Stat3 and Rho GTPase were found to be the most
promising. NVP-AEW541, a small molecule IGF-1R inhibi-
tor, demonstrated anti-proliferative activity in ovarian cancer
cells [107] in association with decreased activity of the IGF-1R
downstream signaling pathway. The same group showed that
BMS-536924, an IGF-1R inhibitor, sensitizes ovarian cancer
cells to the PARP inhibitor, 3-aminobezamide [128]. The
authors suggested that the combination of IGF-1R inhibitor
with a PARP inhibitor might be an effective strategy to decrease
resistance to treatment in clinical settings. A recent study
observed up-regulation of IGF-1 in tumor and stromal cells
in a xenograft model treated with a VEGF inhibitor (bevacizu-
mab) [129]. Dual anti-VEGF and IGF blockade with bevacizu-
mab and cixutumumab resulted in increased inhibition of
tumor growth and increased tumor cell apoptosis.

Currently, several clinical studies are evaluating the activity
of IGF-1R inhibitors in ovarian cancer. Table 1 summarizes
the current ongoing targeted IGF-1R therapy clinical trials
that include patients with ovarian cancer. Two Phase II stud-
ies are currently evaluating the efficacy and safety of
AMG-479 as a second-line therapy in patients with recurrent
platinum-sensitive ovarian cancer (NCT00719212) and in
combination with standard chemotherapy agents as first-
line therapy (NCT00718523). Another Phase I/II trial is
studying intermittent and continuous therapy with
OSI-906, a dual TKI of IGF-1R and INSR, in combination
with weekly paclitaxel in patients with recurrent EOC
(NCT00889382). Combination therapy of IGF-1R inhibitor
MK-0646 with either mMTOR (mammalian target of rapamy-
cin) inhibitor or Akt inhibitor is being evaluated in a Phase I
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Table 1. Clinical trials with selected IGF-1R monoclonal Abs and small molecule TKils, enrolling patients with EOC.

Compound Population Phase Combination Company Clinicaltrials.gov
Identifier

Monoclonal Abs

MK-0646 Resistant metastatic | mTOR or Akt inhibitors Merck NCT01243762

or recurrent EOC

AMG-479 First-line therapy EOC I Carboplatin and taxol Amgen NCT00718523

AMG-479 Recurrent platinum-sensitive EOC Il None Amgen NCT00719212

TKls

BMS-754807  Advanced solid tumors I Carboplatin and taxol Bristol-Myers Squibb ~ NCT00793897

0SI-906 Recurrent/relapsed EOC I Taxol osl NCT00889382

and other solid tumors

Ab: Antibody; EOC: Epithelial ovarian cancer; mTOR: Mammalian target of rapamycin; TKI: Tyrosine kinase inhibitor.

study in patients with advanced cancers, with preliminary
anti-tumor subgroup assessment in patients with resistant
metastatic or recurrent ovarian cancer (NCT01243762). It
was recently reported that these targeted combinations of
MK-0646 with MK-2206 or with MK-0752 are both
tolerable (Brana et al, Abstract no. 3027, ASCO 2012).
Combination of epidermal growth factor (HER) inhibitor
with IGF-1R inhibitor (CP-751,87, figitumumab) was feasi-
ble and has revealed potential clinical benefit in patients
with solid tumors (Calvo et al, Abstract no. 3026, ASCO
2010). Combined treatment of another small molecule
IGF-1R inhibitor (BMS-754807, Bristol-Myers Squibb,
New York, USA), with paclitaxel and carboplatin in patients
with advanced or metastatic solid tumors, including ovarian
cancer is also being evaluated in a Phase I study
(NCT00793897). Finally, another Phase I trial is studying
the side effects of a DNA plasmid based on advanced ovarian
cancer (NCT01322802) vaccine encoding amino acids
1 - 163 of IGFBP2 in patients.

6. Expert opinion

It is currently well accepted that the IGF network plays a
crucial role in normal cell development, as well as in establish-
ing and maintaining malignant phenotypes. The interplay
between the IGF axis and cancer genes may involve oncogenic
transactivation of the IGF-1R promoter, activation of the
IGF-1R kinase domain and downstream mediators by onco-
genic agents, as well as deregulation of the IGF-1R promoter
by mutated tumor suppressors and other mechanisms. As a
consequence of the involvement of the IGF axis in cancer ini-
tiation and progression, targeted IGF-1R therapy has emerged
as a biologically plausible approach. In this review, the authors
presented evidence demonstrating that the etiology of gyneco-
logic malignancies, including cervical, uterine and ovarian
cancers, is closely linked to the IGF system. Specifically, accu-
mulating data confirm an important role of the IGF-1R
pathway in gynecologic cancers and ongoing preclinical and
clinical trials are evaluating the efficacy of IGF-1R targeting.

Overexpression of the IGF-1R was demonstrated in all
gynecologic cancer cell lines and in tumor tissues. In
endometrial cancer, IGF-1R expression was associated with
advanced stage, histologic grade and lymph node metastasis.
Correlation between IGF-1R expression and survival was
also demonstrated in cervical cancer. High IGF-2 protein
and mRNA expression levels were reported in cervical,
endometrial and ovarian cancer tissues. Increased IGF-2
expression was associated with disease progression and
survival in endometrial and ovarian cancer. These studies
also demonstrated a correlation between IGF-1R expression
and chemosensitivity. Data regarding IGF serum levels in
gynecologic malignancies are inconsistent. Several studies
reported significant correlation of serum IGF levels, while
others found no correlation.

The expression and action of the IGF regulatory network
depend on multple factors, ranging from environmental
causes, hormonal interactions, ligand availability and genetic
characteristics. In cervical cancer, for example, it was sug-
gested that oncogenic HPV up-regulated the IGF-1R
pathway [64]. In endometrial cancer, tumor suppressors
p53 and BRCA were demonstrated to have an important
role in IGF-1R pathway regulation [79.80]. In this context,
loss-of-function mutation of BRCA1 in ovarian cancer was
shown to abolish its tumor protective action, leading to
constitutive activation of the IGF-1R signaling pathway.

Various technologies are currently being employed to
down-regulate IGF-1R expression and signaling. These
approaches include, among others, anti-IGF-1R Abs and
IGF-1R-specific small molecule TKIs. Both in vitro and
in wvivo studies have shown a significant impact of
IGF-1R targeted therapies in gynecologic cancers, mainly
ovarian and endometrial cancers. Moreover, it was demon-
strated that IGF-1R inhibition enhanced sensitivity to
chemotherapy, suggesting that combination therapies
with IGF-1R may provide significant advantages over
monotherapy.

Until recently, only a few clinical trials assessed the activity
of IGF-1R targeted therapies in gynecologic malignancies.
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Ongoing Phase I - II studies are evaluating the activity of IGF
inhibitors as a single agent or in combination with
chemotherapy or other biologic agents in patients with pri-
mary or recurrent Moreover,
Phase I - III clinical studies that evaluated the safety profile
and response rates to IGF-1R inhibitors in patients with solid

ovarian cancer. several

tumors also enrolled patients with gynecologic cancers, most
with advanced or recurrent disease. While some of these clin-
ical trials were disappointing in that they resulted in minimal
response and had a number of side effects, others were encour-
aging, demonstrating effectiveness mainly in combined
therapies. Therefore, identification of the subset of patients
with tumor histology and specific biomarker profiles that
can predict responsiveness to IGF-1R-targeted therapy will
significantly improve the rate of success of these therapies.
In summary, the IGF axis has emerged as a promising
therapeutic target both in gynecologic cancers and in cancer

therapy, in general. Further basic and clinical research is
needed to achieve better therapeutic outcomes.
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