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Plain English Summary

Idiopathic short stature (ISS) is a condition where children are much shorter than average, but doctors
cannot find a clear medical reason after routine tests. This review looks at two proteins called PAPP-A
and PAPP-A2, and a family of proteins called IGFBPs, which control how the body uses growth
hormones. In healthy children, PAPP-A and PAPP-A2 act like molecular scissors — they cut IGFBPs to
release growth factors that help bones grow longer. In children with ISS, this system may not work
properly, so growth factors are trapped and cannot do their job. Understanding these proteins could
help doctors diagnose ISS more accurately and develop new treatments. This article explains the
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science behind ISS, how doctors currently diagnose it (using growth charts, bone X-rays, and blood
tests), and what treatments are available, including growth hormone injections. We also discuss new
genetic discoveries that may explain why some children are short. The goal is to give patients, families,
and doctors a clearer picture of what ISS is and how future research might lead to better care.

Background

Idiopathic short stature (ISS) remains one of the
most challenging paediatric growth disorders
because it is defined not by a specific cause, but
by the absence of identifiable pathology.
According to the Paediatric Endocrine Society,
ISS is diagnosed when a child’s height standard
deviation score is £ —2.25 (below the 1.2nd
percentile) despite normal growth hormone (GH)
secretion, normal birth weight, and no evidence
of systemic, endocrine, nutritional, or
chromosomal abnormalities (1, 2). Although GH
therapy has been approved for ISS in several
countries, its modest efficacy and high cost have
fuelled a search for better diagnostic markers and
more targeted treatments.

The GH-insulin-like growth factor (IGF) axis is
central to linear growth. GH stimulates the liver
and other tissues to produce IGF-1, which then
acts on the growth plate to promote chondrocyte
proliferation and bone elongation (3). However,
most circulating IGF-1 is bound to IGF-binding
proteins (IGFBPs), particularly IGFBP-3 and
IGFBP-5, which prolong its half-life but also
restrict its access to receptors (4). The
bioavailability of free IGF-1 is therefore tightly
controlled by proteolytic cleavage of IGFBPs — a
process largely mediated by
pregnancy-associated plasma proteins A and A2
(PAPP-A and PAPP-A2) (5).

Recent evidence suggests that subtle
dysregulation of the PAPP-A/A2-IGFBP axis
may underlie some cases of ISS that are
otherwise indistinguishable from healthy short
children (6). Moreover, advances in molecular
genetics have uncovered mutations in genes
beyond the classical GH-IGF axis — such
as SHOX, NPR2, FGFR3, and ACAN — that can
present as ISS without syndromic features (7).
These discoveries have transformed ISS from a
single diagnostic label into a heterogeneous
group of growth-limiting conditions.

In this review, we summarise the current
understanding of how PAPP-A, PAPP-A2 and
IGFBPs regulate the IGF system, and we explore
their diagnostic and therapeutic potential in ISS.
We also briefly discuss other genetic causes,
diagnostic algorithms, and treatment options to
provide a comprehensive overview for clinicians
and researchers.

Methods

This is a narrative review of the scientific
literature on the role of PAPP-A, PAPP-A2, and
IGFBPs in children with idiopathic short stature.

We searched PubMed, Scopus, and Google
Scholar for articles published in English between
January 1990 and December 2024. The search
strategy combined the following keywords (using
Boolean operators): “idiopathic short stature” OR
“ISS” AND “PAPP-A” OR “PAPP-A2” OR
“pregnancy-associated plasma protein” AND
‘IGFBP” OR ‘insulin-like growth factor binding
protein” AND “growth hormone” OR “IGF-1".
Additional searches were performed for genetic
markers (SHOX, NPR2, FGFR3, ACAN),
diagnostic methods (bone age, growth charts),
and treatments (GH therapy, IGF-1 therapy).
We included original research articles,
systematic reviews, meta-analyses, and clinical
guidelines. Case reports and conference
abstracts were excluded. After removing
duplicates, two authors (RWS and SA) screened
titles and abstracts, then read full texts of
potentially relevant articles. Reference lists of
included articles were hand-searched for
additional studies. A total of 43 articles were
initially identified; after applying
inclusion/exclusion criteria and prioritising those
most relevant to the biochemical regulation of
IGF bioavailability, we selected 30 key
references for this review.

Because this is a narrative review of published
data, no ethical approval or patient consent was
required.

The GH-IGF Axis and the Role of PAPP-A and
PAPP-A2

Normal linear growth depends on a finely tuned
balance between GH, IGF-1, and their binding
proteins. GH is secreted by the anterior pituitary
and acts on the liver to induce IGF-1 synthesis.
Over 75% of circulating IGF-1 is bound in a
ternary complex with IGFBP-3 and the acid-labile
subunit (ALS), which prevents IGF-1 from
crossing the capillary endothelium and prolongs
its plasma half-life to about 12—15 hours (3, 4).
Only a small fraction of “free” IGF-1 can bind to
the IGF-1 receptor on chondrocytes and
stimulate cell proliferation.

PAPP-A (pregnancy-associated plasma protein
A) and its homologue PAPP-A2 are
zinc-dependent metalloproteinases that
specifically cleave IGFBP-4 (PAPP-A) and
IGFBP-3 and IGFBP-5 (PAPP-A2) (5). By
cleaving these binding proteins, PAPP-A and
PAPP-A2 increase the concentration of free
IGF-1, thereby amplifying IGF-1 signalling
(Figure 1). In the growth plate, this leads to
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increased chondrocyte proliferation, matrix
synthesis, and ultimately bone lengthening (6).

NORMAL GROWTH IN CHILD

Role of PAPP-A,

Irregular Growth in Idiopathic Short Stature:
Role of PAPP-A, PAPP-A2 an FBPs in Disrupted IG!

Figure 1: PAPP-A and PAPP-A2 control IGF-1 bioavailability by cleaving IGF-binding proteins
(A) In normal growth, PAPP-A and PAPP-A2 proteolytically cleave IGFBP-3 and IGFBP-5, releasing free IGF-1 to
bind the IGF-1 receptor on chondrocytes, stimulating proliferation and bone elongation. (B) In idiopathic short
stature, reduced PAPP-A/A2 activity leads to accumulation of intact IGFBPs, trapping IGF-1 in an inactive bound
form. This functional IGF-1 deficiency impairs growth plate activity despite normal total IGF-1 levels.

Studies in children with ISS have shown that
serum levels of PAPP-A2 may be lower than in
age-matched controls, and that free IGF-1 levels
are often disproportionately reduced relative to
total IGF-1 (8). This pattern suggests a
“functional IGF-1 deficiency” caused by impaired
proteolysis of IGFBPs, rather than an absolute
lack of IGF-1 production. Banaszak-Ziemska et
al. (8) recently measured PAPP-A2, free IGF-1,
IGFBP-5, and ALS in 22 children with ISS and
found significantly  lower  free IGF-1
concentrations compared with healthy peers,
despite normal total IGF-1. This finding supports
the concept that ISS may result from a relative
resistance to IGF-1 due to excessive binding
protein activity (9).

Genetic Variations Affecting the PAPP-A/A2—
IGFBP Axis

Although mutations in the PAPPA2 gene are
rare, polymorphisms that reduce PAPP-A2
activity have been associated with short stature
in population-based studies (10). In one family
with autosomal dominant short stature, a
heterozygous PAPPA2 mutation led to increased
IGFBP-3 and IGFBP-5 levels, low free IGF-1, and
a poor response to GH therapy (11). These
observations highlight the potential
of PAPPAZ2 as a candidate gene in ISS.

Beyond PAPP-A2, other genetic abnormalities
within the GH-IGF axis can mimic ISS. For
example, partial GH insensitivity due to
heterozygous GHR mutations may present with
normal or borderline GH stimulation tests but low
IGF-1 and IGFBP-3 (12). Similarly, mutations
in IGFALS (encoding the acid-labile subunit)
reduce the formation of the ternary complex,
leading to accelerated IGF-1 clearance and
modest growth failure (13). Children with these

conditions often meet the clinical criteria for ISS
unless specialised testing (e.g., GH binding
protein, ALS concentration) is performed.

Other Genetic Causes of ISS (Beyond the GH—
IGF Axis)

Growing evidence indicates that many children
labelled as 1SS actually have unsuspected
mutations in genes that regulate the growth plate
directly. The most well-characterised among
these are SHOX, NPR2, FGFR3, and ACAN (7,
14).

SHOX

The short stature homeobox gene is essential for
chondrocyte differentiation in the distal limbs.
Heterozygous SHOX mutations cause Léri-Weill
dyschondrosteosis, but milder variants can
present as non-syndromic short stature with
normal body proportions (15). Approximately 2—
5% of ISS children carry SHOX defects.

NPR2

This gene encodes the receptor for C-type
natriuretic peptide (CNP), a positive regulator of
growth plate chondrogenesis.
Heterozygous NPR2 mutations account for 2—
6% of familial 1SS cases and often cause
disproportionate short stature with mesomelia
(16).

FGFR3

Activating mutations in FGFR3 cause
achondroplasia and hypochondroplasia, but
milder variants have been reported in children
with proportionate short stature and no skeletal
dysplasia (17).

ACAN
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Mutations in the aggrecan gene lead to defective
extracellular matrix in cartilage.
Heterozygous ACAN mutations cause
autosomal dominant short stature with advanced
bone age and early growth cessation (18).

NPR2 (NPR-B) Signaling in the Growth Plate and the Consequences of Mutations
CNP-NPR 8 Signabg Promotes Chondrocyte Proliferation
‘and Accelerates Endochondral Ossifiation

°
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Prevalence estimates range from 1.4% to 2.5%
in non-syndromic short stature cohorts.

Figure 2 summarises the key growth-plate
signalling pathways affected by these genes
(Figure 2 — insert here).

Figure 2: Paracrine signalling pathways in the growth plate
Chondrocyte proliferation is positively regulated by CNP binding to NPR-B (encoded by NPR2), which increases
cGMP and inhibits the MAPK pathway. Conversely, FGF binding to FGFR3 activates MAPK signalling, which
negatively regulates growth plate chondrogenesis. Gain-of-function FGFR3 mutations and loss-of-function NPR2
mutations both result in short stature, highlighting the balance between these pathways

Clinical Diagnosis of ISS: Current Algorithm

ISS remains a diagnosis of exclusion. The
diagnostic work-up includes the following steps
(1,2,19):

Anthropometry: Height below —2.25 SDS for age
and sex, using standardised growth charts (e.g.,
WHO or CDC).

Growth rate

Usually normal or slightly reduced; a falling
growth velocity warrants further investigation.
Bone age X-ray (left hand and wrist): In ISS,
bone age is typically not delayed; if delayed,
constitutional delay of growth and puberty
(CDGP) is more likely.

GH stimulation tests
Peak GH >10 ng/mL rules out GH deficiency.

Laboratory screening

Complete blood count, inflammatory markers,
celiac serology, thyroid function, and renal
function to exclude systemic iliness.

Genetic testing

For girls, karyotype to exclude Turner syndrome;
selective testing for SHOX, NPR2, ACAN,
and FGFR3 in familial or disproportionate cases.
Figure 3 presents a diagnostic algorithm for
children with short stature

2. Clinical sssessment

- Auxoclogy (disproportion)
Birth weight, gestation

- Parents helghts (record)

3. Primary investigations (Table 1)
- Haematology. biochemistry

- Bone age (BA)

-  Karyotype. array analysis

4. Diagnosis T

5. Genetic testing
Consider referral to clinical
Reneticist and/or further
genetic testing

Figure 3: Diagnostic algorithm for a child with suspected idiopathic short stature
Evaluation begins with accurate height measurement and plotting on a growth chart. If height is below
—2.25 SDS, bone age X-ray, GH stimulation test, and baseline laboratory screening are performed.
After ruling out GH deficiency, Turner syndrome (karyotype in girls), systemic diseases, and skeletal
dysplasias, a diagnosis of ISS is made. In selected cases (familial, disproportionate, or poor GH
response), genetic testing for SHOX, NPR2, ACAN, FGFR3, and PAPPA2 may be considered
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Treatment Options for ISS

The only pharmacological treatment approved by
the U.S. Food and Drug Administration for ISS is
recombinant human GH (rhGH) (20). Typical
doses range from 0.24 to 0.47 mg/kg/week, given
as daily subcutaneous injections. A recent large
observational study reported that rhGH treatment
increases adult height by approximately 3.5-7.5
cm compared with untreated controls (21).
However, the response is highly variable:
younger children have a more delayed bone age,
have lower baseline IGF-1 levels, and tend to
gain more height.

Potential adverse effects of rhGH include benign
intracranial hypertension, slipped capital femoral
epiphysis, arthralgias, and glucose intolerance.
Long-term safety (e.g., cancer risk) remains
under surveillance, but current evidence does not
show a significant increase (21).

Alternative or adjunctive treatments include:
IGF-1 therapy (mecasermin) for children with
severe primary IGF-1 deficiency, but it is not
approved for ISS.

C-type natriuretic peptide (CNP) analogues (e.g.,
vosoritide), which are  approved for
achondroplasia and are being explored for ISS
with NPR2 mutations (22).

GnRH agonists or aromatase inhibitors to delay
puberty and extend the growth period, although
efficacy and safety are not established for routine
use.

Discussion

This  review synthesises the  current
understanding of how PAPP-A, PAPP-A2 and
IGFBPs regulate the GH-IGF axis and how their
dysregulation may contribute to idiopathic short
stature. The main finding is that many children
with ISS have a functional impairment of IGF-1
bioavailability that is not captured by standard
total IGF-1 or GH stimulation tests. Instead,
measuring free IGF-1, IGFBP-3, IGFBP-5, and
PAPP-A2 could identify a subset of ISS children
who have a “proteolysis-resistant” state and who
might benefit from different therapeutic
strategies.

Our results align with recent studies showing that
lower PAPP-A2 activity correlates with reduced
free IGF-1 and shorter stature (8, 9). Importantly,
the same mechanism may explain why some ISS
children respond poorly to GH therapy: if IGFBPs
are not adequately cleaved, even
supraphysiological doses of GH may not
increase free IGF-1 sufficiently to drive growth.
This has direct clinical implications. For instance,
a child with low free IGF-1 but normal total IGF-1
could be considered for IGF-1-based treatment
rather than high-dose GH.

The expanding list of genetic causes of ISS —
from GHR to ACAN - reinforces the notion that
ISS is a diagnostic umbrella rather than a single
disease entity. In practice, this means that a child
labelled as ISS today may, after genetic testing,
be reclassified as having a specific growth-plate
disorder tomorrow. The challenge for clinicians is
to decide when to order such tests. Based on
current evidence, we suggest that genetic testing
should be offered to children with: (a) a family
history of short stature in an autosomal dominant
pattern; (b) disproportionate body proportions
(sitting height/height ratio >2 SDS); (c) advanced
bone age with early growth cessation (suggestive
of ACAN); or (d) failure to respond to GH therapy
after 12—-18 months.

Study Limitations

This review has several limitations. First, it is a
narrative rather than a systematic review, so we
cannot rule out publication bias. Second, the
evidence for PAPP-A/A2 in ISS is still limited to
small cross-sectional studies; no longitudinal or
interventional trials have been performed. Third,
we did not have access to individual patient data,
so we could not perform quantitative synthesis
(e.g., meta-analysis) of free IGF-1 or PAPP-A2
levels. Fourth, most of the studies cited were
conducted in Caucasian or Middle Eastern
populations; generalisability to other ethnic
groups is uncertain. Finally, the optimal cut-offs
for free IGF-1 or PAPP-A2 in diagnosing ISS
have not been established.

Future Directions
Future research should focus on:

Standardising assays for free IGF-1 and
PAPP-A2 across laboratories.
Conducting prospective cohort studies to

determine whether low PAPP-A2 activity at
diagnosis predicts poor response to GH.
Randomised controlled trials of recombinant
IGF-1 or CNP analogues in ISS children with
documented IGFBP-related abnormalities.
Integrating whole-exome sequencing into the
diagnostic algorithm for ISS to identify rare but
actionable genetic variants.

Conclusion

Idiopathic short stature is a heterogeneous
condition with a complex molecular basis that
extends well beyond the classical GH-IGF axis.
Pregnancy-associated plasma proteins A and
A2, together with IGFBPs, play a critical role in
determining the bioavailability of free IGF-1 to the
growth plate. Children with ISS often exhibit a
functional deficit in IGF-1 bioavailability that is not
detected by routine hormone tests, suggesting
that measurement of free IGF-1 and PAPP-A2
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could improve diagnostic precision and guide
treatment choices. While GH therapy remains the
mainstay of treatment, novel agents such as CNP
analogues and personalised approaches based
on genetic profiling hold promise for the future.
Clinicians should maintain a high index of
suspicion for underlying genetic causes,
especially in familial or treatment-resistant cases.
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