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Six decades of research have established that 
growth hormone (GH) plays a crucial role in 
promoting proportionate postnatal growth, and 
that this is largely mediated through the induc-
tion of IGF-1. This action is supported by impor-
tant roles of GH in the regulation of metabolism, 
and of cardiovascular, renal, reproductive and 
immune functions. These roles are accom-
plished through ubiquitously expressed GH 
receptors (GHRs) which, similar to receptors 
for many other growth factors, signal through 
a tyrosine kinase (JAK2) able to activate STAT, 
Ras/ERK and PI3K/Akt pathways. The ability 
of GH to also induce IGF-1, both locally in a 
paracrine/autocrine manner [1,2] and in an endo-
crine manner via action on the liver, results in a 
particularly potent growth stimulus that requires 
tight control. This comprises feedback inhibi-
tion of GH secretion by pituitary somatotropes 
by hepatic (endocrine) IGF-1, as well as a set 
of negative regulators common to other growth 
factor/cytokine signaling factors: suppressors of 
cytokine signaling (SOCS), protein inhibitors of 
activated STAT (PIAS) proteins, phosphatases, 
receptor downregulation, and transcriptional 
regulation of receptor expression. Given the 
ability of GH and IGF-1 to promote cell prolif-
eration, cell movement and angiogenesis, and to 
suppress apoptosis, it is not surprising that dys-
regulation of the tightly controlled GH–IGF-1 

axis promotes neoplasia. As discussed here, con-
verging data from recent epidemiologic, animal 
and in vitro studies indicate that the state of the 
GH–IGF-1 axis has important influences on 
cancer biology, cancer risk and carcinogenesis.

Actions of the GH–IGF-1 axis in relation 
to cancer
The risk of developing cancer is determined by 
genetic elements and by environmental condi-
tions including diet and lifestyle. Recent evi-
dence suggests that the GH–IGF-1 axis might 
provide a link between these factors and the 
disposition to cancer through its effects on nor-
mal cell proliferation, differentiation and apop-
tosis. The GH–IGF-1 axis influences several 
stages and aspects of cancer development and 
behaviour: cellular proliferation, cell survival, 
angiogenesis and metastasis, and even resis-
tance to chemotherapy [3]. Being a potent and 
ubiquitous mitogen, IGF-1 can act on many cell 
types to bring about increased proliferation via 
the MAPK signaling pathway. Its anti-apoptotic 
actions are mediated via the PI3K/Akt pathway 
and can disrupt the tight control between cell 
proliferation and death leading to hyper-prolif-
eration [4]. Carcinogenesis is a multistep process 
which involves accumulation of a number of 
genomic ‘hits’ leading to complete transforma-
tion and/or survival of partially transformed 
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cells with one or a few hits [5]. In such a case, IGF-1 would 
increase the pool of transformed/damaged cells that are available 
for undergoing subsequent hits. This implies that higher levels of 
IGF-1 can bring about increased proliferation and survival and 
hence promote carcinogenesis even though not being directly 
responsible for initiating cancer development. Hence, individuals 
with relatively high levels of IGF-1 may be at an increased risk as 
the anti-apoptotic actions of IGF supports partially transformed 
cells to provide an increased pool of cells for subsequent damag-
ing hits. It is important to note that the IGF-1 activity in a given 
tissue is not merely a function of its circulating levels but also 
the local expression of genes encoding for IGFs, IGF-1 recep-
tor (IGF-1R), IGFBPs and proteases that cleave the IGFBPs to 
regulate the release of IGF-1 (particularly for IGFBP-3). There 
is considerable heterogeneity in the levels of IGF-1 and IGFBP-3 
between normal individuals as a result of genetic and non-genetic 
determinants [6,7]. 

Recent evidence suggests a complex cross-talk between the 
GH–IGF-1 axis and estrogen receptor signaling that can stimu-
late mammary epithelial proliferation under normal conditions 
and increase the risk of breast cancer [8], as well as positive cross-
talk with the ErbB1 receptor [9]. The latter also undergoes direct 
tyrosine phosphorylation by the GHR [10], which itself is able to 
activate the classic oncogenic pathways directly through JAK2 
and Src [11]. Thus, the combination of GH and IGF-1 signaling, 
together with their interactions with other potentially oncogenic 
signaling proteins such as estrogen receptor and ErbB1 would lead 
one to expect involvement in cancer initiation or progression for 
this key growth-promoting axis (Figure 1).

Epidemiological studies
Numerous epidemiological studies have provided evidence that 
GH/IGF-1 is likely to be a driver of major human cancers. First, 
there is a link between tall stature, cancer risk and GH/IGF-1 
levels. With the use of final height as a marker for GH and IGF-1 
action, a review of over 300 case–control and cohort studies [12] 
found that taller individuals have a higher incidence of breast can-
cer (22% increase), prostate cancer (20% increase) and colon can-
cer (20–60% increase) relative to shorter individuals. A Danish 
study of 14‑year-old children in the top quintile of height showed 
that they have an adjusted relative risk of over 1.5 for breast cancer, 
which surpasses other risk factors examined including BMI and 
age of first menarche [13]. A carefully controlled twin study from 
Scandinavia also found that tallness associates with increased 
breast cancer risk  [14]. An anthropometric analysis revealed an 
association between rapid childhood growth during adolescence 
with the risk of developing several cancers, particularly of the 
breast, prostate and colon [3]. For breast cancer risk, a major pro-
spective meta-analysis of patients in 12 countries concluded that 
not only are serum IGF-1 concentrations positively associated 
with height, but they are also positively associated with breast 
cancer risk in women (high vs low serum IGF-1; OR: 1.28), but 
only in estrogen receptor-positive tumors [15]. Moreover, higher 
levels of free and total plasma IGF-1 have been reported in breast 
cancer patients [16]. In relation to the restriction of risk to estrogen 

receptor-positive women, synergistic interaction between estrogen 
action and IGF-1 action has been shown in vitro for epithelial cell 
proliferation [17]. IGF-1 levels are also positively related to high 
mammographic density, which is an indicator of increased breast 
cancer risk [18]. Of further relevance, loss of BRCA1 function 
associates with overactivation of the IGF-1 signaling axis [19].

There have been reports that genetic variants in the GH–IGF 
system can determine relative tumor risk. A genome-wide associa-
tion study (GWAS) in UK Caucasians has identified 64 SNPs that 
influence susceptibility for lung cancer, of which 11 were mapped to 
genes of the GH–IGF-1 axis, including GH1, GHR, GH-releasing 
hormone (GHRH) and IGFBP5 [20], and genetic variation at many 
genes in the GH–IGF pathway have been shown to associate with a 
variety of cancers [20,21]. A recent GWAS of over 1000 breast cancer 
cases matched with a similar number of controls concluded that the 
GH signaling pathway was the third most highly enriched pathway 
in breast cancer, but found insulin signaling intermediates rather 
than IGF-1 intermediates to co-associate with GH/JAK2 signaling 
in this analysis [22]. However, polymorphisms in the IGF-1 gene or 
in the GH synthesis pathway were not significantly associated with 
breast cancer [23]. Four IGFBP-3 SNPs have been reported to be 
associated with IGF-1 and IGFBP-3 levels in one study [24], and a 
strong association between a specific BP-3 promoter polymorphism 
and mammographic density, a known risk factor for breast cancer 
development, in another study [25]. However a larger cohort and a 
recent multi‑ethnic cohort study reported no direct association of 
BP3 with breast cancer [23,26]. While IGFBP-3 polymorphic alleles 
were modestly associated with risk of colorectal cancer [27], there 
were contrasting associations between IGFBP-3 polymorphisms 
and the risk of prostate cancer in other studies [28,29]. It remains to 
be seen if these genetic variations could determine a higher cancer 
risk in susceptible individuals receiving GH treatment.

Elevated levels of IGF-1 have also been shown to confer an 
increased risk for other cancers such as colorectal cancer and pros-
tate cancer. A recent systematic review of 42 published studies 
concluded that raised circulating IGF-1 is positively associated 
with prostate cancer risk, with little evidence for a role of IGF-2, 
IGFBP-1, IGFBP‑2, and inconclusive evidence for involvement 
of IGFBP-3 [30]. For colon cancer, the relative risk for IGF-1 
(RR: 1.07; 95% CI: 1.01–1.14) is modest compared with that 
seen in acromegaly [31]. This may be a consequence of the elevated 
insulin levels associated with acromegaly acting together with 
elevated IGF-1 and, of course, GH itself [31–33].

Acromegaly & cancer risk
Acromegaly is an important disease state for assessment of can-
cer risk because of the presence of persistently elevated levels 
of IGF-1. This is a result of hypersecretion of GH by pituitary 
somatotropes, particularly as a result of activating mutations in 
the GHRH signaling cascade. A number of studies have been car-
ried out to assess whether this condition is associated with cancer 
risk. The most recent meta-analysis by Renehan and Brennan 
across three population studies concluded that acromegaly 
is associated with a 2.46-fold (95% CI: 1.79–3.38) increased 
risk of colon cancer [34]. Adenomatous lesions tend to be larger 
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and more dysplastic in acromegaly, and are often multiple [35]. 
Acromegaly was also associated with an increased risk for thyroid 
cancer (3.64-fold; 95% CI: 1.63–8.11) in this meta-analysis. 
However, there is no statistical association between serum IGF-1 
and presence of colorectal neoplasia in the three existing stud-
ies [34], so one is left with the possibility of direct GH action on 
the colon, or elevated plasma insulin as a driving factor, conse-
quent to the diabetogenic action of elevated GH [36]. In relation 
to the other cancers, which showed a relationship to circulating 
IGF-1 in large population studies, in acromegaly there has been 
no confirmed association with breast cancer, although the lim-
ited sample number of untreated female acromegalics may have 

prevented small effects being observed [35]. This could also be a 
consequence of impaired ovulation in acromegalic women; hence, 
a lack of progesterone and estrogen, which together can promote 
breast cancer. Likewise, prostatic cancer shows no evident asso-
ciation with acromegaly, although benign prostatic hyperplasia 
with calcifications is evident across different studies [35]. A num-
ber of other cancers have been reported to be associated with 
acromegaly, but insufficient numbers are available for definite 
conclusions. These include various lympho-hematopoietic neo-
plasms (e.g., lymphoma, multiple myeloma, chronic myeloid or 
lymphocytic leukemia), brain tumors including meningiomas, 
adrenal tumors and melanomas [35].

GHR
Cancer

IGF-1R

SOCS/PIAS
Phosphatases

STAT5

STAT3

AR/ER

Nuclear 
GHR

PRLR

EGFR

Insulin
receptor

Radiation 
resistance

Plasma
IGFBP3/ALS

EGF/TGF-α

E2
testosterone

IGF-1

Endocrine GH

Autocrine GH

GR

Autocrine/
endocrine PRL

S
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T5

TGF-β
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Figure 1. The major factors contributing to growth hormone-induced oncogenesis. GH receptor activation by endocrine or 
autocrine GH is feedback regulated by SOCS, phosphatases and PIAS. Receptor activation induces transcription of IGF-1, and the 
receptors for prolactin, EGF, estrogen and androgen, as well as promoting insulin synthesis and secretion. While GH receptor activation 
results in activation of oncogenic Src, Ras/ERK, PI3-kinase and NF-kB pathways, it also activates oncogenic STATs, STAT3 and particularly 
STAT5. The latter complexes with glucocorticoid receptors and TGF-b, and is necessary for the transforming actions of nuclear localized 
GHR. Finally, IGF-1 produced as a result of GHR activation and regulated by GH-dependent IGFBP3/ALS is a key element in tumor 
promotion. Text in bold shows standard abbreviaitons. 
ALS: Acid labile subunit; AR: Androgen receptor; EGFR: EGF receptor; ER: Estrogen receptor; GH: Growth hormone; GHR: Growth 
hormone receptor; GR: Glucocorticoid receptor; IGFBP3: Insulin-like growth factor-binding protein 3; PIAS: Protein inhibitors of activated 
signal transducer and activator of transcription; PRL: Pituitary hormone prolactin; PRLR: Pituitary hormone prolactin receptor; 
SOCS: Suppressor of cytokine signaling proteins; STAT: Signal transducer and activator of transcription.
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These studies indicate a low but significant risk for certain 
cancers, particularly of epithelial origin, in relation to elevated 
circulating IGF-1. What of the converse situation, that is, GH 
and/or IGF-1 deficiency? In the sole published study to date, a 
worldwide survey of 222 individuals with GHR mutation or iso-
lated GH deficiency, not a single case of malignancy was reported. 
Conversely, 338 first- and second-degree relatives reported a 
10–24% incidence of a range of malignancies [37]. The difference 
in average age between the two groups (32 vs 55 years, respec-
tively) probably contributed to this disparity, but the apparent 
resistance of GH-deficient and/or IGF-1-deficient individuals to 
cancer is supported by extensive animal studies. These will be 
discussed in the following sections, but at face value, the above 
findings imply that IGF-1–GH signaling is permissive for cancer 
but that beyond its essential role at low IGF-1 concentrations, has 
only modest effects in cancer promotion.

Children treated with GH & cancer risk
The administration of recombinant human GH was approved 
for the treatment of children with GH deficiency in 1985 and 
GH was one of the first therapeutic drugs to be produced by 
recombinant DNA technology. Over the past few years, several 
concerns have been raised in regard to its diabetogenic effects, 
adverse effects on skeletal growth, or increased risk of new or 
recurrent cancers [38]. A recent report by Bell et al. recorded 
findings generated from a study of 54,996 children treated with 
recombinant GH, corresponding to nearly 195,000 patient-years 
of monitoring  [39]. This study found very low adverse effects 
of GH administration and no additional cancer cases in chil-
dren without other risk factors for malignancy. However, in 
children with hypothyroidism, the risk of second neoplasm was 
increased, suggesting that GH could aggravate neoplastic ten-
dencies resulting from underlying genetic abnormalities or radio-
therapy. Another independent study by Ergun-Longmire et al. 
had reported the same conclusion whereby GH therapy doubled 
the risk of second neoplasm in childhood cancer survivors [40]. 
Generally, most studies report that replacing circulating GH in 
humans does not promote cancer. However, while there were no 
additional cases relative to the general population, there was no 
data comparing GH-treated with GH-deficient untreated chil-
dren for ethical reasons. Given the finding of no malignancies in 
the aforementioned GH/IGF-1 deficiency referred to above, one 
would predict that such a comparison would show an increase 
in cancer incidence on GH replacement to normal levels. This 
would be concordant with the many animal studies verifying the 
resistance of GH/IGF-1-deficient animals to cancer.

Animal models
The prospect that GH is an etiologic factor in tumorigenesis 
was evident from the early clinical observation that hypophysec-
tomy inhibited metastasis and progression of specific malignan-
cies [41], and that high doses of GH induced neoplasms in rats [42]. 
Supporting these early observations, it was noted that transgenic 
mice overexpressing human GH exhibited higher incidences of 
tumors in mammary glands [43,44] and livers (Table 1) [45]. These 

mice have constitutively activated hepatic STAT3, Src, ERK and 
Akt [46]. An intermediatory role of IGF-1 in many GH actions 
is concordant with the observation that overexpression of IGF-1 
in the mammary epithelium leads to development of mammary 
cancers [47,48]. Similarly, expression of constitutively active IGF-1R 
leads to early development of mammary and salivary gland adeno-
carcinomas [48]. In GH-transgenic mice crossed with SOCS-2-
knockout mice, loss of the GH signaling antagonist SOCS-2 was 
found to be associated with increased local IGF-1 production and 
multiple hyperplastic and lymphoid polyps [49].

Conversely, GHR-knockout mice display a lower and delayed 
incidence of neoplastic disease with substantially fewer fatal neo-
plastic lesions, particularly lymphomas and pulmonary adenoma/
carcinomas compared with wild-type littermates [50]. Thus, 83% 
of C57Bl6 littermate controls died naturally from neoplastic dis-
eases, whereas only 42% of the GHR-deleted mice died from 
neoplasms in this study. In animal models of carcinogenesis, such 
as mammary tumors driven by the Simian virus 40 large T anti-
gen, tumors in GHR-deleted mice are also markedly reduced in 
size (50 vs 776 mm3) and number (3.2 ± 1.2 vs 9.8 + 1.4) com-
pared with those observed in the wild-type mice [51]. Likewise, 
lit/lit mice that are characterized by a nonfunctional GHRH 
receptor with GH and IGF-1 levels less than 10% of wild-type 
counterparts, exhibit marked retardation of human MCF-7 breast 
cancer xenograft growth (average: 35 large tumors in wild-type 
vs five in lit/lit by day 39 after implantation [52]). GH-deficient 
dwarf rats (dw/dw with 20% normal serum IGF-1) are resistant to 
mammary tumors induced by the carcinogen nitrosomethylurea 
(tumor incidence 100% in wild-type vs 4.8% in dw/dw rats) with 
an average tumor load of 7.0 per wild-type rat vs 1.0 per dw/dw 
rat. Hormone replacement of dw/dw rats with estrogen, progester-
one, GH or IGF-1 revealed a similar tumor incidence and tumor 
burden to wild-type rats only with bGH replacement, and a lesser 
increase with IGF-1 replacement (62% incidence with an average 
of 1.6 tumors per rat), [53]. This study was confirmed by Shen 
et al. with the additional finding that halting GH replacement 
led to tumor regression [54]. Likewise, development of prostate 
carcinomas in the Probasin/TAg rat is markedly decreased on 
a dw/dw background such that by 52 weeks of age, the major-
ity of dw/dw rats did not develop carcinomas, while all control 
Probasin/TAg rats did. Indeed, by 10 weeks of age, the dorsal 
and ventral prostate showed 100% tumor incidence in normal 
rats, while the GH-deficient dw/dw rats did not have measurable 
tumors [55]. 

It is clinically relevant that mice transgenic for the GH antago-
nist G120R GH (with 46% normal serum IGF-1) are partially 
resistant to 7,12-dimethylbenz(a)anthracene (DMBA)-induced 
mammary tumors (31.6% free of tumors vs 68% tumor free for 
the antagonist mice at 39 weeks after treatment) [56]. Accordingly, 
treatment of mice harboring MCF-7 xenografts with large doses 
of pegvisomant (an improved clinical version of the G120R GH 
antagonist) resulted in 70–80% suppression of circulating IGF-1 
and a 30% decrease in tumor volume together with a twofold reduc-
tion in proliferation and a twofold increase in apoptosis. However, 
no effect on IGF-1-independent MDA-MB235 or MDA-MB231 
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xenografts was evident [57]. Regression of 
all 15 human meningioma xenografts in 
nude mice was induced by daily pegviso-
mant treatment over 8 weeks at 45 mg/kg. 
Interestingly, this was accompanied by only 
a 20% decrease in serum IGF-1 [58], sug-
gesting a direct action of GH on this cancer. 
A similar study with colorectal cancer-205 
xenografts by Dagnaes-Hansen et al. showed 
a marked decrease in tumor weight (~40%) 
and increased apoptosis with second daily 
administration of 60 mg/kg pegvisomant, 
accompanied by a decrease in serum IGF-1 
to 36% of the control value [59].

These differences in tumor progression 
might relate to the extent of IGF-1 availabil-
ity, as IGF-1 has been shown to act in vitro as 
a tumor promoter by increasing proliferation 
and decreasing apoptosis, and by promoting 
angiogenesis and metastasis [4]. Indeed, local 
expression of IGF-1 in mouse mammary 
tissue resulted in spontaneous mammary 
tumors in 30% of mice [60]. Alternatively, 
these differences might also relate to GH 
availability or to a combination of both GH 
and IGF-1 availability. Some conclusions can 
be drawn from mouse models with lower lev-
els of circulating IGF-1 but which have nor-
mal/elevated tissue expression as a result of 
selective knockout of hepatic IGF-1 expres-
sion (liver IGF-1-deleted or LID mice). These 
mice have approximately 50% of normal 
circulating IGF-1, which results in a 40% 
significant decline in azoxymethane-induced 
colon adenocarcinoma number, largely as a 
result of increased apoptosis [61]. An earlier 
study with orthotopically transplanted colon-38 adenocarcinomas 
found the circulating IGF-1 in their LID mice to be approximately 
25% of normal, and this was associated with a substantial decrease 
in the number of mice with palpable colon tumors from 57 to 31%, 
together with a significant increase in tumor latency from 23 to 
27 days [62]. Hepatic metastases were also significantly decreased 
from 44 to 31%, and these improvements were reversed with IGF-1 
administration. Generation of mammary tumors by chemical or 
genetic means is also decreased in LID mice [63]. Both the DMBA 
carcinogen model and the C3(1)/Simian virus 40 large T-antigen 
expressing mouse model show decreased incidence and onset in 
LID mice. The decrease for DMBA-treated mice is from 56 to 
26% incidence, and latency from 60 to 74 days, while with the 
large T-antigen model approximately 60% of mice developed one 
tumor compared with approximately 40% with two tumors in 
control mice. At 4 weeks, the tumor volume in the large T-antigen 
model was approximately 50% of the control mice volume. These 
modest differences contrast with the striking blockade to tumor 
development seen in the GHR-deleted mice and the GH-deficient 

rats and mice discussed previously. This could be a result of insuf-
ficiently low circulating IGF-1 in the LID mice, or of paracrine 
IGF-1 generation in response to activation of the ubiquitous GHR. 
The elevated circulating GH consequent to lowered circulating 
IGF-1 in the LID mice would not appear to be making a major 
contribution to cancer promotion, since the LID mice do have a 
significantly lower tumor burden.

These studies clearly indicate the involvement of endocrine GH 
and IGF-1 in tumor growth promotion, and indicate that effective 
therapeutic options for cancer treatment need to drastically lower 
serum IGF-1.

GHR expression & cancer
The GHR is expressed in almost all cells, and its expression is 
subject to control by nine alternate first exons in humans [64]. 
The GHR transcript has been found to be overexpressed in a 
limited range of cancers, notably prostate carcinoma, glioblas-
toma, neuroectodermal tumors, adult T-cell lymphoma, kidney 
clear cell carcinoma and parathyroid adenoma (see Table 2) [201]. 

Table 1. Animal models implicating growth hormone/IGF-1 in cancer 
incidence and progression.

Cancer status Animal model Ref.

Increased mammary tumor hGH-transgenic mice [43,103]

Increased hepatic tumor hGH-transgenic mice [45]

Increased mammary tumor Mammary epithelial 
overexpression of IGF-1

[47,60]

Increased mammary and salivary 
adenocarcinoma

Constitutively active 
IGF‑1 receptor

[48]

Decreased lymphoma and pulmonary 
adenoma/carcinoma

GH-receptor null [50]

Decreased mammary tumors SV40 large T antigen in GHR null [51]

Decreased number of mammary tumors GH120 receptor antagonist-
transgenic mice with DMBA

[56]

Decreased growth of MCF-7 xenografts lit/lit GH-deficient mice [52]

Decreased growth of mammary tumors dw/dw GH-deficient rat
treated with NMU

[53,54]

Decreased prostate carcinomas Probasin T-antigen rat crossed 
with dw/dw

[55]

Decreased colon adenocarcinoma LID mice treated with 
azoxymethane

[61]

Decreased mammary tumor incidence LID mice treated with DMBA [63]

Decreased mammary tumor incidence SV40 large T antigen in LID mice [63]

Decreased growth of colon 38 
adenocarcinoma, some reversal with 
IGF-1 treatment

LID mice [62]

Decrease in MCF-7 xenograft growth Pegvisomant-treated nude mice [57]

Regression of meningioma xenografts Pegvisomant-treated nude mice [58]

Regression of Colo 205 xenografts Pegvisomant-treated nude mice [59]

DMBA: 7,12-dimethylbenz[α]anthracene; GH: Growth hormone; hGH: Human growth hormone; LID: Liver 
IGF-1 deficient; MCF: Michigan cancer foundation; NMU: N-methyl-N-nitrosourea; SV40: Simian virus 40.
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In addition, immunohistochemical and quantitative PCR studies 
have reported GHR overexpression in a high proportion of invasive 
breast ductal carcinoma [65], adrenal cortical neoplasms [66] and 
in colorectal cancer [67]. Moreover, elevated serum GH-binding 
protein (derived from the GHR by cleavage, and a measure of 
GHR expression [68]) is associated with a threefold increase in 
breast cancer incidence [69]. Immunohistochemical assessment has 
also revealed GHR overexpression in melanoma [70] and prostate 
carcinoma [71]. This expression has been found to be not only 
cytoplasmic but also within the nucleus (see later). To date, there 
are no reports of constitutively active GHR mutations.

Autocrine GH & cancer
15 years ago, expression of GH was reported in the mammary tis-
sue of dogs in response to progesterone administration, resulting 
in acromegalic symptoms [72]. The hormone is synthesized in the 
hyperplastic ductular epithelium of the mammary gland, since 
GH mRNA was present in dog and cat epithelia, and was shown 
to be elevated by progesterone [73]. As recently reported by Illera’s 
group, expression of GH protein in canine mammary tissue is 
markedly (20‑fold) elevated in malignant tumors, and less so in 
benign tumors and dysplasias [74]. This expression correlates with a 
12-fold increase in IGF-1 protein expression and a fourfold increase 
in estradiol content of the malignant tumors, with a correspond-
ingly lower but still elevated expression of IGF-1 and estradiol in 
benign tumors [74]. Increased mammary GH and IGF-1 correlated 
with increased serum GH and IGF-1, with serum levels of GH 
greater than 6 ng/ml and IGF-1 greater than 43 ng/ml resulting in 
death of the majority of dogs within 6 months from neoplasia [13]. 
Is this striking evidence for autocrine/paracrine actions of GH in 
cancer promotion evident in humans? 

The study of Mol et al. reported the pres-
ence of GH transcripts in human mam-
mary tissue but with no evident relation 
to presence of carcinogenesis, and appar-
ently decreased transcript in most carci-
nomas  [73]. Raccurt et al. later reported 
increased GH protein in three intraductal 
carcinoma samples relative to normal tissue, 
but not in invasive ductal carcinomas [75]. 
They also provided ISH and qPCR evi-
dence for GH transcript expression in these 
three carcinomas. Recently, Ratkaj et al. 
used IHC to study human GH expression 
in a larger series (n = 40) of ductal invasive 
breast carcinomas and fibroadenomas, and 
concluded that GH was expressed in all 
fibroadenomas and their stroma, but in only 
55% of ductal carcinomas and 20% of their 
stromal tissue [76]. There was no correlation 
between GH expression and tumor size or 
tumor grade. A search of the Oncomine 
database reveals underexpression of GH1 
and no listing for GH2 transcripts in inva-
sive ductal breast carcinoma against normal 

tissue, in contrast to the prolactin transcript, which is highly 
expressed  [201]. In a survey of GH transcript expression across 
breast cancer lines, van Garderen and Schalken found only three 
of ten lines expressed GH1 transcript by PCR  [77], (including 
MCF-7 cells, confirmed by Gil-Puig  [78]), although all express 
GHR transcripts. Thus, it appears that humans are unlike dogs 
in overexpression of paracrine/autocrine GH in mammary cancer, 
but rather rely on prolactin. 

What about other cancers?
Many human prostate cancers overexpress GH1 or GH2 and GHR 
transcripts as evidenced in the Oncomine database (Table 2) [201]. 
Furthermore, an immunohistochemical study of 20 prostate 
cancers and 17 controls reported a fourfold increase in human 
GH expression in prostatic carcinoma Gleason scores 6–8. 
Co-expression of GH and GHR isoforms has also been reported at 
protein and mRNA levels in prostate cancer cell lines (e.g., ALVA-
41, PC-3, DU 145) [71,79], with van Garderen and Schalken report-
ing six of seven prostate cancer lines expressing GH1 transcripts, 
and all expressing GHR transcripts [77]. Association of autocrine 
GH expression with prostate cancer contrasts with clinical studies 
show that acromegaly is associated with prostate hypertrophy but 
not malignancy [80], and the observation that GH replacement 
in GHD patients increases prostate size to normal without any 
increase in neoplasia [81]. As previously noted, absence of GH or 
GHR signaling results in resistance to T-antigen induced pros-
tate cancer in mice and rats [55,82]. Loss of GH/IGF1 activity is 
also associated with impaired development of the prostatic ductal 
branching architecture that results from IGF-1 deficiency [83]. A 
reasonable hypothesis to explain these findings is that autocrine 
GH acts in a different manner from endocrine GH to promote 

Table 2. Summary of oncomine data for overexpression of growth 
hormone 1, growth hormone 2 and growth hormone receptor 
transcript expression (top 10% or better) compared with normal tissue.

Transcript Cancer type Oncomine reference

GH1 Prostate carcinoma
Bladder urothelial carcinoma
Colon, mucinous adenocarcinoma
Ovarian clear-cell carcinoma

Liu orostate
Dyrskjot bladder 3
Kurashina colon
Hendrix ovarian

GH2 Prostate carcinoma
Chronic adult T-cell leukemia/lymphoma
Bladder urothelial carcinoma
Colon mucinous adenocarcinoma
Ovarian mucinous adenocarcinoma
Ovarian endometrioid carcinoma

LaTulippe prostate
Choi leukemia
Dyrskjot bladder 3
Kurashina colon
Hendrix ovarian
Hendrix ovarian

GHR Prostate carcinoma

Prostatic intraepithelial neoplasia 
Glioblastoma
Primitive neuroectodermal tumor
Acute adult T-cell leukemia/lymphoma
Clear-cell sarcoma of the kidney
Parathyroid gland adenoma

Liu prostate 2, Yu prostate, 
Varambally
Tomlins prostate
Liang brain, Lee brain
Pomeroy brain
Choi leukemia
Cutcliffe renal
Morrison parathyroid

GH: Growth hormone; GHR: Growth hormone receptor. 
Data from [201].
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cancer formation, whereas endocrine GH promotes hypertrophy 
in an IGF-1-dependent manner. This situation may apply to other 
cancers overexpressing GH1 and GH2 evident in the Oncomine 
database, such as chronic adult T-cell leukemia, ovarian muci-
nous carcinoma, endometrioid and clear-cell adenocarcinomas, 
and bladder urothelial cancers (Table 2) [201]. The GHR itself is 
also reported as overexpressed in a range of neoplasias (see earlier). 
Moreover, since human GH can activate the human prolactin 
receptor [84], the presence of overexpressed prolactin receptor in 
prostate cancer, T-cell leukemias and ovarian adenocarcinomas [201] 
raises the possibility that autocrine GH may also drive oncogenesis 
in these cancers. 

The oncogenic actions of forced autocrine expression of human 
GH in immortalized human breast lines has been extensively stud-
ied by Lobie’s group. Thus, Zhu et al. have reported that overexpres-
sion of autocrine GH in mammary epithelial cell lines (particularly 
MCF-7 cells) results in increased cell proliferation, transformation 
and invasion, with an epithelial to mesenchymal transition [85]. This 
is associated with an altered transcript expression profile, with a 
number of oncogenic genes being upregulated by autocrine GH 
overexpression [86]. Autocrine GH led to increased expression of 
the oncogenic homeobox protein Hox-A1 and telomerase pro-
tein together with downregulation of junctional plakoglobin and 
increased DNA methyltransferase-3 activity resulting in methyla-
tion of the plakoglobin promoter [87]. Human GH overexpression 
also resulted in increased activity of matrix metalloproteases-2 and 
-9, redistribution of E-cadherin to the cytoplasm and increased 
secretion of trefoil factor 3 (TFF3), proposed to mediate the onco-
genic actions of autocrine GH by Lobie’s group by paracrine actions 
on adjacent cells (Figure 2) [87]. Autocrine production of human GH 
was associated with increased angiogensis in xenografts, in accord 
with its ability to recruit endothelial cell precursors and to induce 
VEGF [88]. Of interest, autocrine human GH-driven proliferation 
of MCF-7 cells, transcriptional activation and cell spreading was 
reported to be completely blocked by the addition of exogenous 
human GHR-specific antagonist B2036/pegvisomant [89]. These 
studies indicate that overexpression of human GH in transformed 
cells is oncogenic. Is there, then, a difference between autocrine and 
endocrine GH signaling? van den Eijnden and Strous examined 
this question in ts20 cells, finding that GHR signaling in cells with 
autocrine GH does not manifest before the Golgi, and is associated 
with a very low level of chronic STAT5 and GHR tyrosine phos-
phorylation, but robust induction of a STAT5-responsive luciferase 
reporter [90]. Sustained GHR signaling would be associated with 
induction of negative-feedback regulators such as SOCS proteins, 
hence the pulsatile nature of pituitary GH secretion. It would appear 
that sustained autocrine GH stimulation does something different, 
for example, results in the gain of a phenotype characteristic of 
oncogenic transformation, yet sustained endocrine GH stimula-
tion (as in acromegaly) results in only a modest increase in cancer 
susceptibility. One is driven to the conclusion that intracellular 
signaling events are important in the transformation process, par-
ticularly since Strous’ group found that autocrine GH-expressing 
cells are insensitive to external (endocrine) GH [90]. Conversely, 
Lobie’s group have reported that exogenous B2036/pegvisomant 

blocks autocrine growth, implying that autocrine GH is secreted 
and acts externally (or that the antagonist is internalized at high 
concentrations). It may be that both a hormone-induced signal from 
the plasma membrane and an intracellular signal are necessary for 
full autocrine action by GH.

Nuclear GHR & cancer
A likely possibility for altered intracellular signaling relates to the 
presence of the GHR in the cell nucleus, since this increases cell 
sensitivity to STAT5 [91]. Tissue immunohistochemistry reveals that 
the nuclear GHR is present in many proliferating cells, including 
a variety of cancers, such as breast cancer [92], colorectal carcinoma 
[93], hepatocellular carcinoma [94], melanoma [70] and uterine cervi-
cal neoplasms [95]. The translocation of a transmembrane receptor 
into the nucleus is known to occur for the EGFR, the FGF receptor 
and IFN-g receptor [96], and is often associated with cell transfor-
mation. Full-length GHR is translocated to the nucleus in a GH- 
and importin-b-dependent manner in cell models, and in vivo in 
response to regeneration after partial hepatectomy in the rat, which 
is a GH-dependent process [91]. There is a high correlation between 
the nuclear GHR and cell proliferation during the liver regenera-
tion process and targeting the GHR to the nucleus by fusion with 
a nuclear localization signal markedly increased the cell prolifera-
tive response to autocrine GH via STAT5 activation in pro-B cells, 
resulting in constitutively activated STAT5. Moreover, pro-B BaF3 
cell lines stably expressing nuclear-targeted GHR become trans-
formed, and form solid tumors in immunocompromised mice. This 
is associated with upregulation of transcripts for a number of genes 
involved in oncogenesis such as survivin, dysadherin and MybBP. 
Accordingly, a high proportion of nuclear GHR cells are evident 
in sections of highly proliferative lymphomas [91]. Further exami-
nation of the mechanism involved led to the identification of an 
important RNA splicing protein and transcriptional co-activator, 
CoAA, which binds to the extracellular domain of the receptor in 
response to GHs, potentially facilitating nuclear translocation by 
means of its nuclear localization motif [97]. Transfection of pro-B 
cells with CoAA markedly enhanced the proliferative response to 
GHs, but not to IL-3, the physiological cytokine for these pro-B 
cells. CoAA is an oncogene related to Ewing’s sarcoma protein and 
translocated in liposarcoma (TLS) oncoproteins, which is amplified 
in lymphoma, non-small cell carcinoma and squamous cell carci-
noma [98], and can drive osteosarcoma proliferation in vitro [99]. It 
is also a potent co-activator of the estrogen receptor, which is highly 
relevant to breast cancer [100]. 

GH & prolactin receptor activation in cancer
As mentioned previously, human GH also activates the human pro-
lactin receptor [84], although lower species have GHs and prolactins 
specific for their cognate receptors. PRL can upregulate local IGF-1 
expression in breast cancer cells, resulting in downstream activation 
of Erk1/2 and Akt [101], and PRL and IGF-1 augment neoplastic pro-
gression synergistically [102]. Following the initial observation that 
human GH-transgenic mice develop mammary cancer (human GH 
activates both GH and prolactin receptors in mice) [103], Wennbo 
et al. created rat prolactin-transgenic and bovine GH-transgenic 
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mice, which target their prolactin and GHRs, respectively [104]. Only 
in the prolactin transgenics were mammary tumors evident, sup-
porting the oncogenic role of autocrine/paracrine prolactin in mam-
mary tumorigenesis. This may be a consequence of the differences in 
level of receptor expression for GH and prolactin in the mammary 
gland since both receptors have similar signaling pathways. The 
role of prolactin in breast cancer has been extensively reviewed by 
Clevenger et al. [105]. Clinical and animal model studies also support 
a role for autocrine prolactin in prostatic cancer progression [106,107] 
and elevated prolactin receptor expression is evident in colorectal 
carcinoma and metastases [108]. These findings can be accommo-
dated in a model of abnormal signaling by these two closely related 
class-1 cytokine receptors involving excessive activation, particularly 
of STAT5, but also of STAT3 (Figures 1 & 2) [109–111].

The role of STAT5 activation in cancer
Constitutively activated STAT5 can act as an oncogene, and is a 
common feature of hematopoietic proliferative diseases. This is a 
consequence of activating mutations in the JAK kinase or relevant 
cytokine receptor such as JAK V617F [13,112,113], TEL-JAK2 [114], 
Bcr-abl [115] and MPL W515L [116]. Activation of STAT5 has been 
shown to be critical for transformation by several of these onco-
genic mutations [117–119]. There is now accumulating evidence that 
activated STAT5 plays a vital role in promoting a broad range of 
cancers, including prostate cancer [120], melanoma [121,122], hepato-
cellular carcinoma [123] and breast cancer [124]. Activation of STAT5 
has also been found to increase tumor growth and aggressiveness of 
hepatocellular carcinoma and squamous epithelial cell carcinoma by 
induction of epithelial–mesenchymal transition [123,125]. Induction 
of senescence is a common feature of oncogenes [126] and expres-
sion of constitutively active STAT5 has also been shown to induce 
senescence [127,128].

Several studies investigating human melanoma patient samples 
and melanoma cell lines have shown that phosphorylated STAT5 is 
a common feature in melanoma, particularly in metastasis [82,121,122]. 
Knockdown of STAT5 by RNAi in melanoma cells reduced Bcl-2 
and cyclinD2 transcription, reduced cell viability and induced apop-
tosis, and expression of a dominant negative (C-terminal truncated) 
STAT5 inhibited expression of Bcl-2, leading to G1 arrest and 
enhanced cell death [121,122]. In a fish model of melanoma, consti-
tutive activation of STAT5 has shown to correlate with the aggres-
siveness of the melanoma [129], suggesting that activation of STAT5 
plays an important role in metastasis. In a 3D skin reconstruction 
model of metastatic melanoma, differentiation and invasion is inhib-
ited by roscovitine [130], which is an inhibitor of cyclin-dependent 
kinases [131] and STAT5 activity [132]. 

Similarly, activated STAT5 has been detected in the majority 
of prostate cancer specimens, particularly in high histological 
grade cancers, but not in normal prostate epithelium [99,133]. It has 
recently been shown that activated STAT5 promotes growth and 
metastatic behavior of human prostate cancer cells in vitro and 
in vivo [120,134–136] and expression of a dominant-negative STAT5 
induces cell death in both androgen-independent and androgen-
sensitive prostate cancer cell lines [133]. Interestingly, STAT5 is able 
to synergise with androgen receptor by upregulating androgen 

receptor expression, which results in upregulation of STAT5 
expression. The liganded androgen receptor and STAT5 interact in 
prostate cancer cells and enhance each other’s nuclear uptake [137]. 
Because both the GHR and the prolactin receptor activate STAT5 
as a key signaling pathway, it is likely that both autocrine/para-
crine and endocrine GH and prolactin action would enhance active 
(oncogenic) STAT5 generation.

Many studies have shown STAT5 to be a major player in 
breast cancer [124], for example, expression of dominant-negative 
STAT5A in T47D breast cancer cells induces apoptosis [138], 
however, STAT5A and STAT5B show distinct effects in human 
mammary carcinoma cell lines [110]. Transgenic mice expressing 
a constitutively active variant of STAT5 (a C-terminal 44 amino 
acid deleted STAT5 fused to the JAK2 kinase domain via residues 
677–847 of STAT6) specifically in mammary epithelium via the 
b-lactoglobulin regulatory sequences are predisposed to mammary 
tumor formation [139]. However, it is interesting to note that over-
expression of the C-terminal deleted dominant-negative form of 
STAT5 from the same regulatory sequences also predisposes mice 
to mammary tumors; although the tumors from activated STAT5 
expression showed a more differentiated phenotype suggesting 
different mechanisms are at play [140]. 

To date there has been no identification of a constitutively active 
mutation of GHR, however, with current whole genome sequenc-
ing regimes of large numbers of tumor samples it is likely that 
such mutations may be identified, similar to those identified for 
other class-1 cytokine receptors such as the thrombopoietin recep-
tor W515L/K [141] and S505N [142] activating mutations, and the 
constitutively active prolactin receptor found in benign tumors [143].

Expert commentary
It is clear that GH/IGF-1 is necessary for the progression of a wide 
range of cancers in rodents and dogs. However, the situation is not 
so clear with humans, since only one study has reported on cancer 
incidence in GHR/GH-deficient patients. This needs to be rectified 
with further clinical data.

The relationship between autocrine GH expression and can-
cer incidence/progression needs to be firmly established with 
comprehensive studies of clinical samples.

The basis for the transforming actions of autocrine GH needs 
to be fully explored using cells with modest levels of GH expres-
sion corresponding to those evident in particular cancers. Prostate 
carcinoma would be a good model for these studies, because 
both autocrine GH and highly expressed GHR are present in 
prostate cancers.

There is no significant risk above that of the general population 
resulting from therapeutic replacement with GH. However, use of 
GH for prolonged periods at supraphysiologic levels could contribute 
to increased cancer risk, particularly colon and thyroid cancer, as it 
does in acromegaly.

Five-year view
Given the animal and human data supporting critical involvement 
of the GH–IGF-1 axis in cancer incidence and progression, the 
development of GH antagonists for use alone or in conjunction 
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