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Abstract: Pectus excavatum (PE) is the most common congenital chest wall deformity, affecting approximately 1 in 400 live births,
with a male predominance. While traditionally considered a primarily structural or biomechanical disorder, emerging evidence
suggests significant genetic contributions to its etiology. This literature review systematically examines the current state of knowledge
regarding genetic mutations, single-nucleotide polymorphisms (SNPs), and structural variants associated with pectus excavatum.
A comprehensive search was conducted across multiple databases including PubMed, Google Scholar, SciSpace, and institutional
repositories, yielding 14 relevant studies after de-duplication. The review reveals substantial genetic heterogeneity in PE, with
identified variants predominantly affecting connective tissue genes including collagen family members (COL1A1, COL27Al,
COLSA1), cartilage matrix proteins (ACAN, COMP), and signaling pathway components (SMAD4, REST). Copy number variants
(CNVs), particularly the 3q29 deletion syndrome, show elevated PE prevalence. Early-onset PE demonstrates a 44% pathogenic
genetic finding rate, suggesting stronger genetic contribution in childhood presentations. However, a critical gap exists in the literature:
quantitative effect sizes such as odds ratios and hazard ratios are rarely reported, reflecting the predominance of case reports and small
familial studies rather than large-scale genome-wide association studies. This review highlights the need for multi-center collaborative
efforts to conduct adequately powered genetic epidemiological studies, establish genotype-phenotype correlations, and develop
polygenic risk scores for clinical application.
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Introduction

Pectus excavatum (PE), also known as funnel chest, represents the most prevalent congenital chest wall deformity,
occurring in approximately 1 in 400 live births with a marked male-to-female ratio of 3-5:1." The condition is
characterized by posterior depression of the sternum and adjacent costal cartilages, resulting in a concave appearance
of the anterior chest wall.> While historically regarded as primarily a cosmetic concern, contemporary understanding
recognizes PE as a condition with potential cardiopulmonary implications, psychological impacts, and significant familial
clustering patterns that suggest underlying genetic contributions.*> The clinical presentation of PE demonstrates
considerable heterogeneity in severity, age of onset, progression patterns, and associated features. Some patients present
with isolated PE, while others exhibit deformity as part of recognized genetic syndromes including Marfan syndrome and
Ehlers-Danlos syndrome.®’ This phenotypic diversity, combined with observed familial aggregation up to 43%, has
prompted intensive investigation into genetic architecture underlying PE susceptibility.®’
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Early studies of PE genetics focused primarily on syndromic presentations with well-characterized genetic etiologies.
Marfan syndrome, caused by mutations in the FBN1 gene encoding fibrillin-1, frequently presents with PE as part of its
skeletal manifestation.'® Similarly, Loeys-Dietz syndrome, resulting from mutations in transforming growth factor-beta
(TGF-B) pathway genes including TGFBR1, TGFBR2, SMAD3, TGFB2, and TGFB3, commonly features chest wall
deformities."’ These syndromic associations provided initial insights into potential pathogenic mechanisms, particularly
implicating connective tissue integrity and extracellular matrix (ECM) homeostasis in PE development.'?

More recent investigations have expanded beyond syndromic cases to examine the genetic basis of isolated, non-
syndromic PE. Familial linkage studies have identified chromosomal regions of interest, including a locus on chromo-
some 18q identified through analysis of a large pedigree segregating both adolescent idiopathic scoliosis and PE."
Candidate gene approaches have examined polymorphisms in genes encoding cartilage matrix components, with
particular attention to aggrecan (ACAN), a major proteoglycan in cartilage tissue.'* Whole exome sequencing of
multiplex families has revealed rare, family-specific variants in genes involved in connective tissue structure and
regulation, though without identification of a single common causal gene across families.'

The advent of high-throughput sequencing technologies and large-scale genomic databases has enabled more
comprehensive investigation of PE genetics. Copy number variant (CNV) analyses have identified structural genomic
alterations associated with PE, including the 3q29 deletion syndrome which demonstrates significantly elevated PE
prevalence.'® Studies of early-onset PE have revealed high rates of pathogenic genetic findings, suggesting that
childhood presentations may represent a more genetically determined subset of the PE spectrum.'’ Despite these
advances, several critical gaps persist in our understanding of PE genetics. Most notably, literature lacks large-scale
genome-wide association studies (GWAS) that could identify common variants with modest effect sizes contributing to
PE risk in the general population. The predominance of case reports, small familial studies, and syndromic cohorts has
limited the ability to quantify population-level genetic risk through measures such as odds ratios and hazard ratios.
Additionally, the genetic architecture of PE appears highly heterogeneous, with multiple rare variants across different
genes potentially converging on common pathophysiological pathways.'®

Understanding the genetic basis of PE has important clinical implications. Genetic testing may aid in identifying
syndromic cases requiring multidisciplinary evaluation and management. Knowledge of genetic risk factors could inform
family counseling and recurrence risk assessment. Furthermore, elucidating the molecular mechanisms underlying PE
pathogenesis may eventually enable development of targeted therapeutic approaches or identification of patients at higher
risk for severe deformity requiring surgical intervention.'’ "

This comprehensive literature review aims to systematically examine the current evidence regarding genetic muta-
tions, single-nucleotide polymorphisms (SNPs), and structural variants associated with pectus excavatum. By synthesiz-
ing findings from diverse study designs including familial linkage analyses, candidate gene studies, whole exome
sequencing investigations, and CNV analyses, this review provides a comprehensive overview of the genetic landscape
of PE. We critically evaluate the strength of evidence for specific genetic associations, identify patterns across studies,
and highlight methodological limitations and future research directions needed to advance the field.

Methods

The primary objective of this literature review was to comprehensively identify and synthesise all published evidence
regarding genetic mutations, single-nucleotide polymorphisms, copy number variants, and other structural genomic
alterations associated with pectus excavatum. Secondary objectives included cataloguing quantitative measures of genetic
association, including odds ratios, hazard ratios, and other effect size estimates where reported; characterising the genetic
architecture of both syndromic and non-syndromic pectus excavatum; identifying patterns across studies regarding
implicated genes, pathways, and mechanisms; and evaluating the quality and strength of evidence for specific genetic
associations. This study was conducted according to the declaration of Helsinki.

Search Strategy and Terms
A systematic search strategy was developed to capture all relevant literature on the genetics of pectus excavatum. The
search was conducted on 30 November 2025 and included publications from database inception through the search date.
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The primary search string combined terms for the condition itself, including “pectus excavatum”, “funnel chest”, and
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“chest wall deformity”, with genetic terminology encompassing “genetic”, “genetics”, “genomic”, “mutation”, “poly-
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morphism”, “single nucleotide polymorphism”, “copy number variant”, “chromosomal”, “familial”, “hereditary”, “gen-

e

ome-wide association”, “exome sequencing”, and “whole genome sequencing”. A secondary search string specifically
targeting quantitative measures paired “pectus excavatum” with terms such as “odds ratio”, “hazard ratio”, “relative
risk”, “association”, and “genetic risk”. Additionally, a tertiary search string focused on specific genetic elements
previously implicated in chest wall development or connective tissue disorders, including ACAN, various collagen

genes, COMP, SMAD4, REST, FBN1, TGFBR, and chromosomal regions, such as 3q29 deletion and 18q.

Databases and Repositories Searched

To ensure comprehensive coverage of the literature, several databases and repositories were systematically searched.
PubMed served as the primary biomedical literature database, searched using both Medical Subject Headings terms and
free text. Google Scholar provided broad academic coverage, capturing grey literature and institutional repositories that
might otherwise be missed. ProQuest Dissertations and Theses Global enabled access to doctoral dissertations and
master’s theses, whilst OpenGrey captured European grey literature. SciSpace offered comprehensive academic database
coverage, including both indexed and preprint literature, with semantic search capabilities. Finally, ClinicalTrials.gov
was searched to identify clinical trials that may report genetic findings.

Search Strategies

The study selection process followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guide-
lines for systematic reviews.”’ Articles in all languages were included to minimise publication bias and ensure
comprehensive global coverage. Non-English articles were translated using professional translation services when
necessary. All publication types were considered eligible, encompassing peer-reviewed original research articles, case
reports and case series, review articles examined for additional references, conference abstracts and proceedings,
dissertations and theses, preprint manuscripts, and clinical trial reports. In addition to database searches, several manual
search strategies were employed to identify relevant literature that might have been missed through electronic searching
alone. Reference list screening involved examining the bibliographies of all included articles and relevant review papers.
Citation tracking utilised Google Scholar and Web of Science to identify articles citing key papers through forward
citation searching. The Author’s search identified prolific researchers in the field, and the subsequent examination of their
complete publication lists revealed further insights. Journal hand-searching involved manual review of tables of contents
for key journals, including Clinical Genetics, American Journal of Medical Genetics, European Journal of Human
Genetics, and Journal of Pediatric Surgery. Conference proceedings from relevant scientific meetings, including the
American Society of Human Genetics, European Society of Human Genetics, and Chest Wall International Group, were
also reviewed for pertinent abstracts.

Inclusion and Exclusion Criteria

Studies were included if they reported original data on genetic mutations, polymorphisms, variants, or chromosomal
alterations in individuals with pectus excavatum; included human subjects; provided sufficient detail to extract genetic
findings such as gene name, variant type, or chromosomal location; clearly defined pectus excavatum diagnosis using
clinical examination, imaging, or surgical confirmation; and were published or made available in any format. Conversely,
studies were excluded if they discussed pectus excavatum only as an incidental finding without genetic analysis, were
purely mechanistic studies without human genetic data, represented duplicate publications of the same cohort without
additional data, lacked sufficient methodological detail to assess quality, or were retracted publications.

Data Extraction

Initial database searches identified 151 relevant articles. After removing duplicates and applying the inclusion criteria, 79
unique articles remained for full-text review and data extraction. Of these, 67 studies were excluded because they lacked
genetic analysis data, were purely mechanistic without human genetic data, or represented duplicate publications of the
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13717.21-28 were included in this scoping review. For each included

same cohort without additional data; finally, 14 studies
study, data elements were systematically extracted encompassing study characteristics such as authors, publication year,
journal, study design, and sample size; population characteristics including age, sex, ethnicity, and whether cases
represented syndromic or isolated pectus excavatum; genetic findings detailing gene name, variant identifier, and variant
type; statistical measures including odds ratios, hazard ratios, relative risks, p-values, and confidence intervals; functional
data describing predicted or demonstrated effects on protein function; and clinical correlations examining genotype-

phenotype associations and severity measures.

Data Quality Assessment

Study quality was assessed using adapted criteria from the Newcastle-Ottawa Scale?® for observational studies and the
Analytic validity, Clinical validity, Clinical utility, and Ethical implications framework for genetic test evaluation.
Quality assessment considered selection bias through evaluation of appropriate case definition, representative sampling,
and adequate controls; measurement quality by examining validated genetic testing methods, confirmation of variants,
and quality control procedures; analytical validity through assessment of appropriate statistical methods, correction for
multiple testing, and replication attempts; and reporting quality by evaluating completeness of variant reporting,
availability of raw data, and adherence to reporting guidelines such as Strengthening the Reporting of Genetic
Association Studies and Strengthening the Reporting of Observational Studies in Epidemiology. Studies were categorised
as high, moderate, or low quality based on these criteria, with quality ratings used to inform the strength of conclusions
drawn from individual studies. Given the heterogeneity in study designs, genetic testing approaches, and outcome
measures, a narrative synthesis rather than a meta-analysis was employed. Data were synthesised by organising findings
by gene or locus, categorising by variant type, grouping by syndromic versus non-syndromic presentations, and
identifying patterns across studies regarding implicated biological pathways. Quantitative synthesis via meta-analysis
was not feasible due to the predominance of case reports and the absence of comparable effect-size estimates across
studies.

Literature Review Findings

The literature reviews identified genetic associations with pectus excavatum spanning multiple categories: single-gene
mutations, single-nucleotide polymorphisms, copy number variants, and chromosomal linkage regions. The genetic
architecture of PE demonstrates substantial heterogeneity, with no single common variant accounting for a large
proportion of cases. Instead, the evidence points to multiple rare variants across different genes, potentially converging
on common pathophysiological pathways involving connective tissue integrity, cartilage development, and extracellular
matrix homeostasis. Table 1 presents a comprehensive summary of genetic variants associated with pectus excavatum
identified through this scoping review. The table includes gene names, variant identifiers where available, variant types,
reported statistical associations, and study populations.

Single-Gene Mutations and Rare Variants

Several genes harbouring rare pathogenic variants have been identified in association with pectus excavatum, predomi-
nantly through familial exome sequencing and case reports of syndromic presentations. Table 2 summarises copy number
variants and structural chromosomal alterations. Multiple members of the collagen gene family have been implicated in
the pathogenesis of pectus excavatum (PE). For example, a case report described two siblings with osteogenesis
imperfecta type I and severe PE who carried a homozygous copy-number gain affecting exons 2-51 of COL1Al, in
combination with a heterozygous missense variant in COL2741, p.Gly697Arg.?! The authors suggested that the
combined effects of these collagen gene alterations on cartilage and bone development contributed to the observed PE
phenotype. Additionally, an intronic variant in COL5A41 (c.1720-11T>A) was reported in a patient with early-onset
keratoconus and significant PE, suggesting a possible role for type V collagen in the connective tissue pathology
underlying PE.*> The COMP gene, which encodes cartilage oligomeric matrix protein, has also been associated with
PE in the context of broader musculoskeletal phenotypes. A heterozygous COMP variant was identified through whole-
exome sequencing in a patient with progressive keratoconus, generalised musculoskeletal signs, and severe PE,
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Table | Genetic Variants Associated with Pectus Excavatum

GenelLocus

Variant Identifier

Variants

Population & Sample Size

Chromosome 18q'?

Linkage locus (position not specified)

Linkage region (genome-

wide linkage)

Single large family with autosomal dominant
AlS and PE

ACAN'*

VNTR alleles (127-repeat, |25-repeat)

Variable number tandem

repeat polymorphism

154 PE patients requiring surgery + parents

and controls

SMAD4, COL5A'®

Private segregating variants

(family-specific)

Various rare germline

variants

10 families (30 affected individuals); exome

sequencing

3929 locus'® 1.6 Mb deletion Large heterozygous 57 individuals with 3q29del; PE prevalence
(chr3:195,725,000-197,350,000) genomic deletion (CNV) 22.81% vs general pediatric population
BICD2" Pathogenic variants (unspecified) Single-gene pathogenic Early-onset PE cohort: 18 children <I | yrs;
variant 8/18 (44%) had pathogenic findings
COLIAI Homozygous CNV gain (exons 2-51) Copy number gain (multi- | Two siblings with Ol type | and severe PE
exon duplication)
coL27A1?! p.Gly697Arg (exon 7) Missense substitution Same two siblings (case report)
(Gly—Arg)
COL5A1% c.1720-11T>A Intronic/splice region Single patient with keratoconus and PE
variant
comp? Unspecified heterozygous variant Missense/other (WES Single patient with keratoconus,
finding) musculoskeletal signs, and severe PE
NF1%4 c.4271delC p.(Alal424Glufs4) [germline] + | Frameshift (germline + Single NFI patient with severe PE
€.2953delC p.(GIn985Lysfs7) [somatic] somatic double
inactivation)
MNAT % Small intragenic deletion (14q23.1) Intragenic deletion Single family (father-child)

Notes: The absence of odds ratios and hazard ratios reflects the predominance of case reports and small familial studies in the current literature - Most variants are rare,
family-specific, or associated with syndromic presentations.
Abbreviations: CNV, Copy number variant; Ol, Osteogenesis imperfecta; AlS, Adolescent idiopathic scoliosis; WES, Whole exome sequencing.

Table 2 Copy Number Variants (CNVs) and Structural Variants Associated with Pectus Excavatum

Gene Type Location Prevalence/ | Population Clinical Context
Frequency
3929 deletion'® Heterozygous chr3:195,725,000-197,350,000 22.81% in 57 individuals Elevated PE prevalence vs
deletion (1.6 Mb) (hg!9) 3q29del with 3q29del general pediatric population
cohort syndrome
l6pl3.11 Microduplication l6pl3.11 Part of 44% Early-onset PE | Syndromic early-onset PE
microduplication'” pathogenic cohort (18
finding rate children)
22ql11.21 Microduplication 22ql1.21 Part of 44% Early-onset PE | Syndromic early-onset PE
microduplication'” pathogenic cohort (18
finding rate children)
1q44 gain'’ Chromosomal gain 1q44 Part of 44% Early-onset PE | Syndromic early-onset PE
pathogenic cohort (18
finding rate children)
(Continued)
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Table 2 (Continued).

Gene Type Location Prevalence/ | Population Clinical Context
Frequency

COLIAI multi- Homozygous Exons 2-51 Case report | Two siblings Severe pectus excavatum with

exon gain?' duplication (2 siblings) with Ol type | | osteogenesis imperfecta

MNAT | intragenic | Intragenic deletion 14q23.1 Familial Single family Pectus deformities (father and

deletion® (father-child) child)

consistent with a COMPopathy spectrum disorder involving chest wall deformity.>® Genes involved in the transforming
growth factor-beta (TGF-f) signalling pathway have emerged as candidates in familial PE. Whole-exome sequencing of
10 families (30 affected individuals) identified rare, family-segregating variants in SMAD4 and REST, both of which are
involved in TGF-p signalling.'> However, these variants were unique to individual families, with no single variant shared
across multiple pedigrees, highlighting the genetic heterogeneity of familial PE. A unique case demonstrated somatic
double inactivation of the NF/ gene in a patient with neurofibromatosis type 1 and severe PE. The patient harboured
a germline frameshift mutation ¢.4271delC p.(Ala1424Glufs*4) and a somatic second-hit frameshift mutation ¢.2953delC
p.(GIn985Lysfs*7) specifically in cartilage tissue, with complete loss of NF1 protein demonstrated by Western blot.**
This finding suggests that, in some cases, PE may result from somatic mutations in chest wall tissue rather than
exclusively from germline variants. Furthermore, an intragenic deletion of MNATI at 14q23.1 was identified in
a family with pectus deformities affecting a father and a child, suggesting this gene as a potential locus for familial PE.*

Single-Nucleotide Polymorphisms and Common Variants

In contrast to the rare variant findings, few studies have examined common SNPs in PE. The most robust association
reported involves variable number tandem repeat (VNTR) polymorphisms in the ACAN gene, which encodes aggrecan,
a major proteoglycan component of cartilage matrix. A study of 154 PE patients requiring surgery, along with their
parents and controls, identified statistically significant associations between ACAN VNTR alleles and PE, with increased
27-repeat alleles and decreased 25-repeat alleles observed in affected individuals.'* Notably, the study found no
correlation between ACAN VNTR genotype and PE severity but did observe subgroup differences in patients with
Marfan phenotype and female cases. While the association was reported as statistically significant, specific odds ratios
were not provided in the publication.

Copy Number Variants

Copy number variants constitute a significant category of genetic variation associated with PE, especially in early-onset and
syndromic cases. The most notable copy number variant (CNV) association is the 3q29 deletion syndrome, characterised by
a recurrent 1.6 Mb heterozygous deletion (hgl9, chr3:195,725,000-197,350,000). Analysis of 57 individuals with this
deletion from a patient registry demonstrated a PE prevalence of 22.81% (13/57), which is significantly higher than that
observed in the general paediatric population.'® This evidence establishes the 3q29 deletion as a high-penetrance genomic
disorder for PE. In addition, a study of early-onset PE in children under 11 years of age identified pathogenic genetic
findings in 44% (8/18) of cases, including chromosomal microduplications at 16p13.11, 22q11.21, and a genetic gain at
1g44."" These results underscore the importance of CNV analysis in early-onset presentations. Furthermore, gene-specific
CNVs extend beyond large chromosomal alterations; smaller gene-specific CNVs have also been reported, such as the
homozygous COLIAI exon 2-51 duplication®' and the MNATI intragenic deletion.”

Syndromic Associations
Table 3 catalogues syndromic associations and their causative genes. PE occurs as a feature of numerous well-characterized
genetic syndromes, providing insights into potential pathogenic mechanisms: Marfan syndrome, resulting from FBNI
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Table 3 Syndromic Associations and Pathogenic Variants of Pectus Excavatum

Syndrome/Condition Associated Genetic Finding PE Prevalence/Association
Gene(s)
3929 deletion syndrome'® Multiple genes in | 1.6 Mb deletion 22.81% prevalence (13/57 individuals)
3929 region
Catel-Manzke syndromeI7 TGDS Pathogenic variant Early-onset PE
Noonan syndrome'” PTPNI1, SOSI Pathogenic variants Early-onset PE
Loeys-Dietz syndrome'” TGFB3 Pathogenic variants Early-onset PE
BICD2-related disorder'” BICD2 Pathogenic variant Early-onset PE with neuromuscular
features
Osteogenesis Imperfecta type 1! COLIAL, Homozygous COLIAI exon gain + Severe PE in two siblings
COL27A1 heterozygous COL27Al p.Gly697Arg
Neurofibromatosis type | (NFI)** | NFI Germline + somatic frameshift mutations Severe PE in NFI patient with somatic
double inactivation in cartilage
Marfan syndrome?® FBNI mutations | Splicing mutations and Missense/in-Frame 18.1% prevalence (19/105 patients with
FBNI variants)

mutations, frequently presents with pectus excavatum (PE) as part of its skeletal manifestations, highlighting the essential
role of fibrillin-1 in maintaining connective tissue integrity.”® Loeys-Dietz syndrome arises from mutations in components
of the TGF-B pathway, including TGFBR1, TGFBR2, TGFB2, TGFB3, and SMAD3, and is characterised by connective
tissue abnormalities that often result in chest wall deformities such as pectus excavatum.'”*” Noonan syndrome, associated
with mutations in genes of the RAS-MAPK pathway (PTPN11, SOSI, RAFI, KRAS, NRAS), also includes PE among its

skeletal features.'’*® Pathogenic variants in BICD2 have been identified in early-onset cases of PE."’

Genetic Heterogeneity and Family-Specific Variants

A comprehensive exome sequencing study of ten families with familial PE (three affected members per family, 30 total
affected individuals) revealed striking genetic heterogeneity.'> While rare variants segregating with PE were identified in
each family, affecting genes including REST, SMAD4, and members of the COL54 family, these variants were private to
individual families. No single causal gene or variant was shared across multiple families, suggesting that familial PE
results from multiple different rare variants rather than a common founder mutation or single major gene.

Absence of Quantitative Effect Size Data

Genome-wide linkage analysis of a large family segregating both adolescent idiopathic scoliosis and PE localized
a disease locus to chromosome 18q, though the specific causal gene within this region was not definitively
identified.'® This finding suggests the presence of a Mendelian locus for PE in at least some families, warranting further
fine-mapping and sequencing efforts. A critical finding of this literature review is the near-complete absence of reported
odds ratios, hazard ratios, or other quantitative measures of effect size for genetic variants associated with PE. Of the 14
studies reviewed, none reported population-level odds ratios for identified genetic variants. This limitation reflects the
predominance of case reports, small familial studies, and syndromes in the current literature, rather than large-scale case-
control or cohort studies designed to quantify genetic risk. The lack of quantitative effect size estimates prevents meta-

analysis and limits the ability to assess the population-level impact of identified genetic variants.
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Discussion

This comprehensive literature review reveals a complex and heterogeneous genetic architecture underlying pectus
excavatum, with contributions from rare single-gene mutations, copy number variants, and likely polygenic factors
involving common variants of small effect. The findings have important implications for understanding PE pathogenesis,
clinical genetic testing strategies, and future research directions.

Genetic Heterogeneity and Pathogenic Mechanisms

The most striking finding is the substantial genetic heterogeneity observed in PE. Unlike monogenic disorders with clear
genotype-phenotype correlations, PE appears to result from diverse genetic alterations converging on common patho-
physiological pathways. Figure 1 illustrates a proposed mechanism linking potential genetic mutations to the develop-
ment of pectus excavatum.'*'>~'7*1"2* The implicated genes cluster into several functional categories: connective tissue
structural proteins (collagens, fibrillin), cartilage matrix components (aggrecan, COMP), and signaling pathway regula-
tors (TGF-B pathway genes including SMAD4, TGFBR1/2, REST).***! This pattern suggests that PE pathogenesis
involves disruption of normal cartilage development and connective tissue homeostasis in the chest wall. During normal
development, balanced growth of costal cartilages and proper extracellular matrix composition are essential for normal
chest wall morphology.>? Genetic variants affecting these processes may lead to abnormal cartilage overgrowth, altered
mechanical properties, or imbalanced growth patterns resulting in the characteristic sternal depression.*® The identifica-
tion of somatic NFI inactivation specifically in chest wall cartilage tissue introduces an additional layer of complexity,
suggesting that in some cases, PE may result from tissue-specific somatic mutations rather than constitutional germline
variants.”* Pectus excavatum appears to arise through a convergent pathway in which diverse genetic defects cause
extracellular matrix dysfunction, characterised by impaired collagen fibrillogenesis and reduced mechanical integrity,
leading to chondrocyte dysfunction and matrix weakness.'>'>'®2!%3 These processes result in growth abnormalities such
as asymmetric rib development and altered cardiac dimensions, together with loss of anterior chest wall support and rib—
sternum instability, ultimately producing the characteristic sternal depression. This mechanism parallels those seen in
other developmental anomalies and suggests that mosaic variants or somatic mutations may contribute to sporadic cases
of pectus excavatum.>*

Clinical Implications for Genetic Testing

The genetic findings reviewed here have several clinical implications. First, the high rate of pathogenic findings (44%) in
early-onset PE (presenting before age 11 years) suggests that genetic testing has diagnostic utility in this population.'”
Children presenting with PE at young ages should be evaluated for underlying genetic syndromes, as identification of
syndromic diagnoses has important implications for multisystem screening and management.>” Second, the identification
of PE-associated genetic variants in genes causing well-characterized syndromes (FBN1, TGFBR1/2, PTPN11) empha-
sizes the importance of comprehensive phenotyping in patients with PE. Features such as joint hypermobility, arachno-
dactyly, cardiovascular abnormalities, or dysmorphic features should prompt consideration of syndromic diagnoses and
appropriate genetic testing.® Third, for families with multiple affected individuals demonstrating apparent Mendelian
inheritance, exome or genome sequencing may identify rare family-specific variants, though the genetic heterogeneity
observed across families limits the clinical utility of testing in isolated cases.’’ Genetic counseling should emphasize that
even when a variant is identified, the lack of genotype-phenotype correlation data limits prognostic value regarding PE
severity or progression.>® However, important limitations exist for genetic testing in PE. For isolated, non-syndromic PE
presenting in adolescence or adulthood, the diagnostic yield of genetic testing is likely low given current knowledge. No
validated gene panels or testing algorithms exist specifically for PE. Furthermore, the absence of genotype-specific
treatments means that genetic testing results do not currently inform therapeutic decisions.** The genetic findings in PE
can be contextualized by comparison with pectus carinatum (PC), the second most common chest wall deformity. While
less extensively studied, PC also demonstrates familial clustering and association with connective tissue disorders.*’
Some families segregate both PE and PC, suggesting potential shared genetic susceptibility loci.*' Future studies
examining both deformities may provide insights into common and distinct genetic mechanisms.
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Figure | Putative mechanism underlying the association between genetic mutations and pectus excavatum,'>5717:22:23

Abbreviations: COMP, Cartilage Oligomeric Matrix Protein; SMAD4, SMAD Family Member 4; BICD2, BICD Cargo Adaptor 2; ER, endoplasmic reticulum.
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Methodological Limitations of Existing Studies

Several methodological limitations characterize the current literature on PE genetics. First, the predominance of case
reports and small familial studies limits statistical power to detect associations and prevents quantification of effect sizes.
Second, most studies lack standardized PE severity measures, limiting genotype-phenotype correlation analyses.** Third,
population stratification and ethnic diversity in study cohorts are poorly characterized, potentially confounding associa-
tion studies.*® Fourth, replication studies are largely absent; most reported variants have been identified in single families
or individuals without independent validation.** The absence of large-scale genome-wide association studies represents
a critical gap. GWAS have successfully identified common variants associated with numerous complex traits and
diseases, but no adequately powered GWAS for PE has been published.*> Given the estimated prevalence of PE and
the availability of large biobank resources, a multi-center collaborative GWAS is feasible and would likely identify
common variants contributing to PE risk.*®

The Need for Quantitative Effect Size Data

The near-complete absence of reported odds ratios, hazard ratios, or other quantitative effect sizes represents a major
limitation preventing evidence synthesis and clinical risk assessment. Future studies should prioritize case-control or
cohort designs enabling calculation of odds ratios for identified genetic variants.*” Even for rare variants, aggregated
analyses examining cumulative burden of rare variants in candidate genes could provide quantitative risk estimates.*®
Standardized reporting of effect sizes would enable meta-analyses combining data across studies, increasing statistical
power and precision of risk estimates.*’ Such quantitative data are essential for developing clinically useful genetic risk
prediction models and for counseling families regarding recurrence risks.>

Pathways and Biological Insights
The convergence of genetic findings on connective tissue and cartilage-related genes provides biological insights
into PE pathogenesis. The TGF- signaling pathway emerges as a central regulator, with multiple implicated genes
(TGFBR1, TGFBR2, SMAD3, SMAD4) functioning in this pathway.”' TGF-p signaling regulates chondrocyte
differentiation, cartilage matrix production, and skeletal development, making it a plausible mechanistic link to
chest wall morphology.’> Collagen genes (COLIAI, COL2741, COL541) encode structural components of
cartilage and connective tissue extracellular matrix. Variants affecting collagen structure or expression could
alter the mechanical properties of costal cartilages, potentially leading to abnormal growth patterns or deformation
under normal biomechanical forces.”® The identification of ACAN VNTR associations27 further implicates
cartilage matrix composition, as aggrecan is the major proteoglycan providing compressive resistance in
cartilage.”

These biological insights suggest potential therapeutic targets. Modulation of TGF-f signaling or interventions
targeting cartilage matrix composition could theoretically prevent or ameliorate PE development, though such approaches

remain speculative and would require extensive preclinical and clinical validation.> >’

Clinical Translation and Future Directions

This literature review has several important limitations. Despite comprehensive search strategies, publication bias cannot
be excluded, as studies reporting negative or null findings are less likely to be published. The methodological quality of
included studies varied substantially, ranging from high-quality exome sequencing analyses to single case reports, which
may contribute to heterogeneity in the strength of evidence. In addition, the narrative synthesis approach, although
appropriate given the heterogeneity of available data, lacks the quantitative robustness of a formal meta-analysis. Finally,
the inclusion of preprints and grey literature, while enhancing coverage, may incorporate findings that have not yet
undergone rigorous peer review. Future research in pectus excavatum PE genetics should extend beyond variant
discovery to incorporate environmental influences, gene—environment interactions, and epigenetic mechanisms that
likely modulate disease expression.’®** Large, multi-centre GWAS and whole-genome sequencing studies with diverse
populations are needed to identify both common and rare regulatory variants with adequate statistical power. Harmonised
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phenotyping, combined with longitudinal cohort designs, will be essential to define robust genotype—phenotype relation-
ships and disease trajectories.®> > Functional validation of candidate variants using experimental models should be
prioritised to establish biological causality and clarify pathogenic mechanisms. Finally, integrative approaches combining
genetic data with polygenic risk scores, imaging, and biomechanical analyses may enhance risk stratification and inform
personalised clinical management.®'~®°

While current genetic findings have limited immediate clinical utility for most PE patients, the growing knowledge
base is establishing foundations for future clinical translation. Future potential applications include genetic risk
stratification to identify individuals requiring closer monitoring, pharmacogenetic approaches to personalize non-
surgical therapies, and potentially gene-targeted interventions if specific high-penetrance variants are validated.®” The
development of clinical genetic testing guidelines for PE will require additional evidence, particularly regarding
clinical validity (strength of genotype-phenotype associations) and clinical utility (whether testing results inform
management decisions improving outcomes).*® Professional societies may eventually develop consensus recommenda-
tions for genetic evaluation of PE, particularly for early-onset and familial cases.®” A recent systematic review
highlights an intriguing paradox.’® Despite the discovery of several candidate genes for pectus excavatum in family
studies, case reports, and animal models, the genetic landscape remains shrouded in uncertainty due to the absence of
large-scale genome-wide association studies. In the absence of common variant associations or quantitative effect
estimates, the development of genetic risk models, Mendelian randomisation analyses, and clinically validated

polygenic risk scores is not currently feasible.

Conclusion

This review highlights the substantial genetic heterogeneity of pectus excavatum, involving rare variants in connective
tissue and cartilage genes, copy number variants, and likely polygenic influences. Despite progress in identifying
candidate genes and plausible biological pathways, the absence of large-scale genome-wide association studies and
quantitative effect size data continues to limit population-level risk assessment and clinical prediction. Emerging
convergence on TGF-B signalling, collagen genes, and cartilage matrix components provides mechanistic insight and
supports considering genetic evaluation in early-onset cases. Future research should prioritise large multi-centre GWAS
and whole-genome sequencing, functional validation of candidate genes, development of polygenic risk scores, and
robust genotype—phenotype mapping through standardised phenotyping to enable meaningful clinical translation in
pectus excavatum.
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