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Abstract

Osteogenesis imperfecta is a common 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 burden in 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 imperfecta with broader genetic causes, they are primarily 
characterized by molecular uniformity in the form of collagen type I 
deficiency. The scarcity of animal and cell models has also contributed 
to the lack of initiatives to explore osteogenesis imperfecta type 1. This 
Review aims to break this vicious cycle of osteogenesis imperfecta  
type 1 obscurity by defining knowledge gaps that future investigations 
of this disease should aim to address.
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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 to research opportunities and healthcare resources. Compared 
with the needs of patients with the deforming osteogenesis imperfecta 
types 2, 3 and 4, the needs of patients with osteogenesis imperfecta 
type 1 remain unrecognized4. The disability these patients live with 
is invisible, so they often receive suboptimal care, especially in the 
paediatric, orthopaedic and endocrinology settings8. Its effect on both 
physical and mental health is often underestimated, contributing to 
delayed diagnosis, inadequate management and under-representation 
in research, leaving physicians struggling with unclear prognosis.

This Review aims to alert the clinical and research community 
about knowledge gaps regarding the large population with osteogen-
esis imperfecta type 1 by 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 osteogenesis imperfecta, 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)1. 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 age9.

Skeletal manifestations
Bone fragility in patients with osteogenesis imperfecta type 1 largely 
diverges between osteopenia and osteoporosis. It ranges from absence 
of fractures, which is observed in approximately 10% of patients, to 
several dozens of fractures during an individual’s lifetime10,11 (Box 1 
and Supplementary Table 1). The median age of first fracture is typically 
between 1.5 and 2.5 years10. The highest fracture rate occurs during rapid 
growth and gait development in children aged 0–3 years. Fracture rates 
tend to stabilize in adulthood, followed by a secondary increase after 
the age of 50 and after menopause12. Long-bone fracture rates range 
from 0.4 to 1.2 fractures per year in studies on cohorts spanning the 
whole lifespan but enriched for paediatric patients2,13,14, corresponding 
to approximately 95-fold increased long-bone fracture risk compared 
with the general population13. The tibia and fibula are the most affected 
fracture sites, followed by the femur. Over time, common fractures 
gradually shift from the lower limbs to the radius, ulna and humerus in 
the upper limbs. This shift might be caused by changes in the nature of 

Key points

	• 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.

	• 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.

	• Haploinsufficiency-driven collagen I 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.

	• 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.

	• 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
Osteogenesis imperfecta type 1 (OMIM #166200) is the most common 
non-deforming type of this rare, skeletal dysplasia. It accounts for 
approximately 50–70%1–3 of all osteogenesis imperfecta cases, with an 
estimated prevalence of 1 in 20,000 to 25,000 live births2. Osteogenesis 
imperfecta is primarily caused by pathogenic variants in the COL1A1 or 
COL1A2 genes4, which encode the α1(I) and α2(I) chains of collagen type I,  
the main structural protein in bone. Around 40%5 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%6 of osteogenesis imperfecta 
type 1 cases, as its defining molecular mechanism.

Clinically, osteogenesis imperfecta type 1 is distinguished from 
other osteogenesis imperfecta forms and bone fragility syndromes by 
mostly unaffected stature and a relatively 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%)4,7 (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 
imperfecta forms, type 1 exhibits 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 1 and 2). The historical term ‘mild osteogenesis 
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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 sites10. An estimated 71% of patients suffer from vertebral 
compression fractures, which most commonly affect mid-thoracic 
and low-thoracic regions and are especially common in the paediatric 
population13. 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 1 is considerably reduced compared with BMD in 
healthy control individuals. Reported mean total hip BMD values range 
from 0.73 g/cm2 to 0.87 g/cm2, whereas reported T-scores range from 
−1.10 to −1.41, placing the majority of patients within the osteopenic 
range15–18 (Table 1). Similar trends are observed in the lumbar spine, 
where BMD values range from 0.76 g/cm2 to 0.95 g/cm2 and Z-scores 
fall between −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.

Scoliosis affects approximately 13% to 60% of these individuals, 
with a tenfold increased risk compared with the general population13,19 
(Supplementary Table 1). Although other skeletal deformities are 
relatively uncommon, these typically mild deformities can arise 
from fractures and include long-bone bowing13. 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 norms13.

Extraskeletal manifestations
Beyond the skeletal system, osteogenesis imperfecta affects multiple 
organ systems that rely on collagen type I, including the musculoskel-
etal, cardiopulmonary, cutaneous, dento-oral, ocular and auditory 
systems (Fig. 1 and 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 bluish sclerae are seen in 80–100% of patients with osteo-
genesis imperfecta type 1, probably because of altered light scattering 
from thinner collagen fibrils20,21 and increased water and proteoglycan 
content21. Although the occurrence of scleral thinning remains debated 
in osteogenesis imperfecta type 1, corneal thinning is known to occur in 

Box 1 | Clinical diagnosis and management of osteogenesis imperfecta type 1
 

Unlike the deforming types of osteogenesis imperfecta, type 1 is 
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 1 is occasionally misdiagnosed as 
non-accidental injury in paediatric patients3. 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 DEXA78. 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 I (P1NP 
and PICP), indicators of collagen type I synthesis, are substantially 
reduced131. By contrast, levels of osteocalcin (OCN) can be elevated 
or within normal range, resulting in an increased OCN to P1NP ratio132. 
This ratio has demonstrated high diagnostic specificity and serves 

as a reliable indicator of impaired collagen production. Emerging 
biomarkers such as sclerostin and Dickkopf-related protein 1 
(DKK1)19,133 offer potential for further phenotypic classification and 
diagnostic refinement.

Embedding patients within multidisciplinary care systems134 and 
ensuring competent adult transition programmes135 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 surgery136. Clinical care is often initiated after 
fractures start14,98,137 and emphasizes extraskeletal and systemic 
features as individuals age14,98,137. Findings highlight the predominance 
of pain and fatigue37, 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 management37. 
Functional impairment is further exacerbated by arthritis, joint 
hypermobility and tendon rupture138. Childhood bisphosphonate 
therapy in non-deforming osteogenesis imperfecta might enhance 
physical functioning and activity levels, underscoring the importance 
of tailored management strategies139.
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this disease, and thin corneas22,23 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 of life, with trauma or infections influencing severity23,24. 
Dentinogenesis imperfecta occurs in up to 60% of cases, with infrequent 
malocclusions and missing teeth25. Pulmonary function is generally near 
normal, but restrictive lung disease, asthma or recurrent pneumonia 
can develop26. Gastrointestinal health studies are limited; patients with 
osteogenesis imperfecta type 1 can 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 pain27,28. Collagen type I deficiency in the 
myocardium predisposes patients to valvular disease, heart failure, 
atrial fibrillation, hypertension and aortic root dilation29,30. Reduced 
physical activity due to fracture risk also elevates cardiovascular risk, 
although life expectancy remains close to normal. Fragile skin and blood 
vessels can cause easy bruising and bleeding complications31. 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 healing32.

Whereas most patients with osteogenesis imperfecta type 1 walk 
independently, some need wheelchairs because of fractures, pain, 
fatigue, muscle weakness or joint hypermobility33,34. Joint hypermobil-
ity affects up to 70% of these patients, leading to frequent dislocations, 
tendon ruptures and flat feet35. Impaired motor control, proprioceptive 
deficits and muscle fatigability are common33,34.

Quality of life scores for physical functioning, pain, fatigue and 
vitality are lower in people with osteogenesis imperfecta type 1 than in 
the general population36. More than one-third of this patient popula-
tion reports moderate to severe pain that affects mobility, particularly 
in the feet (37.67%), legs (42.47%), back (74.67%) and joints (56.55%)37. 
Chronic pain affects 38%, worsening with age and limiting daily activi-
ties because of fatigue and reduced physical activity9,37. However, the 
underlying mechanisms of pain and fatigue in osteogenesis imperfecta 
type 1 remain poorly understood and understudied.

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 participation9,38. Although 
type 1 presents milder skeletal symptoms, it is associated with dispro-
portionately lower scores in mental and social quality of life domains 
compared with other osteogenesis imperfecta types, indicating dis-
tinct psychological burdens39. Contributing factors include delayed 
diagnosis and the ‘invisible’ nature of the condition, which can lead 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 type 1 is ‘mild’. A critical component of this psychological burden 
is the experience of fractures and bone fragility40, 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 effect in this 
large population remains absent.

Inheritance and reproductive features
Osteogenesis imperfecta type 1 is inherited in a familial pattern in over 
half of cases, a proportion intrinsically higher than in deforming osteo-
genesis imperfecta types. As a result, family planning is particularly 
important for individuals with osteogenesis imperfecta type 1. Compre-
hensive genetic counselling should be made available for this autosomal 
dominant disorder, along with options for non-invasive prenatal testing 
and preimplantation genetic testing. Despite the importance of repro-
ductive health for women with type 1, it remains an under-researched 
area. Some evidence points to increased pregnancy risks from potential 
skeletal and soft tissue complications in this population, but research 
into this area has yielded conflicting results41–43.

Despite the familial pattern in many cases, approximately 43% of 
individuals with osteogenesis imperfecta type 1 carry spontaneous de 
novo pathogenic variants, emphasizing that a negative family history 
does not preclude diagnosis44. Additionally, up to 8% of cases are attrib-
uted to parental mosaicism, in which only a subset of cells carries the 
pathogenic variant45. This occurrence can result in a milder or subclini-
cal phenotype in the carrier parent. These complexities highlight the 

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%2 to 97%6 
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 testing140.

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 

of haploinsufficient osteogenesis imperfecta. In instances of low 
coverage by NGS, Sanger sequencing of COL1A1 and COL1A2 is 
performed to ensure comprehensive variant detection141. Functional 
assays can support the confirmation of pathogenicity for variants 
of uncertain significance46. 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 gene142. 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.
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importance of advanced genetic diagnostics and tailored counselling 
to ensure accurate identification and understanding of osteogenesis 
imperfecta type 1 genetics (Box 2).

Genetic background
According to the most recent dyadic Sillence classification, osteogen-
esis imperfecta type 1 is classified into the following subtypes: autoso-
mal dominant osteogenesis imperfecta type 1, COL1A1-related (OMIM 
#166200); autosomal dominant osteogenesis imperfecta type 1, COL1A2-
related (OMIM #166200); autosomal dominant osteogenesis imper-
fecta type 1, COL1A1 related or COL1A2 related, with a high-bone-mass 
phenotype4,46; and extremely rare autosomal recessive osteogenesis 
imperfecta type 1, PHLDB1-related cases (OMIM #620639)47. 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. Advances in genetic testing have demonstrated 
substantial heterogeneity within individual osteogenesis imperfecta 
types; for example, patients classified as having osteogenesis imper-
fecta type 1 can carry either COL1A1 haploinsufficiency variants or 
dominant-negative COL1A1 or COL1A2 variants, which can differ in clinical 
course and therapeutic considerations. These observations have fuelled 
ongoing efforts to develop a more genotype-oriented classification 
system, although the Sillence framework continues to retain important  
clinical utility, particularly when molecular diagnosis is unavailable4,48.

Pathogenic variants that cause osteogenesis imperfecta type 1 are 
more frequently reported in the COL1A1 gene (78%) and less commonly 
in COL1A2 (16%). Haploinsufficiency or loss-of-function (LoF) variants, 
also referred to as null alleles, cause most osteogenesis imperfecta type 1 
cases (approximately 60–80%). Structural amino acid substitutions that 
cause osteogenesis imperfecta type 1 are less frequent. Clinically, hap-
loinsufficiency variants and amino acid substitutions are indistinguish-
able, rendering it impossible to reserve a diagnosis of type 1 exclusively 
for haploinsufficiency cases. Collagen haploinsufficiency outcomes 

differ considerably. Homozygous LoF variants in COL1A1 are embryoni-
cally lethal, as evidenced by murine models. Notably, prenatal lethality 
has also been reported in cases of severely reduced levels of normal 
collagen type I (<20%) in humans49. By contrast, biallelic COL1A2 haplo-
insufficiency variants lead to cardiac valvular Ehlers–Danlos syndrome 
(OMIM #225320), whereas heterozygous COL1A2 haploinsufficiency 
variants are considered non-pathogenic (Fig. 2).

COL1A1 haploinsufficiency variant types
Haploinsufficient osteogenesis imperfecta typically arises from het-
erozygous LoF variants in the COL1A1 gene (Fig. 2). Frameshift variants, 
caused by insertions or deletions of a number of nucleotides not divis-
ible by three, disrupt the reading frame and often introduce premature 
termination codons (PTCs). Similarly, less common, nonsense vari-
ants directly generate PTCs, whereas splice-site variants, particularly 
−1G>A substitutions at acceptor sites within the triple-helical domain, 
can also lead to PTCs50. Donor splice-site variants have more variable 
effects, potentially causing exon skipping or frameshifts that can yield 
non-functional transcripts51. Yet, in certain cases, they can produce 
truncated but stable mRNA, resulting in abnormal α1(I) chains that 
interfere with collagen helix formation. Some intronic variants lead 
to aberrant splicing events, ultimately causing haploinsufficiency46.

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 COL1A1 gene52,53, 
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 
exon involvement.

Haploinsufficiency mechanisms
Following NMD, which degrades the mutant COL1A1 transcript, only the 
COL1A1 mRNA derived from the normal allele is 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 total hip 
(g/cm2)

BMD total 
hip (Z-score) 
[T-score]

BMD femoral 
neck (g/cm2)

BMD femoral 
neck (Z-score) 
[T-score]

BMD lumbar spine 
(g/cm2)

BMD lumbar 
spine (Z-score) 
[T-score]

Mean age ± s.d.  
or mean age  
(age range) (years)

Austria I15 (20) 0.87 ± 0.19 [−1.10 ± 1.50] 0.86 ± 0.23 [−1.20 ± 1.70] NA NA 45.70 ± 16.40

Austria II16 (21) 0.84 ± 0.13 [−1.41 ± 1.11] NA [−1.85 ± 1.39] 0.91 ± 0.15 [−2.22 ± 1.29] 45.60 ± 13.40

Canada13 (86) NA NA NA NA NA (−3.00 ± 1.20) 13.30 ± 13.90

China I127 (107) NA NA NA (−2.60 ± 1.90) NA (−1.80 ± 1.50) 8.70 (0.20–64.00)

China II128 (29) NA NA NA (−1.90 ± 1.50) NA (−0.80 ± 1.40) NA

Japan129 (28) NA NA NA NA NA [−2.33 ± 1.47] 10.80 ± 12.40

North America17 (n varied 
between groups; specific 
values given with BMD values)

0.80 ± 0.11a  
(n = 20); 0.73 ± 
0.12b (n = 25)

NA 0.74 ± 0.12a  
(n = 23); 0.68 ± 
0.17b (n = 27)

NA 0.85 ± 0.14a (n = 22); 
0.76 ± 0.11b (n = 32)

NA 37.30 ± 12.20

Norway18 (68) 0.84 ± 0.16 (−1.55 ± 1.28) NA NA 0.95 ± 0.14 (−1.87 ± 1.06) 45.00 ± 13.00

Sweden2 (151) NA NA NA NA NA (−2.66 ± 0.16) 17.51 ± 13.94

Taiwan130 (40) NA NA NA NA NA (−1.70 ± 1.25) 21.40 ± 17.00

The Netherlands98 (107) NA NA NA NA NA (−2.00 ± 1.27) 
[−2.46 ± 1.23]

41 (18.00–76.00)

BMD, bone mineral density; n, number of patients; NA, not available; s.d., standard deviation. apatient group untreated with bisphosphonates. bpatient group treated with bisphosphonates.
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effectively reducing expression by half54,55. This mRNA is translated 
into pre-procollagen α1(I) chains, which are transported to the rough 
endoplasmic reticulum, where the signal peptide is cleaved56. Within 
the endoplasmic reticulum, the α1(I) and α2(I) chains assemble into 
a procollagen triple helix composed of two α1(I) chains and one α2(I) 
chain. Owing to haploinsufficiency, there is an insufficient supply of 
α1(I) chains, which limits the formation of complete, properly assem-
bled triple helices, despite sufficient levels of α2(I) chain. The precise 
2:1 ratio of α1(I) chains to α2(I) chains is essential, as the availability of 
correctly folded chains determines collagen fibril synthesis and extra-
cellular matrix (ECM) deposition57. In contrast to α1(I), α2(I) homotrim-
ers do not exist and extra chains are degraded, making the synthesis of 
α1(I) the limiting factor in collagen type 1 production. Growing evidence 
suggests that the COL1A1 to COL1A2 mRNA ratio reflects alterations 
in collagen type I quantity, with a decreased ratio observed in hap-
loinsufficient osteogenesis imperfecta type 1. The balance between 

COL1A1 expression and COL1A2 expression is tightly regulated by 
transcriptional, post-transcriptional and epigenetic mechanisms 
involving transcription factors and miRNAs that are shared between 
genes58. Disrupted collagen type I mRNA ratio, particularly through 
increased COL1A2 expression, even in the absence of COL1A1 mRNA 
reduction in various haploinsufficient osteogenesis imperfecta type 1 
human cell and murine models59,60, is associated with decreased colla-
gen type I production and disease pathology. Both COL1A1 and COL1A2 
are dosage-sensitive genes61, 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 varies62,63. 
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Ocular health risks

Brain
Mental burden

Lungs
Pulmonary complications

Heart
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Intestines
Gastrointestinal issues

Skin
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Skeletal muscle
Muscle weakness
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In up to 70% of cases

Dentinogenesis imperfecta
In up to 60% of cases

Pain and fatigue
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Vertebral fractures
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Long-bone fractures
0.4–1.2 per year
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Joint hypermobility
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Fig. 1 | Multisystemic clinical manifestations of 
osteogenesis imperfecta type 1. Major clinical features 
associated with osteogenesis imperfecta type 1 are caused 
by genetic defects that lead to collagen type I alterations. 
The multisystemic nature of osteogenesis imperfecta type 1 
includes both skeletal fragility and widespread soft tissue  
involvement. Common skeletal and other connective 
tissue manifestations include increased risk of long-bone 
fractures, common blue sclera, hearing loss, dentinogenesis 
imperfecta, scoliosis, vertebral fractures, reduced stature, 
joint laxity, chronic pain and fatigue, with the latter 
two typically worsening with age. Soft tissue and other 
extraskeletal complications encompass ocular pathologies, 
pulmonary involvement, cardiovascular and bleeding 
risks, muscle weakness, gastrointestinal disturbances and 
increased mental burden.
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This phenomenon might be due to an altered collagen types III and V 
to type I ratio affecting collagen type I fibrillogenesis64.

Phenotypic variability
Although haploinsufficiency typically results in the classic osteogenesis 
imperfecta type 1 phenotype, considerable intrafamilial and interfa-
milial phenotypic variability is observed, even among individuals with 
identical variants65. 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 type66. 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 
are involved in disease pathogenesis. In murine models67 of osteogen-
esis imperfecta type 1, 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 is improved. Human studies68 of 

circulating microRNAs identify a distinct signature of six miRNAs linked 
to osteogenesis and osteoclastogenesis, as well as direct regulation 
of COL1A1 and COL1A2 expression. 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
In osteogenesis imperfecta type 1, a reduction in levels of collagen type 
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 decorin69. Levels of other matrix constituents, such as 
hyaluronan and, according to some reports, fibronectin and throm-
bospondin, might be elevated70,71. Even though these ECM alterations72 
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Fig. 2 | Effects of different types of pathogenic variant in the COL1A1 and 
COL1A2 genes on mRNA, protein and phenotype. Heterozygous loss-of-function 
(LoF) variants in COL1A1 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 COL1A1 transcript levels by half. Although 
donor splice-site or intronic variants can variably disrupt splicing, some generate 
truncated but stable mRNA, producing abnormal α1(I) chains that interfere with 
triple helix assembly and result in dominant-negative osteogenesis imperfecta. 

Dominant-negative variants in both COL1A1 and COL1A2, including missense 
substitutions within the triple-helical domain or in-frame splice alterations, give 
rise to structurally abnormal α1(I) and α2(I) chains that are incorporated into 
collagen fibrils, disrupting helix stability and leading to deforming osteogenesis 
imperfecta (types 2, 3 and 4). Heterozygous haploinsufficient COL1A1 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, which is evident from 
early stages73, bone turnover indices remain elevated74. Mineral crys-
tals are of normal size75 but more densely packed76, a consequence of 
thinner collagen fibrils, which increases bone stiffness and brittleness. 
Bone microarchitecture analysis reveals reduced bone size, thinner 
cortices and a less homogeneous trabecular network with lower bone 
volume, reduced trabecular number, increased spacing and compensa-
tory thickening of residual trabeculae74,77,78. Collagen deficiency also 
disrupts cellular function79,80, 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 swelling70. 
Osteocytes, which are derived from osteoblasts, are more densely 
distributed in both cortical and trabecular bone81. Osteoclast activity 
is elevated, although less than in deforming osteogenesis imperfecta82. 
Data published in 2020 suggest that skeletal stem and progenitor cells 
are increased in number yet exhibit reduced osteogenic potential and 
heightened adipogenic plasticity83. This finding is potentially due to 
their dependence on collagen-rich ECM for lineage commitment84.

Haploinsufficient animal models
Despite patients with haploinsufficient osteogenesis imperfecta com-
prising such a large 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 
imperfecta types. For the past four decades, the heterozygous Mov13 
mouse model has been the only one in existence for haploinsufficient 
osteogenesis imperfecta. It was generated by the integration of the 
Moloney murine leukaemia retrovirus at the 5′ end of Col1a1, which 
resulted in the transcriptional inhibition of this gene and less collagen 
type I. Mov13 mice present osteogenesis imperfecta type 1, but their use 
beyond 2 months of age is complicated by severe lymphoma presenta-
tion. This phenotype raises questions about whether their osteogenesis 
imperfecta disease outcomes reflect the outcomes seen in humans and 
prohibits investigations at later life stages59.

The Col1a1+/−365 and Col1a1+/− mice were derived by deleting 
exons 2–5 in Col1a1 and were described in 2019 and 2025 publica-
tions, respectively85,86. The frameshift effect and PTC created by this 
deletion reduced levels of pro-α1(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 imperfecta85. Tibias from mice in which 
exons 2–5 were deleted also showed enrichment in transforming 
growth factor-β (TGFβ) signalling86.

The hiOI mouse model was derived by inducing a heterozygous 
Col1a1 deletion starting at intron 1, in agreement with large COL1A1 
deletions in patients with haploinsufficient osteogenesis imperfecta. 
The hiOI model recapitulates the non-deforming osteogenesis imper-
fecta skeletal physiology, as evidenced by reduced bone volume and 
altered bone microarchitecture and biomechanics. Interestingly, hiOI 
mice exhibited reduced collagen type I production but no decrease in 
Col1a1 mRNA expression in bone tissue. However, in combination with 
upregulated Col1a2 expression, a decreased Col1a1 to Col1a2 ratio was 
noted60. Although a ninefold reduction in Col1a1 gene expression was 
observed in tibias from 17-week-old Mov13 mice, the data are lacking 

in Col1a1+/−365 mice87. Future studies will inform about the role of Col1a1 
to Col1a2 ratio in collagen type I regulation. These haploinsufficient 
osteogenesis imperfecta mouse models share prenatal lethality in the 
homozygous state, in line with the constitutive role of collagen type I 
in mammalian life.

Preclinical therapeutic research in osteogenesis imperfecta has 
increasingly relied on the aforementioned haploinsufficient osteogen-
esis imperfecta mouse models as a platform recapitulating key aspects 
of human osteogenesis imperfecta type 1. Genetically modified adipose 
tissue-derived83 mesenchymal stem cells engineered to express human 
COL1A1 substantially improved bone microarchitecture, mechanical 
properties and osteogenesis when delivered to Col1a1+/−365 mice, dem-
onstrating the potential of autologous cell-based gene therapy in cor-
recting collagen deficiency-related bone defects. The Col1a1+/−365 mouse 
model has also been used to investigate emerging therapeutic strate-
gies, including intramedullary delivery of recombinant BMP2-loaded 
microspheres and inhibition67,88 of DNA methyltransferases. Targeted 
modulation of TGFβ86 signalling in a new Col1a1+/− mouse model resulted 
in increased bone mass and strength, supporting the expansion of 
anti-TGFβ approaches to haploinsufficient forms of osteogenesis imper-
fecta and increasing the translational potential of new developments  
in the 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 I in Danio rerio consists of three different α1(I), α3(I) 
and α2(I) chains, which are encoded by col1a1a, col1a1b and col1a2, 
respectively. Heterozygous knockout of both α1(I) and α3(I), the human 
COL1A1 orthologues, resembles non-deforming osteogenesis imper-
fecta. Loss of α1 but not α3 causes lethality in early larval develop-
ment, indicating a dosage effect. The double knockout Col1a1asa1748 
(p.Gly1179X)/Col1a1bsa12931 (p.Cys68X) zebrafish model represents hap-
loinsufficient osteogenesis imperfecta defects, exhibiting increased 
fracture risk and minimal skeletal malformations89.

Cell and organoid models
Human in vitro 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 bone55,90. Fibroblasts reflect 
the hallmark reduction in collagen type I in haploinsufficient osteo-
genesis imperfecta and can be cultured in 3D models or differentiated 
into osteoblast-like cells to study mineralized matrix and bone-specific 
markers57,91. 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 strategies92,93. 
iPSCs can be used to derive induced MSCs (iMSCs), which can differ-
entiate to osteoblasts and potentially other skeletal and soft-tissue cell 
types relevant to haploinsufficient osteogenesis imperfecta extraskel-
etal pathology92. Furthermore, iPSC-derived and iMSC-derived 3D 
tissues and bone-like organoids offer improved representation of  
in vivo architecture and cell–ECM interactions94. However, dedicated 
organoid models for haploinsufficient osteogenesis imperfecta are 
neglected. Compared with deforming osteogenesis imperfecta types, 
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 pharmacokinetic integration, will advance 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 osteogenesis imperfecta type has been 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 type 1, 
considering that 60–80% of these patients have haploinsufficiency2,6. 
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 imperfecta95 (albeit not 
in Italy96 or Japan97, 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 treatment in patients with severe osteogenesis imper-
fecta forms10, although bisphosphonate use is not noticeably less in 
non-deforming osteogenesis imperfecta16,98. Different bisphospho-
nates, or combinations thereof, are used widely to treat osteogenesis 
imperfecta, including in approximately half of patients with osteogen-
esis imperfecta type 1 (Supplementary Table 1). Only one study reports 
the use of bisphosphonates specifically in haploinsufficient osteogen-
esis imperfecta. Similarly, 49% of patients with haploinsufficient osteo-
genesis imperfecta had a history of bisphosphonate treatment, which 
produced a statistically non-significant reduction in long-bone fracture 
rate13. Studies on bisphosphonate use in non-deforming osteogenesis 
imperfecta report conflicting outcomes regarding BMD and fracture 
risk in adults99. Paediatric and adolescent cohorts with non-deforming 
osteogenesis imperfecta indicated improved BMD but not reduced 
fracture rate10,100 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 types101. Although 
bisphosphonates reliably increase BMD, their effect on fracture 
reduction102 in osteogenesis imperfecta remains inconclusive, and 
further mineralization in 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 
viability103. 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 anticatabolic and anabolic drugs aim for the coming years to 
bring on-label designation for medications in osteogenesis imperfecta 
(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-κB ligand. Denosumab was ini-
tially used as a bisphosphonate alternative in paediatric patients with 
osteogenesis imperfecta with SERPINF1 variants, in whom the disease 
shows suboptimal response to bisphosphonates due to unmineral-
ized osteoid104. 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 
both were terminated because of hypocalcaemia in paediatric patients.

The TOPAZ phase IV trial (NCT03735537) examined the action 
of the parathyroid hormone analogue teriparatide, followed by zole-
dronic acid infusion in clinically diagnosed adults, combining anabolic 
and antiresorptive strategies. At present, the lack of significant fracture 
reduction has been reported as the efficacy outcome106. Interestingly, 
adults with type 1 osteogenesis imperfecta have shown a more robust 
BMD accrual in response to teriparatide than adults with more severe 
types107 (NCT00131469); this beneficial effect in patients with type 1 is 
also confirmed in other studies108,109.

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 resorption110–112. 
A phase I trial (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 III 
trial (NCT05972551) comparing romosozumab with bisphosphonates 
to investigate if romosozumab can provide better protection against 
fractures on the 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 IIa trial 
in adults with osteogenesis imperfecta, including in participants with 
genetically confirmed type 1 (NCT01417091)113. This result prompted 
expansion to the phase IIb Asteroid trial with a larger cohort of patients 
with osteogenesis imperfecta (NCT03118570), which suggested 
a beneficial effect on bone strength114. The phase II/phase III Orbit 
(NCT05125809) and phase III 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 II data from Orbit, in which 71% of the partici-
pants had osteogenesis imperfecta type 1, showed decreased fracture 
rate and increased BMD115. Although both Orbit and Cosmic studies 
demonstrated substantial increases in BMD, neither achieved statis-
tically significant reductions in fracture rates, the primary end point, 
according to a press release that reported the results116. These findings 
highlight a dissociation between improvements in BMD and clinical 
fracture outcomes106. However, full peer-reviewed publications of 
these trials are not yet available, and current evidence is limited to 
preliminary reports116.

Fresolimumab is a TGFβ-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 Col1a1+/− haploinsufficient mouse with excessive TGFβ signal-
ling showed that TGFβ inhibition could ameliorate the osteogenesis 
imperfecta phenotype86,117, justifying this approach in patients with 

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

haploinsufficient osteogenesis imperfecta86. Fresolimumab led to BMD 
increase in some patients with osteogenesis imperfecta118. This result 
led to the phase I POISE1 trial (NCT05231668) testing the anti-TGFβ anti-
body SAR439459 in adults, with inclusion of osteogenesis imperfecta 

type 1 with genetic confirmation. Losartan (ISRCTN13317811) is being 
repurposed for osteogenesis imperfecta on the basis of strong preclini-
cal evidence that it reduces pathological TGFβ signalling and improves 
bone structure in the MOI-A trial119. A phase II trial is ongoing.
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Current bone-targeted102,106,120,121 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 II trials with MSC 
administration in paediatric patients with severe osteogenesis imper-
fecta. Despite promising early outcomes122,123, osteogenesis imperfecta 
type 1 is not included in these trials owing to the later diagnosis; this 
osteogenesis imperfecta type also requires a well-founded benefit–risk 
profile assessment.

Preclinical studies
In comparison to the ongoing pharmacological and cell therapy trials, 
gene therapy could specifically address the genetic defect of osteogen-
esis imperfecta with lasting effects. Recombinant adeno-associated 
virus-based gene therapy has been used to correct the Col1a2 defect 
in the OIM mouse model of severe osteogenesis imperfecta124. 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 consequences125. Despite haploinsufficient osteogenesis 
imperfecta being caused by hundreds of COL1A1 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 osteogenesis imperfecta and 
other mild to moderate genetic disorders126. It is therefore essential 
to establish a robust 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 osteogenesis imperfecta, 
which can help to decipher its molecular pathogenesis and lead 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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Fig. 3 | Bone pathophysiology in osteogenesis imperfecta type 1 and clinical 
trial interventions. The extracellular matrix of bone affected by osteogenesis 
imperfecta type 1 shows 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 remodelling imbalance. A central pathway is the 
receptor activator of nuclear factor-κB 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-β (TGFβ) 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 TGFβ release. Reduced sclerostin expression 
further diminishes osteoblast inhibition while promoting RANKL upregulation. 
Therapies in 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 TGFβ signalling (SAR439459, 
fresolimumab and losartan) are also under investigation. Perinatal mesenchymal 
stem cell (MSC) administration represents a regenerative approach to restore 
bone integrity. Dotted-line arrows show signals that are inhibited by therapies 
currently being tested.

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

15.	 Kocijan, R. et al. Femoral geometric parameters and BMD measurements by DXA in adult 
patients with different types of osteogenesis imperfecta. Skelet. Radiol. 42, 187–194 (2013).

16.	 Schanda, J. E. et al. Analysis of bone architecture using fractal-based TX-AnalyzerTM  
in adult patients with osteogenesis imperfecta. Bone 147, 115915 (2021).

17.	 Shapiro, J. R., Thompson, C. B., Wu, Y., Nunes, M. & Gillen, C. Bone mineral density and 
fracture rate in response to intravenous and oral bisphosphonates in adult osteogenesis 
imperfecta. Calcif. Tissue Int. 87, 120–129 (2010).

18.	 Wekre, L. L., Eriksen, E. F. & Falch, J. A. Bone mass, bone markers and prevalence of 
fractures in adults with osteogenesis imperfecta. Arch. Osteoporos. 6, 31–38 (2011).

19.	 Wang, Y. et al. Correlation of serum DKK1 level with skeletal phenotype in children with 
osteogenesis imperfecta. J. Endocrinol. Invest. 47, 2785–2795 (2024).

20.	 Verdonk, S. J. E. et al. Polarization-sensitive optical coherence tomography and scleral 
collagen fiber orientation in osteogenesis imperfecta. Exp. Eye Res. 247, 110048 (2024).

21.	 Sillence, D., Butler, B., Latham, M. & Barlow, K. Natural history of blue sclerae in 
osteogenesis imperfecta. Am. J. Med. Genet. 45, 183–186 (1993).

22.	 Lyster, M. L., Hald, J. D., Rasmussen, M. L., Grauslund, J. & Folkestad, L. Risk of eye 
diseases in osteogenesis imperfecta – a nationwide, register-based cohort study.  
Bone 154, 116249 (2022).

23.	 Hald, J. D. et al. Osteogenesis imperfecta and the teeth, eyes, and ears—a study  
of non-skeletal phenotypes in adults. Osteoporos. Int. 29, 2781–2789 (2018).

24.	 Felicio-Briegel, A. et al. Hearing impairment amongst people with osteogenesis 
imperfecta in Germany. Eur. Arch. Otorhinolaryngol. 282, 765–771 (2025).

25.	 Ventura, L. et al. Dental abnormalities in osteogenesis imperfecta: a systematic review. 
Calcif. Tissue Int. 115, 461–479 (2024).

26.	 Storoni, S. et al. Pathophysiology of respiratory failure in patients with osteogenesis 
imperfecta: a systematic review. Ann. Med. 53, 1676–1687 (2021).

27.	 LoTurco, H. M., Carter, E. M., McInerney, D. E. & Raggio, C. L. Patient-reported prevalence 
of gastrointestinal issues in the adult skeletal dysplasia population with a concentration 
on osteogenesis imperfecta. Am. J. Med. Genet. A 188, 1435–1442 (2022).

28.	 Anderesen, C. K., Al-Najami, I., Liu, W., Orwoll, E. & Folkestad, L. Risk of gastrointestinal 
diseases in osteogenesis imperfecta: a nationwide, register-based cohort study. 
Calcif. Tissue Int. 116, 15 (2025).

29.	 Folkestad, L. et al. Cardiovascular disease in adults with osteogenesis imperfecta: 
clinical characteristics, care recommendations, and research priorities identified using  
a modified Delphi technique. J. Bone Miner. Res. 40, 211–221 (2025).

30.	 Verdonk, S. J. E. et al. Is osteogenesis imperfecta associated with cardiovascular 
abnormalities? A systematic review of the literature. Calcif. Tissue Int. 114, 210–221 (2024).

31.	 Gooijer, K. et al. Bleeding assessment in a large cohort of patients with osteogenesis 
imperfecta. Orphanet J. Rare Dis. 19, 61 (2024).

32.	 Singh, D., Rai, V. & Agrawal, D. K. Regulation of collagen I and collagen III in tissue injury 
and regeneration. Cardiol. Cardiovasc. Med. 07, 5–16 (2023).

33.	 Pouliot-Laforte, A., Lemay, M., Rauch, F. & Veilleux, L.-N. Static postural control in youth 
with osteogenesis imperfecta type I. Arch. Phys. Med. Rehabil. 98, 1948–1954 (2017).

34.	 Ireland, A. et al. Muscle impairments in osteogenesis imperfecta: a narrative review. 
JBMR Plus 9, ziaf099 (2025).

35.	 Arponen, H., Mäkitie, O. & Waltimo-Sirén, J. Association between joint hypermobility, 
scoliosis, and cranial base anomalies in paediatric osteogenesis imperfecta patients:  
a retrospective cross-sectional study. BMC Musculoskelet. Disord. 15, 428 (2014).

36.	 Moon, J. Y. et al. Pain and physical function affecting quality of life in patients with 
osteogenesis imperfecta, X-linked hypophosphatemia, and hypermobile Ehlers-Danlos 
syndrome. JBMR Plus 9, ziaf076 (2025).

37.	 Rodriguez Celin, M. et al. A multicenter study to evaluate pain characteristics in 
osteogenesis imperfecta. Am. J. Med. Genet. A 191, 160–172 (2023).

38.	 van Welzenis, T. et al. The IMPACT survey: the humanistic impact of osteogenesis 
imperfecta in adults. BMC Public Health 24, 3318 (2024).

39.	 Wehrli, S., Rohrbach, M. & Landolt, M. A. Quality of life of pediatric and adult individuals 
with osteogenesis imperfecta: a meta-analysis. Orphanet J. Rare Dis. 18, 123 (2023).

40.	 Tsimicalis, A. et al. The psychosocial experience of individuals living with osteogenesis 
imperfecta: a mixed-methods systematic review. Qual. Life Res. 25, 1877–1896 (2016).

41.	 Rao, R. et al. Pregnancy in women with osteogenesis imperfecta: pregnancy 
characteristics, maternal, and neonatal outcomes. Am. J. Obstet. Gynecol. MFM 3, 
100362 (2021).

42.	 Ruiter-Ligeti, J., Czuzoj-Shulman, N., Spence, A. R., Tulandi, T. & Abenhaim, H. A. 
Pregnancy outcomes in women with osteogenesis imperfecta: a retrospective cohort 
study. J. Perinatol. 36, 828–831 (2016).

43.	 Lykking, E. K., Damkier, P., Kammerlander, H., Broe, A. & Folkestad, L. Pregnancy 
complications and birth outcome in patients with osteogenesis imperfecta – a 
population-based register study. Bone 187, 117202 (2024).

44.	 Zhytnik, L. et al. De novo and inherited pathogenic variants in collagen-related 
osteogenesis imperfecta. Mol. Genet. Genom. Med. 7, e559 (2019).

45.	 Zhytnik, L. et al. Reproductive options for families at risk of osteogenesis imperfecta:  
a review. Orphanet J. Rare Dis. 15, 128 (2020).

46.	 Li, L. et al. Validation and classification of atypical splicing variants associated with 
osteogenesis imperfecta. Front. Genet. 10, 979 (2019).

47.	 Tuysuz, B. et al. Biallelic frameshift variants in PHLDB1 cause mild-type osteogenesis 
imperfecta with regressive spondylometaphyseal changes. J. Med. Genet. 60, 819–826 
(2023).

48.	 Sillence, D. O. Six at sixty. Commentary on osteogenesis imperfecta 1975–2025.  
J. Med. Genet. 62, 422–426 (2025).

49.	 Cole, W. G., Campbell, P. E., Rogers, J. G. & Bateman, J. F. The clinical features of 
osteogenesis imperfecta resulting from a non-functional carboxy terminal pro alpha 1(I) 
propeptide of type I procollagen and a severe deficiency of normal type I collagen in 
tissues. J. Med. Genet. 27, 545–551 (1990).

50.	 Fang, Y., Bateman, J. F., Mercer, J. F. & Lamandé, S. R. Nonsense-mediated mRNA decay 
of collagen — emerging complexity in RNA surveillance mechanisms. J. Cell Sci. 126, 
2551–2560 (2013).

51.	 Schleit, J. et al. Molecular outcome, prediction, and clinical consequences of splice 
variants in COL1A1, which encodes the proα1(I) chains of type I procollagen. Hum. Mutat. 
36, 728–739 (2015).

52.	 van Dijk, F. S. et al. Complete COL1A1 allele deletions in osteogenesis imperfecta.  
Genet. Med. 12, 736–741 (2010).

53.	 Bardai, G. et al. Osteogenesis imperfecta type I caused by COL1A1 deletions.  
Calcif. Tissue Int. 98, 76–84 (2016).

54.	 Willing, M. C. et al. Osteogenesis imperfecta type 1: molecular heterogeneity for COL I A I 
null alleles of type I collagen. Am. J. Hum. Genet. 55, 638–647 (1994).

55.	 Wenstrup, R. J., Willing, M. C., Starmant, B. J. & Byers, P. H. Distinct biochemical 
phenotypes predict clinical severity in nonlethal variants of osteogenesis imperfecta. 
Am. J. Hum. Genet. 46, 975–982 (1990).

56.	 Claeys, L. et al. Collagen transport and related pathways in osteogenesis imperfecta. 
Hum. Genet. 140, 1121–1141 (2021).

57.	 Micha, D., Pals, G., Smit, T. H. & Ghazanfari, S. An in vitro model to evaluate the properties 
of matrices produced by fibroblasts from osteogenesis imperfecta and Ehlers-Danlos 
syndrome patients. Biochem. Biophys. Res. Commun. 521, 310–317 (2020).

58.	 Prockop, D. J. & Kivirikko, K. I. COLLAGENS: molecular biology, diseases, and potentials 
for therapy. Annu. Rev. Biochem. 64, 403–434 (1995).

59.	 Claeys, L. et al. Exploration of the skeletal phenotype of the Col1a1+/Mov13 mouse model  
for haploinsufficient osteogenesis imperfecta type 1. Front. Endocrinol. 14, 1145125 
(2023).

60.	 Zhytnik, L. et al. New lens on congenital mild bone fragility: a novel Col1a1 knockout 
mouse model for osteogenesis imperfecta type 1. J. Bone Miner. Res. https://doi.org/ 
10.1093/jbmr/zjaf138 (2025).

61.	 Zheng, Y. et al. Epigenetic modulation of collagen 1A1: therapeutic implications in fibrosis 
and endometriosis1. Biol. Reprod. 94, 87 (2016).

62.	 Sarathchandra, P., Pope, F. M. & Ali, S. Y. Morphometric analysis of type I collagen fibrils 
in the osteoid of osteogenesis imperfecta. Calcif. Tissue Int. 65, 390–395 (1999).

63.	 Jones, C. J., Cummings, C., Ball, J. & Beighton, P. Collagen defect of bone in osteogenesis 
imperfecta (Type I). An electron microscopic study. Clin. Orthop. Relat. Res. 183, 208–214 
(1984).

64.	 Birk, D. E. Type V collagen: heterotypic type I/V collagen interactions in the regulation  
of fibril assembly. Micron 32, 223–237 (2001).

65.	 Zhytnik, L. et al. Inter- and intrafamilial phenotypic variability in individuals with 
collagen-related osteogenesis imperfecta. Clin. Transl. Sci. 13, 960–971 (2020).

66.	 Garibaldi, N. et al. Dissecting the phenotypic variability of osteogenesis imperfecta.  
Dis. Model. Mech. 15, dmm049398 (2022).

67.	 Shao, C. et al. DNA methyltransferases inhibitor azacitidine improves the skeletal 
phenotype of mild osteogenesis imperfecta by reversing the impaired osteogenesis  
and excessive osteoclastogenesis. Bone 170, 116706 (2023).

68.	 Mercier-Guery, A. et al. Dysregulation of MicroRNAs in adult osteogenesis imperfecta: 
the miROI study. J. Bone Miner. Res. 38, 1665–1678 (2023).

69.	 Fedarko, N. S., Moerike, M., Brenner, R., Robey, P. G. & Vetter, U. Extracellular matrix 
formation by osteoblasts from patients with osteogenesis imperfecta. J. Bone Miner. Res. 
7, 921–930 (1992).

70.	 Sarathchandra, P., Pope, F. M., Kayser, M. V. & Ali, S. Y. A light and electron microscopic 
study of osteogenesis imperfecta bone samples, with reference to collagen chemistry 
and clinical phenotype. J. Pathol. 192, 385–395 (2000).

71.	 Fedarko, N. S., Robey, P. G. & Vetter, U. K. Extracellular matrix stoichiometry in osteoblasts 
from patients with osteogenesis imperfecta. J. Bone Miner. Res. 10, 1122–1129 (1995).

72.	 Mähr, M. et al. Bone properties in osteogenesis imperfecta: what can we learn from a 
bone biopsy beyond histology? Wien. Med. Wochenschr. 171, 111–119 (2021).

73.	 Misof, B. M. et al. Accelerated mineralization kinetics in children with osteogenesis 
imperfecta type 1. Bone 166, 116580 (2023).

74.	 Rauch, F., Travers, R., Parfitt, A. M. & Glorieux, F. H. Static and dynamic bone 
histomorphometry in children with osteogenesis imperfecta. Bone 26, 581–589 (2000).

75.	 Vetter, U., Eanes, E. D., Kopp, J. B., Termine, J. D. & Robey, P. G. Changes in apatite crystal 
size in bones of patients with osteogenesis imperfecta. Calcif. Tissue Int. 49, 248–250 
(1991).

76.	 Imbert, L., Aurégan, J.-C., Pernelle, K. & Hoc, T. Mechanical and mineral properties of 
osteogenesis imperfecta human bones at the tissue level. Bone 65, 18–24 (2014).

77.	 Folkestad, L. et al. Bone geometry, density, and microarchitecture in the distal radius  
and tibia in adults with osteogenesis imperfecta type I assessed by high-resolution pQCT. 
J. Bone Miner. Res. 27, 1405–1412 (2012).

78.	 Kocijan, R. et al. Bone structure assessed by HR-pQCT, TBS and DXL in adult patients with 
different types of osteogenesis imperfecta. Osteoporos. Int. 26, 2431–2440 (2015).

79.	 Vignery, A. Bone cell defects in osteogenesis imperfecta. Connect. Tissue Res. 31, 
275–278 (1995).

80.	 Iwamoto, J., Takeda, T. & Ichimura, S. Increased bone resorption with decreased  
activity and increased recruitment of osteoblasts in osteogenesis imperfecta type I.  
J. Bone Miner. Metab. 20, 174–179 (2002).

http://www.nature.com/nrendo
https://doi.org/10.1093/jbmr/zjaf138
https://doi.org/10.1093/jbmr/zjaf138


Nature Reviews Endocrinology

Review article

81.	 Mähr, M. et al. Increased osteocyte lacunae density in the hypermineralized bone matrix 
of children with osteogenesis imperfecta type I. Int. J. Mol. Sci. 22, 4508 (2021).

82.	 Aksornthong, S., Patel, P. & Komarova, S. V. Osteoclast indices in osteogenesis 
imperfecta: systematic review and meta-analysis. JBMR Plus 8, ziae112 (2024).

83.	 Liu, Y. et al. Modification of COL1A1 in autologous adipose tissue-derived progenitor  
cells rescues the bone phenotype in a mouse model of osteogenesis imperfecta.  
J. Bone Miner. Res. 36, 1521–1534 (2020).

84.	 Kaneto, C. M. et al. COL1A1 and miR-29b show lower expression levels during osteoblast 
differentiation of bone marrow stromal cells from osteogenesis imperfecta patients. 
BMC Med. Genet. 15, 45 (2014).

85.	 Liu, Y. et al. A novel transgenic murine model with persistently brittle bones simulating 
osteogenesis imperfecta type I. Bone 127, 646–655 (2019).

86.	 Busschers, E. et al. Anti-transforming growth factor-β treatment shows increased  
bone mass and strength in a novel mouse model for osteogenesis imperfecta type I.  
J. Bone Miner. Res. 40, 881–890 (2025).

87.	 Stankovic, K. M. et al. Studies of otic capsule morphology and gene expression in the 
Mov13 mouse – an animal model of type I osteogenesis imperfecta. Audiol. Neurootol.  
12, 334–343 (2007).

88.	 Ting, F. et al. The recombinant BMP-2 loaded silk fibroin microspheres improved the bone 
phenotype of mild osteogenesis imperfecta mice. PeerJ 11, e16191 (2023).

89.	 Gistelinck, C. et al. Zebrafish type I collagen mutants faithfully recapitulate human type I 
collagenopathies. Proc. Natl Acad. Sci. USA 115, E8037–E8046 (2018).

90.	 Claeys, L., Bravenboer, N., Eekhoff, E. M. W. & Micha, D. Human fibroblasts as a model for 
the study of bone disorders. Front. Endocrinol. 11, 394 (2020).

91.	 Cayami, F. K. et al. Osteogenic transdifferentiation of primary human fibroblasts to 
osteoblast-like cells with human platelet lysate. Sci. Rep. 12, 14686 (2022).

92.	 Claeys, L. et al. In vitro modelling of osteogenesis imperfecta with patient-derived 
induced mesenchymal stem cells. Int. J. Mol. Sci. 25, 3417 (2024).

93.	 Kim, B. Y., Ko, J. M., Park, M. H. & Koo, S. K. Generation of a patient-specific induced 
pluripotent stem cell line, KSCBi006-A, for osteogenesis imperfecta type I with the 
COL1A1, c.3162delT mutation. Stem Cell Res. 41, 101622 (2019).

94.	 Lamandé, S. R. et al. Modeling human skeletal development using human pluripotent 
stem cells. Proc. Natl Acad. Sci. USA 120, e2211510120 (2023).

95.	 Marom, R., Rabenhorst, B. M. & Morello, R. Management of endocrine disease: 
osteogenesis imperfecta: an update on clinical features and therapies. Eur. J. Endocrinol. 
183, R95–R106 (2020).

96.	 Heath, V. Bone: promising combination therapy for children with osteogenesis 
imperfecta. Nat. Rev. Endocrinol. 6, 535 (2010).

97.	 Harada, D. et al. Monthly intravenous alendronate treatment can maintain bone strength 
in osteogenesis imperfecta patients following cyclical pamidronate treatment. J. Pediatr. 
Endocrinol. Metab. 33, 1391–1397 (2020).

98.	 Scheres, L. J. J. et al. Adults with osteogenesis imperfecta: clinical characteristics of 151 
patients with a focus on bisphosphonate use and bone density measurements. Bone Rep. 
8, 168–172 (2018).

99.	 Liu, W. et al. Approach to the patient: pharmacological therapies for fracture risk 
reduction in adults with osteogenesis imperfecta. J. Clin. Endocrinol. Metab. 108, 
1787–1796 (2023).

100.	 Rauch, F., Munns, C. F., Land, C., Cheung, M. & Glorieux, F. H. Risedronate in the treatment 
of mild pediatric osteogenesis imperfecta: a randomized placebo-controlled study.  
J. Bone Miner. Res. 24, 1282–1289 (2009).

101.	 DiMeglio, L. A. & Peacock, M. Two-year clinical trial of oral alendronate versus intravenous 
pamidronate in children with osteogenesis imperfecta. J. Bone Miner. Res. 21, 132–140 
(2006).

102.	 Dwan, K., Phillipi, C. A., Steiner, R. D. & Basel, D. Bisphosphonate therapy for osteogenesis 
imperfecta. Cochrane Database Syst. Rev. 10, CD005088 (2016).

103.	 Bellido, T. & Plotkin, L. I. Novel actions of bisphosphonates in bone: preservation of 
osteoblast and osteocyte viability. Bone 49, 50–55 (2011).

104.	 Semler, O. et al. First use of the RANKL antibody denosumab in osteogenesis imperfecta 
type VI. J. Musculoskelet. Neuronal Interact. 12, 183–188 (2012).

105.	 Kobayashi, T. et al. Efficacy and safety of denosumab therapy for osteogenesis imperfecta 
patients with osteoporosis—case series. J. Clin. Med. 7, 479 (2018).

106.	 Hald, J. D. et al. Teriparatide plus zoledronic acid for osteogenesis imperfecta:  
a randomized clinical trial. JAMA 14, e266889 (2026).

107.	 Orwoll, E. S. et al. Evaluation of teriparatide treatment in adults with osteogenesis 
imperfecta. J. Clin. Invest. 124, 491–498 (2014).

108.	 Gatti, D. et al. Teriparatide treatment in adult patients with osteogenesis imperfecta  
type I. Calcif. Tissue Int. 93, 448–452 (2013).

109.	 Leali, P. Efficacy of teriparatide vs neridronate in adults with osteogenesis imperfecta 
type I: a prospective randomized international clinical study. Clin. Cases Miner. Bone Metab. 
14, 153 (2017).

110.	 Uehara, M. et al. Efficacy of romosozumab for osteoporosis in a patient with osteogenesis 
imperfecta: a case report. Mod. Rheumatol. Case Rep. 6, 128–133 (2022).

111.	 Dattagupta, A. & Petak, S. Osteoporosis improved by romosozumab therapy in a patient 
with type I osteogenesis imperfecta. AACE Clin. Case Rep. 9, 209–212 (2023).

112.	 Kusakabe, T. et al. Beneficial effects of romosozumab on bone mineral density and 
trabecular bone score assessed by dual-energy X-ray absorptiometry in a family with 
osteogenesis imperfecta. Osteoporos. Int. 35, 1303–1304 (2024).

113.	 Glorieux, F. H. et al. BPS804 anti-sclerostin antibody in adults with moderate osteogenesis 
imperfecta: results of a randomized phase 2a trial. J. Bone Miner. Res. 32, 1496–1504 (2017).

114.	 Glorieux, F. H. et al. Setrusumab for the treatment of osteogenesis imperfecta: 12-month 
results from the phase 2b asteroid study. J. Bone Miner. Res. 39, 1215–1228 (2024).

115.	 Gottesman, G. S. et al. 6820 assessing the efficacy and safety of setrusumab for 
osteogenesis imperfecta: updated phase 2 data from the phase 2/3 Orbit study.  
J. Endocr. Soc. 8, bvae163.358 (2024).

116.	 Mereo BioPharma. Mereo BioPharma announces Phase 3 ORBIT and COSMIC results 
for setrusumab (UX143) in osteogenesis imperfecta. Mereo BioPharma https://www.
mereobiopharma.com/news/phase-3-orbit-and-cosmic-results/ (2025).

117.	 Grafe, I. et al. Excessive transforming growth factor-β signaling is a common mechanism 
in osteogenesis imperfecta. Nat. Med. 20, 670–675 (2014).

118.	 Song, I.-W. et al. Targeting TGF-β for treatment of osteogenesis imperfecta. J. Clin. Invest. 
132, e152571 (2022).

119.	 Morita, M. et al. Losartan alters osteoblast differentiation and increases bone mass 
through inhibition of TGFB signalling in vitro and in an OIM mouse model. Bone Rep.  
22, 101795 (2024).

120.	 Rummler, M. et al. Bone matrix properties in adults with osteogenesis imperfecta are not 
adversely affected by setrusumab—a sclerostin neutralizing antibody. J. Bone Miner. Res. 
39, 1229–1239 (2024).

121.	 Marini, J. C. & Dang Do, A. N. in Endotext (eds Feingold, K. R. et al.) (MDText.com, Inc., 2020).
122.	 Sagar, R. L. et al. An exploratory open-label multicentre phase I/II trial evaluating the 

safety and efficacy of postnatal or prenatal and postnatal administration of allogeneic 
expanded fetal mesenchymal stem cells for the treatment of severe osteogenesis 
imperfecta in infants and fetuses: the BOOSTB4 trial protocol. BMJ Open 14, e079767 
(2024).

123.	 Infante, A. et al. Reiterative infusions of MSCs improve pediatric osteogenesis imperfecta 
eliciting a pro-osteogenic paracrine response: TERCELOI clinical trial. Clin. Transl. Med. 
11, e265 (2021).

124.	 Yang, Y.-S. et al. AAV-based gene editing of type 1 collagen mutation to treat 
osteogenesis imperfecta. Mol. Ther. Nucleic Acids 35, 102111 (2024).

125.	 Schindeler, A., Lee, L. R., O’Donohue, A. K., Ginn, S. L. & Munns, C. F. Curative cell and 
gene therapy for osteogenesis imperfecta. J. Bone Miner. Res. 37, 826–836 (2020).

126.	 Kocsy, K. et al. Gene editing for collagen disorders: current advances and future 
perspectives. Gene Ther. 32, 676–689 (2025).

127.	 Lin, X. et al. Genotype–phenotype relationship and comparison between eastern  
and western patients with osteogenesis imperfecta. J. Endocrinol. Invest. 47, 67–77 (2024).

128.	 Liu, Y. et al. Gene mutation spectrum and genotype-phenotype correlation in a cohort 
of Chinese osteogenesis imperfecta patients revealed by targeted next generation 
sequencing. Osteoporos. Int. 28, 2985–2995 (2017).

129.	 Ohata, Y. et al. Comprehensive genetic analyses using targeted next-generation 
sequencing and genotype-phenotype correlations in 53 Japanese patients with 
osteogenesis imperfecta. Osteoporos. Int. 30, 2333–2342 (2019).

130.	 Lin, H. Y. et al. Genotype and phenotype analysis of Taiwanese patients with osteogenesis 
imperfecta. Orphanet J. Rare Dis. 10, 152 (2015).

131.	 Lund, A. M. et al. Collagen-derived markers of bone metabolism in osteogenesis 
imperfecta. Acta Paediatr. 87, 1131–1137 (1998).

132.	 Cundy, T., Horne, A., Bolland, M., Gamble, G. & Davidson, J. Bone formation markers  
in adults with mild osteogenesis imperfecta. Clin. Chem. 53, 1109–1114 (2007).

133.	 Kocijan, R., Dinu, S. & Muschitz, C. in Biomarkers in Bone Disease (eds Patel, V. B.  
& Preedy, V. R.) 221–237 (Springer, 2017).

134.	 Marr, C., Seasman, A. & Bishop, N. Managing the patient with osteogenesis imperfecta:  
a multidisciplinary approach. J. Multidiscip. Healthc. 10, 145–155 (2017).

135.	 Celli, L. et al. Adapting to adulthood: a review of transition strategies for osteogenesis 
imperfecta. Calcif. Tissue Int. 115, 960–975 (2024).

136.	 Storoni, S. et al. Prevalence and hospital admissions in patients with osteogenesis 
imperfecta in the Netherlands: a nationwide registry study. Front. Endocrinol. 13,  
869604 (2022).

137.	 Binh, H. D. et al. The clinical features of osteogenesis imperfecta in Vietnam. Int. Orthop. 
41, 21–29 (2017).

138.	 McKiernan, F. E. Musculoskeletal manifestations of mild osteogenesis imperfecta in the 
adult. Osteoporos. Int. 16, 1698–1702 (2005).

139.	 Feehan, A. G., Zacharin, M. R., Lim, A. S. & Simm, P. J. A comparative study of quality of 
life, functional and bone outcomes in osteogenesis imperfecta with bisphosphonate 
therapy initiated in childhood or adulthood. Bone 113, 137–143 (2018).

140.	 Bardai, G. et al. Molecular diagnosis in children with fractures but no extraskeletal signs 
of osteogenesis imperfecta. Osteoporos. Int. 28, 2095–2101 (2017).

141.	 Weiss, M. M. et al. Best practice guidelines for the use of next-generation sequencing 
applications in genome diagnostics: a national collaborative study of Dutch genome 
diagnostic laboratories. Hum. Mutat. 34, 1313–1321 (2013).

142.	 Sait, H. et al. Molecular and clinical landscape of osteogenesis imperfecta: unraveling 
autosomal recessive forms, therapeutic outcomes, and bone mineral density in carriers. 
Clin. Genet. 108, 684–695 (2025).

Acknowledgements
D.M. and L.V. are supported by the Horstingstuit Foundation. L.Z. is supported by the European 
Union (Project No. 101151143). Views and opinions expressed are, however, those of the 
author(s) only and do not necessarily reflect those of the European Union or the European 
Commission. Neither the European Union nor the granting authority can be held responsible 
for them. E.M.W.E. and D.M. are members of the ERN BOND — the European Reference 
Network for rare BONe Diseases (https://ernbond.eu/).

http://www.nature.com/nrendo
https://www.mereobiopharma.com/news/phase-3-orbit-and-cosmic-results/
https://www.mereobiopharma.com/news/phase-3-orbit-and-cosmic-results/
https://ernbond.eu/


Nature Reviews Endocrinology

Review article

Author contributions
L.Z. and D.M. researched data for the article. All authors contributed substantially to 
discussion of the content. L.Z. and D.M. wrote the manuscript. All authors reviewed and/or 
edited the manuscript before submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at  
https://doi.org/10.1038/s41574-026-01282-5.

Peer review information Nature Reviews Endocrinology thanks Sergey Leikin and the other, 
anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2026

1Department of Human Genetics, Amsterdam UMC location VUmc, Amsterdam, The Netherlands. 2Amsterdam Reproduction and Development, 
Amsterdam, The Netherlands. 3Amsterdam Movement Sciences, Amsterdam, The Netherlands. 4Rare Bone Disease Center Amsterdam, Amsterdam, The 
Netherlands. 5Department of Endocrinology and Metabolism, Amsterdam UMC location Vrije Universiteit, Amsterdam, The Netherlands. 6Department of 
Oral and Maxillofacial Surgery, Amsterdam UMC location AMC, Academic Center for Dentistry Amsterdam (ACTA) University of Amsterdam, Amsterdam, 
The Netherlands. 7Laboratory of Skeletal Biomedicine, Instituto de Investigación Biomédica de Málaga y Plataforma en Nanomedicina-IBIMA Plataforma 
BIONAND, Málaga, Spain. 8These authors contributed equally: Anastasia Sclocco, Wenya Yang. 9These authors jointly supervised this work: Dimitra Micha 
and Lidiia Zhytnik. 

http://www.nature.com/nrendo
https://doi.org/10.1038/s41574-026-01282-5

	Dose matters: haploinsufficiency in osteogenesis imperfecta

	Introduction

	Box 1 | Clinical diagnosis and management of osteogenesis imperfecta type 1

	Box 2 | Genetic testing for patients with osteogenesis imperfecta type 1


	Physical burden of osteogenesis imperfecta type 1

	Skeletal manifestations

	Extraskeletal manifestations


	Mental burden

	Inheritance and reproductive features

	Genetic background

	COL1A1 haploinsufficiency variant types

	Haploinsufficiency mechanisms

	Phenotypic variability


	Haploinsufficiency in bone formation and pathophysiology

	Haploinsufficient animal models

	Cell and organoid models

	Therapies for haploinsufficient osteogenesis imperfecta

	Clinical trials

	Preclinical studies


	Conclusions

	Acknowledgements

	Fig. 1 Multisystemic clinical manifestations of osteogenesis imperfecta type 1.
	Fig. 2 Effects of different types of pathogenic variant in the COL1A1 and COL1A2 genes on mRNA, protein and phenotype.
	Fig. 3 Bone pathophysiology in osteogenesis imperfecta type 1 and clinical trial interventions.
	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.




