nature reviews endocrinology

Review article

https://doi.org/10.1038/s41574-026-01282-5

M Check for updates

Dose matters: haploinsufficiency

in osteogenesisimperfecta

Anastasia Sclocco'>*4568 Wenya Yang ® "***°8, Laura Ventura®'?%#, Leander Dubois ® *¢,

Elisabeth M. W. Eekhoff ® 2345¢, Dimitra Micha ® 224901 & Lidiia Zhytnik™®

Abstract

Sections

Osteogenesis imperfectaisacommon genetic disorder of syndromic
bone fragility manifesting in types with variable skeletal and
extraskeletal severity. Over the past decades, the deforming types
have almost exclusively received all scientific attention, leaving large
knowledge gaps about the prevalent osteogenesis imperfecta type 1.
However, studies within the past 5 years reveal serious unrecognized
aspects of disease burdenin this large patient population that contrast
with osteogenesis imperfecta type 1's widely adopted classification

as mild osteogenesis imperfecta. These patients present distinct
clinical and molecular features, necessitating personalized clinical
approaches and dedicated research. To our knowledge, this Review
addresses this distinct patient group by recognizing the diverse
facets of clinical burden, genetic landscape, bone pathophysiology,
disease models and emerging treatment options. Owing to their later
diagnosis, disease invisibility, increased mobility and uncharted clinical
course compared with patients who have other types of osteogenesis
imperfecta, these patients and their treating physicians face distinct
healthcare and diagnostic challenges. In contrast to other patients with
osteogenesis imperfectawith broader genetic causes, they are primarily
characterized by molecular uniformity in the form of collagen typel
deficiency. The scarcity of animal and cell models has also contributed
to thelack of initiatives to explore osteogenesis imperfecta type 1. This
Review aims to break this vicious cycle of osteogenesis imperfecta

type 1obscurity by defining knowledge gaps that future investigations
of this disease should aim to address.
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Key points

o Osteogenesis imperfecta type 1 constitutes up to 70% of all
osteogenesis imperfecta cases, yet its ‘mild’ classification masks an
invisible disability with substantial unmet clinical needs across the
disease spectrum.

o Disease burden in osteogenesis imperfecta type 1 shifts

from childhood fractures to lifelong skeletal and extraskeletal
complications, chronic pain, fatigue and considerable mental health
challenges that impair social participation and quality of life.

o Haploinsufficiency-driven collagen | deficiency disrupts extracellular
matrix integrity, impairing bone strength and mineralization, thereby
linking molecular pathology directly to lifelong skeletal fragility and
systemic disease expression in osteogenesis imperfecta type 1.

« New osteogenesis imperfecta type 1 cases often escape prenatal
diagnosis and can be misdiagnosed as non-accidental injury,
underscoring the importance of early diagnosis, advanced imaging
and biochemical and genetic confirmation strategies.

o Multidisciplinary, lifespan-spanning care integrating endocrinology,
orthopaedics, physiotherapy, audiology and psychological support is
essential to optimize outcomes, independence and quality of life for
patients with osteogenesis imperfecta type 1.

e Emerging trials with anabolic, antiresorptive, anti-sclerostin and
other advanced therapy agents promise fundamental changes in
osteogenesis imperfecta type 1 management, highlighting the urgent
need for safe, targeted therapies beyond bisphosphonates.

Introduction

Osteogenesisimperfectatypel(OMIM#166200) is the most common
non-deforming type of this rare, skeletal dysplasia. It accounts for
approximately 50-70%' of all osteogenesis imperfecta cases, withan
estimated prevalence 0f1in 20,000 to 25,000 live births’. Osteogenesis
imperfectais primarily caused by pathogenic variantsinthe COL1A1 or
COL1A2genes*, whichencode the al(l) and a2(I) chains of collagentypel,
the main structural protein in bone. Around 40%’ of these variants
lead to collagen type I haploinsufficiency, which is characterized by a
reduced amount of structurally normal collagen. Importantly, haplo-
insufficiency is responsible for up to 80%° of osteogenesis imperfecta
type1cases, as its defining molecular mechanism.

Clinically, osteogenesis imperfecta type 1is distinguished from
other osteogenesisimperfecta forms and bone fragility syndromes by
mostly unaffected stature and arelatively limited number of fractures
(0.4 to 1.2 fractures per year), characteristic blue sclera (in 80-100%
of cases) and a high incidence of hearing loss (up to 70%)*’ (Supple-
mentary Table 1). When blue sclerae, bone fragility and hearing loss
occur together, they provide a compelling clinical indication for
genetic testing to evaluate for osteogenesis imperfecta and related
pathogenic variants (Boxes 1 and 2). Similarly to other osteogenesis
imperfectaforms, typelexhibits considerable phenotypic variability,
which can lead to diagnostic uncertainty. Some patients might show
partial overlap with typical symptoms or might display atypical clinical
presentations (Boxes 1and 2). The historical term ‘mild osteogenesis

imperfecta’ (ref. 4) does not adequately reflect the true presentation
of the disease, which has a variable clinical spectrum encompassing a
range of people, from those with asymptomatic presentation to those
who experience frequent fractures and considerable limitations in
quality of life. Although the label ‘mild’ might offer convenience in
clinical communication, it risks under-representing the true burden of
disease in individuals with type 1 osteogenesis imperfecta and might
adversely affect disease perception, patient advocacy and equitable
access toresearch opportunities and healthcare resources. Compared
withthe needs of patients with the deforming osteogenesisimperfecta
types 2, 3 and 4, the needs of patients with osteogenesis imperfecta
type 1 remain unrecognized*. The disability these patients live with
isinvisible, so they often receive suboptimal care, especially in the
paediatric, orthopaedic and endocrinology settings®. Its effect on both
physical and mental health is often underestimated, contributing to
delayed diagnosis, inadequate management and under-representation
inresearch, leaving physicians struggling with unclear prognosis.

This Review aims to alert the clinical and research community
aboutknowledge gaps regarding the large population with osteogen-
esisimperfectatypelby providing an overview of the diverse aspects
of clinical burden, diagnostic challenges, genetic landscape, bone
pathophysiology, disease models and emerging treatment options.
Particular attention is given to insights from the past couple of years
into the molecular mechanisms of collagen haploinsufficiency.

Physical burden of osteogenesis imperfecta type 1
Among patients with osteogenesisimperfecta, those with osteogenesis
imperfecta type 1 represent a distinct patient subgroup. The specific
nature of the underlying quantitative collagen defect and the generally
preserved mobility of affected individuals are distinguishing features
of osteogenesis imperfecta type 1 and have important implications
for clinical management. Compared with the general population,
individuals with osteogenesis imperfecta type 1 exhibit substantially
higher overall healthcare needs (incidence rate ratio 2.25)". Clinical
genetics and rehabilitation show the most pronounced service utiliza-
tion, followed by elevated demands in paediatric care, audiology and
orthopaedic surgery. Physical burden dynamics in individuals with
osteogenesis imperfecta type 1 evolve over time, initially centring on
fractures and bone health as primary concerns during childhood and
progressively shifting towards extraskeletal complications, chronic
pain and fatigue with advancing age’.

Skeletal manifestations

Bone fragility in patients with osteogenesis imperfecta type 1 largely
diverges between osteopeniaand osteoporosis. It ranges from absence
of fractures, which is observed in approximately 10% of patients, to
several dozens of fractures during an individual’s lifetime'*" (Box 1
and Supplementary Table1). The median age of first fracture is typically
between1.5and2.5years". The highest fracture rate occurs during rapid
growth and gait developmentin children aged 0-3 years. Fracturerates
tend to stabilize in adulthood, followed by a secondary increase after
the age of 50 and after menopause'. Long-bone fracture rates range
from 0.4 to 1.2 fractures per year in studies on cohorts spanning the
whole lifespanbut enriched for paediatric patients>*', corresponding
to approximately 95-fold increased long-bone fracture risk compared
withthe general population. The tibia and fibula are the most affected
fracture sites, followed by the femur. Over time, common fractures
gradually shift fromthe lower limbs to the radius, ulnaand humerusin
the upper limbs. This shift might be caused by changes in the nature of
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Box 1| Clinical diagnosis and management of osteogenesis imperfecta type 1

Unlike the deforming types of osteogenesis imperfecta, type 1is
usually not detectable by prenatal ultrasonography, as intrauterine
fractures, deformities and growth retardation are absent. Diagnosis
typically occurs between the ages of 2 and 5, often triggered by
recurrent low-trauma fractures, blue sclerae or positive family history.
Osteogenesis imperfecta type 1is occasionally misdiagnosed as
non-accidental injury in paediatric patients®. The diagnostic process
can be further delayed because of the phenotypic variability and
rarity of the disorder, particularly when extraskeletal features such as
hearing loss or dentinogenesis imperfecta are subtle or overlooked.
In some cases, diagnosis is only established in adulthood, frequently
prompted by audiological symptoms or the presentation of the
condition in offspring.

Clinical evaluation typically begins with a thorough examination
of phenotypic characteristics, followed by confirmatory diagnostic
tests. Dual-energy X-ray absorptiometry (DEXA) is a widely used
method for assessing bone mineral density (BMD). However, not all
individuals with osteogenesis imperfecta type 1 demonstrate low
BMD, and DEXA is limited to site-specific measurements (Table 1).
Consequently, high-resolution peripheral quantitative computed
tomography can be favoured for its capacity to evaluate bone
microarchitecture in a non-invasive and robust manner, with greater
sensitivity than DEXA’®. Early and accurate diagnosis is crucial for
effective disease management, as it facilitates interventions aimed
at optimizing bone mass development and implementing preventive
measures before the occurrence of fractures.

Biochemically, patients with osteogenesis imperfecta type 1
exhibit alterations in levels of bone turnover markers. Serum levels
of N-terminal and C-terminal propeptides of procollagen | (PINP
and PICP), indicators of collagen type | synthesis, are substantially
reduced™. By contrast, levels of osteocalcin (OCN) can be elevated
or within normal range, resulting in an increased OCN to PINP ratio'.
This ratio has demonstrated high diagnostic specificity and serves

physical activity. Same-site recurrent fractures are rare in the general
population but appear in approximately 15% of fractures of patients
with osteogenesis imperfecta type 1 (ref. 10). Recurrent fractures at
the same site associate with abnormal fracture healing attributed to
poor skeletal stem and progenitor cell recruitment and compromised
osteoblastogenesis, which weakens biomechanics in the previously
fractured sites'°. An estimated 71% of patients suffer from vertebral
compression fractures, which most commonly affect mid-thoracic
andlow-thoracicregions and are especially commonin the paediatric
population'. These fractures can result in reduced height, acute pain
and chronic pain, which can affect mobility and quality of life.

Bone mineral density (BMD) in individuals with osteogenesis
imperfecta type 1is considerably reduced compared with BMD in
healthy controlindividuals. Reported mean total hip BMD values range
from 0.73 g/cm?to 0.87 g/cm?, whereas reported T-scores range from
-1.10 to —1.41, placing the majority of patients within the osteopenic
range"'® (Table 1). Similar trends are observed in the lumbar spine,
where BMD values range from 0.76 g/cm? to 0.95 g/cm? and Z-scores
fallbetween-1.76 and —3.00 (refs. 2,16-18), further supporting reduced
bone mass and heightened fracture risk as a recognizable trait of this
population.

as a reliable indicator of impaired collagen production. Emerging
biomarkers such as sclerostin and Dickkopf-related protein 1
(DKK1)'®'*® offer potential for further phenotypic classification and
diagnostic refinement.

Embedding patients within multidisciplinary care systems'* and
ensuring competent adult transition programmes'® are expected to
yield substantial benefits for physical and psychological outcomes.
Core care involves paediatricians, endocrinologists, orthopaedic
surgeons, physiotherapists and geneticists, with additional input
from audiologists and dentists to monitor hearing loss and
dentinogenesis imperfecta. Screening for cardiovascular, pulmonary
and gastrointestinal health is recommended as needed, and
psychological support and social services can enhance long-term
quality of life and independence. However, a fairly small number of
studies have examined differences in specialist care provision across
osteogenesis imperfecta subtypes.

Compared with patients with deforming osteogenesis imperfecta,
patients with type 1 osteogenesis imperfecta typically show mild
skeletal deformities and preserved stature and often have a reduced
need for corrective surgery'®. Clinical care is often initiated after
fractures start'“**"” and emphasizes extraskeletal and systemic
features as individuals age'**'*’. Findings highlight the predominance
of pain and fatigue®, which often outweigh fracture-related concerns.
Indeed, 96% of patients with osteogenesis imperfecta type 1 reported
the use of non-steroidal anti-inflammatory drugs, whereas 37-49%
used bisphosphonates, physiotherapy, massage therapy, opioids or
transcutaneous electrical nerve stimulation for pain management®’.
Functional impairment is further exacerbated by arthritis, joint
hypermobility and tendon rupture™®. Childhood bisphosphonate
therapy in non-deforming osteogenesis imperfecta might enhance
physical functioning and activity levels, underscoring the importance

of tailored management strategies™’.

Scoliosis affects approximately 13% to 60% of these individuals,
withatenfold increased risk compared with the general population®™"
(Supplementary Table 1). Although other skeletal deformities are
relatively uncommon, these typically mild deformities can arise
from fractures and include long-bone bowing®. Scoliosis and skeletal
deformities contribute to reduced stature. Despite normal length at
birth, growth deceleration during childhood results in adult heights
averaging 8-10 cm below population norms®,

Extraskeletal manifestations
Beyond the skeletal system, osteogenesis imperfecta affects multiple
organsystemsthatrely on collagentypel, including the musculoskel-
etal, cardiopulmonary, cutaneous, dento-oral, ocular and auditory
systems (Fig.1and Supplementary Table 1). Within the past couple of
years, focus has also been placed on gastrointestinal and neurological
symptoms, revealing the broader systemic effects of this disease.
Distinctly bluishsclerae are seenin 80-100% of patients with osteo-
genesisimperfectatypel, probably because of altered light scattering
from thinner collagen fibrils*** and increased water and proteoglycan
content”. Although the occurrence of scleral thinning remains debated
inosteogenesisimperfectatypel, corneal thinningis knowntooccurin
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Box 2 | Genetic testing for patients with osteogenesis imperfecta type 1

Genetic testing is a critical component of the diagnostic algorithm
and enables molecular confirmation in approximately 94%° to 97%°
of individuals with typical clinical presentations of osteogenesis
imperfecta type 1. It is beneficial in atypical cases that lack the classical
features of osteogenesis imperfecta type 1. Up to 28% of young
people with multiple unexplained fractures, but without extraskeletal
manifestations, bone deformities, or a positive family history, can still
be diagnosed with osteogenesis imperfecta by genetic testing'°.
Given the limited genotype-phenotype correlations, accurate
classification requires both clinical evaluation and genetic testing.
Targeted next-generation sequencing (NGS) panels screen for
variants in a range of genes associated with osteogenesis imperfecta
and related skeletal disorders, such as early-onset osteoporosis,
Bruck syndrome and dentinogenesis imperfecta. NGS panels can
incorporate algorithms capable of detecting copy number variations,
allowing detection of COL1A1 deletions, which are a rare cause

this disease, and thin corneas** might contribute to elevated intraocu-

lar pressure, increasing risks of primary open-angle glaucoma, retinal
detachment and eye trauma complications. Hearing loss affects up
to 70% of these patients and is typically early-onset, bilateral and pro-
gressive. Sensorineural or mixed hearing loss arises from cochlear and
ossicle abnormalities and usually manifests between the second and
fourth decades ofllife, with trauma or infections influencing severity >
Dentinogenesisimperfectaoccursinup to 60% of cases, with infrequent
malocclusions and missing teeth”. Pulmonary functionis generally near
normal, but restrictive lung disease, asthma or recurrent pneumonia
candevelop®. Gastrointestinal healthstudies are limited; patients with
osteogenesisimperfecta type 1can experience peptic ulcers, constipa-
tion, hernias (which are especially common in women), reflux, inflam-
matory bowel disease, biliary and pancreatic disorders, appendicitis
and non-specific abdominal pain*?%, Collagen type I deficiency in the
myocardium predisposes patients to valvular disease, heart failure,
atrial fibrillation, hypertension and aortic root dilation**°. Reduced
physical activity due to fracture risk also elevates cardiovascular risk,
althoughlife expectancy remains close to normal. Fragile skinand blood
vessels can cause easy bruising and bleeding complications®. Although
the haploinsufficiency of collagen type I confers a fairly low baseline
risk in some soft tissues, trauma-induced or stress-induced injury can
more readily challenge affected tissues, leading to impaired healing™.

Whereas most patients with osteogenesis imperfectatype 1 walk
independently, some need wheelchairs because of fractures, pain,
fatigue, muscle weakness or joint hypermobility****. Joint hypermobil-
ity affects up to 70% of these patients, leading to frequent dislocations,
tendon ruptures and flat feet®. Impaired motor control, proprioceptive
deficits and muscle fatigability are common®*,

Quality of life scores for physical functioning, pain, fatigue and
vitality are lower in people with osteogenesis imperfecta typelthanin
the general population®. More than one-third of this patient popula-
tionreports moderate to severe pain that affects mobility, particularly
in the feet (37.67%), legs (42.47%), back (74.67%) and joints (56.55%)"".
Chronic pain affects 38%, worsening with age and limiting daily activi-
ties because of fatigue and reduced physical activity®”. However, the
underlying mechanisms of pain and fatigue in osteogenesis imperfecta
type 1remain poorly understood and understudied.

of haploinsufficient osteogenesis imperfecta. In instances of low
coverage by NGS, Sanger sequencing of COL1ATand COL1A2 is
performed to ensure comprehensive variant detection''. Functional
assays can support the confirmation of pathogenicity for variants

of uncertain significance®. Whole-exome sequencing can be used
when NGS results are inconclusive. It can assess and identify genes
not included in standard panels, thereby enhancing diagnostic
yield. Whole-genome sequencing can be used in cases that are
unresolved by targeted and exome-based approaches and might
allow identification of deep intronic variants or large (chromosomal)
aberrations, such as reciprocal translocations or insertions affecting
an osteogenesis imperfecta gene'*. Nonetheless, a negative

test does not definitively exclude an osteogenesis imperfecta
diagnosis, given the limitations of current genomic technologies
and the knowledge of osteogenesis imperfecta haploinsufficiency
mechanisms.

Mental burden

Beyond physical impairments, individuals with osteogenesis imper-
fecta type 1 often experience considerable mental health challenges
that affect emotional well-being and social participation®*. Although
type1presents milder skeletal symptoms, itis associated with dispro-
portionately lower scores in mental and social quality of life domains
compared with other osteogenesis imperfecta types, indicating dis-
tinct psychological burdens®. Contributing factors include delayed
diagnosis and the ‘invisible’ nature of the condition, which canlead to
social stigma, low self-esteem, emotional distress and depression. Many
individuals feel pressured to hide their diagnosis and minimize pain
or fatigue, even with healthcare providers, because of the perception
that typelis ‘mild’. A critical component of this psychological burden
is the experience of fractures and bone fragility*’, which can trigger
anxiety and symptoms of post-traumatic stress disorder. Despite wide-
spread post-traumatic stress disorder-like symptom reports within
the patient community, research on their prevalence and effectin this
large population remains absent.

Inheritance and reproductive features
Osteogenesisimperfectatypelisinheritedinafamilial patterninover
half of cases, a proportionintrinsically higher than in deforming osteo-
genesis imperfecta types. As a result, family planning is particularly
important forindividuals with osteogenesis imperfectatype 1. Compre-
hensive genetic counselling should be made available for this autosomal
dominantdisorder, along with options for non-invasive prenatal testing
and preimplantation genetic testing. Despite theimportance of repro-
ductive health for women with type 1, it remains an under-researched
area.Someevidence pointstoincreased pregnancy risks from potential
skeletal and soft tissue complicationsin this population, but research
into this area has yielded conflicting results*~*.

Despite the familial pattern in many cases, approximately 43% of
individuals with osteogenesis imperfectatype1carry spontaneous de
novo pathogenic variants, emphasizing that anegative family history
does not preclude diagnosis**. Additionally, up to 8% of cases are attrib-
uted to parental mosaicism, in which only a subset of cells carries the
pathogenic variant®. This occurrence can resultin amilder or subclini-
cal phenotype in the carrier parent. These complexities highlight the
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importance of advanced genetic diagnostics and tailored counselling
to ensure accurate identification and understanding of osteogenesis
imperfectatype1genetics (Box 2).

Genetic background
According to the most recent dyadic Sillence classification, osteogen-
esisimperfectatypelis classified into the following subtypes: autoso-
mal dominant osteogenesis imperfecta type 1, COL1AI-related (OMIM
#166200); autosomal dominant osteogenesisimperfectatypel, COLIA2-
related (OMIM #166200); autosomal dominant osteogenesis imper-
fectatypel, COLIAIrelated or COL1A2related, with a high-bone-mass
phenotype**®; and extremely rare autosomal recessive osteogenesis
imperfectatype1, PHLDBI-related cases (OMIM #620639)". Although
the Sillence classification remains the cornerstone of osteogenesis
imperfecta phenotyping, its ability to reflect the expanding molecular
complexity and phenotyping continuum of the disorder is increas-
ingly being questioned. Advancesingenetic testing have demonstrated
substantial heterogeneity within individual osteogenesis imperfecta
types; for example, patients classified as having osteogenesis imper-
fecta type 1 can carry either COLIAI haploinsufficiency variants or
dominant-negative COL1A1or COL1A2variants, which candifferinclinical
course and therapeutic considerations. These observations have fuelled
ongoing efforts to develop a more genotype-oriented classification
system, although the Sillence framework continues to retainimportant
clinical utility, particularly when molecular diagnosis is unavailable**®,
Pathogenic variants that cause osteogenesis imperfectatypelare
morefrequently reportedinthe COL1A1gene (78%) and less commonly
in COL1A2(16%). Haploinsufficiency or loss-of-function (LoF) variants,
alsoreferred toasnullalleles, cause most osteogenesisimperfectatypel
cases (approximately 60-80%). Structuralamino acid substitutions that
cause osteogenesisimperfectatypelarelessfrequent. Clinically, hap-
loinsufficiency variants and amino acid substitutions are indistinguish-
able, renderingitimpossible toreserve a diagnosis of type 1 exclusively
for haploinsufficiency cases. Collagen haploinsufficiency outcomes

differ considerably. Homozygous LoF variantsin COLIAI are embryoni-
callylethal, as evidenced by murine models. Notably, prenatal lethality
has also been reported in cases of severely reduced levels of normal
collagentypel(<20%) in humans*. By contrast, biallelic COLIA2 haplo-
insufficiency variantslead to cardiac valvular Ehlers-Danlos syndrome
(OMIM #225320), whereas heterozygous COLIA2 haploinsufficiency
variants are considered non-pathogenic (Fig. 2).

COL1A1 haploinsufficiency variant types
Haploinsufficient osteogenesis imperfecta typically arises from het-
erozygous LoF variantsinthe COL1A1gene (Fig. 2). Frameshift variants,
caused by insertions or deletions of anumber of nucleotides not divis-
ibleby three, disrupt thereading frame and often introduce premature
termination codons (PTCs). Similarly, less common, nonsense vari-
ants directly generate PTCs, whereas splice-site variants, particularly
-1G>Asubstitutions at acceptor sites within the triple-helical domain,
canalso lead to PTCs*. Donor splice-site variants have more variable
effects, potentially causing exon skipping or frameshifts that canyield
non-functional transcripts®. Yet, in certain cases, they can produce
truncated but stable mRNA, resulting in abnormal al(l) chains that
interfere with collagen helix formation. Some intronic variants lead
to aberrant splicing events, ultimately causing haploinsufficiency*°.
PTCs resulting from haploinsufficient variants typically trigger
nonsense-mediated mRNA decay (NMD), eliminating the defective
allele’s protein product. Approximately 3% of haploinsufficiency cases
are due to large deletions encompassing the entire COLIAI gene*>**,
with clinical severity similar to that seen in patients with nonsense or
frameshift variants. Multi-exon deletions have variable phenotypic
consequences, similar to those of splice-site variants, depending on
exoninvolvement.

Haploinsufficiency mechanisms
Following NMD, which degrades the mutant COLIAI transcript, only the
COLIAImRNA derived from the normal alleleis available for translation,

Table 1| Summary of bone mineral density measurements in the total hip, femoral neck and lumbar spine regions based on

cohort studies of osteogenesis imperfecta type 1

Cohort (n) BMD totalhip BMD total BMD femoral BMD femoral BMD lumbarspine  BMD lumbar Mean age+s.d.

(g/cm?) hip (Z-score) neck (g/cm?) neck (Z-score) (g/cm?) spine (Z-score) or mean age
[T-score] [T-score] [T-score] (age range) (years)

Austria I"® (20) 0.87+0.19 [-110+£1.50] 0.86+0.23 [-1.20 £1.70] NA NA 4570 £16.40

Austria [1° (21) 0.84+0.13 [-1.41+111] NA [-1.85+1.39] 0.91+0.15 [-2.22+1.29] 45.60 £13.40

Canada® (86) NA NA NA NA NA (-3.00 £1.20) 13.30 £13.90

China I’ (107) NA NA NA (260+190) NA (-1.80 +1.50) 8.70 (0.20-64.00)

China I1'*® (29) NA NA NA (-1.90 +£1.50) NA (-0.80 +1.40) NA

Japan'®® (28) NA NA NA NA NA [-2.33 £1.47] 10.80 +£12.40

North America" (n varied 0.80 +0.11* NA 0.74 +£012° NA 0.85+014°(n=22); NA 37.30+£12.20

between groups; specific (n=20); 0.73 + (n=23); 068 + 076+011°(n=32)

values given with BMD values)  0.12° (n=25) 0.17°(n=27)

Norway'® (68) 0.84+0.16 (-1.55+1.28) NA NA 0.95+0.14 (-1.87 +1.06) 45.00 £13.00

Sweden? (151) NA NA NA NA NA (-2.66 £ 0.16) 17.51+£13.94

Taiwan™° (40) NA NA NA NA NA (-1.70 £1.25) 21.40 +17.00

The Netherlands® (107) NA NA NA NA NA (-2.00+1.27) 41(18.00-76.00)

[-2.46 +1.23]

BMD, bone mineral density; n, number of patients; NA, not available; s.d., standard deviation. *patient group untreated with bisphosphonates. Ppatient group treated with bisphosphonates.
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effectively reducing expression by half***>, This mRNA is translated
into pre-procollagen al(I) chains, which are transported to the rough
endoplasmic reticulum, where the signal peptide is cleaved®®. Within
the endoplasmic reticulum, the a1(I) and a2(I) chains assemble into
aprocollagen triple helix composed of two al(I) chains and one a2(l)
chain. Owing to haploinsufficiency, there is an insufficient supply of
«1(I) chains, which limits the formation of complete, properly assem-
bled triple helices, despite sufficient levels of «2(I) chain. The precise
2:1ratio of al(I) chains to a2(I) chains is essential, as the availability of
correctly folded chains determines collagen fibril synthesis and extra-
cellular matrix (ECM) deposition®. In contrast to a1(I), a2(I) homotrim-
ersdonotexist and extra chains are degraded, making the synthesis of
ol(I) the limiting factor in collagen type 1 production. Growing evidence
suggests that the COL1AI to COLIA2 mRNA ratio reflects alterations
in collagen type I quantity, with a decreased ratio observed in hap-
loinsufficient osteogenesis imperfecta type 1. The balance between

COLI1AI expression and COLIA2 expression is tightly regulated by
transcriptional, post-transcriptional and epigenetic mechanisms
involving transcription factors and miRNAs that are shared between
genes®®, Disrupted collagen type l mRNA ratio, particularly through
increased COLIA2 expression, even in the absence of COLIAI mRNA
reductioninvarious haploinsufficient osteogenesisimperfectatypel
human cell and murine models***°, is associated with decreased colla-
gentypelproductionanddisease pathology. Both COL1A1and COLIA2
are dosage-sensitive genes®, which emphasizes the need to further
explore the regulatory mechanisms behind their altered expression
in haploinsufficient osteogenesis imperfecta.

Triple helices in haploinsufficient osteogenesis imperfecta are
structurally normal; however, the overall quantity of functional col-
lagen is reduced. Collagen type I fibrils are generally thinner than
in healthy control individuals, whereas in more severe, deform-
ing forms of osteogenesis imperfecta, fibril thickness varies®>,
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This phenomenon might be due to an altered collagen typesIlland V
to type I ratio affecting collagen type fibrillogenesis®*.

Phenotypic variability

Although haploinsufficiency typically resultsin the classic osteogenesis
imperfecta type 1 phenotype, considerable intrafamilial and interfa-
milial phenotypic variability is observed, even among individuals with
identical variants®. However, compared with dominant-negative vari-
ants, haploinsufficient variants are generally associated with a more
uniform clinical presentation. The resulting phenotype can be shaped
by complex ECM component interactions, which are influenced by
variant type®. Variability contributors might include aberrant mRNA
processing, such as partial NMD escape or alternative splicing that
yields variable levels of truncated transcripts.

Evidence published in 2023 indicates that epigenetic regulators
areinvolved in disease pathogenesis. Inmurine models® of osteogen-
esisimperfectatypel, dysregulated DNA methyltransferase 3 (Dnmt3)
expression is associated with reduced collagen secretion and osteo-
genesis and enhanced osteoclastogenesis. Once Dnmt3 expression is
suppressed, bone microarchitecture isimproved. Human studies®® of

Wild-type allele Missense variant Frameshift variation

(e.g., insertion or deletion)

circulating microRNAs identify a distinct signature of six miRNAs linked
to osteogenesis and osteoclastogenesis, as well as direct regulation
of COL1A1and COL1A2expression. Several of these miRNAs also show
strong associations with dentinogenesis imperfecta, underscoring
their potential role as epigenetic modifiers of disease expression.
Similarly to epigenetic mechanisms, molecular modifiers and envi-
ronmental factors might influence fracture susceptibility, skeletal
manifestations and extraskeletal manifestations in these individuals.

Haploinsufficiency in bone formation

and pathophysiology
Inosteogenesisimperfectatypel,areductioninlevels of collagentype
I profoundly affects not only the collagenous component of bone but
also ECM composition and functional integrity, mineralization dynam-
ics and cellular behaviour. The quantitative collagen defect disrupts
the synthesis of critical non-collagenous ECM proteins, including the
glycoprotein SPARC (also known as osteonectin) and the proteoglycans
biglycan and decorin®. Levels of other matrix constituents, such as
hyaluronan and, according to some reports, fibronectin and throm-
bospondin, mightbe elevated’®”". Even though these ECM alterations’
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(e.g., intron retention)
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Fig. 2| Effects of different types of pathogenic variantin the COL1A1and
COL1A2genes onmRNA, proteinand phenotype. Heterozygous loss-of-function
(LoF) variants in COLIA1 commonly underlie haploinsufficient osteogenesis
imperfecta. Frameshift, nonsense and splice-site variants typically introduce
premature termination codons (indicated as ‘STOP’), triggering nonsense-
mediated decay (NMD) and reducing COL1AI transcript levels by half. Although
donor splice-site or intronic variants can variably disrupt splicing, some generate
truncated but stable mRNA, producing abnormal «1(I) chains that interfere with
triple helix assembly and result in dominant-negative osteogenesis imperfecta.

Dominant-negative variants in both COLIAIand COL1A2, including missense
substitutions within the triple-helical domain or in-frame splice alterations, give
rise to structurally abnormal al(I) and a2(I) chains that are incorporated into
collagen fibrils, disrupting helix stability and leading to deforming osteogenesis
imperfecta (types 2,3 and 4). Heterozygous haploinsufficient COL1AI variants
are often associated with osteogenesis imperfecta type 1, whereas homozygous
variants are lethal. Heterozygous haploinsufficient COL1A2 variants are
compatible with a clinically healthy phenotype; however, homozygous variants
lead to Ehlers-Danlos syndrome (EDS) spectrum.
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contribute to accelerated mineral accumulation, whichis evident from
early stages’, bone turnover indices remain elevated™. Mineral crys-
tals are of normal size” but more densely packed”, a consequence of
thinner collagen fibrils, which increases bone stiffness and brittleness.
Bone microarchitecture analysis reveals reduced bone size, thinner
corticesand alesshomogeneous trabecular network with lower bone
volume, reduced trabecular number, increased spacing and compensa-
tory thickening of residual trabeculae’ "%, Collagen deficiency also
disrupts cellular function’*°, which has received insufficient research
attention in haploinsufficient osteogenesis imperfecta. In osteogen-
esis imperfecta type 1, osteoblast numbers increase, probably as a
compensatory response, whereas their matrix production per cell is
reduced. These cells exhibit delayed differentiation, distended rough
endoplasmic reticulum and occasional mitochondrial swelling™.
Osteocytes, which are derived from osteoblasts, are more densely
distributed in both cortical and trabecular bone®'. Osteoclast activity
iselevated, although less thanin deforming osteogenesis imperfecta®.
Data published in2020 suggest that skeletal stem and progenitor cells
areincreasedin number yet exhibit reduced osteogenic potential and
heightened adipogenic plasticity®. This finding is potentially due to
their dependence on collagen-rich ECM for lineage commitment®*,

Haploinsufficient animal models

Despite patients with haploinsufficient osteogenesisimperfecta com-
prisingsuchalarge part of the population with osteogenesis imperfecta,
surprisingly few animal models exist for its study, in sharp contrast to
diverse in vivo models for the severe but less prevalent osteogenesis
imperfectatypes. For the past four decades, the heterozygous Mov13
mouse model hasbeenthe only oneinexistence for haploinsufficient
osteogenesis imperfecta. It was generated by the integration of the
Moloney murine leukaemia retrovirus at the 5’ end of Collal, which
resultedinthe transcriptionalinhibition of this gene and less collagen
typel. Mov13 mice present osteogenesisimperfectatypel, but their use
beyond 2 months of age is complicated by severe lymphoma presenta-
tion. This phenotype raises questions about whether their osteogenesis
imperfectadisease outcomes reflect the outcomes seeninhumansand
prohibits investigations at later life stages™.

The Collal"~3% and Collal”~ mice were derived by deleting
exons 2-5in Collal and were described in 2019 and 2025 publica-
tions, respectively®>®, The frameshift effect and PTC created by this
deletion reduced levels of pro-al(I) protein in mouse bones owing
to NMD. In contrast to the disease mechanism in Mov13 mice, NMD
represents the molecular dysregulation in the majority of patients
with haploinsufficient osteogenesis imperfecta. Both models exhibit
compromised bone quality and mechanical properties, presenting
non-deforming osteogenesis imperfecta®. Tibias from mice in which
exons 2-5 were deleted also showed enrichment in transforming
growth factor-B (TGF) signalling®®.

The hiOl mouse model was derived by inducing a heterozygous
Collal deletion starting at intron 1, in agreement with large COL1A1
deletionsin patients with haploinsufficient osteogenesis imperfecta.
The hiOlmodel recapitulates the non-deforming osteogenesisimper-
fecta skeletal physiology, as evidenced by reduced bone volume and
altered bone microarchitecture and biomechanics. Interestingly, hiOl
mice exhibited reduced collagen type I productionbut no decreasein
Collal mRNA expressioninbonetissue. However, in combination with
upregulated Colla2 expression, adecreased Collal to Colla2ratio was
noted®’. Although a ninefold reduction in Collal gene expression was
observed in tibias from 17-week-old Mov13 mice, the data are lacking

in Collal>% mice®. Future studies willinform about the role of Collal
to Colla2ratio in collagen type I regulation. These haploinsufficient
osteogenesisimperfectamouse models share prenatal lethality in the
homozygous state, in line with the constitutive role of collagen type |
inmammalian life.

Preclinical therapeutic research in osteogenesis imperfecta has
increasingly relied on the aforementioned haploinsufficient osteogen-
esisimperfectamouse models asaplatformrecapitulating key aspects
of human osteogenesisimperfectatype 1. Genetically modified adipose
tissue-derived® mesenchymal stem cells engineered to express human
COL1A1 substantially improved bone microarchitecture, mechanical
properties and osteogenesis when delivered to Collal* % mice, dem-
onstrating the potential of autologous cell-based gene therapy in cor-
recting collagen deficiency-related bone defects. The Collal*** mouse
model has also been used to investigate emerging therapeutic strate-
gies, including intramedullary delivery of recombinant BMP2-loaded
microspheres and inhibition®*® of DNA methyltransferases. Targeted
modulation of TGFB* signallinginanew Collal'~ mouse model resulted
inincreased bone mass and strength, supporting the expansion of
anti-TGF approaches to haploinsufficient forms of osteogenesisimper-
fectaand increasing the translational potential of new developments
inthe treatment of haploinsufficient osteogenesis imperfecta.

A small number of zebrafish models exist for haploinsufficient
osteogenesis imperfecta. In contrast to collagen type I in mammals,
collagen type l in Danio rerio consists of three different a1(I), a3(I)
and a2(I) chains, which are encoded by collala, collalb and colla2,
respectively. Heterozygous knockout of both al(l) and a3(I), the human
COLIAI orthologues, resembles non-deforming osteogenesis imper-
fecta. Loss of al but not a3 causes lethality in early larval develop-
ment, indicating a dosage effect. The double knockout Collala**®
(p.Gly1179X)/Collalb**** (p.Cys68X) zebrafish model represents hap-
loinsufficient osteogenesis imperfecta defects, exhibiting increased
fracture risk and minimal skeletal malformations®’.

Cell and organoid models

Humaninvitro models are essential for translational research, as they
overcome species-specific differences. Early studies used transdiffer-
entiated patient-derived skin fibroblasts because of the invasiveness
associated with osteoblast acquisition from bone***°. Fibroblasts reflect
the hallmark reduction in collagen type I in haploinsufficient osteo-
genesisimperfectaand canbe culturedin3D models or differentiated
into osteoblast-like cells to study mineralized matrix and bone-specific
markers®’'. Mesenchymal stem cells (MSCs) show robust osteogenic
differentiation potential but are limited by donor variability and expan-
sion potential. Induced pluripotent stem cells (iPSCs) offer an alterna-
tive: patient fibroblasts reprogrammed into iPSCs retain pathogenic
COL1A1 variants and support CRISPR-Cas9 correction strategies®™ >,
iPSCs can be used to derive induced MSCs (iMSCs), which can differ-
entiate to osteoblasts and potentially other skeletal and soft-tissue cell
typesrelevant to haploinsufficient osteogenesis imperfecta extraskel-
etal pathology®”. Furthermore, iPSC-derived and iMSC-derived 3D
tissues and bone-like organoids offer improved representation of
invivo architecture and cell-ECM interactions’*. However, dedicated
organoid models for haploinsufficient osteogenesis imperfecta are
neglected. Compared with deforming osteogenesis imperfectatypes,
the milder haploinsufficient osteogenesis imperfecta might present
greater challenges in providing robust disease readouts in vitro. The
incorporation of bone cell types that are necessary to recapitulate the
bone remodelling unit, as well as vascularization,immune components
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and pharmacokineticintegration, willadvance these models towards
widespread therapeutic applications.

Therapies for haploinsufficient

osteogenesis imperfecta

Therapeutic strategies for osteogenesis imperfecta primarily aim to
reduce bone fractures by improving BMD and managing other osteo-
genesis imperfecta symptoms to safeguard mobility and independ-
ence.No osteogenesisimperfecta type hasbeen cured yet. At present,
no clinical studies have assessed therapy approaches specifically in
haploinsufficient osteogenesis imperfecta. Owing to this limitation,
we describe treatment findings in osteogenesis imperfecta type1,
considering that 60-80% of these patients have haploinsufficiency*®.
These studies can help to understand treatment applications in
haploinsufficient osteogenesis imperfecta.

All osteogenesis imperfecta types are currently managed using
lifelong treatment with medications approved for osteoporosis; these
are administered off-label in osteogenesis imperfecta®” (albeit not
in Italy®® or Japan”’, where this medication has received regulatory
approval). Pharmacological treatment for patients with non-deforming
osteogenesis imperfecta starts in paediatric or adolescent age and
begins later than treatmentin patients with severe osteogenesisimper-
fecta forms', although bisphosphonate use is not noticeably less in
non-deforming osteogenesis imperfecta'®’. Different bisphospho-
nates, or combinations thereof, are used widely to treat osteogenesis
imperfecta, includinginapproximately half of patients with osteogen-
esisimperfectatypel(Supplementary Table1). Only one study reports
the use of bisphosphonates specifically in haploinsufficient osteogen-
esisimperfecta. Similarly, 49% of patients with haploinsufficient osteo-
genesisimperfectahadahistory of bisphosphonate treatment, which
produced astatistically non-significant reductioninlong-bone fracture
rate™. Studies on bisphosphonate use in non-deforming osteogenesis
imperfecta report conflicting outcomes regarding BMD and fracture
riskinadults®”. Paediatric and adolescent cohorts with non-deforming
osteogenesis imperfecta indicated improved BMD but not reduced
fracture rate'®'°° with at least one study stating improved BMD and
growth in children with osteogenesis imperfecta type 1 compared
with BMD and growth in children with more severe types'”. Although
bisphosphonates reliably increase BMD, their effect on fracture
reduction'® in osteogenesis imperfecta remains inconclusive, and
further mineralizationin already hypermineralized bone raises poten-
tial concerns compared with bisphosphonate use in postmenopausal
osteoporosis. Bisphosphonates primarily inhibit osteoclast func-
tion, but they also exert a positive effect on osteoblast and osteocyte
viability'®. Future insights into bone cell function and interactions,
specifically in haploinsufficient osteogenesis imperfecta, could reveal
if collagen deficiency affects bisphosphonate mode of action.

Clinical trials

The broader implementation of genetic testing has helped to define
the patient group with haploinsufficient osteogenesis imperfecta.
Although patients are currently not specifically recruited to clinical
trials on the basis of haploinsufficiency, the inclusion of genetic test-
ing opens up this possibility for future stratification. Several clinical
trials with anticatabolicand anabolic drugs aim for the coming yearsto
bring on-label designation for medications in osteogenesisimperfecta
(Fig. 3). The broad bisphosphonate use in osteogenesis imperfecta
has initiated the testing of denosumab, which is a human monoclo-
nal antibody that also inhibits osteoclast formation by binding to the

receptor activator of nuclear factor-kB ligand. Denosumab was ini-
tially used as abisphosphonate alternative in paediatric patients with
osteogenesisimperfectawith SERPINFI variants, in whom the disease
shows suboptimal response to bisphosphonates due to unmineral-
ized osteoid'”*. A beneficial effect was subsequently demonstrated
in osteogenesis imperfecta type 1 (ref. 105). Building on this result,
denosumab was implemented in two osteogenesis imperfecta trials
including patients with type 1(NCT02352753 and NCT03638128), but
bothwere terminated because of hypocalcaemiain paediatric patients.

The TOPAZ phase IV trial (NCT03735537) examined the action
of the parathyroid hormone analogue teriparatide, followed by zole-
dronicacidinfusioninclinically diagnosed adults, combining anabolic
and antiresorptive strategies. At present, the lack of significant fracture
reduction has been reported as the efficacy outcome'®. Interestingly,
adults withtype1osteogenesis imperfecta have shown a more robust
BMD accrual inresponse to teriparatide than adults with more severe
types'”’ (NCT00131469); this beneficial effectin patients with type 1is
also confirmed in other studies'**'*’,

Romosozumab is a monoclonal antibody that targets sclerostin,
enabling WNT signalling to occur; this treatment has a dual effect
of promoting bone formation and blocking bone resorption™°"2,
A phaseItrial (NCT04545554) investigated safety and efficacy in chil-
dren and adolescents, including those with a history of clinical osteo-
genesis imperfecta type 1. This trial has been extended to a phase 11
trial (NCT05972551) comparing romosozumab with bisphosphonates
to investigate if romosozumab can provide better protection against
fractures onthe basis of promising evidence in osteogenesis imperfecta
type 1, including in haploinsufficient osteogenesis imperfecta type 1
(refs.110-112).

Setrusumab, or BPS804, is also an anti-sclerostin antibody, which
was found to be well tolerated and to increase BMD in a phase Ila trial
inadults with osteogenesisimperfecta, including in participants with
genetically confirmed type 1 (NCT01417091)"". This result prompted
expansionto the phasellb Asteroid trial with a larger cohort of patients
with osteogenesis imperfecta (NCT03118570), which suggested
a beneficial effect on bone strength'. The phase Il/phase Il Orbit
(NCT05125809) and phase Ill Cosmic (NCT05768854) trials tested
whether these promising results can also be verified in paediatric
cohorts of patients with osteogenesis imperfecta with genetically
confirmed type 1. The Cosmic trial specifically investigated fracture
rate in patients treated with setrusumab compared with fracture rate
in patients treated with bisphosphonates.

Updated phase Il data from Orbit, in which 71% of the partici-
pants had osteogenesisimperfecta type 1, showed decreased fracture
rate and increased BMD'. Although both Orbit and Cosmic studies
demonstrated substantial increases in BMD, neither achieved statis-
tically significant reductions in fracture rates, the primary end point,
accordingto apressrelease that reported the results. These findings
highlight a dissociation between improvements in BMD and clinical
fracture outcomes'*®. However, full peer-reviewed publications of
these trials are not yet available, and current evidence is limited to
preliminary reports™®.

Fresolimumab is a TGFB-inactivating antibody that was tested
in a phase I trial NCT03064074) in moderate to severe osteogenesis
imperfecta, which excluded patients with osteogenesis imperfecta type
1. Studies in which anti-fracture potency of fresolimumab was tested
on a Collal”~ haploinsufficient mouse with excessive TGF@3 signal-
ling showed that TGFp inhibition could ameliorate the osteogenesis
imperfecta phenotype®*'”, justifying this approach in patients with
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haploinsufficient osteogenesisimperfecta®. Fresolimumab led to BMD
increase in some patients with osteogenesis imperfecta'®. This result
led to the phase I POISE1 trial (NCT05231668) testing the anti-TGFf anti-
body SAR439459 in adults, with inclusion of osteogenesis imperfecta

(PTH analogue and bisphosphonate)
 Phase IV TOPAZ (NCT03735537)

Bisphosphonates
(off-label)

Denosumab

(anti-RANKL antibody)

e Phase IIl (NCT02352753 and
NCT03638128)

SAR439459
(anti-TGFB antibody)
e Phase | POISE1 (NCT05231668)

Fresolimumab
(anti-TGFB antibody)
e Phase | (NCT03064074)

Losartan
(angiotensin Il receptor blocker)
» Phase | (MOI-A, ISRCTN13317811)

type 1with genetic confirmation. Losartan (ISRCTN13317811) is being
repurposed for osteogenesisimperfecta on the basis of strong preclini-
calevidence that it reduces pathological TGFf3 signalling and improves
bonestructure in the MOI-A trial"’. A phase Il trial is ongoing.

Nature Reviews Endocrinology


http://www.nature.com/nrendo

Review article

Fig.3|Bone pathophysiology in osteogenesis imperfecta type 1and clinical
trialinterventions. The extracellular matrix of bone affected by osteogenesis
imperfecta type 1shows reduced levels of collagen type I, thinner collagen

fibres and increased mineral crystal deposition, reflecting abnormal matrix
composition. Hypercellularity with elevated numbers of osteoblasts and
osteoclasts indicates a profound remodellingimbalance. A central pathway is the
receptor activator of nuclear factor-kB ligand (RANKL) axis, in which osteoblast-
derived RANKL binds osteoclast precursors to drive osteoclast formation,
activation and survival, thereby promoting bone resorption. During resorption,
transforming growth factor-B (TGFp) is released, with concentration-dependent
effects: low levels stimulate osteoclasts, whereas high levels enhance osteoblast
activity. In osteogenesis imperfecta, defective collagen limits bone formation,

perpetuating resorption and TGF( release. Reduced sclerostin expression
further diminishes osteoblast inhibition while promoting RANKL upregulation.
Therapiesin clinical trials target osteoanabolic and osteocatabolic pathways.
Teriparatide, a parathyroid hormone (PTH) analogue, stimulates osteoblasts
and has been tested with zoledronic acid, which, like other bisphosphonates
(current off-label standard), inhibits osteoclasts. Denosumab, a RANKL antibody,
suppresses resorption. Romosozumab and setrusumab, targeting sclerostin,
enhance osteoblast activity. Agents modulating TGFf signalling (SAR439459,
fresolimumab and losartan) are also under investigation. Perinatal mesenchymal
stem cell (MSC) administration represents aregenerative approach to restore
bone integrity. Dotted-line arrows show signals that are inhibited by therapies
currently being tested.

Currentbone-targeted'*>'°*2*'?' therapies increase bone mass but
fail to restore bone quality, highlighting the need for strategies that
address collagen deficiency, dysregulated ECM, hypermineralization
and high bone turnover to achieve effective treatment for osteogen-
esis imperfecta type 1. Trials with advanced therapies include the
BOOSTB4 (NCT03706482), BOOST2B (NCT04623606) and TERCELOI
(NCT02172885, observational study) phase I/phase Il trials with MSC
administrationin paediatric patients with severe osteogenesis imper-
fecta. Despite promising early outcomes'?*'>, osteogenesisimperfecta
type 1is not included in these trials owing to the later diagnosis; this
osteogenesisimperfectatype alsorequires awell-founded benefit-risk
profile assessment.

Preclinical studies

Incomparison to the ongoing pharmacological and cell therapytrials,
gene therapy could specifically address the genetic defect of osteogen-
esisimperfecta with lasting effects. Recombinant adeno-associated
virus-based gene therapy has been used to correct the Colla2 defect
in the OIM mouse model of severe osteogenesis imperfecta'?. At
present, no clinical trials are listed for gene therapy in osteogenesis
imperfecta or other monogenic skeletal dysplasias, highlighting the
considerable delay in progress. Hurdles to overcome involve the
lack of bone cell-targeting vectors, efficiency of gene editing and
off-target consequences'”. Despite haploinsufficient osteogenesis
imperfectabeing caused by hundreds of COL1AI variants, it presents
uniformity in the form of collagen deficiency. Gene addition might
be an appropriate treatment strategy, but the large gene size poses
a challenge. Considering the immature stage of gene therapy, the
risk might outweigh the clinical effects of haploinsufficient osteo-
genesis imperfecta. Advancements in gene therapy techniques are
expected to deepen our understanding of their underlying mecha-
nisms while reducing associated costs, expanding the scope of gene
therapy beyond exclusively severe and life-threatening disorders.
Consequently, gene therapy could become increasingly applicable
to conditions such as haploinsufficient osteogenesisimperfectaand
other mild to moderate genetic disorders'®. It is therefore essential
to establish arobust foundational framework to support these future
therapeutic innovations.

Conclusions

The lack of disease models, clinical trials and guidelines specifically
for haploinsufficient osteogenesis imperfecta has not done justice
to this large patient group over the past few decades. Emerging evi-
dence is starting to reveal a distinct disease burden that is much
higher than initially accepted, disputing its historical designation

as ‘mild’ osteogenesis imperfecta. It is imperative that this popula-
tion be sufficiently characterized to recognize critical patient needs.
Improving understanding of these needs can facilitate the implemen-
tation of meaningful end points in trials for therapies for skeletal and
multisystemic osteogenesis imperfecta complications.

Regarding translational efforts, it is exciting to follow the arrival
of new animal models for haploinsufficient osteogenesisimperfecta,
which canhelp todecipherits molecular pathogenesis andlead to the
testing of new interventions. The molecular uniformity of collagen
deficiency might allow future therapies to treat a large proportion of
patients with this disease. With this Review, we urge the community
of researchers and healthcare providers that work on osteogenesis
imperfecta or treat patients with this disease to devote more attention
to haploinsufficient osteogenesis imperfecta so that this important
patient group can benefit from adequate research and care.
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