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Abstract

Purpose of review: Recent basic studies have yielded important new insights into the molecular 

mechanisms that regulate growth locally. Simultaneously clinical studies have identified new 

molecular defects that cause growth failure and overgrowth, and genome-wide association studies 

have elucidated the genetic basis for normal human height variation.

Recent findings: The Hippo pathway has emerged as one of the major mechanisms controlling 

organ size. In addition, an extensive genetic program has been described that allows rapid body 

growth in the fetus and infant but then causes growth to slow with age in multiple tissues. In 

human genome-wide association studies, hundreds of loci associated with adult stature have been 

identified; many appear to involve genes that function locally in the growth plate. Clinical genetic 

studies have identified a gene, GPR101, that is responsible for growth hormone excess, and a 

second gene, DNMT3A, in which mutations cause an overgrowth syndrome through epigenetic 

mechanisms.

Summary: These recent advances in our understanding of somatic growth not only provide 

insight into childhood growth disorders but also have broader medical applications because 

disruption of these regulatory systems contributes to oncogenesis.
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Introduction

Body growth is the cumulative sum of cell proliferation and cell enlargement which occurs 

in multiple tissues. Growth can be influenced by genetic, nutritional, environmental, and 

hormonal factors, but it usually proceeds in a remarkably predictable pattern – growth is 

rapid in early life and gradually decelerates with age until it eventually ceases when the 

organism achieves its final size (1). In humans, this decline in growth rate is briefly 

interrupted by the pubertal growth spurt, but then the decline in growth rate resumes, 
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causing somatic growth to cease by late adolescence (2). Similar patterns of growth occur in 

other mammals, except that the pubertal growth spurt only occurs in humans. However, the 

time course varies markedly, such that, in general, the period of juvenile growth is more 

prolonged in larger mammals (3).

Longitudinal bone growth, the process by which the body length increases, occurs at the 

growth plate by a process called endochondral ossification. The growth plate is a 

cartilaginous structure at the ends of long bones and vertebral bodies. It consists of 

chondrocytes arranged in three morphologically distinct layers: the resting, proliferative, and 

hypertrophic zones. Chondrocytes in the resting zone behave as progenitor cells (4), giving 

rise to clones of rapidly proliferating chondrocytes, which are arranged in columns in the 

proliferative zone. Farther towards the center of the bone, the chondrocytes stop proliferating 

and undergo hypertrophic differentiation. The newly formed cartilage is then remodeled into 

bone. These processes result in the progressive formation of new bone tissue underneath the 

growth plate and consequently, bone elongation.

Endocrine Regulation of Growth: the GH-IGF-I axis

GH and IGFs are potent stimulators of growth. GH excess caused by pituitary adenomas in 

childhood leads to gigantism. Conversely, GH deficiency or GH insensitivity caused by 

defects in the GH receptor or downstream pathways markedly impairs postnatal growth (5).

GH-secreting pituitary adenomas can be hereditary or sporadic. Mutations in AIP, encoding 

aryl-hydrocarbon receptor-interacting protein, are most frequently observed in familial 

isolated pituitary adenomas (FIPA) and can also occur in sporadic cases (6). A number of 

syndromes can result in GH-secreting pituitary adenomas and subsequent overgrowth and 

other endocrinopathies including MEN1, Carney complex, and McCune-Albright syndrome.

Recently, a microduplication of Xq26.3 was identified as a cause of early-onset gigantism 

and GH hypersecretion (7). This pediatric disorder was termed X-linked acrogigantism (X-

LAG). GPR101, one of the four genes in the duplicated region that also includes CD40LG, 
ARHGEF6, and RBMX, encodes an orphan G-protein coupled receptor and is proposed to 

be the gene responsible for development of the GH excess. Clinically, X-LAG patients can 

exhibit overgrowth as young as 2–3 months of age, markedly elevated GH, IGF-I and 

prolactin, acromegalic features, increased appetite, and hyperinsulinemia (8).

GH has a minor role in fetal growth, despite the presence of its receptor (GHR) in embryos 

(9). Unlike GH, both IGF-I and -II are essential for fetal growth and their production in utero 

is independent of GH. Mutations of the IGF-I receptor gene in humans lead to severe IUGR 

(10;11). In appropriate for gestational age (AGA) newborns, cord serum concentration of 

IGF-I and -II are positively correlated with birth weight (12;13). IGF-I is also critical for 

postnatal growth and mutations in the gene or the receptor gene result in severe postnatal 

growth retardation (14).
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Estrogen and Androgen

Another hormone that plays an important role in growth regulation is estrogen. The pubertal 

growth spurt is primarily driven by estrogen, as patients with androgen insensitivity show a 

near-normal growth spurt (15), while patients with aromatase deficiency, who are thus 

unable to convert androgen to estrogen, show little or no growth spurt (16). The effect of 

estrogen on the growth spurt is mediated in large part through the GH-IGF-I axis (17), but 

estrogen may also have direct, local effects on the growth plate. Human growth plate 

chondrocytes, which express both estrogen receptor (ER) α and β (18), when placed in 

primary culture, respond to stimulation by estrogen (19). Apart from inducing the pubertal 

growth spurt, estrogen also induces fusion of the epiphysis during puberty (20). Premature 

exposure to estrogen in precocious puberty results in accelerated skeletal maturation, 

premature epiphyseal fusion and decreased final stature (21). Conversely, lack of estrogen 

due to hypogonadism is associated with delayed epiphyseal fusion and tall stature. In a man 

with ER α mutations, and thus estrogen resistance, longitudinal bone growth persisted well 

into adulthood (22), and ossification of the growth plate finally occurred at 35 years of age 

(23). Recently, a woman with estrogen resistance due to homozygous loss-of-function 

mutations in ER α has been described (24). She had no apparent growth spurt. At the age of 

17 years 8 months, she had a height of 162.6 cm, bone age of 13.5 years, and unfused radial 

and ulnar epiphyses. This report confirms the importance of ER α in mediating the effects of 

estrogen on human skeletal growth. This phenomenon has been exploited pharmacologically 

using aromatase inhibitors to block estrogen production and thus slow skeletal maturation in 

boys with constitutional delay of growth (25) and idiopathic short stature (26).

Evidence from animal studies suggests that estrogen does not promote epiphyseal fusion by 

directly stimulating ossification of the growth plate. Instead estrogen appears to promote the 

development process of growth plate senescence, causing chondrocyte proliferation to stop 

earlier, which secondarily triggers earlier epiphyseal fusion (20;27). A recent study suggests 

that estrogen accelerates growth plate senescence by irreversibly depleting progenitor cells 

in the resting zone of the growth plate (28).

Nutrition

Nutritional status strongly influences body growth. Overnutrition may lead to rapid linear 

growth and, in females, early pubertal onset, but does not lead to increased adult height. 

Conversely, malnutrition can delay juvenile growth and permanently impact final adult 

height (29;30).

Chronic malnutrition induces a state of GH resistance in humans, with increased GH levels 

but decreased circulating IGF-1. (31). This resistance to GH is due primarily to decreased 

GH receptor (GHR) mRNA expression in the liver (32;33), and in some cases, end-organ 

IGF-1 resistance (34). In addition, undernutrition increases cortisol levels (35), decreases 

thyroid hormone levels (36), and, decreases androgen and estrogen production (37), which 

may all contribute to the slowing of growth.
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Recent studies have helped elucidate the mechanisms by which malnutrition causes GH 

resistance. Normally, GH is secreted from the anterior pituitary and binds to a receptor in 

hepatocytes which activates JAK2. Activation of JAK2 leads to phosphorylation of STAT5, 

which translocates to the nucleus to bind regulatory elements of target genes including IGF1. 

Simultaneously, GH stimulates suppressor of cytokine signaling 2 (SOCS2) which is an 

important negative regulator of the GH signaling cascade. Recent evidence suggests that GH 

resistance in states of malnutrition may be mediated by fibroblast growth factor 21 (FGF21) 

and Sirtuin 1 (SIRT1). Starvation induces hepatic production of FGF21 leading to increased 

fatty acid oxidation, ketogenesis, and gluconeogenesis. In FGF21 transgenic mice, there is 

decreased STAT 5 phosphorylation and increased Socs2 protein resulting in GH resistance 

(38;39). SIRT1 is a histone deacetylase that, like FGF21, promotes gluconeogenesis and 

fatty acid oxidation during fasting. After 48-hr of fasting, SIRT1 knockdown mice showed 

higher levels of IGF1 protein and Igf1 mRNA in the liver compared with WT mice. The 

same study showed that SIRT1 deacetylates lysine residues on STAT5, resulting in decreased 

STAT5 phosphorylation and subsequent GH resistance (40).

However, the attenuated growth seen in chronic malnutrition may not be due primarily to 

GH resistance at the liver, but rather at the growth plate. Linear growth is not affected in 

mice with liver-specific deletion of GHR despite almost complete hepatic GH resistance 

(41). In contrast, chronic malnutrition leads to GH insensitivity directly in chondrocytes 

through FGF21-induced upregulation of LEPROT and LEPROTL1 (42), both of which are 

thought to negatively regulate GHR trafficking to the cell membrane.

Interestingly, one recent study showed that GH resistance in preterm infants (<32 weeks 

gestation) may also be mediated by elevated FGF21. In these preterm infants, circulating 

FGF21 levels were negatively associated with change in SD score for length during the first 

5 weeks of life (43). The same study also showed that FGF21 induced expression of SOCS2 

and inhibited GH-induced STAT5 phosphorylation in primary human chondrocytes, 

confirming previous mechanistic findings in mice (44).

Evidence that non-endocrine factors are responsible for growth 

deceleration

All the aforementioned endocrine systems are important regulators of growth, and yet 

curiously, the gradual deceleration of body growth with age does not seem to be driven 

primarily by hormonal changes. Circulating IGF-I, which reflects GH action on the liver, 

increases from infancy through adolescence, as growth is slowing. Interestingly, levels of 

GH and IGF-I remain considerably high after growth has essentially ceased after the second 

decade of life,. Furthermore, organs from young animals that are transplanted into adult 

recipients continue to grow rapidly, suggesting that growth deceleration is an intrinsic 

property of the growing tissues rather than the systemic environment.

Hippo signaling pathway: from Drosophila to Mammals

Recently, the Hippo pathway has emerged as one of the major mechanisms controlling organ 

size and organ growth. This pathway was first discovered in Drosophila using mosaic 
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genetic screening; mutations of components of the Hippo signaling pathway led to robust 

cell-autonomous overgrowth of the imaginal disc, which is part of the Drosophila larva that 

later develops into part of the exterior of the adult insect (45;46). This pathway was later 

found to be highly conserved between Drosophila and mammals (47;48) (Fig.1), and 

strongly implicated in cancers (49). Many upstream members of the pathway, including 

MST1/2 (50), LATS1/2 (51) and Merlin (52), were identified to be tumor suppressors, while 

YAP and TAZ are oncogenes found to be elevated in many human cancers (53), including 

breast cancer (54), colon cancer (55), and liver cancer (56). The role of the Hippo pathway 

in organ size regulation is demonstrated by mice with liver-specific YAP overexpression, 

which show excessive liver enlargement (48). Similarly, tissue-specific knockout of MST1/2 

or WW45 has been reported to induce liver, stomach, heart, and spleen enlargements 

(57;58), but not in kidney, lung, and intestine (57). Evidence suggests that the Hippo 

signaling pathway regulates organ growth and organ size by modulating cell proliferation 

(57;58) and progenitor cell differentiation (59;60). The role of the Hippo pathway in human 

linear growth is yet unknown. One exciting aspect worth exploring in the future is the 

function of Hippo pathway in the growth plate, and how, or if, the Hippo pathway regulates 

normal juvenile growth and growth deceleration, as it remains unclear whether the Hippo 

pathway activity changes with age.

Multi-organ growth-limiting genetic program

As described above, somatic growth is rapid in early life and gradually decelerates with age 

as the organism approaches its adult size. This growth deceleration is primarily caused by 

declining proliferation in multiple organs. We hypothesized that this growth deceleration is 

driven by a local growth-regulating genetic program that is common among different organs. 

Consistent with this hypothesis, expression microarray identified an extensive genetic 

program that occurs during growth deceleration, is common to kidney, lung, and heart, and 

is conserved among mice, rats, and sheep (61–63). More limited data suggest that this 

program occurs also in liver (64). This common program involves the downregulation of 

hundreds of genes with age. For many of these genes, knockdown of expression in vitro 
inhibits cell proliferation and knockout in vivo inhibits body growth, suggesting that they 

normally promote growth (64). These findings suggest that high levels of local expression of 

these growth-promoting genes support the rapid proliferation of juvenile organs, but, as 

organs approach their adult sizes, these genes are gradually downregulated, causing growth 

to slow and cease. Because these changes are common to multiple organs, it helps explain 

how growth in different organs is coordinated and slows concordantly, therefore maintaining 

body proportions. Interestingly, the program plays out more gradually in sheep than in mice, 

providing a possible explanation for the more prolonged growth and therefore greater adult 

body size of large mammals (63). Many genes in the program are oncogenes, suggesting that 

overexpression of or failure to downregulate these genes leads to tumorigenesis (65–67).

More recently, we showed evidence that transcription factor E2F3 serves as a master 

regulator, orchestrating at least a subset of this genetic program (68). In mice, expression of 

E2f3 is downregulated with age in multiple organs, and overexpression of E2f3 in 

hepatocytes isolated from late juvenile mice led to upregulation of many genes in the 

program, including Igf2 (68). Expression of E2F3 and IGF2 in humans is similarly 
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downregulated with age, and interestingly, upregulated and positively correlated in bladder 

cancer and prostate cancer (68), suggesting that failure of this genetic program might be 

involved in the pathogenesis of these cancers.

One interesting property of this growth-limiting genetic program is that it seems to be 

regulated by growth itself (69). When newborn rats were temporarily placed on a tryptophan 

deficient diet (which suppresses appetite and induces malnutrition) to inhibit growth (64) 

and then subsequently switched to a regular diet, all major organs showed catch-up growth 

(64). In these rats, we found that the growth-limiting genetic program had been significantly 

delayed (64). These findings suggest that mammalian body growth is limited, at least in part, 

by a negative feedback loop. Growth causes the downregulation of a large set of growth-

promoting genes, which in turn causes body growth to progressively slow and eventually 

cease, thus setting a fundamental limit on adult body size (69).

What we learned from GWAS of height variations

The process of longitudinal bone growth is governed by a complex interplay of endocrine 

signals, including GH, IGFs, thyroid hormone, and sex steroids (70), which act on growth 

plate cartilage. However, bone growth is also regulated by the expression of many other 

genes acting locally in the growth plate. It is estimated that 70–90% of adult stature is 

determined genetically, and various studies using genome-wide association (GWA) have 

identified many genes that contribute, albeit with a small effect size, to the normal variation 

in height and thus growth (71–77). In 2010, a GWA meta-analysis by the GIANT 

Consortium identified close to 200 loci that contribute about 10% of the normal variation in 

adult height (78). Interestingly, apart from several genes that participate in the GH-IGF-I 

system, most of these 200 loci did not include genes that are known to affect other hormonal 

systems.

To help identify more causative genes in these height-associated GWA loci, we recently 

performed a bioinformatic analysis of these GWAS data (79). We reasoned that many of the 

causative genes within these loci influence height because they are expressed in and play 

important functions in the growth plate. Therefore, we used expression microarray studies of 

mouse and rat growth plate, human disease databases, and a mouse knockout phenotype 

database to identify genes within the GWAS loci that are likely required for normal growth 

plate function. Each of these approaches identified significantly more genes within the GWA 

height loci than at random genomic locations, and the combined analysis together identified 

78 genes important for growth plate function, including multiple genes that participate in 

PTHrP-IHH, BMP and CNP signaling, but also many genes that have not been implicated in 

any known endocrine or paracrine system (Table 1) (79). Our findings therefore suggest that 

human stature is determined by a large number of genetic factors that locally affect growth 

plate function. This conclusion is further supported by the most recent analysis by the 

GIANT Consortium, reporting over 400 height-associated loci, with cartilage being the most 

strongly implicated organ/tissue system (Table 1 lists 32 of these 78 genes) (80).

These height association studies also point to another important concept about childhood 

growth, short stature, and skeletal disorders; different sequence variants in a single gene 
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required for normal growth plate function can produce a broad phenotypic spectrum (Fig.2). 

Severe genetic abnormalities in a gene required for growth plate function often produce a 

skeletal dysplasia, in which the bones are very short and malformed. Such mutations often 

disrupt protein function or expression severely and often are present in the homozygous 

state. Less severe genetic abnormalities in the same gene may present as “idiopathic” short 

stature, without clinical or radiological evidence of a skeletal dysplasia. These mutations 

may only partially impair protein function or expression or may occur in the heterozygous 

state. Even milder common variants in the same gene can lead to slight variation in stature. 

These small effects can be detected by GWAS. This concept is nicely demonstrated by 

recent findings related to the ACAN gene, which encodes a cartilage extracellular matrix 

proteoglycan, aggrecan. Homozygous mutations present as a severe skeletal dysplasia, 

spondyloepimetahyseal dysplasia, Aggrecan type (81). Heterozygous mutations in ACAN 
can present as a milder skeletal dysplasia, spondyloepiphyseal dysplasia, Kimberley type 

(82) whereas other heterozygous mutation can present as short stature with advanced 

skeletal maturation (83). Finally, ACAN lies within one of the height-associated loci found 

by GWA studies (78), suggesting that common polymorphism modulate height within the 

normal range.

Overgrowth Syndromes and Epigenetics

Recently, the genetic causes of several overgrowth syndromes have been found to involve 

mutations in genes responsible for epigenetic regulation. Weaver syndrome and Sotos 

syndrome were found to be caused by mutations in genes that encode histone 

methyltransferases. Weaver syndrome is caused by mutations in EZH2, which is part of the 

polycomb repressor complex 2 (PRC2) and catalyzes the trimethylation of lysine residue 27 

in histone H3 (H3K27me3) which is associated with transcriptional repression and 

chromatin condensation (84;85). Similarly, Sotos syndrome is caused by mutations in NSD1 
(86), a histone methyltransferase responsible for H3K36 methylation which is associated 

with transcriptional activation. Although the initial report on NSD1 mutations in Sotos 

syndrome was published in 2002, a more recent study in two children with ‘Sotos-like’ 

syndrome identified heterozygous mutations in SETD2 gene, which is a different histone 

methyltransferase for H3K36 trimethylation (87). In addition to histone methylation, DNA 

methylation has been implicated in an overgrowth syndrome; a recent study identified de 

novo mutations of DNMT3A in 13 overgrowth patients by exome sequencing (88). The 

DNMT3A gene encodes a DNA methyltransferase, which converts cytosine to 5-

methylcytosine to establish new methylation marks after the removal of parental methylation 

during development. These recent discoveries on the genetics of overgrowth syndromes 

suggest a role for epigenetic mechanisms in body size regulation.

Conclusion

Mammalian body growth is governed by a complex interaction among environmental 

factors, endocrine, and local mechanisms in growing tissues. Some of these mechanisms 

specifically regulate the local function of the growth plate, which is responsible for 

longitudinal bone growth and thus determines adult height, whereas other signals regulate 

growth more generally in multiple organs. Our improved understanding about human 
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childhood growth provides insights into some longstanding mysteries in biology, such as 

determination of body proportionality, body size and organ size. New human genetic 

approaches have helped identify the molecular causes of childhood growth disorders and the 

mechanisms governing normal variation in adult stature.
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Key points:

• Body growth is regulated by genetic, nutritional, environmental, and 

hormonal factors, and usually follows the pattern of being rapid in early life 

but gradually decelerating with age until a final body size is attained.

• Recent advances in genetic technology has allowed rapid discovery of the 

molecular causes of growth disorders, such as a microduplication of Xq26.3 

responsible for X-linked acrogigantism (X-LAG), EZH2 mutations leading to 

Weaver syndrome, and DNMT3A mutations causing a new overgrowth 

syndrome.

• We are only beginning to understand the local mechanisms responsible for 

growth regulation, for example, the Hippo signaling pathway that regulates 

organ size; and a growth-limiting genetic program that helps explain the 

slowing of growth with age.

• Recent GWAS and findings from whole exome sequencing suggest that 

sequence variants in growth plate genes may produce a broad phenotypic 

spectrum, including skeletal dysplasias, “idiopathic” short stature, or stature 

variation within the normal range.
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Fig 1. Mammalian Hippo signaling pathway regulates organ growth.
The mammalian homologues of Drosophila Hippo (Hpo) are called MST1 kinase and MST2 

kinase. Close to the cytoplasmic membrane, MST1/2 forms an active complex with WW 

repeat scaffolding protein WW45 (or Salvador in Drosophila). MST/WW45 complex then 

phosphorylates nuclear DBF-2-related kinase LATS1/2 (or Wts in Drosophila) with the help 

of another tumor suppressor Merlin/NF2, which is required for the recruitment of LATS1/2 

to the cytoplasmic membrane. LATS in turn interacts with MOB to phosphorylate 

transcriptional coactivators YAP and TAZ (or Yorkie in Drosophila), causing inactivation 

excluion from the nucleus, and downregulation of genes important for cell cycle progressive, 

proliferation and organ growth.
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Fig 2. Sequence variants in genes that affect growth plate function can produce a broad 
phenotypic spectrum.
For genes that positive regulate growth plate function, severe loss-of-function mutations 

often present as a skeletal dyplasias whereas milder mutations may present as short stature 

without an overt dysplasia. Common polymorphisms can modulate height, and gain-of-

function mutations can cause tall stature.
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Table 1.

List of genes associated with adult stature by genome-wide association studies (GWAS) for which expression 

microarray studies suggest a role in growth plate biology.

SNP
a

Candidate gene
b,c

GP Spatial Regulation
d

GP Temporal Regulation
e

rs3764419 ADAP2 high in HZ

rs2145272 BMP2 ↑R-P-H*

rs7864648 BNC2 low in HZ

rs4282339 CCDC99 low in HZ

rs17511102 CDC42EP3 ↑R-P-H

rs1490384 CENPW low in HZ

rs2665838 DDX42 low in HZ

rs3791675 EFEMP1 high in RZ

rs310405 FAM46A high in RZ

rs10748128 FRS2 low in HZ

rs6879260 GFPT2 low in HZ

rs2166898 GLI2 high in RZ

rs720390 IGF2BP2 ↓3–12w

rs12470505 IHH ↑R-P-H ↓3–12w

rs10037512 MEF2C high in HZ ↓3–12w

rs2279008 MYO9B high in HZ

rs12470505 NHEJ1 ↑R-P-H

rs9969804 OMD ↓R-P-H

rs9459531 PDE10A high in PZ

rs11958779 PPAP2A high in HZ

rs788867 PRKG2 low in RZ

rs1490384 RSPO3 high in HZ

rs9472414 RUNX2 ↑R-P-H ↓3–12w

rs2247341 SLBP low in HZ

rs3812163 SNRNP48 ↓3–12w

rs2247341 TACC3 low in HZ

rs9428104 TBX15 ↓R-P-H

rs528045 TOP2A low in HZ

rs4738736 TOX ↓R-P-H

rs4470914 TWIST1 ↑3–12w

rs2718423 ZBTB20 high in RZ

rs7027110 ZNF462 low in HZ

(a)
SNP: Single nucleotide polymorphisms associated with height in GWA studies

(b)
Candidate gene: gene within locus that was implicated as having a growth plate function

(c)
All genes on this list are expressed specifically in the growth plate: expression in 1-wk mouse whole growth plate exceeded expression in lung, 

kidney, heart (≥ 2.0-fold, FDR < 1%, microarray analysis)
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(d)
GP spatially regulated: Expression between adjacent zones in 1-wk rat growth plate differ significantly (resting vs proliferative or proliferative 

vs hypertrophic, ≥ 2.0-fold, FDR < 5%, microarray analysis)

(e)
GP temporally regulated: Expression in the proliferative zone changed significantly from 3-wk-old rat to 12-wk-old rat (≥ 2.0-fold, FDR < 5%, 

microarray analysis)

(*)
↑R-P-H : upregulated from RZ (resting zone) to PZ (proliferative zone) to HZ (hypertrophic zone)
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