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A B S T RAC   T
INTRODUCTION: The different presentation of adrenocortical tumors in benign adenoma (ACA) or adrenocortical car-
cinoma (ACC) is related to the variability at the molecular level. The insulin-like growth factor (IGF) system is one of the 
most frequently altered pathways in ACC. In this review we will critically analyze the evidence regarding the pathogenic 
role of the IGF system in adrenal tumorigenesis, focusing on ACC. We will also examine the preclinical and clinical stud-
ies which investigated the targeting of the IGF system as a therapeutic approach in ACC.
EVIDENCE ACQUISITION: The IGF system plays a crucial role in the embryogenesis of adrenal glands. No significant 
alterations of the IGF system were observed in ACA. In ACC, the IGF2 overexpression is one of the most frequent mo-
lecular change presented in more than 85% of cases. However, IGF2 seems to be only a tumor progression factor which 
requires additional hits to trigger adrenal tumorigenesis. Also, the IGF1 receptor (IGF1R) appears to be higher expressed 
in ACC. Many IGF1R target-drugs have been developed to inhibit the activation of the IGF system.
EVIDENCE SYNTHESIS: Preclinical studies using antibody or tyrosine kinase which target the IGF1R, or the dual-
targeting of IGF1R and insulin receptor (IR) reduced ACC cells proliferation both in vitro and in vivo in mouse xenograft 
model. However, these promising results were not confirmed in clinical trials.
CONCLUSIONS: Nowadays, predictive markers for the response of target-IGF therapy are missing and further studies 
which investigate new molecular markers and evaluate the entire IGF receptors, including the IR, are urgently needed.
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Introduction

Adrenocortical tumors (ACT) are frequent in 
the general population and are mostly in-

cidentally discovered with a prevalence ranges 
from 1% to 10% in the elderly.1 Most of them 
are benign adrenocortical adenomas (ACA) that 
can be non-functioning in 70-80% of cases or 
associated with autonomous cortisol secretion 
or, more rarely, with aldosterone secretion.1 In-

stead, adrenocortical carcinomas (ACC) are rare 
aggressive tumors with an annual incidence of 
0.7-2.0 cases per million per year2, 3 and with an 
overall survival (OS) rate at five years ranging 
from 15% to 80% according to tumor stage.4 
The majority of ACC patients present symp-
toms associated with hormone excess, more 
frequently with hypercortisolism (Cushing Syn-
drome) or mixed Cushing’s and virilizing syn-
drome, whereas aldosterone or estrogen excess 
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is rare.2, 5 About 30-40% of ACC is associated 
with non-specific symptoms due to the tumor 
mass, such as flank or back pain or abdominal 
discomfort, and the remaining 10% is discov-
ered as incidentalomas.2, 5

The different presentation of an ACT in be-
nign or malignant neoplasia is related to the vari-
ability at molecular level.6 In the last decades, 
several genomics studies have been tried to 
better understand the pathophysiology underly-
ing the molecular mechanisms involved in the 
ACT development.7-11 In comparison to ACA, 
ACC has thousands of genes deregulated, mostly 
implicated in the cell-cycle regulation, chromo-
somal modelling, apoptosis, inflammation and 
immunity.6, 12-16 The insulin-like growth factor 
(IGF) system is one of the most frequently al-
tered pathways in ACC, even though it also plays 
a significant role in the regulation of different bi-
ological functions in normal adrenal glands.17, 18 
Notably, the IGF2 overexpression represents a 
hallmark of ACC and is observed in more than 
85% of cases.6, 8, 12, 17, 18 This overexpression re-
sults in activation of the IGF1 receptor (IGF1R) 
and, consequently, of the entire IGF signaling 
pathway.17 IGF1R seems to be involved in ACC 
tumorigenesis19 and different preclinical studies, 
which investigated the targeting of this receptor 
showed promising results.20-22 However, phase 
I and III trials evaluating two pharmaceutical 
agents, figitumumab and linsitinib, targeting the 
IGF1R and both IGF1R - insulin receptor (IR), 
respectively, failed to demonstrate significant 
clinical benefit, except in a few patients.23, 24 One 
of the lack of these studies was that predictive 
biomarkers, such as the evaluation of the IGF 
system members, which were necessary for the 
identification of the probable responders, were 
not used.25

In this review, we perform a comprehensive 
evaluation of the physiological role of IGF sys-
tem in the adrenal gland and its pathogenetic 
involvement in the development of ACT. More-
over, we focus our attention also in studies and 
clinical trials investigating different molecules 
that target the IGF system in preclinical models 
of ACC and/or ACC patients, critically discuss-
ing the weaknesses of these studies and underly-
ing the future prospective of these molecules.

Evidence acquisition

An overview of the IGF system signaling path-
way and its correlation with cancer

The IGF system has a critical role in the growth 
and metabolism of many tissues, as well as is in-
volved in the progression of several cancer types 
(Figure 1).17, 19, 22, 25-33 The IGF system is a com-
plex pathway that includes several components: 
three ligands (IGF1, IGF2, and insulin), three re-
ceptors (IGF1R, mannose-6 phosphate IGF2 re-
ceptor [M6P/IGF2R], and IR), and six different 
IGF-binding proteins (IGFBP-1 to 6).31

The IGF1 and IGF2 are mostly produced 
by the liver or secreted locally by different tis-
sues, such as cancer cells, acting via paracrine 
and autocrine signaling in addition to endocrine 
mechanisms.34 On the contrary, insulin, which is 
structurally similar to IGF, is produced only by 
pancreatic beta cells and can act only via endo-
crine mechanism. IGF peptides circulate bound 
to IGF-BP, which prevent their interaction with 
the receptors, whereas insulin circulates mainly 
in free form.31

The IGF1R and the IR are transmembrane tyro-
sine kinase receptors with a high grade of homol-
ogy. They are both heterotetramers composed of 
two extracellular α-subunits, which include the 
ligand-binding domain, and two transmembrane 
β-subunits, which possess the tyrosine kinase do-
main.35 IGF1R binds IGF1 and IGF2 with high 
affinity and insulin with low affinity.17 To better 
understand the complex correlation between IGF 
system and tumorigenesis, it is important to note 
that there are two isoforms of IR generated by 
alternative splicing of the exon 11.17, 36, 37 This 
region encodes 12 amino acids at the C-terminus 
of the α-subunit which are excluded (IR-A) or 
included (IR-B) in the two isoforms.37 The ex-
pression of these isoforms is tissue-specific: 
IR-B is express in metabolic tissues, such as 
liver, muscle and adipose tissue and activates the 
metabolic pathway through the binding of insu-
lin, whereas IR-A is preferentially expressed in 
fetal tissues and cancer cells, as well as in cen-
tral nervous system and hematopoietic cells, and 
binds both insulin and IGF2.36, 38-40 Due to the 
high homology between IGF1R and IR, their 
monomer α/β can mix and create hybrid recep-
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Figure 1.—IGF1R/IR cellular signaling pathway and IGF-target agents in adrenocortical tumor cells.
Schematic diagram of the alterations of the insulin-like growth factor (IGF) pathway involved in adrenocortical tumori-
genesis and IGF-target agents in adrenocortical carcinoma (ACC) cells. Ligand binding to IGF1 receptor (IGF1R), insulin 
receptor-A (IRA) or hybrid-receptor A (Hybrid-RA) leads to the autophosphorylation of the tyrosine kinase subunit and the 
activation of the insulin receptor substrate (IRS) or the SRC homology and collagen (Shc). Ligands are represented by IGF1, 
IGF2 and insulin and thickness of the arrows indicates the affinity of the ligands with the specific receptors. Particularly, IGF2 
is locally produced by ACC cells, creating a loop that, associated with the overexpression of the IGF1R and IR,19, 22, 26 acti-
vates the IGF pathway. The most important downstream pathways are the phosphatidylinositol 3-kinase/active protein kinase 
B (PI3K/AKT) and mitogen-activated protein kinases/extracellular signal-regulated kinase (MAPK/ERK) cascade.17, 27, 28 
The phosphorylation of AKT causes the activation of the mammalian target of rapamycin complex 1 (mTORC1), which phos-
phorylates two key effectors, p70S6 Kinase 1 (S6K1) and eukaryotic initiation factor 4E binding protein-1 (4EBP1), resulting 
in mRNA translation and regulation of several proteins involved in cell growth.17, 27, 28 AKT stimulates also cyclin D1, which 
promotes cell survival and phosphorylates the forkhead box O (FOXO), promoting cell division. Moreover, AKT inhibits 
Bcl2 antagonist of cell death (BAD) and activates the mouse double minute 2 (MDM2), preventing apoptosis,17, 27, 28 and, 
contrary to other cancer types, does not inhibit the phosphorylation of β-catenin by the glycogen synthase kinase-3b (GSK-
3b) in ACC.17, 29 Thus, β-catenin can accumulate into cell nucleus and stimulates the transcription of Wnt target genes. The 
activation of the MAPK/ERK pathway through Shc, the growth factor receptor-bound protein 2 (Grb2) and Son of Sevenless 
(SOS), stimulates Ras to activate Raf, which phosphorylates the MAPK/ERK kinase (MEK)1/2 dual-specificity protein ki-
nases. MEK1/2 activates ERK1/2 that has a major role in tumorigenesis and Jun amino-terminal kinases (JNK1/2/3), which 
translocate to the nucleus and regulate several transcription factors leading to cell proliferation.27, 28 Finally, the activation 
of IR-A causes also the translocation of the glucose transporter type 4 (GLUT-4) to the cell membrane, increasing the cell 
glucose uptake.30 P indicates major sites of phosphorylation. IGF-target agents used in ACC with corresponding targets are 
shown in boxes and are grouped as follow: anti-IGF1R antibodies (Ab) (cixutumumab, figitumumab, 1H7), IGF-1R tyrosine 
kinase (TK) inhibitor (NVP-AEW541), dual TK inhibitor of IGF1R and IR (linsitinib), mTOR inhibitors (sirolimus, temsi-
rolimus), IGF2 neutralizing Ab and metformin, that decreases IGF2 and IGF1R expression, inhibits the phosphorylation of 
mTORC1 and MEK, in addition to reduce glucose and insulin blood levels.

tors A or B (hybrid-RA or hybrid-RB) accord-
ing to the IR isoform.41 The ligand specificity, 
as well as the downstream signaling pathways, 
are determined by the IR isoform. Thus, hybrid-

RA binds all the three ligands (IGF1 and IGF2 
with high affinity and insulin with low affinity) 
and activates the mitogenic signaling pathway, 
whereas hybrid-RB binds insulin and IGF1 and 
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they phosphorylate gene, such as MYC, or reg-
ulate transcription factors, such as members of 
the ETS (E26 transformation-specific or E-twen-
ty-six) family, leading to cell growth, survival 
and differentiation. Finally, the activation of IR 
causes also the translocation of the glucose trans-
porter type 4 (GLUT-4) to the cell membrane, in-
creasing the cell glucose uptake (Figure 1).30

In tumorigenesis, the IGF2R plays a minor 
role in comparison to IGF1R and IR, since it 
lacks the tyrosine kinase function and is not able 
to activate a signaling pathway. However, the 
IGF2R may present a tumor suppressor activity, 
through the internalization of IGF2 that can be 
degraded by lysosome, thus avoiding the binding 
with other receptors.25, 46

Therefore, the overexpression of IGF2, often 
produced locally by tumor cells,47 as well as the 
overexpression of IGF1R and IRA observed in 
several tumor types, play a key role in tumori-
genesis.32 Moreover, hybrid receptors may in-
crease the pool of IGF system receptors and may 
provide a further growth advance in tumor cells. 
However, the role of hybrid-R is not completely 
understood and further studies are necessary to 
better investigate this receptor.

The role of IGF system in normal adrenal glands

The IGF system plays a crucial role in the em-
bryogenesis and in the normal function of the 
adrenal glands.18, 48 In human fetal adrenal 
glands, the overexpression of the IGF2, medi-
ated by ACTH, induces the adrenal growth.49, 50 
The expression of IGF1R, IGF2R and IR were 
observed in adult adrenal glands.19, 26 An immu-
nohistochemical study showed a different distri-
bution of IGF receptors along the adrenal cortex: 
the IGFR1 staining was more intense in the zona 
reticularis and glomerulosa, whereas IR staining 
was stronger in the zona fasciculate and reticu-
laris.26 Contrary to this result, Weber et al. ob-
served a similar expression of IGF1R e IR in the 
three zone of the adrenal cortex.19 However, the 
group of adrenal tissue samples investigated in 
this last study was significantly smaller than the 
previous one.19, 26 In-vitro studies in adrenocorti-
cal cells demonstrated that IGF1 and IGF2 stim-
ulated the steroidogenesis, preferentially cortisol 
and androgen biosynthesis, through an upregula-

mediates the metabolic pathway.40-44 It has been 
shown that hybrid-RA are the most expressed re-
ceptors in some tissues45 and seem to be overex-
pressed also in some tumor cells, increasing the 
pool of receptors activating the mitogenic path-
way.40, 42, 44 The binding of the ligand with its 
receptor causes the autophosphorylation of the 
tyrosine kinase subunit of IGF1R, IRA or hybrid-
RA and the activation of numerous downstream 
pathways mediated by several proteins, among 
which the most important are the insulin recep-
tor substrate (IRS1-6), the SRC homology and 
collagen (Shc) and the growth factor receptor-
bound protein 2 (Grb2).27, 44, 46 The most critical 
downstream pathways in tumorigenesis are the 
phosphatidylinositol 3-kinase/active protein ki-
nase B (PI3K/AKT) and mitogen-activated pro-
tein kinases/extracellular signal-regulated kinase 
(MAPK/ERK) cascade that are involved in cell 
proliferation, motility, survival, and antiapop-
tosis mechanisms (Figure 1).17, 27, 28 Briefly, the 
phosphorylation of AKT causes the activation 
of the mammalian target of rapamycin complex 
1 (mTORC1), which results in the regulation of 
protein synthesis and cell growth, and of cyclin 
D1, which promotes cell survival. AKT inhibits 
Bcl2 antagonist of cell death (BAD) and activates 
the mouse double minute 2 (MDM2), preventing 
apoptosis, and phosphorylates the forkhead box 
O (FOXO), promoting cell division.17, 27, 28 Dif-
ferently from other cancer types, in ACT AKT 
does not inhibit the phosphorylation of β-catenin 
by the glycogen synthase kinase-3b (GSK-
3b).17, 29 That lead to a decreased degradation of 
β-catenin that accumulates into cell nucleus and 
stimulates the transcription of Wnt target genes 
(Figure 1). The activation of the MAPK/ERK 
pathway through the Shc and other intracellular 
adaptor proteins, such as GRB2 and Son of Sev-
enless (SOS), lead to an increase of transcription 
factors and cell proliferation (Figure 1).27, 28 In-
deed, the binding of ligands to IGF1R/IR stimu-
lates Ras to activate Raf, which phosphorylates 
the MAPK/ERK kinase (MEK)1/2 dual-specific-
ity protein kinases. MEK1/2 activates four major 
terminal serine/threonine kinases, among which 
ERK1/2 that has a major role in tumorigenesis, 
and Jun amino-terminal kinases (JNK1/2/3).27, 28 
Activated ERKs translocate to the nucleus where 
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fected by acromegaly, a disease characterized by 
high levels of IGF1, had ACA.60 This last finding 
indirectly indicated a role of IGF1 in the devel-
opment of adrenal mass. Other indirect clinical 
evidence suggesting that IGF system plays a role 
in ACT development come from the increased 
frequency of insulin-resistant observed in pa-
tients with non-functioning ACA in comparison 
to healthy controls.63, 64 Moreover, it has been 
shown that insulin sensitivity was inversely cor-
related with tumor size,64 speculating that insulin 
may play a role in the adrenal tumor growth. In 
support of this finding, Kamio et al. showed a 
high immunostaining of IR in a subgroup of 6 
out 23 ACA (26%).26

In conclusion, no significant differences in 
IGF2 mRNA level, IGF1 and IGF1R, at both 
mRNA and protein level, were observed in ACA 
compared to normal adrenal glands.56-58 More-
over, data regarding the CN gain in the IGF2 
gene were limited.56 Evidence coming from 
clinical studies suggests that circulating levels 
of IGF1 and insulin may be involved in the de-
velopment and growth of adrenal masses.60, 64 
However, data regarding the role of IR, as well 
as the expression of IRA and IRB in functioning 
and non-functioning ACA, together with the cor-
relation with circulating insulin levels, are still 
missing.

The IGF system in adult adrenocortical carci-
noma

Increased expression of IGF receptors and li-
gands has been observed in ACC and are sum-
marized in Figure 1. The IGF2 overexpression 
is one of the most frequent molecular alteration 
in ACC, representing a hallmark of this cancer 
type. IGF2 is overexpressed in more than 85% of 
cases6, 8, 12, 17, 18, 56, 65, 66 and in ACC NCI-H295R 
cell line.67, 68 The IGF2 gene is located next to the 
insulin gene on chromosome 11p15.5 and togeth-
er with H19, composes the paradigmatic imprint-
ing IGF2/H19 locus.58 Contrary to IGF2, H19 is 
downregulated in ACC in comparison to ACA.58 
IGF2 transcription is regulated by genomic im-
printing and is expressed from the paternal al-
lele.47 Different mechanisms are involved in 
the IGF2 overexpression. One of the most fre-
quent event is somatic CN changes of the allele 

tion of enzymes involved in the steroidogenesis 
and an upregulation of ACTH-receptors.51-53

The expression of the IGFBP 1-6 was demon-
strated in fetal and adult adrenal glands where 
they regulate the steroidogenesis through a mod-
ulation of IGFs.51, 54, 55 It has been demonstrated 
that ACTH induces the expression of IGFBP-1 
and -4, whereas IGF1 and IGF2 stimulate the ex-
pression of IGFBP-3 and -5.51, 54, 55

The IGF system in benign adrenocortical tumors

No significant alterations of the IGF system were 
reported in benign ACT in comparison to normal 
adrenal glands. At the molecular levels, Ron-
chi et al. observed recurrent copy number (CN) 
gain in the chromosome region 11p15.5, includ-
ing the IGF2 gene, in 6 out of 24 studied ACA 
(25%).56 Moreover, the authors demonstrated no 
difference in IGF2 mRNA level between ACA 
and normal adrenal glands, independently from 
the genetic alterations.56 Normal IGF2 levels in 
ACA were also reported by other studies.57, 58 
However, Nielsen et al. did not find CN muta-
tions of the IGF2 locus in any of the 16 studied 
ACA, which were characterized by normal DNA 
methylation throughout this locus.58

As for IGF2, no difference in IGF1 mRNA 
level was observed in ACA when compared with 
adrenal hyperplasia and normal adrenal glands.57 
Similarly, De Fraipont et al. did not report high 
IGF1 levels in all of the 18 ACA samples.59 At 
the protein levels, IGF1 and its receptor IGF1R 
were only low expressed22, 26 and IGF1R staining 
was similar compared to normal adrenal glands 
or adrenal hyperplasia.19 Barlaskar et al. inves-
tigated the activation of the IGF system through 
the evaluation of the phosphorylated IGF1R (p-
IGF1R) and the phosphorylated AKT (p-AKT) 
and they showed only a low or medium staining 
in ACA and normal adrenal glands in compari-
son to higher immunostaining in ACC,20 indicat-
ing that IGF system was more activated in ma-
lignant tumors.

A very recent study showed that patients with 
non-functioning ACA (N.=50) had significantly 
higher circulating plasma IGF1 levels, even 
within the normal reference range, than the con-
trol group (N.=38).60 As previously reported,61, 62 
the Authors confirmed that 25% of patients af-
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Betaille et al. showed that the inhibition of IGF2 
with a small interfering RNA (siRNA) decreased 
the proliferation and increased the apoptosis in 
NCI-H295R cells.73 Moreover, transgenic mouse 
model overexpressing IGF2 developed only ad-
renal hyperplasia of the zona fasciculata and not 
an ACT, demonstrating that IGF2 is not a tumor 
initiator but rather a factor of tumor progression 
that requires additional hits to trigger adrenal tu-
morigenesis.29, 74 Contrary to previous studies, 
which showed a more aggressive tumor pheno-
type associated with IGF2 overexpression in a 
small cohort of patients,70, 75 no differences in 
clinical, biological and transcriptomic charac-
teristics were found in larger number of ACC 
patients who expressed high IGF2 level in com-
parison to those with low IGF2 level.73 Only one 
study reported that high immunostaining of IGF2 
correlated with longer OS in a small group of pa-
tients (N.=20).76 Moreover, since its high preva-
lence in ACC, IGF2 overexpression could not be 
useful for the classification of ACC derived by 
transcriptome analyses.12

Different studies demonstrated no differences 
in IGF1 mRNA level between ACC and ACA 
or normal adrenal gland.57, 59, 77 Particularly, the 
recent TCGA Study reported IGF1 mRNA up-
regulation only in 16% of the included ACC.8 
A single immunohistochemical study by Kamio 
et al. described high or medium IGF1 staining 
in 33% and 39%, respectively, of ACC samples 
in comparison to 4% and 17%, respectively, of 
ACA tissues.26

Regarding the IGF1R, it has been demon-
strated an upregulation at mRNA level only 
in approximately 4% of a recent ACC series.8 
However, several studies showed high staining 
of IGF1R in ACC tissues.19, 22, 26 Kamio et al., 
which investigated the largest series of ACT 
samples for the evaluation of IGF1, IGF1R and 
IR by immunohistochemistry, observed medium 
and high IGF1R staining in 42% and 29%, re-
spectively, of ACC samples in comparison to 
17% and 4%, respectively, of ACA samples.26 
In a more recent study, Xu et al. showed a high 
IGF1R staining in 80% of the studied ACC tis-
sue samples.22

The overexpression of IGF2, produced locally 
by ACC cells, creates an auto-paracrine loop that 

11p15.5, where loss of the maternal allele (loss of 
heterozygosity, LOH) is associated with paternal 
duplication of the IGF2/H19 locus, resulting in 
a uniparental disomy-like genotype.56, 58, 69, 70 It 
has been demonstrated also a further allele loss 
(LOH + CN loss)56 as well as tetraploid state at 
IGF2/H19 locus58 in a subgroup of ACC in two 
different studies. Both these further CN changes 
are associated with IGF2 overexpression, with-
out differences in IGF2 level in comparison to 
LOH group.56, 58 Another mechanism includes 
the hypermethylation of differentially methylated 
regions (DMR) of the IGF2/H19 locus: the IGF2 
DMR0, the IGF2 DMR2 and the H19 DMR, 
which represents the imprinting control region 
(ICR) (containing seven CTCF binding sites), 
and the H19 promoter.30, 71 Nielsen et al. showed 
hypermethylation of the H19 ICR (CTCF2, 
CTCF3, and CTCF6) and IGF2 DMR0 in ACC 
compared to ACA (P<0.0001 and P=0.0067, re-
spectively), however they did not find any cor-
relation between IGF2 expression and H19 ICR 
methylation status.58 It is interesting that the Au-
thors demonstrated that CN changes of 11p15.5 
allele correlated with hypermethylation of the 
H19 ICR, suggesting that the lost alleles were 
the unmethylated maternal alleles. This evidence 
suggests that the IGF2 overexpression in ACC is 
due to the loss of the maternal allele and that hy-
permethylation of the H19 ICR is a consequence 
of this event.58 Contrary to what previously de-
scribed by Nielsen, another study demonstrat-
ed that hypermethylation of DMR0, CTCF3, 
CTCF6 and H19 promoter were positively corre-
lated with IGF2 mRNA level in ACC (P<0.05 for 
all the region) and represented the most discrimi-
nant characteristic between ACC and ACA, with 
a sensitivity of 96% and specificity of 100%.72 
These results were confirmed also in in vitro ex-
periment in three different human ACC cell lines: 
NCI-H295R, SW13 and HAC15. The treatment 
of cells with the demethylating agent 5′-Aza-2′-
deoxycytidine (AZA) had the effect of strongly 
decrease the IGF2 mRNA level and increase the 
expression of H19.72 Thus, the Authors speculat-
ed that the DNA methylation is a strong regula-
tory element in IGF2/H19 expression.

However, the role of IGF2 in ACC tumorigen-
esis is still not completely clear.29, 73 Guillaud-
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by the potential overexpression of IR; however, 
studies are needed to better investigate IR iso-
forms in ACC.

The IGF system in pediatric adrenocortical car-
cinoma

The alteration of the IGF system is also ob-
served in pediatric ACC. As for adult ACC, 
several studies showed CN changes of the al-
lele 11p15.5 associated with IGF2 overexpres-
sion that not correlated with tumor recurrence or 
clinical outcome.66, 81-83 It has been demonstrated 
an overexpression of IGF1R in pediatric ACC 
in comparison to ACA66, 84 and that, differently 
from adult ACC, correlated with a higher risk to 
develop metastases.66 A more recent study, even 
though did not find differences in IGF1R lev-
els between pediatric ACC and normal adrenal 
glands, showed that the IGF1R expression corre-
lated with the disease status and that IGF1R was 
overexpressed in patients with relapse or metas-
tases.82 Moreover, the Authors did not report a 
correlation between mRNA and protein levels 
for both IGF2 and IGF1R. They also described 
a prevalent cytoplasmic localization of IGF1R 
without prognostic relevance,82 as already dem-
onstrated in other cancer types.85

To the best of our knowledge, evidence re-
garding the expression of other members of the 
IGF system in pediatric ACC is still missing.

Targeting the IGF system in ACC

Evidence of aberrant expression of the IGF sys-
tem in several tumor cells and cancer types en-
couraged the development of many IGF1R-tar-
get molecules which are summarized in Figure 1. 
Preclinical studies that used these molecules for 
the treatment of ACC cell lines showed promising 
results.17 An in-vitro study in NCI-H295R cells 
established that the downregulation of IGF1R 
through a specific siRNA decreased cell growth 
and increased apoptosis of 40% and 45%, respec-
tively.86 Similar results were also obtained from 
others in-vitro studies. Almeida et al. showed 
that the treatment of NCI-H295R and pediatric 
ACT cell lines deriving from a functional ACA, 
with a selective IGF-1R tyrosine kinase (TK) in-
hibitor (NVP-AEW541), had antitumor effects in 

sustains cancer cells proliferation through the 
activation of the IGF1R and of its downstream 
effector AKT (Figure 1). In two ACC cell lines, 
NCI-H295R and SW13, it has been demonstrated 
that high expression of the active form of IGF1R, 
the p-IGF1R, correlated with increased levels of 
p-AKT.20, 68 Barlaskar et al. observed significant 
increased expression of p-IGF1R and p-AKT in 
ACC samples in comparison to ACA and nor-
mal adrenal tissues.20 Particularly, the Authors 
showed a medium-high staining of p-IGF1R in 
75% of ACC vs. 30% of ACA and 25% of normal 
adrenals, and a medium-high staining of p-AKT 
in 30% of ACC in comparison to 0% of both 
ACA and normal adrenals.20 In a previous study, 
Fassnacht et al., although they observed a signif-
icant increase of total AKT in ACC, did not find 
an increase of p-AKT/AKT ratio.78 Moreover, 
they described areas of strong p-AKT staining in 
ACC tissues by immunohistochemistry analysis, 
indicating a local activation of the IGF pathway. 
The Authors speculated that the impairment of 
the IGF system may be relevant only in a sub-
group of selected patients.78

Only one study investigated the expression of 
IR in ACT. Kamio et al. showed a stronger inten-
sity of IR in ACC in comparison to ACA and no 
correlation between IR expression and patholog-
ical parameters.26 To the best of our knowledge, 
there no study which investigated the expression 
of IR isoforms in ACT.

In in-vitro studies, it has been shown that 
IGFBP-2 levels were increased in NCI H295R 
cell line67 and that the treatment with antibody 
against IGFBP-2 reduced cells proliferation.79 
This finding was confirmed also in ACC patients, 
where high circulating plasma level of IGF-BP2 
were associated with malignant phenotype75 and 
metastases.80

In summary, the most relevant alteration 
of the IGF pathway in ACC is the overexpres-
sion of IGF2 that is over-product locally by 
the tumor cells, due to different genetic altera-
tions.6, 8, 12, 17, 18, 56, 65, 66 This creates an auto-para-
crine positive loop that, associated with the over-
expression of the IGF1R and IR,19, 22, 26 activates 
the IGF pathway stimulating tumor cells prolif-
eration and antiapoptotic mechanisms (Figure 
1). This pathway could be additionally activated 
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the dual TK inhibitor linsitinib in advanced sol-
id tumors, among which ACC, showed a stable 
disease only in 2 out 15 patients (13%) affected 
by ACC (Table I).91 Also in this study, the most 
common reported adverse event was hyperglyce-
mia,91 due to the cross-reactivity of linsitinib with 
IR-B.93 Disappointing results were also obtained 
in a multicenter, randomized, double-blind, pla-
cebo-controlled phase III trials using linsitinib 
(NCT00924989; Table I).24 In this study were 
enrolled 139 patients with progressive ACC after 
first-line standard treatment, of whom 90 were as-
signed to linsitinib group, and 49 were assigned to 
placebo group. At the end of the study, no differ-
ences in OS and median progressive-free survival 
(PFS) were observed between the two groups. Ac-
cording to RECIST criteria, none achieved com-
plete response, whereas 3 patients (3%) treated 
with linsitinib presented a partial response.24 The 
treatment with linsitinib was well tolerated, and 
the most common adverse events were fatigue 
and gastrointestinal toxicities.24 Similar to adult 
ACC, also in pediatric tumor the treatment with 
inhibitors of IGF system showed disappointing 
results. A phase II study (NCT00831844) carried 
out in advanced solid tumors, among which 10 
recurrent ACC (8 pediatric and 2 adult), showed 
a progressive disease in all ACC patients treated 
with cixutumumab (Table I).90

Results deriving from clinical trials demon-
strated that the single inhibition of the IGF1R/
IR signaling is not sufficiency to improve the OS 
and PFS in ACC patients, suggesting to look into 
new alternative combination therapies that inhibit 
more than one pathway. An in-vitro study showed 
that the treatment with IGF2-neutralizing antibody 
and sirolimus, a mammalian target of rapamycin 
(mTOR) inhibitor, was able to block of 90% NCI-
H295R cells proliferation compared to 64% and 
42% with sirolimus or anti-IGF2 antibody alone, 
respectively.94 A recent study in NCI-H295R and 
SW13 cell lines and mouse xenograft model in-
vestigated the effects of combination therapy with 
the TK inhibitor NVP-AEW541 and erlotinib, an 
inhibitor of the epidermal growth factor receptor 
(EGFR).22 The combination therapy with NVP-
AEW541 and erlotinib showed enhanced antitu-
mor efficacy compared to either molecule alone, 
inducing apoptosis in vitro and inhibiting the tu-

both cell lines.66 The NVP-AEW541 showed to 
cause an inhibition of cell proliferation in a dose- 
and time-dependent manner through a significant 
increase of apoptosis.66 Barlaskar et al. reported 
that the treatment with IMC-A12, a monoclonal 
antibody targeting the IGF1R (cixutumumab), 
or with the TK inhibitor NVP-AEW541 reduced 
NCI-H295R cell proliferation both in vitro and 
in vivo in mouse xenograft model.20 However, 
these molecules targeting only the IGF1R may 
create resistance to treatment due to the possible 
presence of IR-A on tumor cells membranes that 
can promote tumor progression.25 It has been 
demonstrated a bidirectional cross talk in tumor 
cells coexpressing IGF1R and IR, and the treat-
ment with a selected IGF1R inhibitor resulted in 
a compensatory increase in phospho-IR (p-IR), 
with consequent activation of the downstream 
pathway.87 Moreover, it has been shown that the 
resistance to cixutumumab was conferred by the 
IR isoforms, where IR-A overexpression con-
ferred complete resistance to this treatment both 
in vitro and in vivo in lung adenocarcinoma.88 
This mechanism might be extended to other IGF 
inhibitors and to other cancer types, including 
ACC. To avoid the resistance to IGF1R inhibi-
tors, dual-targeting of IGF1R and IR have been 
developed. In-vitro experiments in NCI-H295R 
cells demonstrated that the treatment with OSI-
906 (linsitinib), a dual TK inhibitor, upregulated 
caspases activities and apoptosis, inducing cell 
cycle arrest and consequent reduction of cell vi-
ability in dose-dependent manner.82 Moreover, 
linsitinib inhibited also the expression of genes 
involved in steroidogenesis, including the ste-
roidogenic acute regulatory (STAR) gene, lead-
ing to a reduction in testosterone secretion.82

However, clinical trials using these inhibitors 
reported disappointing results (Table I).23, 24, 89-92 
In a phase I trial, investigating the safety and ef-
ficacy of figitumumab, an IGF1R monoclonal 
antibody, in 14 patients with advanced ACC, the 
best objective response according to RECIST 
(Response Evaluation Criteria in Solid Tumors) 
criteria was a stable disease in 60% of patients 
for a short time and the most common adverse 
event was hyperglycemia (Table I).23 Another 
phase I study by Jones et al. evaluating the safe-
ty, pharmacokinetics and pharmacodynamics of 
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activation, and stimulated the apoptotic path-
way.97 Moreover, metformin treatment decreased 
the expression of IGF2 and IGF1R in ACC cells, 
interfering with the proliferative autocrine loop of 
IGF2/IGF-1R, which supported tumor growth. In 
vivo, metformin administration inhibited tumor 
growth with a significant reduction of Ki67% in 
tumor tissues.97 In support to these findings, a 
case report described a complete clinical remis-
sion of 7 years from diagnosis of a 31-year-old 
female patient affected by advanced ACC resis-
tant to standard chemotherapy and treated with 
metformin (500 mg twice daily) and melatonin 
(20 mg daily) as personalized therapy, as suggest-
ed by the morphoproteomic analysis.98 Interest-
ing is the fact that the morphoproteomic analysis 
derived from the lung metastasis with the patient 
on maintenance treatment showed molecular evi-
dence of growth inhibition (reduced Ki67% and 
mitotic index) in comparison to the analysis per-
formed before start the treatment.98 The complete 
remission presented by this patient supports the 
potential role of metformin as anticancer drug 
also in ACC as already showed in other tumor 
types.46, 95, 96

This last case report indicates also the rel-
evance to a personalized medicine that allows 
to select patients who could better respond to a 
specific treatment. Indeed, it is important to note 
that one of the lack in these studies is that the Au-
thors did not use predictive markers that could 
be useful for the response to treatment, such as 
the evaluation of IGF1R or IR expression, be-
fore selecting patients and starting the treatment. 
Moreover, the concomitant inhibition of more 
than one pathway seems to be more promising in 
reducing cell proliferation and prolonging PFS in 
patients affected by ACC. Thus, studies that in-
vestigate predictive markers for the response of 
IGF1R/IR inhibitors and further clinical studies 
evaluating the combination of more molecules, 
are urgently needed.

Evidence synthesis

The results of this review can be summarized as 
follows:

•  the IGF system plays a major role in the 
regulation of different biological functions of the 

mor growth in vivo by blocking the phosphoryla-
tion of both AKT and MEK/ERK.22 Another in-
teresting in vivo study investigated the efficacy of 
liposomal doxorubicin associated with an IGF1R 
antibody (1H7) in cell-derived NCI-H295R and 
tissue-derived SJ-ACC3 and MUC-1 xenografts 
mouse models.21 The Authors used three different 
therapeutic approaches: the scheme with liposo-
mal doxorubicin + free anti IGF1R antibody 1H7 
(L+Ab), the scheme with anti IGF1R targeted 
doxorubicin loaded immunoliposomes (IL) and 
injection of sodium chloride as control. They 
showed that both L+Ab and IL schemes caused 
a significant reduction in tumor size and higher 
rates of complete or partial remission in mouse 
after long-term treatment.21 However, only few 
clinical studies investigated the combination of 
IGF1R/IR inhibitors with other anticancer treat-
ment. A phase I trial in advanced solid tumors, 
including 10 ACC patients, reported a stable 
disease for more than 8 months in 40% of ACC 
patients (4 out 10) treated with the combination 
of cixutumumab and temsirolimus, an mTOR 
inhibitor (Table I).92 However, no one of these 
patients reported complete or partial response to 
therapy.92 The combination therapy with cixutu-
mumab and mitotane presented limited efficacy 
(NCT00778817), with a median PFS of 6 weeks 
(range: 2.66-48).89 Only one patient out of 15 
(6.7%) presented partial response according to 
RECIST criteria, whereas 7 patients (46.7%) had 
a stable disease as best response (Table I).89

Another drug that interferes with the IGF1R/
IR pathway in tumor cells is metformin,95 a bi-
guanide commonly used in the treatment of type 
2 diabetes mellitus (T2DM) as an insulin-sensi-
tized and glucose-lowering medicament. Epide-
miological studies have been reported a signifi-
cant association between metformin and reduced 
cancer risk in patients with T2DM, as well as in 
vivo and in-vitro studies have been shown that 
metformin has a direct antitumor effect.95, 96 Re-
cently, Poli et al. demonstrated in vitro and in vivo 
the antiproliferative effect of metformin in ACC 
NCI-H295R cells and mouse xenograft model.97 
The Authors showed that metformin treatment in 
vitro significantly reduced cell proliferation and 
viability in a dose- and time-dependent manner, 
inhibited ERK1/2 and mTOR phosphorylation/



ALTIERI 	IG F SYSTEM IN ADRENOCORTICAL TUMORS

52	 Minerva Endocrinologica	 March 2019 

•  data regarding the IR expression are scant, 
and only one study showed a stronger intensity 
of IR in ACC in comparison to ACA;26

•  the alteration of the IGF system is also ob-
served in pediatric ACC, mainly characterized 
by IGF2 overexpression.66, 81-83 Differently from 
adult ACC, in pediatric ACC the overexpression 
of IGF1R is more evident66, 84 and correlates with 
advanced disease;66, 82

•  preclinical studies using inhibitors of the 
IGF system (antibody targeting the IGF1R, TK 
inhibitor, or the dual-targeting of the IGF1R and 
IR) reduced ACC cells proliferation both in vi-
tro and in vivo.20, 66, 86 However, these promising 
results were not confirmed in clinical trials.23, 24 
Better results were observed in preclinical stud-
ies investigating the effects of these agents with 
other types of anticancer therapy;21, 94

•  an in-vitro study suggested the potential 
antitumor activity of metformin in ACC cells.97 
Clinical studies are necessary to validate that.

Conclusions

The pathophysiology underlying the molecular 
mechanisms involved in the ACT development is 

adrenal gland and is one of the most frequently 
altered pathways in ACC;17

•  in fetal adrenal glands, the overexpression 
of the IGF2 induces the adrenal growth,49, 50 
whereas, in adult adrenal glands, both IGF1 and 
IGF2 stimulate the steroidogenesis in vitro;51-53

•  no significant alterations of the IGF system 
were observed in ACA in comparison to normal 
adrenal glands.56-58 However, circulating IGF1 
and insulin may play a role in adrenal tumor 
growth;60, 64

•  in ACC, the IGF2 overexpression, is one of 
the most frequent molecular alterations (more 
than 85% of cases).6, 8, 12, 17, 18, 56, 65, 66 Different 
mechanisms are involved in the IGF2 overex-
pression, including the somatic CN changes of 
the allele 11p15.5, with the LOH of the mater-
nal allele,56, 58, 69, 70 and the hypermethylation of 
DMR of the IGF2/H19 locus;58, 72

•  IGF1 seems to be high expressed only in a 
subgroup of ACC patients,8, 26 whereas several 
studies showed high staining of IGF1R in ACC 
tissues.19, 22, 26 Different studies found also an ac-
tivation of the IGF pathway in both cell lines and 
ACC patients through the demonstration of high 
levels of p-IGF1R and p-AKT;20, 68, 78

Table I.—�Published clinical studies and trials with drug targeting IGF system in patients with advanced adrenocor-
tical carcinoma.

ClinicalTrials.gov 
identifier or local 
Ethic Committee

Dose intervention Target Phase Population Primary outcome Results References

NCT00924989 OSI-906 150 mg twice daily orally vs. placebo. IGF1R + IR III Locally advanced, metastatic 
ACC (N.=139; 90 treated 
with OSI-906 and 49 with 
placebo).

Overall survival of single agent OSI-906 versus 
placebo.

No differences in OS and PFS between the two 
groups. 3/90 patients had PR.

Fassnacht et al.24

NCT00778817 Mitotane + IMC-A12 was dosed at 10 mg/kg 
intravenously every 2 weeks. Due to slow 
accrual, the study was terminated before the 
randomization phase and became a single-arm 
study.

IGF1R + mitotane II Recurrent, metastatic, or 
primary unresectable ACC 
(N.=20).

PFS rate. Median PFS was 6 weeks (range 2.66-48). Best 
response rate in 15 patients: 1 PR, 7 SD, 8 PD.

Lerario et al.89

NCT00831844 Cixutumumab dosed at 9 mg/kg/dose IV over 
1 hour on days 1, 8, 15, and 22. Treatment 
repeats every 28 days for up to 24 courses.

IGF1R II Solid tumors and recurrent 
ACC (Group 4; N.=10 of 
whom 8 were pediatric).

Response rate to cixutumumab and further 
toxicities.

10/10 had PD or interrupted treatment due to 
adverse events (1 death for the disease).

Weigel et al.90

Local Ethic 
Committee

Once-daily OSI-906, schedule (S) 1, days 1-3 
every 14 days; S2, days 1-5 every 14 days; S3, 
days 1-7 every 14 days

IGF1R + IR I Advanced solid tumors, 
among which ACC (N.=15; 
9 in S1, 1 in S2 and 5 in S3).

MTD, safety, pharmacokinetics, 
pharmacodynamics, and activity of OSI-906.

The MTD was 600 mg and associated with 
antitumor activity.

2 SD (S1), 13 PD.

Jones et al.91

Local Ethic 
Committee

Four dose cohorts with escalating doses of 
temsirolimus (25 to 37.5 mg) and cixutumumab 
(3 to 6 mg/kg) weekly for 28 days.

IGF1R + mTOR I Advanced solid tumors, 
among which ACC (N.=10)

Safety and tolerability. Tumor response as 
secondary outcome.

Treatment well tolerated. MTD was cixutumumab 
6 mg/kg IV + temsirolimus 25 mg IV weekly. 
4/10 patients had SD for more than 8 months.

Naing et al.92

Local Ethic 
Committee

Figitumumab 20 mg/kg IV, every 21 days. IGF1R I Metastatic, refractory ACC 
(N.=14).

Safety, tolerability, pharmacokinetics, and efficacy 
of figitumumab.

8/14 SD for short time, 6/14 PD or interrupted the 
treatment due to adverse events.

Haluska et al.23

ACC: adrenocortical carcinoma; N.: number of patients; IGF1R: insulin-like growth factor 1 receptor; IR: insulin receptor; IV: intravenously; 
MTD: maximum tolerated dose; mTOR: mammalian target of rapamycin; OS: overall survival; PFS: progression-free survival; PD: progressive 
disease; PR: partial response; SD: stable disease.
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are treated with a selected IGF1R inhibitor.87 
Moreover, in tumor cells that coexpressed both 
IGF1R and IR-A, the IGF1R inhibition upregu-
lates IR-A, reducing the inhibition of the down-
stream pathway and contributing to resistance to 
IGF1R-target therapy.88, 93 Indeed, these agents 
are not able to inhibit the activation of IR-A and 
Hybrid-RA by IGF2.93

To avoid this resistance, a dual-targeting of 
IGF1R and IR have been used (OSI-906). How-
ever, the only phase III randomized, clinical tri-
als investigating the administration of this com-
pound in a large cohort of ACC patients, showed 
a partial response only in 3% of patients.24 This 
disappointing results observed in clinical trials 
can arise from the crosstalk between the IGF1R/
IR and other TK receptors, including the epithe-
lial growth factor receptor (EGFR), the vascular 
endothelial growth factor receptor (VEGFR), 
the mesenchymal epithelial transition factor 
(cMET), the human epidermal growth factor 
receptor 2 (HER2), the plated-derived growth 
factor receptor (PDGFR) and steroid hormone 
receptors.93 Therefore, the combination of IG-
F1R/IR inhibitors with other anticancer agents 
may represent a more clinically effective treat-
ment approach. However, to choose the potential 

still not entirely clear, despite the several genom-
ics studies published in the last decades.7-11 In 
comparison to ACA, ACC showed deregulation 
of several signaling pathway, among which the 
IGF system is one of the most frequently altered, 
even though it plays also a significant role in the 
regulation of different biological functions in the 
normal adrenal gland.17, 18

In summary, ACC demonstrated overexpres-
sion of two critical components of the IGF sys-
tem, the IGF26, 8, 12, 17, 18 and the IGF1R,19, 22, 26 
whereas only one study reported a strong im-
mune-staining of IR.26 Thus, IGF2 creates an 
auto-paracrine loop that stimulates the activation 
of the IGF1R and IR and the concomitant phos-
phorylation of its downstream effector, AKT, 
sustaining tumor growth.

For these reasons, the targeting of the IGF rep-
resents a promising treatment approach in ACC 
patients.17 This encouraged several preclinical 
studies which used antibody targeting the IGF1R 
(cixutumumab) or TK inhibitor of IGF1R (NVP-
AEW541) with promising results20, 25, 66 that 
were not confirmed in clinical studies.23, 91 These 
disappointing results could be explained by a 
cross-talk between IGF1R and IR that causes a 
compensatory increase in p-IR when tumor cells 

Table I.—�Published clinical studies and trials with drug targeting IGF system in patients with advanced adrenocor-
tical carcinoma.

ClinicalTrials.gov 
identifier or local 
Ethic Committee

Dose intervention Target Phase Population Primary outcome Results References

NCT00924989 OSI-906 150 mg twice daily orally vs. placebo. IGF1R + IR III Locally advanced, metastatic 
ACC (N.=139; 90 treated 
with OSI-906 and 49 with 
placebo).

Overall survival of single agent OSI-906 versus 
placebo.

No differences in OS and PFS between the two 
groups. 3/90 patients had PR.

Fassnacht et al.24

NCT00778817 Mitotane + IMC-A12 was dosed at 10 mg/kg 
intravenously every 2 weeks. Due to slow 
accrual, the study was terminated before the 
randomization phase and became a single-arm 
study.

IGF1R + mitotane II Recurrent, metastatic, or 
primary unresectable ACC 
(N.=20).

PFS rate. Median PFS was 6 weeks (range 2.66-48). Best 
response rate in 15 patients: 1 PR, 7 SD, 8 PD.

Lerario et al.89

NCT00831844 Cixutumumab dosed at 9 mg/kg/dose IV over 
1 hour on days 1, 8, 15, and 22. Treatment 
repeats every 28 days for up to 24 courses.

IGF1R II Solid tumors and recurrent 
ACC (Group 4; N.=10 of 
whom 8 were pediatric).

Response rate to cixutumumab and further 
toxicities.

10/10 had PD or interrupted treatment due to 
adverse events (1 death for the disease).

Weigel et al.90

Local Ethic 
Committee

Once-daily OSI-906, schedule (S) 1, days 1-3 
every 14 days; S2, days 1-5 every 14 days; S3, 
days 1-7 every 14 days

IGF1R + IR I Advanced solid tumors, 
among which ACC (N.=15; 
9 in S1, 1 in S2 and 5 in S3).

MTD, safety, pharmacokinetics, 
pharmacodynamics, and activity of OSI-906.

The MTD was 600 mg and associated with 
antitumor activity.

2 SD (S1), 13 PD.

Jones et al.91

Local Ethic 
Committee

Four dose cohorts with escalating doses of 
temsirolimus (25 to 37.5 mg) and cixutumumab 
(3 to 6 mg/kg) weekly for 28 days.

IGF1R + mTOR I Advanced solid tumors, 
among which ACC (N.=10)

Safety and tolerability. Tumor response as 
secondary outcome.

Treatment well tolerated. MTD was cixutumumab 
6 mg/kg IV + temsirolimus 25 mg IV weekly. 
4/10 patients had SD for more than 8 months.

Naing et al.92

Local Ethic 
Committee

Figitumumab 20 mg/kg IV, every 21 days. IGF1R I Metastatic, refractory ACC 
(N.=14).

Safety, tolerability, pharmacokinetics, and efficacy 
of figitumumab.

8/14 SD for short time, 6/14 PD or interrupted the 
treatment due to adverse events.

Haluska et al.23

ACC: adrenocortical carcinoma; N.: number of patients; IGF1R: insulin-like growth factor 1 receptor; IR: insulin receptor; IV: intravenously; 
MTD: maximum tolerated dose; mTOR: mammalian target of rapamycin; OS: overall survival; PFS: progression-free survival; PD: progressive 
disease; PR: partial response; SD: stable disease.
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the aggressiveness of the disease and the limited 
response to standard therapy, new treatment op-
tions are urgently needed. A new future therapeu-
tic approach may be represented by metformin 
that may be associated to standard therapy, such 
as mitotane. However, preclinical studies, inves-
tigating the combination of metformin with other 
treatment, and clinical studies, investigating the 
potential efficacy of metformin, are necessary to 
confirm its antitumor activity in ACC.
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