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ABSTRACT

The insulin-like growth factor-1 hormonal axis has emerged in recent
years ds a promising therapeutic target in oncology. Empirical support
to this view was provided by pre-clinical studies showing that insulin-
like growth factor-1 receptor expression and activation constitute
fundamental prerequisites for breast cancer development.
Unfortunately, the vast majority of phase lll clinical trials using
monoclonal antibodies against the receptor have been disappointing.
As a result of these negative outcomes there is an urgent need to
identify predictive biomarkers that may identify potential responders.
The present review article is aimed at providing an overview of the
role of the insulin-like growth factor-1 axis in breast cancer.
Circulating insulin-like growth factor-1 constitutes a risk factor for a
number of malignancies, including breast cancer, and various members
of the insulin-like growth factor-1 system are produced by the tumoral
cells or by stromal cells. In addition, we provide evidence that the
mechanism of action of insulin-like growth factor-1 involves interactions
with the estrogen receptor as well as with the breast cancer gene-1.
Finally, lifestyle factors that are related to insulin-like growth factor-
1, such as obesity, have been suggested to have an effect on breast
cancer.

Keywords: insulin-like growth factor-1 (IGF1); IGF1 receptor; breast
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Introduction

Breast cancer is the most frequent
malignancy in women. The disease is responsible for
the greatest number of cancer-related deaths
among women as one in eight to ten women will
develop the disease during their lifetimel.
According to the World Health Organization,
breast cancer accounts for 25% of all female
cancers and 12% of all cancers23. Cellular and
molecular mechanisms that can explain the etiology
and progression of the disease were sought in order
to allow improved diagnosis and treatment. The
insulin-like growth factor (IGF) system constitutes a
growth factor network of major importance in the
development of breast cancer. The IGF system has
a direct effect on cellular proliferation and survival.
Furthermore, components of the IGF axis interact
with a number of genetic and environmental factors
that have been implicated in breast cancer
etiology, including various high-penetrance genes
(e.g., BRCA1, BRCA2, p53, PTEN). The IGF axis
emerged in recent years as a promising therapeutic
target and major efforts are being invested in
order to translate experimental and preclinical
data into solid medical protocols4-¢. The aim of this
review article is to provide an updated overview of
the role of the IGF axis in the specific context of
breast cancer.

The insulin-like growth factor system

The insulin-like growth factors (IGFs) are
involved in normal growth and differentiation of
most organs as well as in a wide array of
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pathological states. The IGFs developed early in
evolution, possibly as regulators of cellular
proliferation in relation to nutrient availability?. The
role of the IGFs as mediators of the growth hormone
(GH)-stimulated incorporation of sulfate into
cartilage was demonstrated more than 60 years
ago8. The specific, GH-activated serum factor that
was originally termed 'sulfation factor' and then
'somatomedin’ is now accepted as IGF19. The IGF
system comprises three ligands, insulin, IGF1 and
IGF2 (Figure 1). Circulating IGF1 levels are
dependent on liver production, which is tightly
controlled by pituitary-derived GH. In addition to
its classical endocrine role, many extrahepatic
tissues produce IGF1, which exhibits also paracrine
and autocrine modes of action. Both IGF1 and IGF2
activate a common cell-surface receptor, the IGF1
receptor (IGF1R), which signals mitogenic,
antiapoptotic and transforming activities'®. The
IGF1R is coupled to several intracellular second
messenger pathways, including the ras-raf-MAPK
and PI3K-AKT signaling cascades’! 12, The IGF1R is
vital for cell survival, as illustrated by the lethal
phenotype of mice in which the IGFTR gene was
disrupted by homologous recombination!3. Of
importance, IGF2 has also an important role in
breast cancer and a significant portion of its effects
are mediated by the A-isoform of the insulin
receptor'4. The IGF2 receptor is responsible for
removing the highly mitogenic IGF2 from the
circulation and is apparently not involved in
intracellular signaling.
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Figure 1. The IGF axis. IGF1 and IGF2 bind to the extracellular domain of the IGF1R and induce autophosphorylation
of the tyrosine residues in the intracellular domain of the receptor. The bioavailability of the ligands is controlled by a
family of IGF-binding proteins (IGFBP1-6). The most abundant IGFBP in serum is IGFBP3, which circulates as a ternary
complex including the BP itself, the ligand, and an acid-labile subunit. The affinity of the IGFBPs for the ligand is usually
higher than that of the IGF1R. The ratio between free and IGFBP-bound IGF is important in determining the potency of

the growth factor.
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Malignant cells, including breast, ovarian,
prostate, colon, hematopoietic, renal and others,
show an abundant expression of IGFIR15-17,
Accumulated data suggest that up-regulation of the
IGFTR gene constitutes a common paradigm in
different types of cancer'8. The IGF system includes,
in addition, at least six high-affinity IGF binding
proteins (IGFBP1-6)19.20, All IGFBPs are secreted by
breast tumors and their expression is usually
correlated with estrogen receptor status?'. In serum,
the vast majority of circulating IGF1 and IGF2 is
found in a ternary complex with IGFBP3 and an
acid labile subunit. This complex modulates IGF
action by protecting the growth factors from
proteolysis and prolonging their half lives in the
circulation. In general, the IGFBPs inhibit the
metabolic and proliferative actions of the ligands,
although some IGFBPs display IGF-potentiating
effects as well.

Circulating insulin-like growth factor-1 as a risk
factor

Systematic reviews and meta analyses
have suggested that high circulating IGF1
concentrations are associated with an increased risk
of premenopausal breast cancer?? and other
malignancies23. Specifically, in a prospective nested
control study (Nurse's Health Study) the relative risk
(RR) of breast cancer in premenopausal women was
4.6 in the upper tertile of IGF1 values in comparison
to women in the lower tertile24. The RR increased to
7.3 when the concentrations of IGFBP3 were
included in the analysis. Breast tumors express all of
the component of the IGF system, including ligands,
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receptors and binding proteins'¢25, Circulating
IGF1 stimulates the proliferation of breast cancer
cells in an endocrine fashion2¢, In addition, stromal
cells adjacent to the tumor cells produce IGF1 as
well that seems to act in a paracrine fashion?”,

It is important to emphasize that IGF1, per
se, is not genotoxic. In other words, even supra-
pharmacological doses of the hormone can not
induce neither = mutations nor  malignant
transformation. However, once a malignant
transformation has occurred, cell survival of already
transformed cells depends on IGF1 action28. In
terms of the ‘two-hit’ hypothesis, IGF1 action is
regarded as a second, i.e. a permissive, event that
follows a first, or oncogenic, event. The disruption of
internal checks and control mechanisms associated
with the neoplastic phenotype is further emphasized
by the finding that IGF1 action can override the
cellular signals of apoptosis?9.

Insulin-like growth factor-1, lifestyle factors and
breast cancer

Lifestyle factors that are related to IGF1
have been suggested to have an effect on breast
cancer incidence30. For example, IGF1
concentrations are usually higher in obese than in
lean subjects3!. Consistent with this finding, most
epidemiological studies provide evidence that
obesity increases the risk of postmenopausal breast
cancer. Given the obesity and diabetes epidemics
in the Western world, the impact of nutrition on the
IGF system in the context of breast cancer is the
focus of major research efforts32 (Figure 2).

Hyperinsulinemia
Hyperglycemia

D Hyperlipidemia

Figure 2. How can the metabolic syndrome, obesity and diabetes affect breast cancer development?
Obesity, diabetes and the metabolic syndrome affect breast cancer development and progression via a
number of mechanisms and factors. Epidemiological data identified IGF1 as an important risk factor for the

disease.
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Interaction of insulin-like growth factor-1 with
breast cancer genes

The interaction of IGF1 with a number of
high-penetrance breast cancer genes has been
explored in recent years3334, The breast and
ovarian cancer susceptibility gene (BRCAT) is a
transcription factor involved in DNA damage
repair, cell growth and apoptosis3336, Mutations in
the BRCAT1 gene are detected in a considerable
portion of families with inherited breast and/or
ovarian cancer3. BRCAT mutation carriers have an
approximately 87% cumulative risk of developing
breast cancer by age 7038 In terms of its
mechanism of action, BRCAT was shown to represses
the activity of the IGF1R gene in breast cancer cell
lines3940,  Consistent with this finding, BRCAI1
deficiency leads to increased expression of various
IGF system members in multiple experimental
systems, including BRCA1-deficient mice, primary
mammary tumors and cultured human cells41. IGF1R

Figure 3
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levels in tumors from patients carrying BRCAT
mutations were elevated when compared to tumors
from sporadic (non-familial) breast cancer
patients42 (Figure 3). In addition, expression of the
IGF1 ligand was markedly enhanced in tumors of
BRCAT1 mutation carriers in comparison with
matched sporadic tumors43. Furthermore, evidence
in support of a complex, bi-directional interplay
between the IGF1 pathway and tumor suppressor
BRCA1 was provided by studies showing that IGF1
increases BRCAT1 gene expression and enhances
BRCA1  promoter activity44. In  conclusion,
experimental and clinical evidence emphasize the
convergence of IGF1R-mediated cell-survival
pathways and BRCA1-mediated tumor protective
pathways. While these interactions have been
primarily characterized in familial cancers (due to
the high incidence of BRCAT mutations), it is clear
that IGF1R and BRCA1 might also be involved in the
etiology of sporadic cancers.

IGF1R levels are elevated in breast cancer tissue of mutant BRCA1 carriers

Normal tissue

Figure 3. Immunohistochemical analysis of IGFIR levels in 185delAG BRCA1 mutant-carrier and non BRCA1-
carrier tumors. (a) 185delAG BRCA1 -carrier tumor; (b) Non-BRCA carrier tumor; (c) High grade tumor; (d) Normal

tissue. Data adapted from Maor et al“2,

Interaction of insulin-like growth factor-1 with the
estrogen receptor

Estrogen receptors (ER) are highly
expressed in the mammary glands and are
required for normal gland development4s,
Activation of the ER by estrogen causes
internalization of the receptor complex and
association with DNA. The ER complex recruits
transcription factors and regulates the expression of
a series of target genes involved in cell
proliferation and differentiation4é. Estrogens and

Medical Research Archives | https:

IGF1 are synergistic in their actions as they
differentially regulate c-myc and cyclin D1 to
cooperatively stimulate breast cancer cell
proliferation?’. In the absence of estrogen, IGF1
can activate the ER and increase the expression of
its downstream target genes. Furthermore IGFIR
gene transcription in breast cancer cells is controlled
by ER activation. Prolactin, a polypeptide
hormone, is essential for mammary gland
development and lactation. Increased prolactin
levels in plasma are associated with an increased
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risk of breast cancer in postmenopausal women4°,
IGF2 is a required intermediate for prolactin-
induced proliferation in mammary epithelial cells. In
addition, prolactin directly upregulates IGFT and
IGF2 gene expression30. Given the important roles
of the IGF and ER signaling pathways in the
pathophysiology of the mammary gland,
understanding the cellular and molecular basis of
the interactions between these hormonal systems is
of major translational relevance.

Targeted therapy of the insulin-like growth factor-
1 system

Targeting of the IGF1 axis emerged in
recent years as a promising area in oncology451:52,
Targeting methods are evaluated for their ability
to: (1) inhibit cancer cell proliferation, survival, and
anchorage independent growth in vifro; (2) reverse
tumor growth and metastases formation in vivo; and
(3) sensitize cancer cells to chemotherapy,
radiotherapy, hormonal and biological therapies.
Various methods were developed to downregulate
IGF1R expression and signaling, including selective
inhibitors as well as specific monoclonal antibodies.
Unfortunately most  clinical trials led to
disappointing results33. Hence, identification of
molecular predictors of sensitivity to IGFIR
inhibitors (i.e., biomarkers) constitutes a critical field
of research®4., Extensive molecular profiling

Medical Research Archives |https:
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revealed that a number of components of the IGF
pathway, including IRS2 and IGFBP5, may play key
roles in determining the sensitivity of cancer cells to
humanized IGF1R antibodies55. Similarly, IGF1R
expression levels and activation status, as well as
additional downstream mediators, might also help
selecting patients for targeting therapy3¢-58,

Conclusions

In summary, we have provided evidence
that the IGF hormonal axis is an important player in
breast cancer development. The biological actions
of IGF1 are tightly linked to a number of high
penetrance breast cancer genes, particularly
BRCA1. In addition, we have demonstrated that
IGF1 interacts with the estrogen receptor signaling
pathway. Elucidation of the complex interplay
between these important signaling pathways will
have a major impact on our understanding of basic
molecular oncology processes as well as on our
ability to design and optimize breast cancer
therapies.

Acknowledgements

Work in the laboratory of HW is supported by
grants from the Israel Science Foundation, US-Israel
Binational Science Foundation, the Israel Cancer
Association and the Recanati Foundation.

esmed.org/MRA /index.php /mra/article /view /3634 5



https://esmed.org/MRA/index.php/mra/article/view/3634
https://esmed.org/MRA/mra

Medical
Research
Archives

References

1.

10.

11.

12.

13.

14.

Medical Research Archives |https:

Siegel RL, Miller KD, Jemal A. Cancer
statistics, 2016. CA Cancer J Clin.
2016;66:7-30.

Ferlay J, Soerjomataram |, Dikshit R, et al.
Cancer incidence and mortality worldwide:
sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer.
2015;136:E359-386.

Torre LA, Islami F, Siegel RL, et al. Global
Cancer in Women: Burden and Trends.
Cancer  Epidemiol ~ Biomarkers  Prev.
2017;26:444-457.

Osher E, Macaulay VM. Therapeutic
targeting of the IGF axis. Cells.
2019;8:E895.

Crudden C, Girnita A, Girnita L. Targeting
the IGF-1R: the tale of the tortoise and the
hare.  Front  Endocrinol  (Lausanne).
2015;6:64.

Scotlandi K, Picci P. Targeting insulin-like
growth factor 1 receptor in sarcomas. Curr
Opinion Oncol. 2008;20:419-427.

Bentov |, Werner H. IGF, IGF receptor and
overgrowth syndromes. Pediatr Endocrinol
Rev. 2004;1:352-360.

Salmon WD, Daughaday WH. A
hormonally controlled serum factor which
stimulates  sulfate  incorporation by
cartilage in vitro. J Lab Clin Med.
1957,;49:825-836.

Rosenfeld RG. Insulin-like growth factors
and the basis of growth. New England J
Med. 2003;349:2184-2186.

De Meyts P. Insulin/receptor binding: the
last piece of the puzzle? What recent
progress on the structure of the
insulin/receptor complex tells us (or not)
about  negative  cooperativity  and
activation. Bioessays. 2015;37:389-397.
Werner H, Sarfstein R. Transcriptional and
epigenetic control of IGFIR gene
expression: implications in metabolism and
cancer. Growth Hormone IGF Res.
2014;24:112-118.

LeRoith D. Clinical relevance of systemic
and local IGF-I: lessons from animal models.
Pediatr  Endocrinol Rev. 2008;5(Suppl
2):739-743.

Baker J, Liv J-P, Robertson EJ, Efstratiadis
A. Role of insulin-like growth factors in
embryonic and postnatal growth. Cell.
1993;75:73-82.

Belfiore A, Malaguarnera R. The insulin
receptor and cancer. Endocrine Related
Cancer. 2011;18:R125-147.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

New Insights into the Role of the Insulin-Like Growth Factors in Breast Cancer

Baserga R, Peruzzi F, Reiss K. The IGF-1
receptor in cancer biology. Int J Cancer.
2003;107:873-877.

Werner H, Laron Z. Role of the GH-IGF1
system in progression of cancer. Mol Cell
Endocrinol. 2020;518:111003.

Sarfstein R, Maor S, Reizner N, et al.
Transcriptional regulation of the insulin-like
growth factor-1 receptor in breast cancer.
Mol Cell Endocrinol. 2006;252:241-246.
LeRoith D, Helman LJ. The new kid on the
block(ade) of the IGF-1 receptor. Cancer
Cell. 2004;5:403.

Holly J, Perks C. The role of insulin-like
growth factor binding proteins.
Neuroendocrinology. 2006;83:154-160.
Bach L. Insulin-Like Growth Factor Binding
Proteins--an Update. Pediatr Endocrinol
Rev. 2015;13:521-530.

McGuire W, Jackson JG, Figueroa JA, et al.
Regulation of IGFBP expression by breast
cancer cells: use of IGFBP-1 as an inhibitor
of insulin-like growth factor action. J Natl
Cancer Inst. 1992;84:1336-1341.

Shi R, Yu H, MclLarty J, Glass J. IGF-I and
breast cancer: a meta analysis. Int J Cancer.
2004;111:418-423.

Renehan AG, Zwahlen M, Minder C, et al.
Insulin-like growth factor-l, IGF binding
protein-3, and cancer risk: systematic
review and meta-regression analysis.
Lancet. 2004;363:1346-1353.

Hankinson SE, Willett WC, Colditz GA, et
al. Circulating concentrations of insulin-like
growth factor-l and risk of breast cancer.
Lancet. 1998;351:1393-1396.

Vella V, De Francesco EM, Lappano R, et
al. Microenvironmental determinants of
breast cancer metastasis: focus on the
crucial interplay between estrogen and
insulin/insulin-like growth factor signaling.
Front Cell Dev Biol. 2020;8:608412.
Cannata D, Lann D, Wu Y, et al. Elevated
circulating IGF-l promotes mammary gland
development and proliferation.
Endocrinology. 2010;151:5751-5761.

de Ostrovich KK, Lambertz |, Colby JK, et
al. Paracrine overexpression of insulin-like
growth factor-1  enhances mammary
tumorigenesis in vivo. Am J Pathol.
2008;173:824-834.

Baserga R, Resnicoff M, Dews M. The IGF-
1  receptor and cancer. Endocrine.
1997;7:99-102.

O'Connor R, Kauffmann-Zeh A, Liv Y, et al.
Identification of domains of the insulin-like

esmed.org/MRA /index.php /mra/article /view /3634 6



https://esmed.org/MRA/index.php/mra/article/view/3634
https://esmed.org/MRA/mra

Medical
Research
Archives

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Medical Research Archives |https:

growth factor | receptor that are required
for protection from apoptosis. Mol Cell Biol.
1997;17:427-435.

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

Nam SY, Lee EJ, Kim KR, et al. Effect of
obesity on total and free insulin-like growth
factor (IGF)-1, and their relationship to
IGF-binding protein (BP)-1, IGFBP-2,
IGFBP-3, insulin, and growth hormone. Int J
Obes Relat Metaab Disord. 1997;21:355-
359.

Gallagher EJ, LeRoith D. Obesity and
cancer. Cancer Metastasis Rev.
2022;41:463-364.

Werner H, Bruchim I. IGF-1 and BRCAI
signalling pathways in familial cancer.
Lancet Oncol. 2012;13(12):e537-544.
Koobotse M, Holly J, Perks C. Elucidating
the novel BRCA1 function as a non-genomic
metabolic restraint in ER-positive breast
cancer cell lines. Oncotarget.
2018;9:33562-33576.

Miki Y, Swensen J, Shattuck-Eidens D, et al.
A strong candidate for the breast and
ovarian cancer susceptibility gene BRCA1.
Science. 1994;266:66-71.

Werner H. BRCAT: an endocrine and
metabolic regulator. Front Endocrinol.
2022;13:844575.

Futreal PA, Liv Q, Shattuck-Eidens D, et al.
BRCA1 mutations in primary breast and
ovarian carcinomas. Science.
1994;266:120-122.

Ford D, Easton DF, Bishop DT, et al. Risks of
cancer in BRCAT-mutation carriers. Breast
Cancer Linkage  Consortium.  Lancet.
1994;343:692-695.

Abramovitch S, Glaser T, Ouchi T, Werner
H. BRCAT-Sp1 interactions in
transcriptional regulation of the IGF-IR
gene. FEBS Lett. 2003;541:149-154.
Maor SB, Abramovitch S, Erdos MR, et al.
BRCA1 suppresses insulin-like growth
factor-l  receptor promoter  activity:
potential interaction between BRCA1 and
Sp1. Mol Gen Metab. 2000;69:130-136.
Shukla V, Coumoul X, Cao L, et al. Absence
of the full-length breast cancer-associated
gene-1 leads to increased expression of
insulin-like growth factor signaling axis
members. Cancer Res. 2006;66:7151-
7157.

Maor S, Yosepovich A, Papa MZ, et al.
Elevated insulin-like growth  factor-I

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

New Insights into the Role of the Insulin-Like Growth Factors in Breast Cancer

receptor (IGF-IR) levels in primary breast
tumors associated with BRCA1 mutations.
Cancer Lett. 2007;257:236-243.

Hudelist G, Wagner T, Rosner M, et al.
Intratumoral IGF-I protein expression is
selectively upregulated in breast cancer
patients with BRCA1 /2 mutations. Endocrine
Related Cancer. 2007;14:1053-1062.
Maor S, Papa MZ, Yarden R, et al. Insulin-
like growth factor-l controls BRCAT gene
expression through activation of
transcription factor Sp1. Horm Metab Res.
2007;39:179-185.

Hennighausen L, Robinson GW. Signaling
pathways in mammary gland development.
Dev Cell. 2001;1:467-475.

Massague J. G1 cell-cycle control and
cancer. Nature. 2004;432:298-306.
Mawson A, Lai A, Carroll JS, et al. Estrogen
and insulin/IGF-1 cooperatively stimulate
cell cycle progression in MCF-7 breast
cancer cells through differential regulation
of c-Myc and cyclin D1. Mol Cell Endocrinol.
2005;229:161-173.

Maor S, Mayer D, Yarden R, et al. Estrogen
receptor regulates insulin-like growth
factor-l receptor gene expression in breast
tumor cells: involvement of transcription
factor Sp1. J Endocrinol. 2006;191:605-
612.

Hankinson SE, Willett WC, Michaud DS, et
al. Plasma prolactin levels and subsequent
risk of breast cancer in postmenopausal
women. J Natl Cancer Inst. 1999;91:629-
634.

Carver KC, Schuler LA. Prolactin does not
require insulin-like growth factor
intermediates but synergizes with insulin-
like growth factor | in human breast cancer
cells. Mol Cancer Res. 2008;6:634-643.
Yuen JS, Macaulay VM. Targeting the type
1 insulin-like growth factor receptor as a
treatment for cancer. Exp Opinion Ther
Targets. 2008;12:589-603.

Bruchim |, Attias Z, Werner H. Targeting the
IGF1 axis in cancer proliferation. Exp
Opinion Ther Targets. 2009;13:1179-
1192.

Baserga R. The decline and fall of the IGF-
| receptor. J Cell Physiol. 2013;28:675-
679.

Cohen-Sinai T, Cohen Z, Werner H, Berger
R. Identification of BRCA1 as a potential
biomarker for insulin-like growth factor-1
receptor targeted therapy in breast
cancer. Front Endocrinol  (Lausanne).

2017,8:148.

esmed.org/MRA /index.php /mra/article /view /3634 7



https://esmed.org/MRA/index.php/mra/article/view/3634
https://esmed.org/MRA/mra

Medical
Research
Archives

55.

56.

Medical Research Archives | https:

Pavlicek A, Lira ME, Lee NV, et al
Molecular predictors of sensitivity to the
insulin-like growth factor 1 receptor
inhibitor Figitumumab (CP-751,871). Mol
Cancer Ther. 2013;12:2929-2939.

Farabaugh S, Boone D, Lee A. Role of
IGF1R in breast cancer subtypes, stemness,
and lineage  differentiation.  Front.
Endocrinol (Lausanne). 2015;6:59.

57.

58.

New Insights into the Role of the Insulin-Like Growth Factors in Breast Cancer

Yerushalmi R, Gelmon KA, Leung S, et al.
Insulin-like growth factor receptor (IGF-IR)
in breast subtypes. Breast Cancer Res. Treat.
2012;132:131-142.

King H, Aleksic T, Haluska P, Macaulay VM.
Can we unlock the potential of IGF-1R

inhibition in cancer therapy? Cancer Treat
Rev. 2014;40:1096-1105.

esmed.org/MRA /index.php /mra/article /view /3634 8



https://esmed.org/MRA/index.php/mra/article/view/3634
https://esmed.org/MRA/mra

