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Context: Genetics plays a major role in determining an individual’s height. Although there are
many monogenic disorders that lead to perturbations in growth and result in short stature, there
is still no consensus as to the role that genetic diagnostics should play in the evaluation of a child
with short stature.
Evidence Acquisition: A search of PubMed was performed, focusing on the genetic diagnosis of
short stature as well as on specific diagnostic subgroups included in this article. Consensus guidelines were reviewed.
Evidence Synthesis: There are a multitude of rare genetic causes of severe short stature. There is
no high-quality evidence to define the optimal approach to the genetic evaluation of short stature.
We review genetic etiologies of a number of diagnostic subgroups and propose an algorithm for
genetic testing based on these subgroups.
Conclusion: Advances in genomic technologies are revolutionizing the diagnostic approach to
short stature. Endocrinologists must become facile with the use of genetic testing in order to
identify the various monogenic disorders that present with short stature. (J Clin Endocrinol Metab
99: 3080 –3092, 2014)

hort stature is one of the most common reasons for
referral to a pediatric endocrinologist. The last two
decades have seen tremendous advances in our understanding of the genetic underpinnings of growth. Numerous monogenic causes of growth disorders have been identified. These developments require continuous updating of
the endocrinologist’s diagnostic approach to children with
unexplained short stature.
Consensus guidelines have been assembled focusing on
the medical evaluation of children with idiopathic short
stature (ISS) (1), those born small for gestational age
(SGA) (2), or GH deficiency (GHD) (3). These guidelines
rely upon standard physical examination and laboratory
parameters that assess organic causes of growth failure,
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such as renal dysfunction, acid-base disorders, hypothyroidism, celiac disease, or inflammatory disorders. They
also propose assessment of the GH axis, either via measurement of GH-dependent factors, such as IGF-1 or IGF
binding protein (IGFBP)-3, or through direct measurement of GH levels after a variety of pharmacological stimuli. This standard medical evaluation identifies a pathological cause of short stature in 1– 40% (4 –10) of
individuals, depending on whether the children studied
are from a population-based survey or a referral clinic. A
recent study found that this standard workup had a diagnostic yield of 1.3% in a population of otherwise healthy
children with short stature, mean height of ⫺2.5 SD score
(SDS), and a normal growth velocity (10). Ultimately,
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Abbreviations: ALS, acid-labile subunit; CNV, copy number variant; GHD, GH deficiency;
GHI, GH insensitivity; GHR, GH receptor; GHRHR, GHRH receptor; IGFBP, IGF binding
protein; IGFD, IGF deficiency; ISS, idiopathic short stature; LWD, Leri-Weill dyschondrosteosis; MOPD, microcephalic osteodysplastic primordial dwarfism; MPHD, multiple pituitary hormone deficiency; PRL, prolactin; RSS, Russell-Silver syndrome; SDS, SD score; SGA,
small for gestational age; SHOX, short stature homeobox; STAT, signal transducer and
activator of transcription.
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many patients are characterized with either ISS or isolated
GHD, and then a therapeutic decision is made regarding
a trial of GH therapy. The differentiation between ISS and
idiopathic GHD is often problematic, reflecting the relatively poor discriminatory nature of serum IGF-1 and
IGFBP-3 concentrations, as well as the remarkably high
false-positive rate observed with GH stimulation tests, especially in the absence of sex-steroid priming (11, 12).
Many patients classified with ISS or idiopathic GHD will
simply have constitutional delay of growth and puberty, a
normal physiological variant that does not require further
workup. Genetic testing plays a very small role in the current standard evaluation performed by pediatric endocrinologists, with the exception of assessing females for
Turner syndrome and consideration of SHOX (short stature homeobox-containing gene) deficiency or Russell-Silver syndrome (RSS). Recently, some authors have suggested genetic testing algorithms for distinct diagnostic
subgroups of patients with short stature (13), but this has
not yet permeated routine clinical practice.
In the current article, we will briefly review the current
state of knowledge about the genetic underpinnings of
height as well as currently available genetic testing modalities. We will then review a number of the prominent
classes of growth disorders and the genetic etiologies that
should be considered for each class. For this review, a
search of PubMed was performed focusing on the genetic
diagnosis of short stature using the terms “genetics” and
“short stature,” as well as on specific diagnostic subgroups included in this article. References from consensus
guidelines and prior comprehensive review articles were
reviewed. Appropriate articles were selected for inclusion.
We do not attempt to comprehensively review every genetic condition that can lead to short stature, but rather
propose a genetic diagnostic framework that encompasses
many of these disorders. We strongly believe that genetic
evaluation should, and in the near future will, play a much
larger role in the evaluation of growth disorders. Pediatric
endocrinologists must become facile with modern genetic
diagnostics in order to best serve our patients.

Genetic Architecture of Height
Normal variation in adult height is largely due to inherited, genetic factors. Within a population, typically 80%
or more of the variation in height is explained by genetic
factors (14), although it is clear that environmental factors
contribute to differences between populations and to recent increases in average height across generations. The
genetic contribution to height is largely attributable to the
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combined effects of many different genes, meaning that
height is typically a polygenic trait (14 –16).
Recently, genome-wide association studies have identified hundreds of genetic variants that are common in the
population (frequency of approximately 5% or greater)
and that each has small effects on height (15). The additive
effects of these variants explain about 10% of the variation in adult height, and it is estimated that additional, as
yet unidentified common variants will account for another
approximately 40% or more of height variation (17).
Thus, at least half of the variability in adult height in a
population is due to the combined effect of common genetic variants. The source of the remaining genetic contribution to adult height is as yet largely unidentified, but
it may arise from variants that are of slightly lower frequency, from much rarer variants, or from genetic interactions among variants.
At the extremes of short stature, by contrast, patients
often have mutations in single genes, resulting in large
effects on height (for example, achondroplasia; many
other causes are discussed below). Thus, some individuals
with significant short stature carry variation in a single
gene that plays a major role in determining their height.
Consistent with a role of rare genetic variation in short
stature, the known common variant contributors to height
play less of a role in individuals at the short tail of the
height distribution (below the 0.5 percentile) (18). Thus,
individuals at the low end of the height distribution are
short partly due to factors beyond common genetic variation, such as rare variants that could possibly be identifiable by genetic analysis.
It has also been suggested that rare variants of moderate
effect could explain many cases of short stature that are
less extreme than those seen in many single gene disorders.
For example, studies of a family with skeletal dysplasia
due to homozygous NPR2 mutations led to a prediction
that a small percentage of all individuals with short stature
(Z-score ⬍⫺2) would carry heterozygous mutations in
NPR2 that strongly influenced their final height (19). Of
note, several studies have also pointed to an excess burden
of rare, large (⬎500 kb) genomic deletions as a contributor
to short stature (20). Two recent studies examined the role
of rare copy number variants (CNVs) in patients referred
for short stature and found pathogenic CNVs in 4 –10%
(21, 22), indicating that copy number assessment can be an
important part of the diagnostic evaluation of patients
with short stature. The extent of homozygosity (how
much DNA has been inherited identically from both parents) is also a risk factor for short stature, indicating a
possible role for rare, recessive mutations (23). In summary, the combined effects of many genes likely explain
much of the variation within the normal range of height,
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but rarer variants in single genes are more likely to play a
prominent role as short stature becomes more extreme.

Currently Available Tools for Genetic
Diagnostics
Much of the current evaluation for short stature is based
on clinical features and laboratory and radiological studies that may be supplemented with an increasing array of
genetic tests. These tests evaluate potential etiologies of
short statures, including single gene-based tests (where a
particular genetic etiology is suspected), tests of panels of
genes (for example, to diagnose Noonan syndrome; Ref.
24), and, more recently, exome sequencing to evaluate a
comprehensive set of genes across the genome where no
specific molecular etiology is strongly suspected. Because
most known genetic variants within a given gene that
cause short stature are rare and often differ from patient
to patient (achondroplasia being a notable exception),
most of these tests have sequencing as the major component. However, comparative genomic hybridization can
be used for a genome-wide assessment of deletions or duplications that have clinical consequences.

Disorders Presenting with Prenatal Onset
Growth Retardation
As part of the evaluation of short stature, it is critical to
assess whether growth failure was of prenatal or postnatal
onset. Intrauterine growth can be hampered by numerous
factors, such as infections, maternal smoking, placental
insufficiency, and maternal disease, or it may reflect underlying genetic pathology in the fetus. Most children born
SGA have no identifiable etiology at birth. Of those children with idiopathic SGA, approximately 85% will demonstrate catch-up growth to the third percentile for length
by 2 years of age (25, 26). The remaining children without
catch-up growth require further evaluation, especially the
subset with progressive postnatal growth failure.
There are a number of genetic conditions that lead to
pre- and postnatal growth retardation. One of the more
common causes of SGA with persistent short stature is RSS
(27). RSS is characterized by growth retardation of prenatal onset that persists postnatally as proportionate short
stature accompanied by a normal head circumference.
Other classical features include fifth-finger clinodactyly,
body asymmetry often noted as limb-length asymmetry,
triangular facies, short arm span, feeding difficulties, and
prominent forehead. Children with RSS are at increased
risk for developmental delay. RSS is a genetically heterogeneous condition, with the most common etiology being
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hypomethylation of an imprinting control region on the
paternal allele of chromosome 11p15.5 (28). This region
controls the methylation of the IGF2 and H19 genes,
which are involved in intrauterine growth regulation. The
second most common cause of RSS is uniparental disomy
of chromosome 7. A recent report identified a single mutation in the paternally imprinted gene CDKN1C in a large
family with some characteristics of RSS (29). CDKN1C is
a cell cycle regulator also located on chromosome
11p15.5. Missense mutations in a specific domain of this
gene cause another condition presenting with SGA, ie,
IMAGe syndrome (intrauterine growth restriction, metaphyseal dysplasia, adrenal hypoplasia congenita, and
genital anomalies) (30). Another condition that is often
confused with RSS is 3-M syndrome (31). Similar to RSS,
patients with 3-M syndrome present with SGA, severe
postnatal growth retardation, normal head circumference
with a prominent forehead, and triangular facies (32).
Other characteristic features include a fleshy nose tip, full
eyebrows, long philtrum, and prominent mouth and
pointed chin, although these facial features become more
subtle over time. Intelligence is normal in 3-M syndrome.
Radiographic features include gracile long bones, tall vertebral bodies that become foreshortened, small pelvic
bones, and a broad thorax with thin ribs. Males with 3-M
syndrome have been reported with elevated gonadotropins, small testicular size, and possibly reduced fertility.
To date, mutations in three separate genes have been associated with the phenotype of 3-M syndrome: CUL7,
OBSL1, and CCDC8. These genes have been shown to
interact in the cell, but the exact mechanism leading to
short stature is unknown. 3-M syndrome is inherited as a
recessive condition and has been found more frequently in
consanguineous populations. The prevalence of 3-M syndrome is unknown, but it is likely underdiagnosed
(33–35).
In contrast to RSS, 3-M syndrome, and many skeletal
dysplasias in which there is sparing of the head size, microcephalic primordial dwarfism constitutes a group of
disorders characterized by severe pre- and postnatal
growth retardation accompanied by microcephaly (36)
(Table 1). These disorders include microcephalic osteodysplastic primordial dwarfism (MOPD) types I and II,
Meier-Gorlin syndrome, and the various types of Seckel
syndrome. The clinical phenotypes of these disorders
range in the severity of growth retardation and microcephaly, as well as in the degree of developmental delay,
but there can be significant clinical overlap among syndromes. Seckel syndrome is classically characterized by
significant developmental delay, whereas intellect is intact in most cases of MOPD II and Meier-Gorlin syndrome. The genetic bases of many of these disorders
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Microcephalic Primordial Dwarfism Disorders

Disorder

Clinical Features

Gene

Gene Function

MOPD I
(TaybiLinder
syndrome)

Severe brain malformations and
microcephaly, short bowed long
bones, dry skin, sparse hair, fatal
in first few years of life.

RNU4ATAC (86, 87)

MOPD II

Preserved intellect, characteristic
facial features, small teeth,
neurovascular complications
(Moyamoya disease), insulin
resistance leading to early onset
type 2 diabetes.

PCNT (88)

Seckel
syndrome

Developmental disability ranging in
severity, severe microcephaly out
of proportion to short stature,
characteristic facial features
including receding forehead,
prominent nose, and
micrognathia.
Small ears, absent or small
patellae, preserved intellect (in
most individuals), wide range of
short stature and microcephaly.

ATR (89), ATRIP (90),
CENPJ (91), CEP152 (92),
RBBP8 (93), PCNT (94)

Small nuclear RNA that is
part of the minor
spliceosome and
necessary for proper
splicing of U12dependent introns.
Core centrosomal
protein important for
mitotic spindle
organization. Also
interacts with DNA
damage response
through ATR signaling.
Involved in DNA damage
response or
centrosomal function.

Meier-Gorlin
syndrome

have been elucidated recently, and the affected genes
have been shown to be necessary for fundamental biological processes, such as DNA replication and damage
repair (Table 1).
There are a number of other syndromes associated with
intrauterine growth restriction and postnatal short stature, and we refer the reader to the reviews by Wit et al (13)
and Seaver and Irons (37) for additional lists of genetic
syndromes. Notably, defects in IGF1 and its receptor,
IGF1R, can also present with SGA, progressive growth
failure, and microcephaly. These will be discussed further
below.

Disorders of the GH/IGF-1 Axis
GH plays a critical role in human growth, primarily
through its regulation of IGF-1 production. Genetic disorders have been identified throughout the GH/IGF-1
axis, ranging from GHD, either in isolation or as part of
multiple pituitary hormone deficiency (MPHD), to primary IGF-1 deficiency, to IGF-1 resistance (38).
Isolated GHD
Although isolated GHD may result from congenital anatomical defects of the pituitary or from pituitary tumors
or their treatment, most cases are identified as “idiopathic.” The reported incidence of isolated GHD is 1:4000

ORC1, ORC4, ORC6, CDT1,
CDC6 (95, 96)

Components of the DNA
pre-replication
complex.

to 1:10 000, but given the well-known vagaries involved
in the clinical diagnosis of GHD, it is likely that most such
cases are children with short stature resulting from a nonpituitary etiology and erroneously diagnosed and labeled
as GHD. Of children with true isolated GHD, 3–30%
have been reported to be familial; mutations of relevant
candidate genes have been identified in 11% of patients
with isolated GHD and in 34% of familial cases (39, 40).
Most mutations resulting in isolated GHD involve the
genes for GH (GH1) or the GHRH receptor (GHRHR)
(Table 2). It is of note that there are no confirmed cases of
GHD resulting from mutations of GHRH itself. Heterozygous mutations of HESX1 and SOX3 are rare causes of
isolated GHD. Finally, some cases of MPHD (see below)
may initially present as isolated GHD and, over time, develop other hormonal deficiencies. A comprehensive review of this topic was recently performed by Alatzoglou et
al (41).
The most severe form of isolated GHD, type IA, is characterized by autosomal recessive transmission and complete absence of detectable serum GH. The most common
etiology is homozygosity for GH gene deletions, ranging in
size from 6.5– 45 kb, but type IA GHD can also result from
compound heterozygous frameshift mutations or homozygous nonsense mutations affecting the signal peptide. Most patients develop anti-GH antibodies upon
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Genetic Forms of Isolated GHD

Type

Gene

Inheritance

Mutations

Phenotype

IA

GH1

AR

IB

GH1, GHRHR

AR

Severe postnatal growth failure
Undetectable serum GH
Anti-GH antibodies with GH Rx
Less severe growth failure than type IA
Low, but detectable, serum GH
No anti-GH antibodies with GH Rx

II

GH1

AD

III

BTK, SOX3
Other genes?

X-linked

Deletions
Frameshift
Nonsense
Splice shift
Frameshift
Missense
Nonsense
Splice shift
Missense
Splice enhancer
Intronic deletions
Deletions
Expansions
Other mutations?

Variability in height deficit
Normal or hypoplastic pituitary
Other pituitary deficits can develop
GHD with agammaglobulinemia;
GHD with mental retardation

Abbreviations: AR, autosomal recessive; AD, autosomal dominant; Rx, treatment. [Adapted from: K. S. Alatzoglou and M. T. Dattani: Genetic
causes and treatment of isolated growth hormone deficiency–an update. Nat Rev Endocrinol. 2010;6:562–576 (97), with permission. © Nature
Publishing Group.]

treatment with GH, although this is not a universal
finding.
Less severe GHD is observed in type IB GHD, which
can result from splice site, frameshift, missense, or nonsense mutations of either GH1 or GHRHR. Serum GH
concentrations are typically low, but detectable, and
anti-GH antibodies are not observed upon treatment. In
contradistinction to types 1A and 1B, type II GHD is transmitted as an autosomal dominant condition. Most of these
patients have mutations within the first six nucleotides of
intron 3 of GH1, resulting in skipping of exon 3 and production of a 17.5-kDa isoform of GH. This shortened
form of GH has a dominant negative effect upon secretion
of the full-length GH molecule and may also lead to disordered secretion of other pituitary hormones, such as
TSH, LH, and prolactin (PRL). The clinical significance of
this observation is not trivial because patients initially diagnosed as isolated GHD may evolve into MPHD. Autosomal dominant transmission of GHD may also be observed with specific missense, splice enhancer, or intronic
deletion mutations.
Isolated GHD type III can be seen in association with
agammaglobulinemia. Over 600 different mutations of
the Bruton agammaglobulinemia tyrosine kinase (BTK)
gene have been found to cause agammaglobulinemia, although it remains unclear as to why defects or the absence
of this protein cause GHD. Mutations in SOX3, which
encodes a transcription factor involved in pituitary development, have been identified in some patients with Xlinked GHD (42, 43).
It is of note that recessive and dominant mutations of
the gene for the GH secretagogue receptor type I (GHSR),
whose natural ligand is ghrelin, have been described in
patients with partial, isolated GHD (44). Phenotypes are
reportedly variable, however, and mouse models with null

deletions of the receptor have not replicated the GHD
phenotype.
Multiple pituitary hormone deficiency
The anterior lobe of the pituitary gland, which produces GH, also expresses and secretes five additional hormones: PRL, TSH, FSH, LH, and ACTH. A variety of
transcription factors are involved in pituitary ontogeny,
differentiation of specific cells within the pituitary, and
coordinated expression of specific hormones (Table 3).
Defects in these factors lead to variable degrees of MPHD.
A full discussion of each syndrome is beyond the scope of
this article, but we refer readers to the review article by
Pfäffle and Klammt (45) for a more complete discussion.
There are several points involved in the characterization of MPHD that should be emphasized:
1) The list shown in Table 3 is constantly expanding,
and it is understood that there are probably additional transcription factors involved in pituitary development that will be identified and characterized
in coming years. As with isolated GHD, most sporadic cases of MPHD still do not have a recognized
gene defect.
2) Many of these factors are not pituitary-specific and,
accordingly, are involved in the ontogeny of other
organs. The phenotypes characterizing defects of
these factors often reflect the variety of organs
involved.
3) The time course of pituitary hormone deficiencies
can vary greatly from defect to defect and from case
to case. In general, TSH and GH deficiencies are seen
early, whereas FSH, LH, PRL, and ACTH deficiencies may not be evident until later in life. An early
diagnosis of what appears to be isolated GHD or
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Table 3. Established Genetic Defects Resulting in GHD
and Potential for MPHD
Gene

Inheritance Phenotype

HESX1

AR

PROP1

AR

POU1F1
(Pit1)
RIEG
LHX3
LHX4
SOX3
GLI2
GLI3

AR, AD

OTX2

AD

FGF8
FGFR1

AD
AD

IGSF1

X-linked

AD
AR
AD
X-linked
AD
AD

Septo-optic dysplasia; variable
involvement of pituitary
hormones
GH, PRL, TSH, LH, FSH deficiencies;
variable ACTH deficiency
GH, PRL deficiencies; variable
degree of TSH deficiency
Rieger syndrome
GH, TSH, LH, FSH, PRL deficiencies
GH, TSH, ACTH deficiencies
GHD, mental retardation
Holoprosencephaly, hypopituitarism
Pallister-Hall syndrome,
hypopituitarism
TSH, GH, LH, FSH deficiencies;
variable ACTH and PRL deficiency
Holoprosencephaly, hypopituitarism
Hypoplasia of pituitary, corpus
callosum; ocular defects,
hypopituitarism
TSH deficiency; variable GH and PRL
deficiency; macro-orchidism

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.
[Adapted from P. F. Backeljauw et al: Disorders of growth. In: Sperling
MA, ed. Textbook of Pediatric Endocrinology (in press).]

TSH deficiency may, therefore, evolve into a multiple pituitary hormone-deficient state. Molecular
evaluation of patients with GHD early in life may
help identify patients at risk for evolving pituitary
hormone deficiencies. At the very least, such patients
require lifelong surveillance, in an effort to avoid
late-onset complications and, especially, the development of unrecognized panhypopituitarism.
Primary IGF deficiency (IGFD) and IGF resistance
The earliest identified form of GH insensitivity (GHI)
was reported by Laron et al (46) almost 50 years ago and
was eventually found to be the consequence of mutations
of the gene for the GH receptor (GHR) (47). To date,
approximately 300 cases involving defects of GHR have
been reported worldwide, with the largest single collection
of 99 individuals, one-third of all cases, coming from an
inbred population in southern Ecuador (48, 49), all but a
few of whom are homozygous for a splicing mutation affecting residue 198 (E198splice; originally reported as
E180splice). Multiple mutations and deletions of GHR
have now been identified and been shown to result in varying degrees of GHI (50).
As knowledge of GH action expanded, other causes of
GHI were identified along the GH-IGF axis. GH action
requires binding to a membrane-spanning, homodimeric
receptor belonging to the cytokine receptor superfamily.
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The GHR lacks any intrinsic kinase activity, and consequently, GH action requires recruitment of cytosolic Janus
kinase 2 and phosphorylation of several members of the
signal transducer and activator of transcription (STAT)
family, of which STAT5b appears to be critical for transcriptional regulation of IGF-1 (51, 52). Production of
IGF-1 occurs in multiple tissues, and the growth factor
may act locally (autocrine/paracrine) or circulate complexed to a family of six high-affinity binding proteins
(IGFBP-1 to -6). IGF bound to either IGFBP-3 or IGFBP-5
forms a ternary complex by binding to an acid-labile subunit (ALS), encoded by the gene IGFALS (53); it is in this
ternary complex that most IGF-1 and IGF-2 in serum is
normally found. The mitogenic and metabolic actions of
IGF-1 require binding to a membrane-spanning, homodimeric receptor (IGF1R), resulting in autophosphorylation
of the intracellular ␤-subunit of IGF1R and activation of
several intracellular signaling cascades. Molecular defects
have been identified at many of the steps described above,
with a wide range of clinical and biochemical phenotypes.
For detailed descriptions of defects in this pathway, we
refer the reader to the review by David et al (38) (Table 4).
Defects in the GH/IGF-1 axis upstream of IGF1R are
characterized by low serum concentrations of IGF-1 and
various degrees of growth retardation. Despite this overlap, however, differences in the clinical and biochemical
characteristics of these conditions often allow the clinician
to focus on specific molecular defects. These variations
reflect several key points: 1) production of IGF-1,
IGFBP-3, and ALS is largely GH dependent; and 2) IGF-1
production in utero is essentially GH independent. Accordingly, disturbances in GH action, such as molecular
defects of GHR or STAT5b, are characterized by normal
intrauterine growth but varying degrees of postnatal
growth failure, usually manifest in infancy or early childhood. Defects involving IGF1 or IGF1R, on the other
hand, display both intrauterine growth failure and poor
growth postnatally (54, 55). Because IGF-1 also appears
to be involved in central nervous system development in
utero, the latter defects are often characterized by some
degree of microcephaly, developmental delay, and/or
hearing deficiency (54).
All of these molecular defects are transmitted in an autosomal recessive manner. There are, however, some important exceptions to this rule:
1) Virtually all reported cases of IGF1R defects are
heterozygotes, presumably reflecting haploinsufficiency. In mouse studies, total knockout of igf1r results in early death, and presumably, this would be
true in humans as well. The several reported cases of
compound heterozygosity or homozygosity for
IGF1R defects in humans tend to have more severe

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 09 March 2015. at 01:52 For personal use only. No other uses without permission. . All rights reserved.

3086

Dauber et al

Table 4.

Genetic Evaluation of Short Stature

J Clin Endocrinol Metab, September 2014, 99(9):3080 –3092

Established Genetic Defects Resulting in Primary IGFD or IGF Resistance

Postnatal growth failure
IUGR
Midfacial hypoplasia
Other facial dysmorphism
Microcephaly
Deafness
Mental retardation
Immunodeficiency
Serum GH
Serum GHBP
Serum IGF-1
Serum IGFBP-3
Serum ALS
Serum PRL

GHR

STAT5B

IGF1

IGFALS

IGF1R

Bioinactive GH

⫹⫹⫹
⫹/⫺
⫹⫹
⫺
⫺
⫺
⫺
⫺
1
2/nl/1
22
22
22
nl

⫹⫹⫹
⫹/⫺
⫹⫹
⫺
⫺
⫺
⫺
⫹⫹
1
nl
22
22
22
1

⫹⫹⫹
⫹⫹
⫺
⫹⫹
⫹⫹
⫹/⫺
⫹⫹
⫺
1
nl
1/nl/2
1/nl
nl
nl

⫹/⫺
⫹/⫺
⫺
⫺
⫺
⫺
⫺
⫺
nl
nl
22
22
222
nl

⫹⫹
⫹⫹
⫺
⫹/⫺
⫹/⫺
⫺
⫹/⫺
⫺
1/nl
nl
1/nl
1/nl
nl
nl

⫹⫹
⫹/⫺
⫹/⫺
⫺
⫺
⫺
⫺
⫺
1
nl
22
22
22
nl

Abbreviations: IGFALS, IGF-1 acid labile subunit gene; IGF1R, IGF-1 receptor gene; IUGR, intrauterine growth retardation; GHBP, GH binding
protein; nl, normal. [Adapted from P. F. Backeljauw et al: Disorders of growth. In: Sperling MA, ed. Textbook of Pediatric Endocrinology (in press).]
⫹⫹, present; ⫺, absent; ⫹/⫺, variably present; arrow pointing up, increased; arrow pointing down, decreased (the number of arrows indicates
the degree of deviation).

phenotypes than observed in heterozygotes and, presumably, reflect partial defects of IGF1R action.
2) Dominant negative mutations of GHR have been
reported, usually involving molecular defects impacting the intracellular domains of the receptor.
Phenotypes are somewhat milder than observed in
homozygous or compound heterozygous cases.
3) Family studies of patients with mutations of IGF1,
IGFALS, or STAT5b suggest that individuals carrying one mutant allele may have mild phenotypic effects, with heights often still within the normal range
but significantly lower than family members who are
homozygous for wild-type alleles.
A comprehensive database of genetic defects resulting
in primary IGFD and IGF resistance can be found at
www.growthgenetics.com.

Skeletal Dysplasias
There are over 400 different conditions listed in the most
recent nosology of genetic skeletal disorders (56), many of
which present with short stature. These conditions are due
to molecular defects in hundreds of different genes, with
additional genetic causes of skeletal dysplasia being discovered at a rapid pace. A comprehensive review of all of
these conditions is beyond the scope of this article, but we
will focus on a number of conditions that are most commonly considered in the pediatric endocrine clinic. Proper
diagnosis of children with skeletal dysplasias requires
close collaboration between the endocrinologist and a geneticist and a radiologist with expertise in skeletal disorders. Clinical identification of a distinct skeletal dysplasia
can help direct genetic testing to target a single implicated

gene. Recommendations vary as to the extent of radiological assessment that is necessary for a child with short
stature, but the general consensus is that a series of skeletal
radiographs should be performed in children with disproportionate short stature (57, 58). This series typically includes radiographs of the skull, spine, thorax, pelvis, upper and lower limbs, and hand. It is important to note that
whereas some skeletal dysplasias are readily identifiable
clinically, clinical findings may be subtle in others, especially in young children.
The SHOX gene, first described in 1997 by Rao et al
(59), has been implicated as an important cause of short
stature. SHOX is located on the pseudoautosomal region
of the X-chromosome and acts as a transcriptional activator. Defects in SHOX lead to a wide phenotypic spectrum, with homozygous loss-of-function mutations in
SHOX causing the severe Langer mesomelic dysplasia,
whereas heterozygous defects can be found in patients
with Leri-Weill dyschondrosteosis (LWD) or ISS. LWD is
marked by short stature, mesomelia, and the classic
Madelung deformity of the wrist. The disproportionate
limb shortening and Madelung deformity often become
more evident after puberty and, thus, can be missed in
young children. Examination of the child’s parents is
essential and may reveal a Madelung deformity in an
affected parent.
SHOX defects are found in most patients with LWD,
but there is significant variability in the reported prevalence of SHOX defects in patients with ISS, with estimates
ranging from approximately 2–17% (60 – 65). This wide
range is attributable to variable subject inclusion criteria,
as well as the diverse array of methods used for detection
of SHOX defects. Most defects are due to whole gene
deletions, but sequence variants, intragenic deletions, and
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deletions and duplications of the downstream enhancer
region have also been found in a significant minority of
patients (61, 62, 66 – 68). A comprehensive database listing
SHOX variants can be found at http://grenada.lumc.
nl/LOVD2/MR/home.php?select_db⫽SHOX. A number
of investigators have created clinical prediction rules to
select ISS patients who have a higher probability of having
a SHOX defect. These include the extremities-to-trunk
ratio (60), the seated height-to-standing height ratio (63),
or a more complex scoring system involving multiple anthropometric measurements and dysmorphic features
(64). None of these criteria has a high positive predictive
value, and clinical utility of these systems is limited by the
highly variable clinical presentation of SHOX deficiency.
Although not typically classified as a skeletal dysplasia,
Turner syndrome is a relatively common cause of short
stature, with some of the short stature likely attributable
to SHOX haploinsufficiency. Most experts suggest routine karyotype analysis in all females with unexplained
short stature. In a cohort of 972 children referred to a
genetics clinic who had heights below ⫺2 SD, 2.8% of
males and 9.8% of females had chromosomal anomalies
detected by karyotype, with 7.7% of the females having
Turner syndrome (69). Males with mosaic 45X/46XY
karyotypes with isolated short stature and an otherwise
normal male phenotype have been reported (70). The
prevalence of this disorder in a well-characterized cohort
of children with ISS is not known.
Another condition with a closely overlapping phenotype to SHOX deficiency is hypochondroplasia, due to
defects in FGFR3. There are no consensus diagnostic criteria for hypochondroplasia, but the classic phenotype is
marked by short stature, mesomelic limb shortening, limitation of elbow extension, brachydactyly, relative macrocephaly, and generalized laxity. The most common radiological features include shortening of the long bones
with mild metaphyseal flaring, narrowing of the inferior
lumbar interpedicular distances, and shortening of the
lumbar pedicles (71–73). The specific Asn540Lys missense variant is found in up to 70% of patients with
hypochondroplasia (71), but this prevalence will vary
depending on the diagnostic criteria used (72, 73). Hypochondroplasia is likely underdiagnosed, and its prevalence
in a clinically ascertained ISS population is unknown.
It is important to note that in addition to the classic
presentation of severe recessive skeletal dysplasias, it is
possible that heterozygous carriers of damaging variants
in a skeletal dysplasia gene may present with apparent ISS
(19). A recent report by Vasques et al (74) describes three
patients with ISS who carried likely pathogenic heterozygous variants in NPR2, the gene responsible for the severe
recessive acromesomelic dysplasia, type Maroteaux. This
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represented 6% of the patients in their ISS cohort. A second report in a Japanese cohort of 101 patients with short
stature identified two heterozygous pathogenic variants in
NPR2 for a yield of 2% (75). Additionally, patients with
heterozygous defects in ACAN, encoding the cartilage matrix proteoglycan aggrecan, have been reported with short
stature, advanced bone age, and premature growth cessation (76). Further work is needed to explore the role that
heterozygous variants in NPR2 and other recessive skeletal dysplasia genes play in causing ISS.

Idiopathic Short Stature
ISS represents a clinically heterogeneous group of patients,
and thus there are likely a multitude of molecular etiologies for these patients’ short stature. In addition to genetic
etiologies, patients may present with short stature due to
other underlying medical illnesses or environmental influences. We will only focus on patients with a predominantly genetic etiology for their short stature. Many of
these patients likely have polygenic short stature and have
inherited many common genetic variants of small effect
size that, in combination, explain their short stature.
However, a subset of these patients is likely to have short
stature caused by single genetic variants with large effects,
essentially representing undiagnosed monogenic forms of
short stature. The genetic etiology may not be clinically
apparent because the underlying monogenic cause is quite
rare and lacks distinctive features, or the patient may represent a milder phenotypic spectrum of the disorder, without all of the characteristic features. For example, in a
recent study using a large-scale, candidate-sequencing approach in patients with undiagnosed short stature, multiple patients with mutations in PTPN11, the gene associated with Noonan syndrome, were identified (77).
Noonan syndrome is known to have a very wide phenotypic spectrum (78), and it is unclear how many patients
categorized as ISS represent the mild end of this spectrum.
Noonan syndrome is typically characterized by short stature, congenital heart defects, variable developmental delay, a broad or webbed neck, cryptorchidism, and distinct
facial features. It is caused by defects in a number of genes
in the RAS signaling pathway. Candidate gene studies in
cohorts of patients with ISS have yielded a low rate of
convincingly pathogenic variants in known genes (79),
with the possible exception of heterozygous variants in
STAT5b in patients with severe short stature and low
IGF-1 levels (80). Next-generation sequencing studies of
patients with ISS have been undertaken (77, 81), but identifying novel rare genetic causes of short stature is quite
challenging and will require large sample sizes. We re-
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cently reported the results of exome sequencing in 14 subjects with severe short stature (⬍⫺3 SDS), many of whom
had additional dysmorphic features (35). Exome sequencing led to the diagnosis of a monogenic disorder in five of
the 14 individuals, including two cases of 3-M syndrome.

Why Is Genetic Testing Important for
Patients With Short Stature?
Given the current state of knowledge, the purpose of genetic testing in short stature is to identify monogenic
causes of short stature due to rare genetic variants with
large effects. Identification of polygenic short stature in an
individual patient is not currently feasible, nor is it clinically useful. Based on our experience (35), we strongly
believe that monogenic causes of short stature are underdiagnosed in the pediatric endocrine clinic. Identification
of rare monogenic causes is critical for a variety of reasons.
First, identification of a molecular etiology can end the
diagnostic workup for the patient and provide the family
with an answer as to why their child is not growing normally. Second, the genetic diagnosis may alert the clinician
to other medical comorbidities for which the patient is at
risk. For example, a male patient with 3-M syndrome will
need to be monitored for the development of hypogonadism. Thirdly, determination of a molecular etiology is invaluable for genetic counseling. Finally, the genetic etiology may have implications for therapy. A recent report by
Renes et al (82) of two patients with undiagnosed Bloom
syndrome provides one such example. The patients presented with SGA without a clear etiology, despite an extensive evaluation. The patients were both treated with
GH for multiple years until their clinical presentation
evolved and Bloom syndrome was diagnosed. GH was
discontinued because it is contraindicated in patients with
chromosomal breakage syndromes. Exome sequencing
would have readily established this diagnosis.

Who Should Undergo Genetic Testing for
Short Stature?
As with all diagnostic testing, the yield of genetic testing
will vary significantly based on which patients are selected
for testing. Currently, there is no good evidence to support
definitive selection criteria for patients who would benefit
from genetic testing. Therefore, we propose genetic testing
for those individuals for whom the clinician has a high
degree of suspicion for underlying genetic alteration at a
single locus that is playing a major role in their short stature. Patients suspected of constitutional delay of growth
and puberty with a normal predicted adult height should
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Box 1. Factors That Increase the Likelihood for a
Monogenic Cause of Short Stature
Severe GHD
MPHD
Unequivocal GHI
SGA without catch-up growth
Additional congenital anomalies or dysmorphic features
Evidence of a skeletal dysplasia
Associated intellectual disability
Microcephaly
Height below ⫺3 SD

not undergo genetic testing unless other features lead to a
strong suspicion of a monogenic disorder. The yield of
genetic testing in these patients is likely to be quite low.
Factors that may increase the likelihood of a monogenic
etiology are shown in Box 1. These factors have not been
rigorously validated as predictors yielding a molecular diagnosis, but in our experience, they increase the likelihood
of finding a genetic diagnosis. In the absence of one of these
features, we suggest consideration of genetic testing in all
individuals with heights below ⫺3 SDS, in those below
⫺2.5 SDS with one or more of the additional factors listed
above, or in those whose predicted height is more than 2
SD below their midparental target height. In patients who
have a single parent with significant short stature, a dominantly inherited rare genetic variant may explain the short
stature of both the patient and the parent. If both parents
have moderate short stature and the child’s short stature
is within 2 SD of the midparental target height, it is more
likely that the patient has polygenic short stature as opposed to an identifiable monogenic condition. As an admittedly somewhat arbitrary cutoff, we suggest limiting
genetic testing in individuals with two short parents to
those whose heights are below ⫺3 SDS, unless additional
features suggest an underlying genetic etiology.

A Proposed Diagnostic Testing Algorithm
to Identify Major Genetic Causes of Short
Stature
With the advent of next-generation sequencing technologies, it is now possible to rapidly assess a wide array of
genes at significantly lower costs. Our diagnostic algorithm (Figure 1) proposes a comprehensive genetic diagnostic approach for a wide array of clinical presentations.
The algorithm differentiates patients who were born SGA
from those with isolated postnatal short stature. Targeted
evaluation of a single gene or panels of genes is recommended for subgroups of patients who fall into the distinct
diagnostic categories discussed above. For those patients
who do not fit into a distinct subgroup or for whom initial
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Paent with a high likelihood for a monogenic eology of short stature – see Box 1
Yes

Targeted genec tesng
( q
(sequencing,
g, microarray,
y, or
karyotype as appropriate)
for known candidate genes

Does the paent have a disnct recognizable genec syndrome?
No
Was the paent small for gestaonal age?
No

Yes

Does the paent have disproporonate short
stature or other skeletal anomaly?

Does the paent have microcephaly?
Yes
Targeted
g
next ggeneraon
sequencing panel and copy
number assessment of all
genes known to cause
microcephalic primordial
dwarﬁsm (Table 1) plus IGF1
and IGF1R

If negave

No
Testing
est g for
o Russell-Silver
usse S e
Syndrome and/or 3M
syndrome

Yes

No
Karyotype if
female, SHOX
tesng,
consider FGFR3

Targeted genec tesng

If negave

No

Yes
Perform a skeletal survey.
y
Does it suggest a disnct
syndrome?

If negave

If negave

Does the paent have growth
hormone deﬁciency or insensivity?
Yes

No
Karyotype
if female

If negave

Targeted next generaon
sequencing panel and copy
number assessment of all
genes known to cause isolated
GHD, mulple pituitary
hormone deﬁciency or growth
hormone insensivity
(Tables 2-4)

Consider sequencing NPR2 if one
or both p
parents has short stature

Apparent Idiopathic Short Stature

If negave

Iﬁnegative
If

Consider whole exome sequencing and chromosomal
microarray for copy number assessment
Figure 1. Diagnostic algorithm for the genetic diagnosis of short stature.

genetic testing is inconclusive, we recommend consideration of genome-wide evaluation through exome sequencing and chromosomal microarray to detect both sequence
variants and CNVs. Algorithms have been developed for
calling CNVs from exome sequencing data (83, 84), but
these have not yet permeated the clinical laboratory. In the
future, a single test will likely be available to assess both
sequence variants and CNVs on a genome-wide scale. It is
important to note that exome sequencing will not identify
epigenetic modifications, such as the hypomethylation
seen in RSS, and will miss regulatory and intronic variants
that may be pathogenic.
A genetic evaluation is not meant to replace a careful medical history and physical examination. Targeted biochemical
testing is clearly warranted for select cases, and genetic testing should not replace a reasoned diagnostic approach. Recommendations regarding the biochemical workup of patients with short stature have been addressed by the
aforementioned consensus guidelines and are not considered
in our algorithm. We acknowledge that some of the testing
strategy that we propose is not yet widely available in

clinical practice, but we envision that this kind of diagnostic algorithm will become the standard approach for
short stature in the coming years. Additionally, this strategy has not yet been validated in clinical trials, and additional research is needed to assess the diagnostic yield of
this approach as well as its cost effectiveness. Finally, this
strategy will identify many novel genetic variants of unknown clinical significance as well as incidental findings
with potential health implications. Recent guidelines have
recommended reporting of incidental findings in a subset
of genes that may lead to substantial morbidity (85). Rigorous functional studies must be performed to assess the
pathogenicity of novel variants. Many variants proposed
as pathogenic in the literature are in fact benign rare polymorphisms. Well-curated databases with detailed genotypic and phenotypic information are necessary to assist
the clinician in interpreting genetic testing results. One
such database that is currently under development is the
National Center for Biotechnology Information ClinVar
database (www.ncbi.nlm.nih.gov/clinvar/). Before ordering exome sequencing or a chromosomal microarray, a
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practitioner should become familiar with the benefits and
limitations of these techniques, especially with the difficulty in interpreting novel variants of unknown significance as well as the possibility of identifying incidental
findings. Often, the optimal care model will include referral to an individual with expertise in these areas. Given the
multiple difficulties with interpretation noted above as
well as the unknown diagnostic yield in this setting, some
individuals prefer that exome sequencing be performed
solely in the context of an approved research protocol for
the indication of short stature.

J Clin Endocrinol Metab, September 2014, 99(9):3080 –3092

2.

3.

4.

5.

Conclusion
6.

Growth is a complex process that is influenced by a multitude of genetic factors both pre- and postnatally. The
traditional endocrine evaluation of patients with short
stature often does not reveal a definitive etiology. Recent
advances in genetic diagnostics coupled with the knowledge gained by those advances are revolutionizing the clinician’s ability to obtain a molecular diagnosis for patients
with growth disorders. We propose a broad-based genetic
approach to the diagnosis of short stature in selected patients who are more likely to have a single, major genetic
contributor to their short stature. Additional research is
needed to validate this approach and to understand the
clinical impact of the numerous genetic variants that are
and will continue to be discovered in patients with short
stature.
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