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Abstract
Body growth and development are regulated among others 
by genetic and epigenetic factors. MicroRNAs (miRNAs) are 
epigenetic regulators of gene expression that act at the 
post-transcriptional level, thereby exerting a strong influ-
ence on regulatory gene networks. Increasing studies sug-
gest the importance of miRNAs in the regulation of the 
growth plate and growth hormone (GH)-insulin-like growth 
factor (IGF) axis during the life course in a broad spectrum of 
animal species, contributing to longitudinal growth. This re-
view summarizes the role of miRNAs in regulating growth in 
different in vitro and in vivo models acting on GH, GH recep-
tor (GHR), IGFs, and IGF1R genes besides current knowledge 
in humans, and highlights that this regulatory system is of 
importance for growth. © 2020 S. Karger AG, Basel

Longitudinal Growth and Epigenetics

Human growth is a complex process regulated by an 
interplay of different factors comprising a genetic back-
ground, the endocrine system, environmental condi-

tions, and more recently epigenetic regulation of gene ex-
pression. The individual genetic background plays a piv-
otal role: studies based on genome-wide association 
technology have identified more than 400 genes that in-
fluence stature and it is possible to estimate that 70–90% 
of final height is genetically determined [1–3]. 

Pharmacogenetic studies show how genetic variants 
seem to act as a network to drive the different phases of 
human growth (infancy, childhood, puberty). Moreover, 
many genetic growth pathways have been shown to be 
highly evolutionarily conserved (e.g., NOTCH signaling, 
VEGF signaling, WNT signaling, TGF-beta signaling, 
and glucocorticoid signaling) [4]. 

Genetic variants, however, have a small effect size and 
the variants identified so far can explain no more than 
16% of height variation [1, 3]. Experimental models and 
advances in technology have allowed further understand-
ing of growth regulation, in particular within the field of 
epigenetics, and may contribute to unravel the complex-
ity of the interactions among the abovementioned fac-
tors. 

Epigenetics has been defined as “the inheritance of 
variation (-genetics) above and beyond (epi-) changes in 
the DNA sequence” [5]. There are three main epigenetic 
mechanisms: DNA methylation, histone modifications, 
and RNA-based mechanisms.

In this review we will summarize the current knowl-
edge on the role of microRNAs (miRNAs), one of the 
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RNA-based epigenetic mechanisms, in the regulation of 
growth focusing on the regulatory effects of miRNAs on 
growth hormones (GH), insulin-like growth factors 
(IGF), and their related receptors. MiRNAs have been 
shown to contribute to the physiology of growth process-
es both regulating the hypothalamus-pituitary-IGF axis 
and regulating growth plate function. 

MiRNAs, Biogenesis, and Function

MiRNAs are short RNAs approximately 22–24 nucle-
otides in length, which can regulate gene expression at the 
post-transcriptional level, and represent approximately 
30% of the entire mammalian genome [6, 7]. MiRNAs are 
usually clustered within the human genome both in inter-
genic regions and intra-genic regions and are transcribed 
in polycistronic transcripts. MiRNA expression differs 
depending on the different tissues or organs. Changes in 
miRNA levels may contribute to explaining some of the 
variability among phenotypes and can underlie patholog-
ical conditions [8, 9]. In the light of this, therapeutic strat-
egies have been investigated to reinstate physiological 
miRNA levels. Furthermore, miRNAs are considered to 
become prognostic and diagnostic molecular markers, 
because of their stability and easiness to measure [6]. 

Biogenesis and Action of miRNAs
At the nuclear level, miRNA genes are transcribed by 

RNA polymerase II into long primary transcripts (pri-
miRNA) bent in hairpins [10]. Subsequently, Dgcr8 pro-
tein, belonging to the RNAse III family, anchors the pri-
miRNA and then Drosha, which also belongs to the 
RNAse III family, and cleaves the pri-miRNA generating 
a shorter double stranded pre-miRNA [11].

The pre-miRNA translocates into the cytosol via the 
XPO5:RAN·GTP complex, where it is bound by Dicer, a 
cytoplasmic RNAse III complexed with transactivation 
response element RNA-binding protein (TRBP) [11]. 
The Dicer:TRBP complex converts the pre-miRNA into 
a miRNA duplex of about 21–24 nucleotides [12].

The miRNA duplex is loaded in the RNA-induced si-
lencing complex which selects the single-stranded miR-
NA. The selected mature miRNA, about 22 nucleotides 
long, contains a seed region which recognizes the mRNA 
target usually at the 3′ untranslated regions (UTR) but 
also at the 5′UTR and at the coding DNA sequence re-
gions [13].

Upon binding, miRNAs determine the repression of 
translation or degradation of their target mRNAs [14]. 

Single miRNAs can target several genes and a single gene 
can be targeted by different miRNAs, revealing a complex 
interaction network [15, 16].

To date, among the 2,300 human mature miRNAs 
identified, 1,115 are included in miRBase [17]. About 
8,500 articles have reported 4,000 miRNAs and 23,000 
target genes. Furthermore, about 420,000 miRNA-target 
interactions are currently recorded in miRTarBase [18]. 
The biogenesis of miRNAs is summarized in Figure 1.

MiRNA Variation from Birth to Adulthood in Humans

MiRNA expression changes during the life course be-
cause of its importance for the regulation of all biological 
processes. A recent study in newborns and children 
showed different miRNA expression levels dependent on 
different developmental stages [19]. In particular, 36 
miRNAs increased from birth to mid-childhood. These 
miRNAs targeted genes involved in pathways associated 
with post-translational modifications, metabolism, and 
immunity. Lai et al. [20] showed that about one third of 
the miRNAs they analyzed did not show any changes 
from birth to adulthood, another third was differentially 
expressed from infancy and adulthood, and the remain-
ing third was detectable only during childhood. This pat-
tern of expression suggested a role of miRNAs in the reg-
ulation of genes involved in children’s growth and devel-
opment. It is possible to hypothesize that age-related 
miRNAs could be involved in biological pathways related 
with growth and development. This is also suggested by 
our unpublished data (Fig. 2) from the control subjects of 
a previous study [21], showing that changes in specific 
miRNAs regulating insulin-sensitivity occur from child-
hood to puberty and then from puberty to early adult-
hood, matching the well-known changes in insulin sensi-
tivity associated with puberty [22].

These concepts are further supported by a study in 
adulthood showing that age-related miRNAs are related 
to immune response and regulation of cellular metabo-
lism [23], revealing that miRNAs regulate genes involved 
in age-related biological mechanisms. Furthermore, 
miRNA expression has been shown to change significant-
ly in body tissues with age, and different miRNA profiles 
have been related with longevity in a broad spectrum of 
animal species, from Caenorhabditis elegans to humans 
[24–26], as reported in depth below. 

More recently, sex-specific temporal patterns of GH 
secretion have been demonstrated to regulate miRNA ex-
pression levels which in turn regulate sex-differential 
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gene expression. In particular, in the mouse liver, miR-
1948 is a male-biased miRNA, which represses female-
biased mRNAs, while miR-802 is a female-biased miRNA 
that represses male-biased mRNAs. At puberty, both of 
these acquire sex specificity and are activated by the 
STAT5 transcription factor which belongs to the GH sig-
naling cascade [27]. Therefore, further research should 
focus on GH-induced gender effects of miRNA regula-
tion. Some findings have suggested that body growth is 
self-limited by an evolutionarily conserved genetic pro-
gram in which miRNAs play a pivotal role [28].

MiRNAs Regulating the Growth Plate

The most important mechanism involved in the 
growth of the skeleton is endochondral ossification. This 
process is responsible for the growth of long bones, skull 
base bones, and for vertebral formation involving a carti-
laginous intermediate. Endochondral bone formation oc-
curs in the growth plate, which is a thin layer of cartilage 
located in the metaphysis of long bones and on the surface 
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from childhood to puberty, and from puberty to early adulthood 
in healthy subjects (n = 50). These subjects are the controls of a 
previous study, and these data were preliminary to the published 
data [21].
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of plates facing the vertebral bodies. The growth plate 
shows a high degree of spatial regulation and is histolog-
ically formed by three distinct zones: the resting zone, 
which contains progenitor chondrocytes; the prolifera-
tive zone, characterized by chondrocytes that proliferate 
unidirectionally to form columnar cell clones and pro-
duce specific extracellular matrix proteins (e.g., type II 
collagen and aggrecan), and the hypertrophic zone, in 
which mature chondrocytes exit the cell cycle, go through 
hypertrophic differentiation, and express type X collagen. 
The cartilage matrix then becomes mineralized and ter-
minally differentiated chondrocytes undergo apoptosis. 
The molecular mechanisms regulating this process are 
complex and involve different elements: transcription 
factors, mainly within the Sox family, such as SOX 5, SOX 
6, SOX 9; soluble signaling mediators, with the most im-
portant ones being Indian hedgehog (Ihh), parathyroid 
hormone-related peptide (PTHrP), C natriuretic peptide 
(CNP), and fibroblast growth factor family members, and 
extracellular matrix molecules [29–31]. 

A recent review documented the molecular mecha-
nisms by which miRNAs exert their regulatory role in 
longitudinal bone growth, and are involved with the reg-
ulation of cell growth, particularly of chondrocytes [28]. 
Two further extensive reviews have evidenced the impor-
tance of miRNAs in the regulation of skeletal develop-
ment, summarizing current knowledge on the role of 
miRNAs at different bone developmental stages [32] and 
in different bone cell types [33]. Intriguingly, for the first 
time the deletion of Dicer, a key enzyme for miRNA bio-
genesis (see the section entitled Biogenesis and Action of 
miRNAs; Fig. 1), in murine cartilage evidenced the essen-
tial role of miRNAs in controlling chondrocyte prolifera-
tion and differentiation [34]. In particular, Dicer-null 
mice presented severe skeletal growth defects and prema-
ture death. Furthermore, the histological cartilage sec-
tions from these mice showed a reduction in proliferative 
chondrocytes and an expansion of the hypertrophic re-
gion. Subsequently, specific miRNAs (miR-140 and the 
let-7 family) were identified to play a key role in this pro-
cess. Specifically, miR-140 null mice showed an accelera-
tion of hypertrophic differentiation of chondrocytes with 
advancing endochondral bone formation as a conse-
quence. These mice showed a phenotype characterized by 
growth retardation and craniofacial deformities [35]. 
Conversely, the suppression of let-7 in a mouse model 
reduced growth plate chondrocyte proliferation and in-
creased cell death, causing mild growth impairment [36]. 
Interestingly, the mice with both miR-140 deficiency and 
let-7 downregulation presented severe growth deficiency, 

similarly to Dicer-null mice, suggesting a pivotal role for 
the abovementioned miRNAs among others in growth 
plate development [32, 33, 36]. 

More recently, a miRNA profiling study on micro-dis-
sected individual growth plate zones in rats showed a dif-
ferential expression of 34 miRNAs between the prolifera-
tive and the hypertrophic zones [29]. The authors sug-
gested that this expression pattern of miRNAs may be 
involved in the control of proliferative and differentiative 
mechanisms which regulate the cell fate of the specific 
growth plate zones. Moreover, the authors demonstrated 
that these distinct patterns in growth plate were influ-
enced by the PTHrP concentration gradient across the 
zones. These findings definitely suggested that the mech-
anism of action of PTHrP in the control of the growth 
plate cell function was mediated, at least in part, by mi-
RNAs [29]. 

Similarly, another recent study showed how rat chon-
drocytes from the resting zone produced different micro-
vesicles with specific miRNA contents compared to chon-
drocytes from the proliferative zone. Functional analysis 
showed that these miRNAs influenced key functions for 
cartilage development and extracellular matrix control 
such as stem cell regulation, focal adhesion, and cell cycle 
control. These data further support the evidence that ex-
tracellular miRNAs play a key role for cell-cell communi-
cation and cell proliferation and differentiation in the 
growth plate [37].

MiRNAs Regulating the Hypothalamus-Pituitary and 
GH/IGF-I Axes

GH is the main endocrine regulator of longitudinal 
growth in humans. GH is a peptide produced by somato-
tropic cells in the pituitary gland and it exerts its effect 
promoting growth plate chondrogenesis both directly 
and via the action of IGF-I, which is its principal media-
tor [38, 39].

MiRNAs are critical for the regulation of hypothala-
mus function and pituitary development. As GH is pro-
duced and released by the anterior pituitary, studies in 
animal models have focused on this endocrine gland to 
investigate the role of miRNAs in regulating GH produc-
tion and secretion. In conditionally Pitx2-Cre mice 
knocked-out for the Dicer1 gene, mature miRNAs were 
found to be decreased in the anterior pituitary, and 
growth retardation was subsequently observed. This evi-
denced the essential role of miRNAs in the development 
of the pituitary gland. The global miRNA profiling per-
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formed in the anterior pituitary cell lines from these mu-
tant mice evidenced specific miRNAs involved in the de-
velopment of the pituitary gland. Among these, miR-26b 
was one of the most expressed and in GH3 (somatotrope) 
pituitary cells, was described to target another miRNA, 
Lef-1, leading to an upregulation of both Pit-1, which is a 
transcription factor involved in GH synthesis, and GH 
gene expression itself [40]. Interestingly, miR-26b was 
also described in Yanbian cattle to target EphA2 mRNA, 
which encodes for a protein belonging to the Receptor 
tyrosine kinases family which is involved in bone remod-
eling [41, 42].

More recently, miRNA expression profiles were ana-
lyzed in the rat pituitary from postnatal development 
throughout the entire lifespan showing that specific mi-
RNAs are differentially expressed during pituitary devel-
opment [43]. In addition, there is evidence that GH syn-
thesis and release are also regulated by miRNAs in mam-
mals [44], as documented below. 

Moving downstream along the axis, IGF-I is a crucial 
hormone for human growth. IGF-I is mainly produced by 
the liver and its synthesis and secretion are regulated by 
GH via GH receptor (GHR) signaling transduction. IGF-I 
production has been shown in peripheral tissues, such as 
bone and cartilage. In target cells, IGF-I controls prolif-
eration, differentiation, and apoptosis. IGF-I bioactivity is 
regulated by specific binding proteins (IGFBPs) [45]. Al-
though data in the literature concerning the regulation of 
IGFBPs by miRNAs are present [46], specific data relative 
to longitudinal growth/body size regulation, miRNAs, 
and IGFBPs are lacking, and are currently only speculative 
and thus are not addressed further within this review.

In a recent publication, our group highlighted the links 
between miRNAs and IGF-I secretion and signaling in 
chronic inflammation with growth impairment in hu-
mans. Bioinformatic analysis regarding miRNAs altered 
in these conditions revealed a complex network in which 
miRNAs clearly played a key role in the control of the 
GHR and IGF-I interactomes [9].

MiRNAs Targeting GH, GHR, IGFs, and IGF1R 
Regulate Body Growth

Many studies in the literature have reported the effects 
of miRNAs on GH and on IGF-I genes in vitro. However, 
the local and systemic regulation exerted by miRNAs on 
growth still needs to be further investigated.

In the following sections, the emerging molecular 
findings concerning the regulatory role of miRNAs on 

GH, IGF-I, and their related receptors will be reported. 
Table 1 summarizes the effects of specific miRNAs on 
GH, GHR, IGFs, IGF1R, and downstream signaling pep-
tides in different animal species, as reported in the follow-
ing two sections.

MiRNAs, GH, and GHR
The role of miRNAs on growth has been studied in 

several animal models; however, little is known on their 
role in regulating GH synthesis and secretion. In zebraf-
ish, an important role on embryo growth has been shown 
relative to the miR-200 family of miRNAs which is com-
posed by six members clustered on chromosomes 6 and 
23. In particular, the injection of miR-141 and mir-429a 
mimics in zebrafish embryos reduced the expression of 
GH and GHR significantly. Furthermore, miR-141 and 
mir-429a were shown to be positively regulated in a feed-
back loop by GH. In detail, an injection of GH in the ze-
brafish embryos increased the levels of miR-141 and miR-
429a via p53, and the regulatory action of miR-141 and 
mir-429a had reflections on somatic growth as the over-
expression of miR-141/429a drastically reduced the em-
bryo body length; conversely, the use of the respective 
miRNA-inhibitors rescued the defective growth [47] (Ta-
ble 1). 

In a recent study of the rat pituitary gland, among the 
miRNAs profiled and found to be differentially expressed 
throughout the growth process, 15 miRNAs were in-
volved in GH signaling. Among these, miR-141-3p regu-
lated GH expression negatively, resulting in a reduction 
in GH1 mRNA levels. Conversely, the use of an miR-141-
3p inhibitor significantly increased GH1 gene expression 
[43] (Table 1).

Further data emerged from a study in swine primary 
anterior pituitary cells cultivated separately with GH-re-
leasing hormone (GHRH), which positively regulates 
GH secretion, and corticostatin (CST), which has an op-
posite effect. The high-throughput miRNA microarray 
analysis that was performed evidenced 19 (12 upregu-
lated and 7 downregulated) and 35 (21 upregulated and 
14 downregulated) differentially expressed miRNAs in 
response to the two treatments, respectively. Among 
these miRNAs, miR-361-5p and miR-127 were regulated 
in opposite ways under the two treatments, suggesting a 
potential role in GH regulation which still needs further 
investigation. Interestingly, let-7c, which was upregulat-
ed under CST treatment, negatively regulated GH pro-
duction and release, directly targeting GH1 and GHRH 
[44] (Table 1).
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An additional animal study using a miRNA microar-
ray analysis approach was conducted on anterior pitu-
itary from Bama minipigs, a miniature pig breed with a 
lower growth performance compared to healthy con-
trol animals. In this study, 41 miRNAs were shown to 
be differentially expressed (32 upregulated and 9 down-
regulated), and among the upregulated miRNAs, let-
7e, miR-98, miR-193-3p, and miR-195 were associated 
with decreased GH secretion in the pituitary [48] (Ta-
ble 1).

Recently, a relevant study in mice focused on 
MIR205HG, which is the host gene for miR-205 that also 
gives origin to a long noncoding RNA, which regulates 
the anterior pituitary transcriptome [49]. Interestingly, 
GH itself exerts a regulatory action on miRNAs. Firstly, 

in chicken hepatocytes, it was reported that GH treatment 
upregulated 16 miRNAs and downregulated 1 miRNA 
(miR-1724). These miRNAs were all predicted to target 
GH-regulated mRNAs, involved in both growth and me-
tabolism [50] (Table 1).

In a GH-deficient mouse model, GH replacement 
therapy determined a downregulation of miR-29a and 
this was associated with insulin resistance in skeletal mus-
cle. Specifically, miR-29a targeted genes that are negative 
regulators of insulin signaling (e.g., PTEN), as well as pro-
inflammatory and profibrotic genes (e.g., FSTL1 and 
SPARC, respectively) involved in extracellular matrix or-
ganization [51] (Table 1). 

It is well known that GH exerts its biological func-
tions by binding to its receptor (GHR) on target cells, 

Table 1. Specific effects of miRNAs on GH, GHR, IGFs, IGF1R, and on downstream signaling peptides in different animal species

miRNAs Biological effects Animal References

miR-106b-5p, miR-132-3p, miR-140-3p, miR-141-3p, 
miR-15b-5p, miR-183-5p, miR-204-5p, miR-216a-5p, 
miR-29a-3p, miR-374-5p, miR-384-3p, miR-495, miR-7b, 
miR-99b-5p, Q97

↓ GH1, IGF1R Rat Zhang [43], 2018 

miR-361-5p, miR-127 GH (?) Swine Qi [44], 2015 

let-7c ↓ GH1, ↓ GHRH Swine

miR-141, miR-200a, miR-200b, miR-200c, miR-429a, miR-
429b

↓ GH, GHR, IGF-I, IGF-IIa Zebrafish Jing [47], 2015 

let-7e, miR-98, miR-193-3p, miR-195 ↓ GH Bama minipigs Ye [48], 2015 

miR-15b, miR-19b, miR-29b, miR-99a-5p, miR-146b-3p, 
miR-181a-3p, miR-190, miR-193a, miR-194, miR-223, 
miR-455-3p, miR-1306, miR-1618-5p, miR-1628, miR-
1699, miR-1731, miR-1724

GH (?) Chicken Wang [50], 2014 

miR-29a (downregulated by GH) Insulin resistance and ECM deregulation Mouse Galimov [51], 2015 

let-7b ↓ GHR Dwarf chicken Lin [54], 2012 

miR-129-5p, miR-142-3p, miR-202 ↓ GHR, STAT5b, IGF-I, GHRHR, IGF1R Human Elzein [55], 2014 

miR-16 ↓ IGF-I, IGF1R, IGF2R Human Elzein [55], 2014

mir-15a ↓ GHR Bovine Li [56], 2012 

miR-8 (hsa-miR-200) Promotes GH-IGF signaling activating the 
PI3K-Akt-FOXO cascade

Drosophila Hyun [57], 2009 

miR-22, miR-29a, miR-29b, miR-29c ↓ IGF-I Mice Kamran [58], 2015 

miR-470, miR-669b, and miR-681 ↓ IGF-I, PI3K, AKT, FOXO3a Mice, human Liang [59], 2011 

let-7 ↓ IGF1R, IRS2 Human Gao [61], 2014 

lin28 ↑ IGF-II Mouse Zhu [64], 2010 
Polesskaya [65], 2007 

miR-148a, miR-152 ↓ IGF1R, IRS1 Human Xu [66], 2013 
Tamimi [67], 2011 
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thus activating multiple intracellular pathways and 
leading to changes in gene expression, cell differentia-
tion, and metabolism [52]. Furthermore, GHR defi-
ciency is associated with growth and metabolic disor-
ders while, conversely, its increased expression is re-
lated with several diseases, such as cancer [53]. Due to 
its role, GHR expression is tightly controlled by several 
mechanisms, including miRNAs. In dwarf chicken, let-
7b directly targets the GHR transcript and growth re-
tardation was observed if a 3′-UTR region GHR gene 
deletion was created, as this determines the loss of the 
let-7b target site necessary for the regulation of GHR 
expression [54] (Table 1).

Studies in cancer human cell lines (MCF7 and LNCaP) 
and in control cells (HEK293) showed that among the 
miRNAs predicted to target the 3′-UTR region of the hu-
man GHR gene, four miRNAs have been identified to in-
hibit the GHR gene transcript. Among these, miR-129-5p 
had putative binding sites also on STAT5b, a downstream 
effector of both the GH and IGF signaling pathways. In 
addition, miR-202 was predicted to target GHRHR, IGF-
I, IGF1R, and cytokine-induced suppressor, and miR-16 
to target IGF-I, IGF1R, and IGF2R, also suggesting an 
important regulatory role for miRNAs at different steps 
of the GH/IGF-I axis [55] (Table 1). Using miRNA pre-
diction software, miR-15a, which belongs to the same 
family as miR-16, was predicted to target GHR mRNA 
and, subsequently, miR-15a was confirmed to inhibit the 
expression of GHR in bovine mammary epithelial cell 
lines [56] (Table 1). 

MiRNAs, IGF-I, IGF-II, and IGF1R
The most relevant findings regarding the regulatory 

role of miRNAs on IGF-I, IGF-II, and their related recep-
tor, IGF1R, have emerged in the last decade. Studies con-
ducted in larvae of Drosophila melanogaster have shown 
that miR-8 activates the PI3K-Akt-FOXO cascade, shared 
by IGFs and insulin, which promotes the growth of body 
fat cells [57] (Table 1). Consistently, flies knocked out for 
miR-8 were smaller in size and had impaired insulin sig-
naling. These data have suggested that the human homo-
log of miR-8, miR-200, could play an important role in 
body growth and metabolism, showing a new regulatory 
function in the insulin/IGF pathway [57]. 

Emerging data have suggested that miRNAs could 
have a key role in regulating IGF-I and IGF-II. Experi-
mental analyses conducted in zebrafish revealed that 
miR-141 and miR-429a, belonging to the highly con-
served miR-200 family, were involved in embryo size 
control, as described above. By using a mimic/inhibitor 

miRNA approach, it was demonstrated that both miR-
141 and miR-429a dramatically reduced the expression of 
both IGF-I and IGF-IIa by directly targeting several genes 
involved in the GH/IGF axis [47] (Table 1).

A study conducted in mice at different weeks from 
birth analyzed the miRNA profiling in kidney and lung 
tissues. Four miRNAs increased in multiple tissues with 
age, and, among these, 3 belonging to the miR-29 family 
(miR-29a, miR-29b, and miR-29c) targeted IGF-I mRNA, 
among others. Subsequently, in vitro experiments con-
ducted in human embryonic kidney cells overexpressing 
miR-29a, miR-29b, and miR-29c validated the IGF-I 
transcript as a direct target of this family of miRNAs [58] 
(Table 1).

An additional study reported the findings from a mi-
RNA array screening on brain tissue from two mutant 
long-lived mouse models identifying three miRNAs up-
regulated in the hippocampus that decreased the down-
stream effectors of the IGF-I signaling pathway. In detail, 
PI3K, AKT, and FOXO3a protein contents were reduced 
in brain tissues. These results were further confirmed in 
in vitro cell lines of human fibroblasts, where miR-470, 
miR-669b, and miR-681 inhibited IGF-I signaling if over-
expressed [59] (Table 1).

A few studies have focused primarily on the IGF1R, 
and have integrated the concept that miRNAs are epi-
genetic molecular tools that carry out an important ac-
tion on the GH/IGF-I axis in the context of growth. In-
triguingly, in humans, about 31% of loci associated with 
body length have been previously identified as predicted 
Let-7 targets [60], and among these IGF1R and IRS-2, a 
downstream effector of the IGF signaling cascade, were 
validated target genes in vitro [61] (Table 1). An interest-
ing study documented the role of the Let-7 family of 
miRNAs in regulating body size [62], and transgenic 
mouse models expressing Lin28, an inhibitor of Let-7 
[63], showed an increase in body size and crown-rump 
length [64] (Table 1).

Lin28 was reported to control the expression of IGF-II 
functioning as a “translational enhancer” in in vitro mu-
rine myoblasts [65] (Table 1). As reported in the previous 
section [43], 15 miRNAs in the rat were shown to regulate 
the IGF1R gene. Finally, further information concerning 
the regulation of IGF1R as well as IRS1, a downstream 
adaptor molecule of the IGF signaling cascade, was pro-
vided by an in vitro study conducted in both human 
breast cancer cell lines and tissues, proving that both were 
novel target genes for miR-148a and miR-152 [66, 67] 
(Table 1).
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Conclusions

Overall, these findings highlight a role for miRNAs in 
regulating longitudinal growth by regulating processes 
within the growth plate, and also in the central nervous 
system and peripherally through effects on GH secretion 
and signaling, IGF synthesis, and action. Most of the evi-
dence to date comes from animal models and in vitro 
studies, but is clearly relevant for human growth and dis-
ease, and warrants further research. 
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