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Over the last two decades, many studies have demonstrated that the insulin-like growth
factor-1 (IGF-1) is involved in a number of patho-physiological processes, as well as
in the development of different types of solid tumors, including breast cancer (BC).
Preclinical and clinical data showed that IGF-1 receptor (R) is overexpressed and hyper-
phosphorylated in several subtypes of BCs. The central implications of this pathway
in tumor cell proliferation and metastasis make it an important therapeutic target.
Moreover, the IGF-1 axis has shown strong interconnection with estrogen regulation
and endocrine therapy, suggesting a possible solution to anti-estrogen resistance. IGF-
1R might also interfere with other pivotal therapeutic strategies, such as anti HER2
treatments and mTOR inhibitors; several clinical trials are ongoing evaluating the role
of IGF-1R inhibition in modulating resistance mechanisms to target therapies. Our aim
is to offer an overview of the most recent and significant field of application of IGF-1
inhibitors and relevant therapeutic strategies, weighing their possible future impact on
clinical practice.
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INTRODUCTION

The insulin-like growth factor-1 (IGF-1) is an insulin-like protein with anabolic effects, whose
production is stimulated by growth hormone (GH), and is one of the main mediators of GH effects.
Its circulating levels vary during childhood and reach its highest levels during puberty (Grimberg
et al., 2016). The insulin-like growth factors (IGF-1 and IGF-2), their receptors, and a system of
six insulin-growth factor binding proteins (IGFBP-1 to IGFBP-6) form a network involved in the
activation of many downstream pathways (Allard and Duan, 2018). Multiple factors might activate
IGF-1 receptor (R) tyrosine kinase activity (Llak, 2008) leading to interaction with its substrate, as
insulin receptor (IR) substrate and the Drc-homology-2 containing protein SH2 (Radhakrishnan
et al., 2011). After phosphorylation, this protein, acting as docking molecules, activates cellular
kinases and initiates different downstream signaling pathways. Specifically, IGF-IR activates the
PI3K/AKT/mTOR and ras/raf/MEK signaling pathways that promote cell proliferation and, at
the same time, inhibits programmed cell death, through the activation of the B-cell lymphoma
2 (Bcl2)/Bcl2 antagonist of cell death (BAD) pathway, leading to carcinogenesis (Hakuno and
Takahashi, 2018). The transcription of IGF-1 enables the activation of the STAT3 pathway, which
enhances the invasive ability of tumor cells in prostate cancer (Ma et al., 2020); Wang et al. (2020)

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 March 2021 | Volume 9 | Article 641449

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.641449
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.641449
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.641449&domain=pdf&date_stamp=2021-03-22
https://www.frontiersin.org/articles/10.3389/fcell.2021.641449/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641449 March 16, 2021 Time: 16:33 # 2

Ianza et al. IGF-1 in Breast Cancer

demonstrated that IGF-1 activates NFkB signaling inflammation
via cytosolic ROS in various cell cultures. An overview of the
signaling pathways is described in Figure 1.

Insulin-like growth factor-1 and its system of binding proteins
and receptors are physiologically involved in the development
of many human tissues (Slepicka et al., 2020). It has been
suggested that IGF-1 plays a significant role in the ductal
and mammary gland formation, function, and maintenance
(Christopoulos et al., 2015). Preclinical and clinical data have
shown that IGF-IR is overexpressed and hyper-phosphorylated
in several subtypes of breast cancers (BCs) (Law et al., 2008),
from which its role in BC development has stemmed. High
plasma levels of IGF-1 and IGFBP-3 represent a risk factor for
the development and recurrence of BC in the general population
(Key et al., 2010). This is particularly verified for the incurrence
of estrogen receptor positive (ER+) tumors, independent from
menopausal status (Key et al., 2010). Whether it constitutes
an additional risk for women with a family history of disease
is not yet clarified (Monson et al., 2020). However, an Italian
study associated an increased risk of BC in patients with BRCA
mutation (hereditary BC) with high serum IGF-1 levels (Pasanisi
et al., 2011). Moreover, its role and level regulation naturally
reveal a strong connection with dysmetabolism and body mass
index (BMI), especially being a risk factor in HER2 positive
(HER2+) overweight patients (Tong et al., 2020). Furthermore, it
has been recently suggested that this factor could hold a negative
prognostic significance in BC (Hartog et al., 2013), overall and
in patients undergoing endocrine therapy (Duggan et al., 2013;
Hartog et al., 2013). Our aim is to offer a focused review of the
possible clinical role of IGF-1 as a therapeutic target and/or as
part of combination therapy in BC.

PLASMA LEVELS OF IGF-1 AND BREAST
CANCER

The concentrations of IG1 in plasma are approximately 150–
400 ng/mL, where it is present mostly as protein-bound form
(Clemmons, 2007b). The free ligand concentration is less
than 1% (Clemmons, 2007b). A family of high affinity IGF
binding proteins (IGFBPs) has the role of protecting IGFs from
degradation through the formation of the complex IGFBP-IGF
(Firth and Baxter, 2002). Even if IGFBPs were originally described
as passive circulating transport proteins for IGF-I and IGF-
II, now they are recognized as playing an important role in
BC and IGF-1 action (Firth and Baxter, 2002). The major IGF
transport function might be attributed to IGFBP-3, which is
the most abounding IGF binding protein in the blood stream,
followed by IGFBP-2 (Firth and Baxter, 2002). Once removed
from the circulation, the binary complexes of IGFBP-IGF cross
the endothelium to reach the target tissue and to interact with
cell surface receptors. As the IGFBPs have a higher affinity for
the IGFs than the receptors, they could sequestrate IGFs away
from the type I IGF receptor, blocking their interaction. On the
other hand, IGFBPs may increase IGF cellular functions in the
local microenvironment by acting as a reservoir that could slowly
unbind the ligands (Brahmkhatri et al., 2015).

Many different factors affect IGF-1 plasma concentrations:
GH activity, nutritional status, sex, estrogen levels, and age
(Clemmons and Van Wyk, 1984). Circulating IGF-1 is one of
the major risk factors associated with increased BC risk (Lann
and LeRoith, 2008). Previous in vitro studies demonstrated that
IGF-1 stimulates the growth of human BC cell lines (Sasi et al.,
2014; de Groot et al., 2020) and the in vitro blocking of IGF-1
system inhibits the response of human BC cell lines (Zha and
Lackner, 2010). In the 1980s, the initial report by Furlanetto
and DiCarlo (1984) highlighted the possible role of IGF-1 in the
development of BC.

Later, many epidemiological and prospective studies have
reported a positive correlation between circulating IGF-1 levels
and BC development. A case-controlled study reported higher
IGF-1 plasma concentrations in women with BC than patients
without (Bruchim et al., 2009). Additionally, Werner and
Laron (2020) reported a positive association between circulation
concentrations of IGF-1 and BC risk for premenopausal women,
but not for postmenopausal women. In the meta-analysis
conducted by Renehan et al. (2004), high concentrations of IGF-
1 and IGFBP3 were associated with an increased risk of incident
premenopausal BC but not with postmenopausal BC. A pooled
data analysis of 4790 cases from 17 prospective studies from
12 countries clearly showed that women with relatively high
circulating IGF-1 had a 30% higher risk of BC than women with
relatively low circulating IGF-1. This positive association was
found in ER+ but not estrogen-receptor negative (ER−) tumors.
In addition, this correlation was independent of IGFBP3 and
menopausal status (Key et al., 2010). Murphy et al. (2020) in
their observational and Mendelian randomization analyses with
430,000 women found evidence that supports a probable causal
relationship between circulating IGF-1 concentrations and BC.

Mammographic density is another BC risk factor. With regard
to the association between mammographic density and serum
IGF-1, there are controversial findings: Diorio et al. (2005) found
a positive association in premenopausal women, but other studies
did not support this result (Rice et al., 2012; Rinaldi et al.,
2014). Recently, Hada et al. (2019) demonstrated a positive
association between circulating IGFBP2 and mammographic
density particularly among women with lower BMI, but no strong
correlation with IGF-1.

Studies investigating the association between the IGF system
and BC prognosis are limited and controversial. Some findings
suggest a positive correlation (Duggan et al., 2013), others an
inverse (Kalledsøe et al., 2019), or no clear association of the
biomarkers of the IGF system with all causes of mortality or
BC-specific mortality and recurrence (Al-Delaimy et al., 2011;
Hartog et al., 2013). Zhu et al. (2020) in their large prospective
study showed an inverse and independent association between
circulating IGF-1 and all-cause mortality in invasive BC patients,
with association being consistent across all clinical risk factors.

IGF AS A TARGET OF THERAPY

In hormone-responsive BC cells, IGF-1R function is crucially
linked with ER action. In particular, both the IGF-1R and the
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FIGURE 1 | A schematic diagram of insulin growth factor-1 receptor (IGF-IR) activation and regulation. The IGF axis consists of ligands as insulin, insulin-like growth
factor 1 and 2 (IGF-1, IGF-2), receptor, IGF binding proteins (IGFBPs) 1–7, and IGFBP proteases. The IGF ligands bind their receptors and binding proteins with high
affinity. IGFBPs bind tightly to IGF ligands, influencing binding to their receptors; IGFBP proteases cleave the IGFBPs into fragments with lower affinity for the IGF
ligands, thereby increasing free IGF-1 and IGF-2 bioavailability. Activation of IGF-1R promotes cellular growth, proliferation, survival, and metastasis via activation of
molecular pathways downstream; among them the phosphatidylinositol 3-kinase (PI3K)-AKT and RAS-extracellular signal-regulated kinase (ERK) pathways.

ER are expressed and act in synergy with estrogen steroid
hormone to increase cell proliferation (Radhakrishnan et al.,
2011). Otherwise in ER-BC cells, a more aggressive subtype
of BC, the levels of the IGF-1R and IRS-1 are often low and
IGF is not mitogenic, although IGF-1R is still required for
metastatic spread (Radhakrishnan et al., 2011). Additionally, in
ER+ cells, estrogens stimulate the expression of the IGF-IR
and its major signaling substrate, IR substrate-1 (IRS-1), that
promotes estrogen-independence for growth and transformation
(Skandalis et al., 2014). Furthermore, IGF-1R and its substrate
IRS-1 might induce drug and radio resistance of BC, cells
leading to relapse (Pollak, 2012). Besides, high IGF-1R levels in
primary tumor samples have been reported to be predictors of
shorter disease-free survival, but data on the prognostic value
of the IGF-1R for overall survival are contradictory (Pollak,
2012; Yerushalmi et al., 2012). Regarding these evidences, several
strategies used to target the IGF axis have been clinically
developed for cancer prevention and treatment.

IGF activities are mediated through substrate binding and
subsequent activation of IGF-1R (Weroha and Haluska, 2012).

The role of the IGF-1R pathway in promoting tumor growth and
survival is well established. Targeting the IGF signaling pathway
represents a promising approach in the development of novel
anti-cancer therapy. The rationale for targeting the IGF-1R is
derived widely from cell culture experiments that demonstrate
the importance of IGF-IR signaling in promoting proliferation,
inhibiting apoptosis, and its involvement and impact on BC
cells that are resistant to radiation and chemotherapy (Jones
et al., 2009). In BC, specifically the expression of IGF-1R is at
least 50% (Ekyalongo and Yee, 2017), much more compared
to HER2+ positive BC, which represents 20–25% BC (Wang
and Xu, 2019); besides, there is a broader potential group
of patients that could be candidates for targeted therapy. In
the last few years, different therapeutic strategies have been
evaluated to inhibit the IGF-1R signaling pathway. These
can be divided into three categories: monoclonal anti-IGF1R
antibodies, small molecule tyrosine kinase inhibitors (TKIs),
and IGF ligand antibodies. Based on preclinical data, these
classes of drug have different profiles of selectivity, efficacy,
and toxicity which might have some implications in clinical
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practice (Burtrum et al., 2003; Maloney et al., 2003). The main
clinical trials targeting IGF-1 axis in solid tumors are detailed in
Table 1.

IGF-1R Antibodies
Monoclonal antibodies that target IGF-1R have shown benefit
in early-stage clinical trials (Gualberto and Pollak, 2009).
IGF-1 antibodies block ligand binding, inducing receptor
internalization and degradation. A few IGF-1R-specific
antibodies can also partially affect the IR-A signaling pathway
by targeting IGF-1R/IRA hybrid receptors (Wang et al., 2005;
Gualberto, 2010). However, they do not inhibit IGF-II activation
of IR-A homodimers. One example is MEDI-573 (AstraZeneca),
a fully humanized antibody able to neutralize both IGF-I and IR-
A pathways in vitro and in mice. However, compared to the other
human monoclonal antibodies, MEDI-573 selectively inhibits
the activation of both the IGF-1R and the IR-A signaling, without
cross-reactivity with insulin, sparing the insulin/IR pathway;
besides glucose metabolism remains stable (Gao et al., 2011).
However, after the completion of phase 2 study in metastatic
BC AstraZeneca discontinued the investigation. More recently,
another novel IGF ligand neutralizing antibody, Xentuzumab
(BI836845) (Boehringer Ingelheim Pharmaceuticals) showed
preclinical antitumor efficacy of rapamycin by suppressing

IGFs’ bioactivity and inhibiting rapamycin-induced PI3K AKT
activation (Adam et al., 2012).

Receptor Tyrosine Kinase Activity
Another strategy, employed with several agents, is tyrosine kinase
inhibition (TKI). This kind of therapy is able to inhibit the kinase
domains of the β-subunits of both immunoglobulin and IRs, as
their primary sequences share 84% identity in the kinase domains
maintaining a relatively intact ATP binding pocket (Munshi et al.,
2003). There are only two exceptions to this, NVP-AEW541
and NVD-ADW742. NVP-AEW541 is a small molecular weight
pyrrolo-[2,3]-pyrimidine derivative kinase inhibitor of IGF-IR
(García-Echeverría et al., 2004), while NVP-ADW742 is an
ATP-competitive inhibitor that prevents IGF-IR phosphorylation
(Warshamana-Greene et al., 2005). These two inhibitors have
15–30 fold increased potency for IGF-1R kinase inhibition
compared to IR kinase inhibition in cellular assay, but they
are able to distinguish between the IGF-IR and the closely
related InsR (Mitsiades et al., 2004; Serra et al., 2008). TKIs’
lack of selectivity might have some benefit—upregulated serum
levels of insulin after IGF-1R monoclonal antibody treatment
may not have as much effect on the tumor if both IGF-I1
and IR are blocked. Several studies demonstrated that these
TKIs inhibit IGF-IR/IR phosphorylation and AKT activation,

TABLE 1 | Key clinical trial targeting IGF-1 axis in solid tumors.

Title ID number Drug regimen Phase and design Primary outcome Status

A dose escalating clinical trial of the IGF-1
receptor inhibitor AXL1717 in patients with
advanced cancer

NCT01062620 AXL1717 Ia/b
Single arm, open
label

RPTD, MTD Completed, results
published

A phase I study of the oral mTOR inhibitor
ridaforolimus (RIDA) in combination with the
IGF-1R antibody dalotozumab (DALO) in
patients (pts) with advanced solid tumors.

NCT00730379 Ridaforolimus plus
dalotozumab

I
Single arm, open
label

Optimal dose, MTD Completed, results
published

A phase 2 study of ridaforolimus (RIDA) and
dalotuzumab (DALO) in estrogen receptor
positive (ER+) breast cancer

NCT01605396 Ridaforolimus +
dalotozumab VS
examestane

II
Randomized,
parallel assignment,
open label

PFS Completed, results
published

A phase I trial of the IGF-1R antibody
ganitumab (AMG 479) in combination with
everolimus (RAD001) and panitumumab in
patients with advanced cancer

NCT01061788 AMG 479 + RAD001
VS AMG 479 +
RAD001 +
panitumumab

I
Single center, dose
escalation trial

MTD, RPTD Completed

Phase I study of everolimus (E, RAD001) and
ganitumab (GANG 479) in patients (pts) with
advanced solid tumors

NCT01122199 Everolimus +
ganitumab

I
Single arm, open
label

MTD, RPTD Completed

A phase Ib/II study of the combination of
BYL719 plus AMG 479 in adult patients with
selected solid tumors

NCT01708161 BYL719 (alpelisib)
and AMG 479
(ganitumab)

I/II
Multicenter, open
label, single arm

DLT, ORR Terminated

The XENERATM 1 study tests xentuzumab in
combination with everolimus and exemestane
in women with hormone receptor positive and
HER2-negative breast cancer that has spread

NCT03659136 Everolimus +
exemestane VS
everolimus +
exemestane +
xentuzumab

II
Two arm, open
label

PFS Recruiting

Capecitabine and lapatinib ditosylate with or
without cixutumumab in treating patients with
previously treated HER2-positive stage IIIB-IV
breast cancer

NCT00684983 Capecitabine plus
lapatinib ±
cixutumumab

II
Randomized,
parallel assignment,
open label

PFS Completed

MTD, maximum tolerated dose; RPTD, recommended phase II dose; PFS, progression free survival; DLT, dose limiting toxicities.
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and consequently lead to increased apoptosis, decreased in vitro
cell proliferation, and tumor suppression in xenografts models
(Serra et al., 2008; Carboni et al., 2009). However, the potential
benefit of TKIs over antibody therapies targeting IGF-I1 might
be their capacity to block also IR, which comes at the expense
of metabolic alterations such as hyperglycemia and evidence
of insulin resistance (Haluska et al., 2006). In 2015 Simon
Ekman, in his phase 1a/b study, showed that the oral small
molecule IGF-1-receptor pathway modulator had an acceptable
safety profile and demonstrated promising efficacy in this heavily
pretreated patient cohort, especially in patients with NSCLC
(Ekman et al., 2016).

CROSSTALK AND COMBINATION
THERAPIES

Chemotherapy
Cancers have the capacity to develop resistance to traditional
therapies, and the increasing prevalence of these drug resistant
cancers necessitates wider research and treatment development
(Housman et al., 2014). Chemo-resistance is a common problem
in the treatment of cancer patients, as cancer cells become
resistant to chemical substances used in treatment, limiting the
efficiency of chemotherapeutic agents (Phi et al., 2018). When
tumor cells are treated with cytotoxic chemotherapy, susceptible
cells die, while a subset of resistant cells will continue to
proliferate (Weroha and Haluska, 2008). The IGF-pathway is
implicated in the chemotherapy resistance process. For instance,
IGF-I attenuated the response of theMCF-7 BC cell line to
doxorubicin and paclitaxel by at least two mechanisms: induction
of proliferation and inhibition of apoptosis (Clemmons, 2007a).
Therefore, inhibition of IGF-I action could be useful to cytotoxic
chemotherapy in BC. Moreover, it has been evaluated that
also the timing of IGF-1R inhibition influences responses to
chemotherapy. Zeng et al. showed that the administration of
IGF1R inhibitors prior to doxorubicin therapy resulted in the
best therapeutic responses registered in BC cell lines. The optimal
dosage sequence was doxorubicin followed by an anti-IGF-1R
antibody, while the opposite sequence decreased doxorubicin
effects (Zeng et al., 2009). Therefore, the timing of IGF-IR
inhibition should be considered in the design of future clinical
trials, combining IGF-IR blockade and chemotherapy. However,
unlike other solid tumors (Goto et al., 2012), in BC, there
are no results from clinical trials supporting the hypothesis
of whether IGF-1R inhibition will enhance the activity of
cytotoxic chemotherapy.

IGF-1R and Hormonal Therapies
As discussed above, the crosstalk between IGF/IS pathway and
estrogen receptors has been widely evaluated for potential new
target drugs in ER + BC (Yee and Lee, 2000). ER + BC is the
most common subtype, constituting almost 70% of all diagnosed
BCs. Therefore, many trials have been performed to verify
the efficacy of the combination between anti-IGF-1R and anti-
estrogen directed therapies. The overall effect of hormonal agents
on the IGF/insulin system is to regulate positively signaling.
However, resistance to anti-estrogen therapies is still a pivotal

clinical problem (Nahta and Esteva, 2006; Abderrahman and
Jordan, 2018). Drug resistance might be partially related to
the crosstalk between the ER and the IGF pathways (Fagan
et al., 2002). For instance, HBL100 cells, under tamoxifen
therapy, are not able to proliferate, but if they are treated
concomitantly with IGF, they could survive (Christopoulos et al.,
2018). However, the majority of clinical trials evaluating the
combination of anti-IG-1R and anti-ER therapies in endocrine-
resistance BC have yielded disappointing results, as they did
not lead to any improvement in clinical outcome (Kaufman
et al., 2010). Most of the women enrolled in these trials had
already developed resistance and anti-IG-1R strategies were
tested as the second and third line of therapy. The lack of clinical
success of these trials implies that targeting just IGF-1R is not
enough to overcome tumor growth. It has been reported that
the continuous exposure of MCF-7 cells to tamoxifen resulted
in the eventual emergence of resistant cells, called MCF-7 Tam-
R, which lose IGF-IR expression but maintain IR expression
for their growth (Fagan et al., 2002). Considering these results,
targeting the IR pathway could be an alternative option to
treat TamR BC.

IGF-1R and PI3K/Akt/mTOR Axis
Insulin-like growth factor-1 signaling is involved in complex
cross-talk with other receptor tyrosine kinases (RTLs) and their
downstream effector which could likely confer resistance to
inhibitors of a single class of receptor (Wilson et al., 2012).
As known, the PI3K/AKT and RAS-MAPK axes are two well-
established downstream pathways of IGF/insulin signaling. It is
understood that the AKT pathway could be reactivated despite
IGF-1R downregulation, mediated by anti-IGF-1R antibody or
TKIs, leading to tumor progression (Cao et al., 2008). Based
on this evidence, PI3K inhibitor such as LY294002 (Clark
et al., 2002), S6K1 inhibitor H89 (Becker et al., 2011), MAPK
inhibitor U0126 (Becker et al., 2011; Casa et al., 2012), and dual
PI3K/mTOR inhibitor NVP-BEZ235 (Brachmann et al., 2009)
have been studied in pre-clinical and clinical studies supported
by the hypothesis that combinations of AKT and IGF-IR/InsR
inhibitors would be an effective treatment against hormone-
independent ER+ BC (Fox et al., 2013). Several studies have also
shown that the dual inhibition of IGF-IR and m-TOR increased
antitumor activity both in vitro and in BC. Di Cosimo et al.
(2010), in a phase 1 clinical trial, have demonstrated clinical
benefit in 21.7% of BC patients combining ridaforolimus (a small
molecule inhibitor of mTOR) and IGF-1R antibody dalotuzumab.
The combination was feasible and well tolerated and a phase 2
was initiated, but accrual was prematurely interrupted due to
a higher than expected incidence of stomatitis in the treated
patients (Rugo et al., 2017).

Vlahovic et al. have evaluated the clinical benefits of
combining ganitumab, a monoclonal antibody directed versus
IGF-1R, with everolimus (Ev) and panitumumab in patients with
advanced cancers. However, the triplet regimen of ganitumab,
Ev, and panitumumab was associated with unacceptable toxicity,
and clinical activity has been demonstrated only in NSCLC and
sarcoma (Vlahovic et al., 2018). Moreover, another phase I study
of Ev and ganitumab in patients with advanced solid tumors
has shown that this combination is safe; nevertheless, prolonged
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clinical benefit [stable disease (SD)≥ 20 weeks] was noted only in
refractory fibrolamellar HCC, neuroendocrine, GIST, and urachal
cancers (Jalal et al., 2013). A phase Ib/II study (NCT01708161)
investigated the maximum tolerated dose (MTD) and response
rate of the combination of ganitumab with alpelisib, a small
molecule inhibiting the subalpha of PI3-kinase, in patients with
ovarian and hormone receptor positive cancer carrying the
somatic PIK3CA mutation. However, the recruitment has been
stopped due to inconclusive results.

Recently, a new IGF-1 monoclonal antibody, Xentuzumab
(Xen) has been investigated in the phase II XENERA-1 trial in
combination with Ev and exemestane (Ex) in post-menopausal
women with ER+ and HER2− metastatic BC (Crown et al.,
2019). Crown et al., at San Antonio Breast Cancer Symposium
in 2018, showed that in the overall (randomized) population,
progression-free survival (PFS) was not significantly improved
in patients treated with Xen + Ev + Ex compared with
Ev+ Ex (Schmid et al., 2019). However, a pre-specified subgroup
analysis showed that in the non-visceral metastases subgroup,
the Xen + Ev + Ex arm demonstrated favorable PFS compared
with the Ev + Ex arm. Specifically, an ongoing Phase II study
(NCT03659136) is investigating the use of Xen + Ev + Ex
in post-menopausal women with HR+/HER2− LA/mBC and
non-visceral disease (Nahta et al., 2005).

IGF-IR and HER2/erbB Receptor Therapy
Most of the patients who obtain an initial response to
trastuzumab-based therapy develop resistance within 1 year
after commencing treatment (Albanell and Baselga, 2001). The
possible existence of bi-directional crosstalk between the erbB
family of receptors and IGF-1R may be implicated in resistance
to targeted therapies including these receptors pathways (Weroha
and Haluska, 2008). In BC cell models that overexpress
HER2, an increased level of IGF-IR signaling might interfere
with the action of trastuzumab (Lu et al., 2001). Moreover,
BC cell lines, cultured in combination with an anti IGF-1
antibody, showed an increased cytotoxic effect when treated
with trastuzumab (Albanell and Baselga, 2001). Thus, strategies
that co-target HER-2 and IGF-1R may prevent or postpone
development of resistance to trastuzumab (Browne et al., 2012).
In BC, an IgG1 monoclonal antibody that binds IGF-1R,
cixutumumab (IMC-A12) is being investigated in combination
with lapatinib in a phase II trial (Haluska et al., 2014). The
mechanisms related to IGF-1R-driven HER-2 therapy are not
well known; nevertheless, some studies showed that HER-2
therapy resistance may be associated with the downregulation of
the PTEN/PI3K/AKT signaling pathway (Gallardo et al., 2012).
Despite this, it has been shown that HER-2 overexpressing
cancers treated with PI3K inhibitors developed AKT-mediated
activation of other tyrosine kinase growth factors such as
IGF1-R, Ins-R, and HER3 treatment. Besides, PI3K inhibitors
should be combined with HER-2 targeted therapies including
trastuzumab or lapatinib, in order to avoid AKT signaling
activation (Chakrabarty et al., 2012). Moreover, in trastuzumab-
resistant tumors, IGF-1R cell motility is related to the stimulation
of FAK signaling and Forkhead box protein M1 (FoxM1).
Furthermore, trastuzumab-resistant cancer cells might be the best

candidates for anti-HER2 and anti-IGF-1R combined therapies
(Sanabria-Figueroa et al., 2015).

FUTURE DIRECTIONS

Novel approaches to target IGF/insulin systems are related to
small interfering RNA (siRNA) and microRNA (miRNA) in
order to reduce IGF-IR expression and function (Jung and
Suh, 2012). Durfort et al. showed that silencing IGF-IR using
synthetic siRNA bearing 29-O-methyl nucleotides could induce
cell-cycle arrest and decrease cell proliferation. Moreover, this
study suggested that the crosstalk between the IGF-I axis and
antitumor immune responses can mobilize pro-inflammatory
cytokines, offering a new clinical approach for treatment of
mammary tumors expressing IGF-IR (Durfort et al., 2012).
Nevertheless, this approach has two main problems: the first
one is that siRNA formulations for systemic application face
a series of hurdles in vivo before reaching the cytoplasm of
the target cell (Whitehead et al., 2009) and the second is the
transient inhibition of the IGF pathway. However, preclinical
in vivo studies showed that it might be possible to overcome at
least the second obstacle, with the development of stable in vivo
and inducible long-term expression of target short hairpin RNA
using dimerizing drugs such as doxycycline or tetracycline (Jones
et al., 2009). Furthermore, other miRNAs were investigated in the
past few years (Guo et al., 2013). For instance, decreased levels
of miR-139, which targets IGF-IR in colorectal cancer (CRC),
were associated with disease progression and metastasis. This re-
expression of miR-139 might suppress CRC cell invasion and
metastasis by targeting IGF-IR (Shen et al., 2012). In esophageal
squamous cell carcinoma (ESCC), it has been shown that miR-
375 inhibits tumor growth and metastasis through repressing
IGF-1 receptor (Kong et al., 2012). Maybe in the future, siRNAs
targeting IGF-IR will be modified in order to improve the effect
of IGF-IR downregulation and consequently modulate antitumor
immune responses with the aim to offer a new clinical approach
for treatment of mammary tumors expressing IGF-IR.

CONCLUSION

The IGF system has been involved in the oncogenesis of
the majority of solid tumors. The central implications of this
pathway in tumor cell proliferation and metastasis makes it an
important therapeutic target. In BC, the IGF pathway has been
implicated in resistance to the three cornerstones of BC therapy:
hormonal agents, HER receptor targeting agents, and cytotoxic
chemotherapy. Therefore, several clinical trials are currently
evaluating the efficacy of IGF-1R inhibition to overcome these
resistance mechanisms. The competitive landscape for anticancer
therapies in BC and the difficulty to recruit a sufficient number
of patients limited de facto the continuation and validation
of research with IGF-1R and GF inhibitors. That is why,
even considering the encouraging initial results that we have
illustrated, combined with the enormous potential clinical impact
of the IGF axis, there is not yet an optimal combination
therapy paradigm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 March 2021 | Volume 9 | Article 641449

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641449 March 16, 2021 Time: 16:33 # 7

Ianza et al. IGF-1 in Breast Cancer

AUTHOR CONTRIBUTIONS

AI, MS, and OB drafted the manuscript. DG conceptualized the
study and revised the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. This
article was published with the contribution of MEDnOTE.

REFERENCES
Abderrahman, B., and Jordan, V. C. (2018). A Novel Strategy to Improve Women’s

Health: Selective Estrogen Receptor Modulators. Cancer Drug Discov. Dev.
2018, 189–213. doi: 10.1007/978-3-319-99350-8_8

Adam, P. J., Friedbichler, K., Hofmann, M. H., Bogenrieder, T., Borges, E., and
Adolf, G. R. (2012). BI 836845, a fully human IGF ligand neutralizing antibody,
to improve the efficacy of rapamycin by blocking rapamycin-induced AKT
activation. J. Clin. Oncol. 30:15.

Albanell, J., and Baselga, J. (2001). Unraveling resistance to transtuzumab
(Herceptin): Insulin-like growth factor-I receptor, a new suspect. J. Natl. Cancer
Inst. 93:24.

Al-Delaimy, W. K., Flatt, S. W., Natarajan, L., Laughlin, G. A., Rock, C. L., Gold,
E. B., et al. (2011). IGF1 and risk of additional breast cancer in the WHEL study.
Endocr. Relat. Cancer18, 235–244.

Allard, J. B., and Duan, C. (2018). IGF-binding proteins: Why do they exist and
why are there so many? Front. Endocrinol. 9:117. doi: 10.3389/fendo.2018.
00117

Becker, M. A., Ibrahim, Y. H., Cui, X., Lee, A. V., and Yee, D. (2011). The IGF
pathway regulates ERα through a S6K1-dependent mechanism in breast cancer
cells. Mol. Endocrinol. 25, 3516–3528.

Brachmann, S. M., Hofmann, I., Schnell, C., Fritsch, C., Wee, S., Lane, H., et al.
(2009). Specific apoptosis induction by the dual PI3K/mTor inhibitor NVP-
BEZ235 in HER2 amplified and PIK3CA mutant breast cancer cells. Proc. Natl.
Acad. Sci. U S A. 106, 22299–22304. doi: 10.1073/pnas.0905152106

Brahmkhatri, V. P., Prasanna, C., and Atreya, H. S. (2015). Insulin-like growth
factor system in cancer: Novel targeted therapies. Biomed. Res. Int. 2015:
538019.

Browne, B. C., Eustace, A. J., Kennedy, S., O’Brien, N. A., Pedersen, K. M.,
McDermott, M. S. J., et al. (2012). Evaluation of IGF1R and phosphorylated
IGF1R as targets in HER2-positive breast cancer cell lines and tumours. (2012).
Breast Cancer Res. Treat. 136, 717–727. doi: 10.1007/s10549-012-2260-9

Bruchim, I., Attias, Z., and Werner, H. (2009). Targeting the IGF1 axis in cancer
proliferation. Expert Opin. Therapeut. Targets 13, 1179–1192. doi: 10.1517/
14728220903201702

Burtrum, D., Zhu, Z., Lu, D., Anderson, M. A., Prewett, M., Pereira, D. S., et al.
(2003). A Fully Human Monoclonal Antibody to the Insulin-Like Growth
Factor I Receptor Blocks Ligand-Dependent Signaling and Inhibits Human
Tumor Growth in Vivo. Cancer Res. 63, 8912–8921.

Cao, L., Yu, Y., Darko, I., et al. (2008). Addiction to elevated insulin-like growth
factor I receptor and initial modulation of the AKT pathway define the
responsiveness of rhabdomyosarcoma to the targeting antibody. Cancer Res. 68,
8039–8048. doi: 10.1158/0008-5472.can-08-1712

Carboni, J. M., Wittman, M., Yang, Z., Lee, F., Greer, A., Hurlburt, W., et al. (2009).
BMS-754807, a small molecule inhibitor of insulin-like growth factor-1R/IR.
Mol. Cancer Ther. 8, 3341–3349. doi: 10.1158/1535-7163.mct-09-0499

Casa, A. J., Potter, A. S., Malik, S., Lazard, Z., Kuiatse, I., Kim, H. T., et al. (2012).
Estrogen and insulin-like growth factor-I (IGF-I) independently down-regulate
critical repressors of breast cancer growth. Breast Cancer Res. Treat. 132, 61–73.
doi: 10.1007/s10549-011-1540-0

Chakrabarty, A., Sánchez, V., Kuba, M. G., Rinehart, C., and Arteaga, C. L. (2012).
Feedback upregulation of HER3 (ErbB3) expression and activity attenuates
antitumor effect of PI3K inhibitors. Proc. Natl. Acad. Sci. U S A. 109, 2718–2723.
doi: 10.1073/pnas.1018001108

Christopoulos, P. F., Corthay, A., and Koutsilieris, M. (2018). Aiming for the
Insulin-like Growth Factor-1 system in breast cancer therapeutics. Cancer
Treat. Rev. 63, 79–95. doi: 10.1016/j.ctrv.2017.11.010

Christopoulos, P. F., Msaouel, P., and Koutsilieris, M. (2015). The role of the
insulin-like growth factor-1 system in breast cancer. Mol. Cancer 14:43. doi:
10.1186/s12943-015-0291-7

Clark, A. S., West, K., Streicher, S., and Dennis, P. A. (2002). Constitutive and
inducible Akt activity promotes resistance to chemotherapy, trastuzumab, or
tamoxifen in breast cancer cells. Mol. Cancer Ther. 1, 707–717.

Clemmons, D. R. (2007a). Modifying IGF1 activity: an approach to treat endocrine
disorders, atherosclerosis and cancer. Nat. Rev. Drug Discov. 6, 821–833. doi:
10.1038/nrd2359

Clemmons, D. R. (2007b). Value of Insulin-like Growth Factor System Markers in
the Assessment of Growth Hormone Status. Endocrinol. Metab. Clin. North Am.
36, 109–129. doi: 10.1016/j.ecl.2006.11.008

Clemmons, D. R., and Van Wyk, J. J. (1984). Factors controlling blood
concentration of somatomedin C. Clin. Endocrinol. Metab. 13, 113–143. doi:
10.1016/s0300-595x(84)80011-0

Crown, J., Sablin, M. P., Cortés, J., Bergh, J., Im, S. A., Lu, Y. S., et al. (2019).
Xentuzumab (BI 836845), an insulin-like growth factor (IGF)-neutralizing
antibody (Ab), combined with exemestane and everolimus in hormone
receptor-positive (HR+) locally advanced/metastatic breast cancer (LA/mBC):
Randomized phase 2 results. Cancer Res. 79:7445.

de Groot, S., Röttgering, B., Gelderblom, H., Pijl, H., Szuhai, K., and Kroep,
J. R. (2020). Unraveling the Resistance of IGF-Pathway Inhibition in Ewing
Sarcoma. Cancers 12:3568. doi: 10.3390/cancers12123568

Di Cosimo, S., Bendell, J. C., Cervantes-Ruiperez, A., Roda, D., Prudkin, L., Stein,
M. N., et al. (2010). A phase I study of the oral mTOR inhibitor ridaforolimus
(RIDA) in combination with the IGF-1R antibody dalotozumab (DALO) in
patients (pts) with advanced solid tumors. J. Clin. Oncol. 28:15.

Diorio, C., Pollak, M., Byrne, C., Mâsse, B., Hébert-Croteau, N., Yaffe, M.,
et al. (2005). Insulin-like growth factor-I, IGF-binding protein-3, and
mammographic breast density. Cancer Epidemiol. Biomark. Prev. 14, 1065–
1073. doi: 10.1158/1055-9965.epi-04-0706

Duggan, C., Wang, C. Y., Neuhouser, M. L., Xiao, L., Smith, A. W., Reding, K. W.,
et al. (2013). Associations of insulin-like growth factor and insulin-like growth
factor binding protein-3 with mortality in women with breast cancer. Int. J.
Cancer 132, 1191–1200.

Durfort, T., Tkach, M., Meschaninova, M. I., Rivas, M. I., Elizalde, P. V.,
Venyaminova, A. G., et al. (2012). Small interfering RNA targeted to IGF-IR
delays tumor growth and induces proinflammatory cytokines in a mouse breast
cancer model. PLoS One 7:e29213. doi: 10.1371/journal.pone.0029213

Ekman, S., Harmenberg, J., Frödin, J. E., Bergström, S., Wassberg, C., Eksborg,
S., et al. (2016). A novel oral insulin-like growth factor-1 receptor pathway
modulator and its implications for patients with non-small cell lung carcinoma:
A phase I clinical trial. Acta Oncol. 55, 140–148. doi: 10.3109/0284186x.2015.
1049290

Ekyalongo, R. C., and Yee, D. (2017). Revisiting the IGF-1R as a breast cancer
target. NPJ Precis. Oncol. 1:14.

Fagan, D. H., Uselman, R. R., Sachdev, D., and Yee, D. (2002). Acquired resistance
to tamoxifen is associated with loss of the type I insulin-like growth factor
receptor: Implications for breast cancer treatment. Cancer Res. 72, 3372–3380.
doi: 10.1158/0008-5472.can-12-0684

Firth, S. M., and Baxter, R. C. (2002). Cellular actions of the insulin-like growth
factor binding proteins. Endocr. Rev. 23, 824–854. doi: 10.1210/er.2001-0033

Fox, E. M., Kuba, M. G., Miller, T. W., Davies, B. R., Arteaga, C. L., et al. (2013).
Autocrine IGF-I/insulin receptor axis compensates for inhibition of AKT in
ER-positive breast cancer cells with resistance to estrogen deprivation. Breast
Cancer Res. 15:R55.

Furlanetto, R. W., and DiCarlo, J. N. (1984). Somatomedin-C Receptors and
Growth Effects in Human Breast Cells Maintained in Long-Term Tissue
Culture. Cancer Res. 44, 2122–2128.

Gallardo, A., Lerma, E., Escuin, D., Tibau, A., Muñoz, J., Ojeda, B., et al. (2012).
Increased signalling of EGFR and IGF1R, and deregulation of PTEN/PI3K/Akt
pathway are related with trastuzumab resistance in HER2 breast carcinomas.
Br. J. Cancer 106, 1367–1373. doi: 10.1038/bjc.2012.85

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 March 2021 | Volume 9 | Article 641449

https://doi.org/10.1007/978-3-319-99350-8_8
https://doi.org/10.3389/fendo.2018.00117
https://doi.org/10.3389/fendo.2018.00117
https://doi.org/10.1073/pnas.0905152106
https://doi.org/10.1007/s10549-012-2260-9
https://doi.org/10.1517/14728220903201702
https://doi.org/10.1517/14728220903201702
https://doi.org/10.1158/0008-5472.can-08-1712
https://doi.org/10.1158/1535-7163.mct-09-0499
https://doi.org/10.1007/s10549-011-1540-0
https://doi.org/10.1073/pnas.1018001108
https://doi.org/10.1016/j.ctrv.2017.11.010
https://doi.org/10.1186/s12943-015-0291-7
https://doi.org/10.1186/s12943-015-0291-7
https://doi.org/10.1038/nrd2359
https://doi.org/10.1038/nrd2359
https://doi.org/10.1016/j.ecl.2006.11.008
https://doi.org/10.1016/s0300-595x(84)80011-0
https://doi.org/10.1016/s0300-595x(84)80011-0
https://doi.org/10.3390/cancers12123568
https://doi.org/10.1158/1055-9965.epi-04-0706
https://doi.org/10.1371/journal.pone.0029213
https://doi.org/10.3109/0284186x.2015.1049290
https://doi.org/10.3109/0284186x.2015.1049290
https://doi.org/10.1158/0008-5472.can-12-0684
https://doi.org/10.1210/er.2001-0033
https://doi.org/10.1038/bjc.2012.85
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641449 March 16, 2021 Time: 16:33 # 8

Ianza et al. IGF-1 in Breast Cancer

Gao, J., Chesebrough, J. W., Cartlidge, S. A., Ricketts, S. A., Incognito, L., Veldman-
Jones, M., et al. (2011). Dual IGF-I/II-neutralizing antibody MEDI-573 potently
inhibits IGF signaling and tumor growth. Cancer Res. 71, 1029–1040. doi:
10.1158/0008-5472.can-10-2274

García-Echeverría, C., Pearson, M. A., Marti, A., Meyer, T., Mestan, J., and
Zimmermann, J. (2004). In vivo antitumor activity of NVP-AEW541 - A novel,
potent, and selective inhibitor of the IGF-IR kinase. Cancer Cell 5, 231–239.
doi: 10.1016/s1535-6108(04)00051-0

Goto, Y., Sekine, I., Tanioka, M., et al. (2012). Figitumumab combined with
carboplatin and paclitaxel in treatment-naïve Japanese patients with advanced
non-small cell lung cancer. Invest. N. Drugs30, 1548–1556. doi: 10.1007/s10637-
011-9715-4

Grimberg, A., DiVall, S. A., Polychronakos, C., Allen, D. B., Cohen, L. E., Quintos,
J. B., et al. (2016). Guidelines for Growth Hormone and Insulin-Like Growth
Factor-I Treatment in Children and Adolescents: Growth Hormone Deficiency,
Idiopathic Short Stature, and Primary Insulin-Like Growth Factor-I Deficiency.
Horm. Res. Paediatr. 86, 361–397. doi: 10.1159/000452150

Gualberto, A. (2010). Figitumumab (CP-751,871) for cancer therapy. Expert Opin.
Biol. Ther. 10, 575–585. doi: 10.1517/14712591003689980

Gualberto, A., and Pollak, M. (2009). Clinical development of inhibitors of the
insulin-like growth factor receptor in oncology. Curr. Drug Targets 10, 923–936.
doi: 10.2174/138945009789577945

Guo, S. T., Jiang, C. C., Wang, G. P., Li, Y. P., Wang, C. Y., Guo, X. Y., et al.
(2013). MicroRNA-497 targets insulin-like growth factor 1 receptor and has a
tumour suppressive role in human colorectal cancer. Oncogene 32, 1910–1920.
doi: 10.1038/onc.2012.214

Hada, M., Oh, H., Pfeiffer, R. M., Falk, R. T., Fan, S., Mullooly, M., et al. (2019).
Relationship of circulating insulin-like growth factor-I and binding proteins
1–7 with mammographic density among women undergoing image-guided
diagnostic breast biopsy. Breast Cancer Res. 21:81.

Hakuno, F., and Takahashi, S. (2018). 40 YEARS OF IGF1: IGF1 receptor signaling
pathways. J. Mol. Endocrinol. 61, T69–T86.

Haluska, P., Bernath, A. M., Ballman, K. V., Dueck, A. C., Linden, H. M., Goetz,
M. P., et al. (2014). Randomized phase II trial of capecitabine and lapatinib
with or without cixutumumab in patients with HER2+ breast cancer previously
treated with trastuzumab and an anthracycline and/or a taxane: NCCTG N0733
(Alliance). J. Clin. Oncol. 32:15.

Haluska, P., Carboni, J. M., Loegering, D. A., Lee, F. Y., Wittman, W., Saulnier,
M. G., et al. (2006). In vitro and in vivo antitumor effects of the dual insulin-
like growth factor-I/insulin receptor inhibitor, BMS-554417. Cancer Res. 66,
362–371. doi: 10.1158/0008-5472.can-05-1107

Hartog, H., Boezen, H. M., de Jong, M. M., Schaapveld, M., Wesseling, J., and van
der Graaf, W. T. A. (2013). Prognostic value of insulin-like growth factor 1 and
insulin-like growth factor binding protein 3 blood levels in breast cancer. Breast
2, 1155–1160. doi: 10.1016/j.breast.2013.07.038

Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N., et al.
(2014). Drug resistance in cancer: An overview. Cancers 6, 1769–1792.

Jalal, S. I., Strother, R. M., Sandusky, G., Prasad, N. K., Berry, W., Jones, D. R., et al.
(2013). Phase I study of everolimus (E, RAD001) and ganitumab (GANG 479)
in patients (pts) with advanced solid tumors. J. Clin. Oncol. 31:15.

Jones, R. A., Campbell, C. I., Wood, G. A., Petrik, J. J., and Moorehead, R. A. (2009).
Reversibility and recurrence of IGF-IR-induced mammary tumors. Oncogene
28, 2152–2162. doi: 10.1038/onc.2009.79

Jung, H. J., and Suh, Y. (2012). MicroRNA in Aging: From Discovery to Biology.
Curr. Genomics 13, 548–557. doi: 10.2174/138920212803251436

Kalledsøe, L., Dragsted, L. O., Hansen, L., Kyrø, C., Grønbæk, H., Tjønneland, A.,
et al. (2019). The insulin-like growth factor family and breast cancer prognosis:
a prospective cohort study among postmenopausal women in Denmark.
Growth Horm. IGF Res. 44, 33–42. doi: 10.1016/j.ghir.2018.12.003

Kaufman, P., Ferrero, J., Bourgeois, H., Kennecke, H., De Boer, R., Jacot, W., et al.
(2010). A Randomized, Double-Blind, Placebo-Controlled, Phase 2 Study of
AMG 479 With Exemestane (E) or Fulvestrant (F) in Postmenopausal Women
With Hormone-Receptor Positive (HR+) Metastatic (M) or Locally Advanced
(LA) Breast Cancer (BC). Cancer Res. 70:24.

Key, T. J., Appleby, P. N., Reeves, G. K., and Roddam, A. W. (2010). Insulin-like
growth factor 1 (IGF1), IGF binding protein 3 (IGFBP3), and breast cancer
risk: Pooled individual data analysis of 17 prospective studies. Lancet Oncol.
11, 530–542. doi: 10.1016/s1470-2045(10)70095-4

Kong, K. L., Kwong, D. L. W., Chan, T. H. M., Law, S. Y. K., Chen, L., Li,
Y., et al. (2012). MicroRNA-375 inhibits tumour growth and metastasis in
oesophageal squamous cell carcinoma through repressing insulin-like growth
factor 1 receptor. Gut 61, 33–42. doi: 10.1136/gutjnl-2011-300178

Lann, D., and LeRoith, D. (2008). The role of endocrine insulin-like growth factor-
I and insulin in breast cancer. J. Mammary Gland Biol. Neoplasia 13, 371–379.
doi: 10.1007/s10911-008-9100-x

Law, J. H., Habibi, G., Hu, K., Masoudi, H., Wang, M. Y. C., Stratford, A. L., et al.
(2008). Phosphorylated insulin-like growth factor-I/insulin receptor is present
in all breast cancer subtypes and is related to poor survival. Cancer Res. 68,
10238–10246. doi: 10.1158/0008-5472.can-08-2755

Llak, M. (2008). Insulin and insulin-like growth factor signalling in neoplasia. Nat.
Rev. Cancer 8, 915–928. doi: 10.1038/nrc2536

Lu, Y., Zi, X., Zhao, Y., Mascarenhas, D., and Pollak, M. (2001). Insulin-like growth
factor-I receptor signaling and resistance to transtuzumab (Herceptin). J. Natl.
Cancer Inst. 93, 1852–1857.

Ma, J. B., Bai, J. Y., Zhang, H. B., Jia, J., Shi, Qi, Yang, C., et al. (2020). KLF5 inhibits
STAT3 activity and tumor metastasis in prostate cancer by suppressing IGF1
transcription cooperatively with HDAC1. Cell Death Dis. 11:466.

Maloney, E. K., McLaughlin, J. L., Dagdigian, N. E., et al. (2003). An anti-insulin-
like growth factor I receptor antibody that is a potent inhibitor of cancer cell
proliferation. Cancer Res. 5073–5083.

Mitsiades, C. S., Mitsiades, N. S., McMullan, C. J., Poulaki, V., Shringarpure, R.,
Akiyama, M., et al. (2004). Inhibition of the insulin-like growth factor receptor-
1 tyrosine kinase activity as a therapeutic strategy for multiple myeloma, other
hematologic malignancies, and solid tumors. Cancer Cell 5, 221–230. doi: 10.
1016/s1535-6108(04)00050-9

Monson, K. R., Goldberg, M., Wu, H. C., Santella, R. M., Chung, W. K., and
Terry, M. B. (2020). Circulating growth factor concentrations and breast cancer
risk: a nested case-control study of IGF-1, IGFBP-3, and breast cancer in a
family-based cohort. Breast Cancer Res. 22:109.

Munshi, S., Hall, D. L., Kornienko, M., Darke, P. L., and Kuo, L. C. (2003).
Structure of apo, unactivated insulin-like growth factor-1 receptor kinase at
1.5 Å resolution. Acta Crystallogr. Sect. D Biol. Crystallogr. 59, 1725–1730.
doi: 10.1107/s0907444903015415

Murphy, N., Knuppel, A., Papadimitriou, N., Martin, R. M., Tsilidis, K., and Smith-
Byrne, K. (2020). Insulin- like growth factor-1, insulin-like growth factor-biding
protien-3, and breast cancer risk: observational and Mendelian randomization
analyses with 430000 women. Ann. Oncol. 31, 641–649. doi: 10.1016/j.annonc.
2020.01.066

Nahta, R., and Esteva, F. J. (2006). HER2 therapy: Molecular mechanisms of
trastuzumab resistance. Breast Cancer Res. 8:215.

Nahta, R., Yuan, L. X. H., Zhang, B., Kobayashi, R., and Esteva, F. J. (2005).
Insulin-like growth factor-I receptor/human epidermal growth factor receptor 2
heterodimerization contributes to trastuzumab resistance of breast cancer cells.
Cancer Res. 65, 11118–11128. doi: 10.1158/0008-5472.can-04-3841

Pasanisi, P., Bruno, E., Venturelli, E., Manoukian, S., Barile, M., Peissel, B., et al.
(2011). Serum levels of IGF-I and BRCA penetrance: A case control study
in breast cancer families. Fam. Cancer 10, 521–528. doi: 10.1007/s10689-011-
9437-y

Phi, L. T. H., Sari, I. N., Yang, Y. G., Lee, S. H., Jun, N., Kim, K. S., et al. (2018).
Cancer stem cells (CSCs) in drug resistance and their therapeutic implications
in cancer treatment. Stem Cells Int. 2018:5416923.

Pollak, M. (2012). The insulin and insulin-like growth factor receptor family in
neoplasia: an update. Nat. Rev. Cancer 12, 159–169. doi: 10.1038/nrc3215

Radhakrishnan, Y., Shen, X., Maile, L. A., Xi, G., and Clemmons, D. R. (2011).
IGF-I stimulates cooperative interaction between the IGF-I receptor and CSK
homologous kinase that regulates SHPS-1 phosphorylation in vascular smooth
muscle cells. Mol. Endocrinol. 25, 1636–1649. doi: 10.1210/me.2011-0035

Renehan, A. G., Zwahlen, M., Minder, C., O’Dwyer, S. T., Shalet, S. M., and
Egger, M. (2004). Insulin-like growth factor (IGF)-I, IGF binding protein-3,
and cancer risk: systematic review and meta-regression analysis. Lancet 363,
1346–1353. doi: 10.1016/s0140-6736(04)16044-3

Rice, M. S., Tworoger, S. S., Rosner, B. A., Pollak, M. N., Hankinson, S. E., and
Tamimi, R. M. (2012). Insulin-like growth factor-1, insulin-like growth factor-
binding protein-3, growth hormone, and mammographic density in the Nurses’
Health Studies. Breast Cancer Res. Treat. 136, 805–812. doi: 10.1007/s10549-
012-2303-2

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2021 | Volume 9 | Article 641449

https://doi.org/10.1158/0008-5472.can-10-2274
https://doi.org/10.1158/0008-5472.can-10-2274
https://doi.org/10.1016/s1535-6108(04)00051-0
https://doi.org/10.1007/s10637-011-9715-4
https://doi.org/10.1007/s10637-011-9715-4
https://doi.org/10.1159/000452150
https://doi.org/10.1517/14712591003689980
https://doi.org/10.2174/138945009789577945
https://doi.org/10.1038/onc.2012.214
https://doi.org/10.1158/0008-5472.can-05-1107
https://doi.org/10.1016/j.breast.2013.07.038
https://doi.org/10.1038/onc.2009.79
https://doi.org/10.2174/138920212803251436
https://doi.org/10.1016/j.ghir.2018.12.003
https://doi.org/10.1016/s1470-2045(10)70095-4
https://doi.org/10.1136/gutjnl-2011-300178
https://doi.org/10.1007/s10911-008-9100-x
https://doi.org/10.1158/0008-5472.can-08-2755
https://doi.org/10.1038/nrc2536
https://doi.org/10.1016/s1535-6108(04)00050-9
https://doi.org/10.1016/s1535-6108(04)00050-9
https://doi.org/10.1107/s0907444903015415
https://doi.org/10.1016/j.annonc.2020.01.066
https://doi.org/10.1016/j.annonc.2020.01.066
https://doi.org/10.1158/0008-5472.can-04-3841
https://doi.org/10.1007/s10689-011-9437-y
https://doi.org/10.1007/s10689-011-9437-y
https://doi.org/10.1038/nrc3215
https://doi.org/10.1210/me.2011-0035
https://doi.org/10.1016/s0140-6736(04)16044-3
https://doi.org/10.1007/s10549-012-2303-2
https://doi.org/10.1007/s10549-012-2303-2
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641449 March 16, 2021 Time: 16:33 # 9

Ianza et al. IGF-1 in Breast Cancer

Rinaldi, S., Biessy, C., Hernandez, M., Lesueur, F., dos Santos, Silva, I., et al. (2014).
Circulating concentrations of insulin-like growth factor-I, insulin-like growth
factor-binding protein-3, genetic polymorphisms and mammographic density
in premenopausal Mexican women: Results from the ESMaestras cohort: IGF-I,
IGFBP-3 and mammographic density in women. Int. J. Cancer134, 1436–1444.
doi: 10.1002/ijc.28469

Rugo, H. S., Trédan, O., Ro, J., Morales, S. M., Campone, M., Musolino, A.,
et al. (2017). A randomized phase II trial of ridaforolimus, dalotuzumab, and
exemestane compared with ridaforolimus and exemestane in patients with
advanced breast cancer. Breast Cancer Res. Treat. 165, 601–609. doi: 10.1007/
s10549-017-4375-5

Sanabria-Figueroa, E., Donnelly, S. M., Foy, K. C., Buss, M. C., Castellino, R. C.,
Paplomata, E., et al. (2015). Insulin-like growth factor-1 receptor signaling
increases the invasive potential of human epidermal growth factor receptor 2-
Overexpressing breast cancer cells via Src-focal adhesion kinase and Forkhead
box protein M1. Mol. Pharmacol. 87, 150–161. doi: 10.1124/mol.114.095380

Sasi, W., Ye, L., Jiang, W. G., et al. (2014). Observations on the effects of Suppressor
of Cytokine Signaling 7 (SOCS7) knockdown in breast cancer cells: their in vitro
response to Insulin Like Growth Factor I (IGF-I). Clin. Transl. Oncol. 16,
476–487. doi: 10.1007/s12094-013-1107-0

Schmid, P., Rugo, H. S., Cortes, J., Huang, C. L., Crossley, K., Massey, D., et al.
(2019). XENERA-1: A phase II trial of xentuzumab (Xe) in combination with
everolimus (Ev) and exemestane (Ex) in patients with hormone receptor-
positive (HR+)/human epidermal growth factor receptor 2-negative (HER2-)
metastatic breast cancer (mBC) and non-visceral involvement. J. Clin. Oncol.
37:15.

Serra, V., Markman, B., Scaltriti, M., Pieter, J. A., Eichhorn, V. V., Guzman,
M., et al. (2008). NVP-BEZ235, a dual PI3K/mTOR inhibitor, prevents PI3K
signaling and inhibits the growth of cancer cells with activating PI3K mutations.
Cancer Res. 68, 8022–8030. doi: 10.1158/0008-5472.can-08-1385

Shen, K., Liang, Q., Xu, K., Cui, D., Jiang, L., Yin, P., et al. (2012). MiR-139 inhibits
invasion and metastasis of colorectal cancer by targeting the type I insulin-like
growth factor receptor. Biochem. Pharmacol. 84, 320–330. doi: 10.1016/j.bcp.
2012.04.017

Skandalis, S. S., Afratis, N., Smirlaki, G., Nikitovic, D., Theocharis, A. D.,
Tzanakakis, G. N., et al. (2014). Cross-talk between estradiol receptor and
EGFR/IGF-IR signaling pathways in estrogen-responsive breast cancers: Focus
on the role and impact of proteoglycans. Matrix Biol. 35, 182–193. doi: 10.1016/
j.matbio.2013.09.002

Slepicka, P. F., Somasundara, A. V. H., and dos Santos, C. O. (2020). The molecular
basis of mammary gland development and epithelial differentiation. Semin. Cell
Dev. Biol. 2020:14.

Tong, Y., Wu, J., Huang, O., He, J., Zhu, L., Chen, W., et al. (2020). IGF-1 Interacted
With Obesity in Prognosis Prediction in HER2-Positive Breast Cancer Patients.
Front. Oncol. 10:550. doi: 10.3389/fonc.2020.00550

Vlahovic, G., Meadows, K. L., Hatch, A. J., Jia, J., Nixon, A. B., Uronis, H. E., et al.
(2018). A Phase I Trial of the IGF−1R Antibody Ganitumab (AMG 479) in
Combination with Everolimus (RAD001) and Panitumumab in Patients with
Advanced Cancer. Oncologist 23, 782–790. doi: 10.1634/theoncologist.2016-
0377

Wang, C., An, Y., Wang, Y., Wang, X., Luan, W., Ma, F., et al. (2020). Insulin-
like growth factor-I activates NFκB and NLRP3 inflammatory signalling via

ROS in cancer cells. Mol. Cell. Probes 52:101583. doi: 10.1016/j.mcp.2020.
101583

Wang, J., and Xu, B. (2019). Targeted therapeutic options and future perspectives
for her2-positive breast cancer. Signal Transduct. Target. Ther. 4:34.

Wang, Y., Hailey, J., Williams, D., Wang, Y., Lipari, P., Malkowski, M., et al. (2005).
Inhibition of insulin-like growth factor-I receptor (IGF-IR) signaling and tumor
cell growth by a fully human neutralizing anti-IGF-IR antibody. Mol. Cancer
Ther. 4, 1214–1221. doi: 10.1158/1535-7163.mct-05-0048

Warshamana-Greene, G. S., Litz, J., Buchdunger, E., Garcıa-Echeverrıa, C.,
Hofmann, F., and Krystal, G. W. (2005). The insulin-like growth factor-I
receptor kinase inhibitor, NVP-ADW742, sensitizes small cell lung cancer cell
lines to the effects of chemotherapy. Clin. Cancer Res. 11, 1563–1571. doi:
10.1158/1078-0432.ccr-04-1544

Werner, H., and Laron, Z. (2020). Role of the GH-IGF1 system in progression of
cancer. Mol. Cell. Endocrinol. 518:111003. doi: 10.1016/j.mce.2020.111003

Weroha, S. J., and Haluska, P. (2008). IGF-1 receptor inhibitors in clinical trials
- Early lessons. J. Mammary Gland Biol. Neoplasia 13, 471–483. doi: 10.1007/
s10911-008-9104-6

Weroha, S. J., and Haluska, P. (2012). The Insulin-Like Growth Factor System in
Cancer. Endocrinol. Metab. Clin. North Am. 41, 335–350.

Whitehead, K. A., Langer, R., and Anderson, D. G. (2009). Knocking down barriers:
Advances in siRNA delivery. Nat. Rev. Drug Discov. 8, 129–138. doi: 10.1038/
nrd2742

Wilson, T. R., Fridlyand, J., Yan, Y., Penuel, E., Burton, L., Chan, E., et al. (2012).
Widespread potential for growth-factor-driven resistance to anticancer kinase
inhibitors. Nature 487, 505–509. doi: 10.1038/nature11249

Yee, D., and Lee, A. V. (2000). Crosstalk between the insulin-like growth factors
and estrogens in breast cancer. J. Mammary Gland Biol. Neoplasia 5, 107–115.

Yerushalmi, R., Gelmon, K. A., Leung, S., et al. (2012). Insulin-like growth factor
receptor (IGF-1R) in breast cancer subtypes. Breast Cancer Res. Treat. 132,
131–142. doi: 10.1007/s10549-011-1529-8

Zeng, X., Sachdev, D., Zhang, H., Gaillard-Kelly, M., and Yee, D. (2009).
Sequencing of type I insulin-like Growth factor receptor inhibition affects
chemotherapy response in vitro and in vivo. Clin. Cancer Res. 15, 2840–2849.
doi: 10.1158/1078-0432.ccr-08-1401

Zha, J., and Lackner, M. R. (2010). Targeting the Insulin-like Growth Factor
Receptor-1R Pathway for Cancer Therapy. Clin. Cancer Res. 16, 2512–2517.
doi: 10.1158/1078-0432.CCR-09-2232

Zhu, Y., Wang, T., Wu, J., Huang, Ou, Zhu, L., He, J., et al. (2020). Associations
between circulating insulin-like growth factor 1 and mortality in women with
invasive breast cancer. Front. Oncol. 10:1384. doi: 10.3389/fonc.2020.01384

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ianza, Sirico, Bernocchi and Generali. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 March 2021 | Volume 9 | Article 641449

https://doi.org/10.1002/ijc.28469
https://doi.org/10.1007/s10549-017-4375-5
https://doi.org/10.1007/s10549-017-4375-5
https://doi.org/10.1124/mol.114.095380
https://doi.org/10.1007/s12094-013-1107-0
https://doi.org/10.1158/0008-5472.can-08-1385
https://doi.org/10.1016/j.bcp.2012.04.017
https://doi.org/10.1016/j.bcp.2012.04.017
https://doi.org/10.1016/j.matbio.2013.09.002
https://doi.org/10.1016/j.matbio.2013.09.002
https://doi.org/10.3389/fonc.2020.00550
https://doi.org/10.1634/theoncologist.2016-0377
https://doi.org/10.1634/theoncologist.2016-0377
https://doi.org/10.1016/j.mcp.2020.101583
https://doi.org/10.1016/j.mcp.2020.101583
https://doi.org/10.1158/1535-7163.mct-05-0048
https://doi.org/10.1158/1078-0432.ccr-04-1544
https://doi.org/10.1158/1078-0432.ccr-04-1544
https://doi.org/10.1016/j.mce.2020.111003
https://doi.org/10.1007/s10911-008-9104-6
https://doi.org/10.1007/s10911-008-9104-6
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/nature11249
https://doi.org/10.1007/s10549-011-1529-8
https://doi.org/10.1158/1078-0432.ccr-08-1401
https://doi.org/10.1158/1078-0432.CCR-09-2232
https://doi.org/10.3389/fonc.2020.01384
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Role of the IGF-1 Axis in Overcoming Resistance in Breast Cancer
	Introduction
	Plasma Levels of Igf-1 and Breast Cancer
	Igf as a Target of Therapy
	IGF-1R Antibodies
	Receptor Tyrosine Kinase Activity

	Crosstalk and Combination Therapies
	Chemotherapy
	IGF-1R and Hormonal Therapies
	IGF-1R and PI3K/Akt/mTOR Axis
	IGF-IR and HER2/erbB Receptor Therapy

	Future Directions
	Conclusion
	Author Contributions
	Funding
	References


