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Congenital arthrogryposis (CA) refers to the presence of multiple contractures at birth. It is a feature of several

inherited syndromes, notable amongst them are disorders of collagen formation.

congenital arthrogryposis  collagen  contractures  phenotype  genotype

1. Introduction

A clinical finding of congenital arthrogryposis (CA) refers to the presence of two or more joint contractures present

at birth that typically affect more than one limb . CA is a heterogenous group of over 400 disorders that includes

isolated or syndromic forms which, in addition to arthrogryposis, may involve various other organ systems such as

kidneys, liver, skin blood cells and others ). The common pathway for the pathogenesis of CA involves the failure

of normal foetal movement, also referred to as hypokinesia/akinesia . Different aetiologies of the reduction in

foetal movements leading to CA can be subdivided into five major categories: neuropathic, myopathic,

neuromuscular junction dysfunction, connective tissue abnormalities, and external and environmental factors such

as foetal crowding and liquor volume affecting intrauterine position, teratogen exposure, or maternal infection .

Whilst it is known that decreased foetal movements lead to the deposition of excess connective tissue around the

joints, the underlying pathophysiology of this process is poorly understood. Furthermore, in many of the causative

syndromes, knowledge of the precise mechanism by which they result in foetal akinesia is also limited. Of

particular importance in this regard are disorders that cause CA through disruption of the normal formation of

collagen, of which there are several.

Connective tissue is embryologically derived from the mesenchyme and largely consists of the following

components: cells, elastin fibres, extracellular matrix and collagen family proteins. Structurally, collagens are

comprised of characteristic triple-helical units formed of three homotrimeric or heterotrimeric polypeptide chains

(Figure 1) . Collagens are the most abundant proteins in the human body, accounting for 30% of its dry weight

and contributing to the mechanical properties, organisation, structure, and shape of tissues . There are twenty-

eight distinct protein types in the collagen family, some of which have restricted tissue distribution and, therefore, a

more specific function. This family can be further split into classes; classic fibrillar and network-forming collagens,

FACITs (fibril-associated collagens with interrupted triple helices), MACITs (membrane-associated collagens with

interrupted triple helices), and MULTIPLEXINs (multiple triple-helix domains and interruptions) .
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Figure 1. Collagen structure Collagen, comprising of triple helical units formed of three homotrimeric or

heterotrimeric polypeptide chains. Coloured shapes are used for glycine in green, proline in red and hydroxyproline

in blue.

Collagen types I–V are the most common of the twenty-eight types. Type I, II, III and V are classic fibrillar

collagens, whereas type IV is a network-forming collagen. Types I and V contribute to the structural formation of

bone, tendon, and ligament whereas, type II principally makes up the fibrillar matrix of articular cartilage. Type IV

collagen has a crucial role in the structure of basement membranes due to its fibres linking head-to-head rather

than in parallel. In addition, the type IV supramolecule lacks the regular glycine in every third residue, which allows

it to form a flat sheet .

Much can be learnt about the common mechanisms of disease by studying phenotypes caused by rare genetic

mutations. Thus, in order to gain further insight into possible molecular links between connective tissue defects,

foetal akinesia, and contracture formation, researchers reviewed clinical and molecular features of a CA sub-group

caused by the mutations in genes encoding collagen family proteins and collagen-related genes. The connective

tissue reorganisation is the likely common pathway for the development of secondary arthrogryposis (of any

aetiology). Hence researchers' hypothesis was that by defining the primary defects in genes crucial for connective

tissue formation and maintenance that lead to arthrogryposis, researchers may be able to highlight the potential

novel treatment avenues. Several previous studies have investigated molecular mechanisms underlying the cell

and tissue abnormalities caused by defects in individual collagens or collagen-related genes. However, there is

little understanding as to why some of the collagen defects are associated with CA and others do not. There has

also been limited examination of these clinical syndromes as a cohort which may reveal commonalities in their

pathogenesis. Therefore, researchers intend to examine the following questions:
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Are there common phenotypic features of the CA caused by collagen defects?

Are there mechanistic similarities in collagen formation or modification defects that lead to CA?

Could collagen or collagen-related genes be potential targets for CA therapy development?

Hall and Kiefer provided an extensive review of different types of CA . From this researchers identified the eight

initial genes which are described. To complement the information provided in the ontology, researchers performed

a literature search in order to produce this scoping review. The full criteria of this search are described. In brief, the

keywords used in PubMed were; “(FKBP65 OR PLOD2 OR PLOD3 OR COLL11A2 OR COL6A1 OR COL6A2 OR

COL6A3 OR VPS33B OR VIPAS39) AND (arthrogryposis OR amyloplasia OR “congenital contractures”). A total of

60 articles underwent a full-text review. To be included, the papers were required to be in English, the contractures

mentioned had to be congenital, and the paper had to have collagen in the context of arthrogryposis. Of these 60

articles, 26 met the inclusion criteria—34 articles being excluded. Articles included in this research were published

between 1998 and 2022. Several additional papers were identified through the references of the initial manuscripts.

From these additional papers, the COL25A1 gene was also identified as relevant, bringing the total to nine genes.

Herein, researchers  describe the molecular, cellular, and biochemical features of these genes and encoded

proteins as well as the clinical features of the CA resulting from germline mutations.

2. Inherited Defects in Collagen and Collagen-Related Genes

2.1. Disorders Related to Collagen Defects

Collagen VI Related Diseases

Collagen VI-related myopathies are a group of connective tissue disorders with highly variable phenotypic

characteristics that commonly features CA. They include Bethlem myopathy, Ulrich congenital muscular dystrophy

(UCMD) and intermediate collagen VI-related myopathies . Bethlem myopathy tends to be milder and is

characterized by proximal muscle weakness and distal contractures . These usually develop within the first or

second decades of life and progress slowly . Less commonly, contractures may be present congenitally .

UCMD is more severe and usually involves early or congenital proximal contractures and striking distal hyperlaxity

of joints . Independent ambulation is unlikely beyond the first decade and diaphragmatic weakness often

results in respiratory failure . The distinction between the two syndromes is often vague and difficult both

genetically and phenotypically; hence, the proposed third category is termed “intermediate collagen VI-related

myopathies” . All are caused by mutations in the genes COL6A1, COL6A2, or COL6A3, which encode the three

α alpha chains (α1(VI), α2(VI), and α3(VI), respectively) that make up the collagen VI heterotrimer . A further

three novel chains, α4(VI), α5(VI), and α6(VI) have recently been identified and these are encoded by the genes

COL6A4, COL6A5, and COL6A6, respectively, but no pathogenic variants associated with these genes have yet

been identified .
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The examination of genotype-phenotype correlation related to mutations in genes encoding α(VI) chains, shows

great variability in the phenotypes, mutations and mode of inheritance. Although UCMD was initially thought to be

caused by recessive mutations, it is now evident that de novo autosomal dominant mutations are its most common

cause . Often, mutations that lead to in-frame skipping of exons in the N-terminal domain of one of the

three main α(VI) chains are seen . These lead to incorporation of malformed α-chain into the triple helix

monomer which can then be incorporated into the collagen VI tetramer . This results in a dominant-negative

effect as it is highly likely that most collagen VI tetramers will have at least one monomer containing the mutated

α(VI) chain . Omission of exon 16 in the α3(VI) chain is the most common mutation of this type and is usually

associated with severe UCMD . Indeed, heterozygous deletion of exon 16 in mice results in a severe

UCMD-like clinical phenotype  Homozygous missense mutations can also produce UCMD phenotype, but this is

much less common and the effect on phenotype of a given missense mutation is hard to predict . Similarly, BM

can be inherited in both a dominant and recessive pattern, though the majority are autosomal dominant 

. The most common mutation type is skipping of exon 14 in the α1(VI) chain and a BM phenotype can be

induced in zebrafish in which skipping of exon 14 is provoked .

Since congenital contractures are much more common in UCMD, the known mutations that produce this more

severe phenotype, with either non-functional collagen VI in de novo autosomal dominant mutations or absent

collagen VI in homozygous recessive mutations, this allows some genotype-phenotype correlation. Establishing a

clearer picture of genotype-phenotype correlation is important when considering future treatment approaches.

Bolduc et al. demonstrated that small interfering RNA that specifically targeted common mutations that resulted in

skipping exon 16 in COL6A3 could improve the quantity and quality of the collagen VI matrix produced by UCMD

fibroblasts .

Formation of collagen VI occurs intracellularly from a 1:1:1 ratio of alpha chains 1–3 . These are first assembled

as antiparallel dimers and then subsequently tetramers stabilized by disulfide bonds . In the extracellular space,

the tetramers form non-covalent bonds to produce the final microfilament structure found in extracellular matrices

. Collagen VI has many characterized functions including structural and mechanical roles as are typical of

collagens, but also inhibition of apoptosis, regulation of the autophagic process, cellular adhesion, and cellular

proliferation . Key roles have been suggested for it in several tissues, including skeletal muscle, tendon, skin,

bone, and cartilage. The influence of defective collagen VI function on the development of congenital contractures

appears most related to its effects within skeletal muscles and tendons.

Collagen VI is diffusely expressed in skeletal muscle where it forms a key component of the extracellular matrix

across all muscle layers . Its deposition is largely controlled by interstitial fibroblasts though quiescent satellite

cells also express it prior to activation .

Mice null in collagen VI through homozygous knockout of the COL6A1 gene display histological features of

myopathy including muscle fibre necrosis and phagocytosis . The absence of collagen VI results in failure of

repair processes following injury, defective autophagy, mitochondrial dysfunction, and cell death .

Mitochondrial dysfunction appears to be the key to pathogenesis; murine studies demonstrated defective
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mitochondrial permeability transition pore (PTP) function . Mitochondrial PTP is cyclosporin A (CsA) sensitive

and administration of CsA in COL6A1  mice treated the myopathy in this mouse model . CsA also proved

promising in a pilot trial of five patients, though its strong immunosuppressive effects are concerning . It is also

worth noting that this treatment was given to patients with a minimum age of 6 years so could not prevent

congenital contracture formation . Testing of further potential treatments on murine models is limited by the mild

BM-like phenotype mice display in the absence of collagen VI compared to humans with UCMD. As a

consequence, alternative animal models have been sought . Zebrafish, in particular, have been investigated.

The induction of mutations in exon 9 of COL6A1 in Zebrafish results in a more severe and early onset myopathy

than that observed in mice, as well as mitochondrial dysfunction and cell death . This phenotype is more similar

to that of UCMD observed in humans. The induction of a mutation in exon 13 of COL6A1 can also be used to

produce a milder phenotype similar to BM . Both CsA and a novel cyclophilin inhibitor, termed NIM-811 have

proven successful in improving the induced UCMD-like myopathy in Zebra fish . NIM-811 results from a slight

structural modification of CsA that exhibits a highly significant decrease in immunosuppressive activity whilst

retaining its ability to inhibit the opening of mitochondrial PTPs . NIM811 was shown to be significantly more

effective than CsA, being able to greatly reduce structural and functional abnormalities if administered relatively

rapidly following fertilization .

In concordance with mouse and zebrafish models, phenotypic analysis has demonstrated defective function of

human mitochondrial PTPs . This is evidenced by PTP-dependent depolarisation of mitochondria on the addition

of oligomycin or rotenone to cultures of myoblasts or fibroblasts from muscle biopsies of patients with Collagen VI

myopathies . As with animal models, this effect is prevented with the addition of CsA or NIM-811 .

The alterations in tendon structure and function that result from collagen VI deficiency appear to be a key event in

contracture formation. In tendons, collagen IV forms a network of beaded filaments in the ECM where, it interacts

with a large number of ECM proteins including fibronectin and has a strong interaction with type IV collagen .

The biomechanical properties of tendons of mice unable to produce collagen VI are also significantly altered. They

display a significant decrease in cross-sectional area, maximum load, and maximum stiffness . The

microdomains and fibrillogenesis are also abnormal.

In vitro studies further demonstrated alteration in organisation of ECM components and increased expression of

metalloproteinase 2 (MMP2), a protein involved in the turnover of tendon matrix and fibril growth . This likely

represents an attempt to augment the defects resulting from collagen VI deficiency, although the mechanism

behind MMP2 expression is complex and remains largely unclear .

The strong evidence of alterations to the tendon ECM due to collagen VI-related disorders gives weight to the

proposed contribution of abnormal tendon structure and function to the congenital contractures often seen in these

disorders although the precise mechanism through which this causes or contributes to contracture development is

uncertain .
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2.2. Collagen XXV Related Diseases

Natera-de Benito et al., in 2022 reported five patients from three families with homozygous or compound

heterozygous variations in COL25A1 that had congenital contractures . Phenotype was highly variable, even

intrafamilially and the contractures ranged from being mild with only distal upper limb involvement to severe with

multiple contractures in one patient . The most common features were finger and knee contractures, as well as

disorders in ocular motility and respiratory muscle involvement . The seemingly limited role of collagen XXV in

connective tissue development and its key role in skeletal muscle innervation would suggest that improper

innervation of skeletal muscle resulted in subsequent fibrosis and foetal akinesia. This is supported by the

myopathic features seen on muscle biopsy of these individuals, though no abnormalities were seen on EMG data

. The authors speculate that this was due to the high variability in the innervation defect. Of further note is that

previous case reports have presented patients with pathogenic variations in the COL25A1 gene, however, no

individual in these studies had joint contractures . Natera-de Benito et al. noted that their observed patients

had no further variants in potentially pathogenic genes other than those in COL25A1, nor did their patients

variations appear likely to have a greater effect on collagen XXV function or expression level . The variability

between the patients suggests that non-genetic factors may be responsible for the phenotype diversity.

Collagen XXV is a membrane-bound MACIT collagen, consisting of three collagenous triple-helical domains and

four short non-collagenous domains. It is involved in early myogenesis during the formation of primary myofibers

. Developing limb skeletal muscles show high levels of collagen XXV expression that regulates the complicated

process underlying intramuscular motor innervation through its interaction with the receptor protein tyrosine

phosphatases (PTPs) σ and δ . PTPσ/δ mediates the interaction of axon-to-muscle cell contact through the

binding of the collagen XXV substrate in the early stages of myogenesis . Tanaka et al. demonstrated that

COL25A1 knockout mice die immediately after birth of respiratory failure . Examination of these mice

subsequently revealed greatly decreased motoneurons in the spinal cord and abnormal morphology of those that

were present . Motor axon bundles were demonstrated to successfully reach the target muscles but then failed

to form intramuscular branches and subsequent axonal degeneration was observed . This resulted in

motoneuron apoptosis . In adult mammals, collagen XXV mRNA expression is entirely limited to neurons .

This evidence indicates the role of collagen XXV in early skeletal myogenesis and suggests a pathogenic

mechanism for the neuromuscular disorders observed in humans with homozygous or compound heterozygous

variations in COL25A1 .

2.3. Disorders Related to Collagen Modifying Defects

LH2 and FKBP65 Related Diseases

Bruck syndrome 2 (BS2) refers to a connective tissue disorder that results from mutations in PLOD2 that interfere

with the ability of LH2 to hydroxylate lysyl residues on the telopeptide. LH2 is encoded by the PLOD2 gene which

encodes two different splice variants: LH2a and LH2b. They differ by 21 amino acid residues encoded on exon 13A

. LH2b is more widely expressed, particularly in fibrillar collagen-rich tissues and is the variant required for
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telopeptide lysyl residue hydroxylation. BS2 is characterized clinically by recurrent fractures, congenital

contractures, skeletal deformities, blue sclera, and hearing loss . An identical clinical phenotype called Bruck

syndrome 1 (BS1) is also observed in individuals with functional LH2 but mutations in the FKBP10 gene .

FKBP10 encodes the collagen-specific chaperone protein FKBP65 . It was recently demonstrated to form a

complex with LH2 in the ER that is required for LH2 dimerization and telopeptide hydroxylase activity and is

therefore also essential to the formation of pyridinolines .

The most well-characterised feature of BS1 and BS2 is the severe decrease in hydroxylation of lysyl residues in

bone type I collagens and a corresponding decrease in pyridinolines cross-links . This finding has been

repeatedly observed in individuals with mutations in either of FKBP10 and PLOD2, and electrophoresis of bone

type I collagen extracted from affected individuals shows a cross-link pattern that resembles skin . No change

in hydroxylation of lysyl residues at helical collagen domain sites is observed. Notably, the proportion of

hydroxylated lysyl residues is normal in cartilage type II collagen . A recently developed zebrafish model of

Bruck syndrome also showed near absent lysyl hydroxylation in bone type I collagen and a disturbance in the bone

collagen fibrillar architecture of these fish was also seen . Given the high proportion of hydroxylated lysyl

residues usually found in tendon and the propensity of tendon abnormalities to cause congenital contractures, it

seems reasonable to suggest that altered cross-linking chemistry in tendon could be a significant factor in

contracture development . Indeed, the zebrafish model of Bruck syndrome did report that the fish have a

reduced diameter of muscle fibers at the horizontal myoseptum, a structure that is functionally a tendon in

zebrafish . They also reported enlargement of a connective tissue layer ensheating muscle fibers known as the

endomysium .

The clinical features appear to be identical for both BS1 and BS2 thus emphasizing the synergistic function of LH2

and FKBP65 . In a case series by Otaify et al. four patients were identified with the c.807_828dup

(p.P277AfsX103) in the FKBP10 gene in two different families . There was significant phenotype variability, with

one patient having no contractures at all and another having the very rarely occurring microcephaly . Leal et al.

also report a case of two siblings with identical compound heterozygous mutations in PLOD2 where one sibling

had normally formed joints and the other had multiple severe contractures . It is interesting to note that over half

of mutations identified occur within the DNA residues of PLOD2 encoding amino acids 610 to 629 of LH2,

suggesting that this domain that forms a flexible loop has a functional importance .

2.4. VPS33B, VIPAR and LHS Related Diseases

Arthrogryposis, renal dysfunction and cholestasis (ARC) is a multisystem disorder with a spectrum of phenotypes,

most severe leading to death from overwhelming infection or severe bleeding before the age of two years . 75%

of ARC cases are caused by germline mutations in VPS33B and 25% of cases are due to germline mutations in

VIPAS39 encoding VPS33B and VIPAR respectively . VPS33B is a gene located at C15q26.1 locus . A wide

variety of homozygous or compound heterozygous mutations having been reported. It is interesting to note the

genotype-phenotype correlation in VPS33B related disease . Smith et al. reported two patients with a

mild form of ARC who did have CA. Both displayed a novel VPS33B donor splice-site mutation c.1255+5G>C
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which resulted in partial preservation of protein function in the CHEVI complex. These patients are still alive aged

>15, display progressive liver disease and variable degree of arthrogryposis (66 and Gissen personal

communication). Genotype-phenotype correlation is also identifiable in patients homozygous or compound

heterozygous for the missense mutation Gly131Glu in VPS33B . This genotype results in a milder phenotype

reported as autosomal recessive keratoderma-ichthyosis-deafness (ARKID) syndrome without contractures.

VPS33B and VIPAR form a stable protein complex termed the class C Homologues in Endosome–Vesicle

Interaction (CHEVI) that functions as a discrete endosomal tethering complex in multiple systems.

The importance of the CHEVI complex in intracellular transport has been demonstrated in a range of tissues such

as skin keratinocytes and blood megakaryocytes.

CHEVI is also essential for the trafficking of lysyl hydroxylase isoenzyme 3 (LH3) from the Golgi-transfer network to

the compartments named Collagen IV Carriers, enabling the post-translational modification of collagen IV in the

inner medullary collecting duct cells of mice . This trafficking occurs through a Rab10/Rab25-dependent

pathway (Figure 2) . The importance of this intracellular trafficking has been demonstrated through the

abnormal post-translational modification of collagen IV by LH3 in a murine kidney cell line when deficient in VIPAR

or VPS33B . LH3 is essential for collagen IV biosynthesis and basement membrane stability, its absence is fatal

in mice embryos . Collagen I is also affected by deficiencies in VPS33B and VIPAR; abnormal collagen I

structure was demonstrated in the tail tendons of VPS33B and VIPAR knockout mice . The phenotypic effect of

VPS33B or VIPAR mutations in patients with ARC has been demonstrated by the accumulation of procollagen I in

fibroblasts cultured in vitro from these patients . The LH3-dependent post-translational modification of collagen

was also found to be reduced in the urine of ARC patients . The above suggests that it is likely that the

modification of multiple collagens including collagen VI could be affected in ARC linking the common features of

these disorders.
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Figure 2. Post-Golgi LH3 trafficking pathway in kidney cells. Step 1 shows how a vesicle containing LH3 buds from

Golgi with the help of Rab10 on the cytoplasmic surface. Step 2 shows how the cytoplasmic Chevi complex

containing VPS33B and VIPAR proteins assists with the trafficking of the LH3 containing vesicle. Between stages 2

and 3, Rab10 is exchanged with Rab25, which leads LH3 vesicle towards fusion with the Collagen IV-containing

organelle where LH3 can proceed with its function in post-translational collagen modification. Stage 4 depicts

secretion of Collagen IV carrier outside of the cell (adapted from Banushi et al., 2016 with permission from Paul

Gissen).

Although arthrogryposis can result from the incorrect trafficking of LH3 by CHEVI, mutations in PLOD3 itself, the

gene that encodes LH3, can also result in an arthrogryposis phenotype without affecting the CHEVI complex .

PLOD3 is found on c7q22.1 and homozygous mutations in it cause a rarely reported connective tissue disease that

has some overlap in features with Sticklers syndrome, Ehlers Danlos syndrome and epidermolysis bullosa 

. These features include contractures of the fingers predominantly, ocular abnormalities, sensorineural hearing

loss, congenital heart defects, fragile skin and facial abnormalities . Reduced expression of LH3, reduced

glycolisation of urinary collagen, and reduced expression of collagen VII have been noted in patients.
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LH3 is an enzyme that has three catalytic activities: lysyl hydroxylase (LH), galactosyltransferase (GT), and

glucosyltransferase (GGT) . LH enables the hydroxylation of lysyl residues to hydroxylysine and their

subsequent glycosylation is catalysed by GT or GGT . This latter function is unique to LH3 alone and as

discussed, mutations in LH3 result in widespread connective tissue disorders, demonstrating the importance of

LH3 in collagen formation and function. Importantly, blocking only the LH activity of LH3 in mice results in some

disruption of basement membrane and collagen fibril organisation but blocking only the GGT activity is lethal

embryologically and prevents collagen IV localisation . It has been shown to be crucial for functioning of

collagen I, IV, and VI but is involved in the post-translational modification of most collagens .

3. Conclusions

In this research, researchers aimed to identify commonalities between CA syndromes affected by defects in genes

involved in collagen homeostasis. Researchers found that each syndrome displayed great variability of

presentation in the severity and location of joint contractures. For example, the contractures in ARC syndrome

could be limited to a single joint such as talipes equinovarus or extend to severe hip dislocation in combination with

multiple joint contractures. Similarly, there was great variability in the non-arthrogryposis manifestations of these

conditions, which is likely to stem from the broad range of functions that collagens have, particularly those that are

non-structural. This is especially notable in the collagen VI disorders; they have diverse non-structural functions in

connective tissues and results in an equally diverse phenotypic spectrum. It is interesting, that most disorders have

additional skin manifestations such as dry skin in both ARC syndrome and collagen VI disorders, and fragile skin in

patients with PLOD2, FKBP10 and PLOD3 mutations. Although collagen XXV disorders appear to share this trait of

phenotypic variability, cases so far have not had skin manifestations.

It is interesting to note that of the nine genes discussed, five of them have an effect on collagen post-translational

modification either by directly encoding an LH enzyme or by encoding a protein that is key to the function of one of

these enzymes. Both LH2 and LH3 have unique functions, meaning there is no compensation in the event of a loss

of function mutation. For LH2, this is the hydroxylation of lysyl residues on telopeptides to form pyridinolines, and in

LH3, it is the glycosylation of hydroxylysine residues. To the contrary, there is a redundancy to LH1, as both LH2

and LH3 can perform the same function. Thus, although LH1 dysfunction produces an Ehlers–Danlos syndrome

phenotype, similar to that seen in LH2 and LH3 disorders, no cases of congenital contractures have been recorded

.

By definition, congenital arthrogryposis is present at birth, and therefore, in order to prevent contractures,

intervention would have to be in utero. This may become possible in the future if gene-based therapies such as the

proposed CsA for UCMD are made available for foetal administration. Any definitive treatment would also need to

be adaptable to multiple congenital contracture syndromes due to the rarity and variability between not only each

specific condition but each individual case. Both these criteria were met by Bolduc et al., 2014, in their

development of siRNA to correct the collagen VI defects. There are regulatory and financial challenges for

developing mutation-specific therapies for very small numbers of patients. Given the extreme genotypic variability

of collagen-related disorders that cause arthrogryposis, selecting genetic targets is a great challenge. In the
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interim, a deeper understanding of why these genotypes produce such variable phenotypes would also allow better

pre-partum counselling, particularly with regards to collagen VI abnormalities, which can range from mild to

severely life-limiting. In the short term, an improved understanding of the underlying cellular and molecular

pathology of arthrogryposis may allow targeting of the connective tissue surrounding the joints to improve mobility

and reduce the incidence and severity of contractures.

References

1. Bamshad, M.; Van Heest, A.E.; Pleasure, D. Arthrogryposis: A Review and Update. J. Bone Joint
Surg. Am. 2009, 91 (Suppl. S4), 40–46.

2. Hall, J.G.; Kimber, E.; Dieterich, K. Classification of arthrogryposis. Am. J. Med. Genet. C Semin.
Med. Genet. 2019, 181, 300–303.

3. Natera-de Benito, D.; Jurgens, J.A.; Yeung, A.; Zaharieva, I.T.; Manzur, A.; DiTroia, S.P.; Di Gioia,
S.A.; Pais, L.; Pini, V.; Barry, B.J.; et al. Recessive variants in COL25A1 gene as novel cause of
arthrogryposis multiplex congenita with ocular congenital cranial dysinnervation disorder. Hum.
Mutat. 2022, 43, 487–498.

4. Gelse, K. Collagens—Structure, function, and biosynthesis. Adv. Drug Deliv. Rev. 2003, 55, 1531–
1546.

5. Myllyharju, J.; Kivirikko, K.I. Collagens and collagen-related diseases. Ann. Med. 2001, 33, 7–21.

6. Ricard-Blum, S. The Collagen Family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978.

7. Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78,
929–958.

8. Khoshnoodi, J.; Pedchenko, V.; Hudson, B. Mammalian Collagen IV. Microsc. Res. Tech. 2008,
71, 357–370.

9. Hall, J.G.; Kiefer, J. Arthrogryposis as a Syndrome: Gene Ontology Analysis. Mol. Syndromol.
2016, 7, 101–109.

10. Foley, A.R.; Mohassel, P.; Donkervoort, S.; Bolduc, V.; Bönnemann, C.G. Collagen VI-Related
Dystrophies; GeneReviews®; University of Washington: Seattle, WA, USA, 2021. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK1503 (accessed on 27 April 2023).

11. Di Martino, A.; Cescon, M.; D’Agostino, C.; Schilardi, F.; Sabatelli, P.; Merlini, L.; Faldini, C.
Collagen VI in the Musculoskeletal System. Int. J. Mol. Sci. 2023, 24, 5095.

12. Jöbsis, G.J.; Boers, J.M.; Barth, P.G.; de Visser, M. Bethlem myopathy: A slowly progressive
congenital muscular dystrophy with contractures. Brain 1999, 122, 649–655.



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 12/18

13. Allamand, V.; Briñas, L.; Richard, P.; Stojkovic, T.; Quijano-Roy, S.; Bonne, G. ColVI myopathies:
Where do we stand, where do we go? Skelet. Muscle 2011, 1, 30.

14. Baker, N.L.; Mörgelin, M.; Peat, R.; Goemans, N.; North, K.N.; Bateman, J.F.; Lamandé, S.R.
Dominant collagen VI mutations are a common cause of Ullrich congenital muscular dystrophy.
Hum. Mol. Genet. 2005, 14, 279–293.

15. Lampe, A.K.; Dunn, D.M.; von Niederhausern, A.C.; Hamil, C.; Aoyagi, A.; Laval, S.H.; Marie,
S.K.; Chu, M.-L.; Swoboda, K.; Muntoni, F.; et al. Automated genomic sequence analysis of the
three collagen VI genes: Applications to Ullrich congenital muscular dystrophy and Bethlem
myopathy. J. Med. Genet. 2005, 42, 108–120.

16. Camacho Vanegas, O.; Bertini, E.; Zhang, R.Z.; Petrini, S.; Minosse, C.; Sabatelli, P.; Giusti, B.;
Chu, M.L.; Pepe, G. Ullrich scleroatonic muscular dystrophy is caused by recessive mutations in
collagen type VI. Proc. Natl. Acad. Sci. USA 2001, 98, 7516–7521.

17. Okada, M.; Kawahara, G.; Noguchi, S.; Sugie, K.; Murayama, K.; Nonaka, I.; Hayashi, Y.K.;
Nishino, I. Primary collagen VI deficiency is the second most common congenital muscular
dystrophy in Japan. Neurology 2007, 69, 1035–1042.

18. Picillo, E.; Torella, A.; Passamano, L.; Nigro, V.; Politano, L. Autosomal dominant Ullrich
congenital muscular dystrophy due to a de novo mutation in COL6A3 gene. A case report. Acta
Myol. 2022, 41, 95–98.

19. Pan, T.-C.; Zhang, R.-Z.; Arita, M.; Bogdanovich, S.; Adams, S.M.; Gara, S.K.; Wagener, R.;
Khurana, T.S.; Birk, D.E.; Chu, M.-L. A mouse model for dominant collagen VI disorders:
Heterozygous deletion of Col6a3 Exon 16. J. Biol. Chem. 2014, 289, 10293–10307.

20. Bethlem, J.; Wijngaarden, G.K.V. Benign myopathy, with autosomal dominant inheritance: A report
on three pedigrees. Brain 1976, 99, 91–100.

21. Jöbsis, G.J.; Keizers, H.; Vreijling, J.P.; de Visser, M.; Speer, M.C.; Wolterman, R.A.; Baas, F.;
Bolhuis, P.A. Type VI collagen mutations in Bethlem myopathy, an autosomal dominant myopathy
with contractures. Nat. Genet. 1996, 14, 113–115.

22. Park, H.J.; Choi, Y.C.; Kim, S.M.; Kim, S.H.; Hong, Y.B.; Yoon, B.R.; Chung, K.W.; Choi, B.O.
Molecular Genetic Diagnosis of a Bethlem Myopathy Family with an Autosomal-Dominant
COL6A1 Mutation, as Evidenced by Exome Sequencing. J. Clin. Neurol. 2015, 11, 183–187.

23. Saroja, A.O.; Naik, K.R.; Nalini, A.; Gayathri, N. Bethlem myopathy: An autosomal dominant
myopathy with flexion contractures, keloids, and follicular hyperkeratosis. Ann. Indian Acad.
Neurol. 2013, 16, 712–715.

24. Sasabe, F.; Takase, Y.; Fukusako, T.; Yamamoto, K.; Morimatsu, M. Early-onset benign autosomal
dominant limb-girdle myopathy with contractures (Bethlem myopathy) in a Japanese family.
Rinsho Shinkeigaku 1992, 32, 138–142.



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 13/18

25. Caria, F.; Cescon, M.; Gualandi, F.; Pichiecchio, A.; Rossi, R.; Rimessi, P.; Cotti Piccinelli, S.;
Gallo Cassarino, S.; Gregorio, I.; Galvagni, A.; et al. Autosomal recessive Bethlem myopathy: A
clinical, genetic and functional study. Neuromuscul. Disord. 2019, 29, 657–663.

26. Radev, Z.; Hermel, J.-M.; Elipot, Y.; Bretaud, S.; Arnould, S.; Duchateau, P.; Ruggiero, F.; Joly, J.-
S.; Sohm, F. A TALEN-Exon Skipping Design for a Bethlem Myopathy Model in Zebrafish. PLoS
ONE 2015, 10, e0133986.

27. Pan, T.-C.; Zhang, R.-Z.; Sudano, D.G.; Marie, S.K.; Bönnemann, C.G.; Chu, M.-L. New
molecular mechanism for Ullrich congenital muscular dystrophy: A heterozygous in-frame deletion
in the COL6A1 gene causes a severe phenotype. Am. J. Hum. Genet. 2003, 73, 355–369.

28. Pepe, G.; Lucarini, L.; Zhang, R.-Z.; Pan, T.-C.; Giusti, B.; Quijano-Roy, S.; Gartioux, C.; Bushby,
K.M.D.; Guicheney, P.; Chu, M.-L. COL6A1 genomic deletions in Bethlem myopathy and Ullrich
muscular dystrophy. Ann. Neurol. 2006, 59, 190–195.

29. Lucioli, S.; Giusti, B.; Mercuri, E.; Vanegas, O.C.; Lucarini, L.; Pietroni, V.; Urtizberea, A.; Ben
Yaou, R.; de Visser, M.; van der Kooi, A.J.; et al. Detection of common and private mutations in
the COL6A1 gene of patients with Bethlem myopathy. Neurology 2005, 64, 1931–1937.

30. Mao, J.-R.; Bristow, J. The Ehlers-Danlos syndrome: On beyond collagens. J. Clin. Investig. 2001,
107, 1063–1069.

31. Zou, Y.; Zhang, R.-Z.; Sabatelli, P.; Chu, M.-L.; Bönnemann, C.G. Muscle interstitial fibroblasts are
the main source of collagen VI synthesis in skeletal muscle: Implications for congenital muscular
dystrophy types Ullrich and Bethlem. J. Neuropathol. Exp. Neurol. 2008, 67, 144–154.

32. Urciuolo, A.; Quarta, M.; Morbidoni, V.; Gattazzo, F.; Molon, S.; Grumati, P.; Montemurro, F.;
Tedesco, F.S.; Blaauw, B.; Cossu, G.; et al. Collagen VI regulates satellite cell self-renewal and
muscle regeneration. Nat. Commun. 2013, 4, 1964.

33. Bonaldo, P.; Braghetta, P.; Zanetti, M.; Piccolo, S.; Volpin, D.; Bressan, G.M. Collagen VI
deficiency induces early onset myopathy in the mouse: An animal model for Bethlem myopathy.
Hum. Mol. Genet. 1998, 7, 2135–2140.

34. Grumati, P.; Coletto, L.; Sabatelli, P.; Cescon, M.; Angelin, A.; Bertaggia, E.; Blaauw, B.; Urciuolo,
A.; Tiepolo, T.; Merlini, L.; et al. Autophagy is defective in collagen VI muscular dystrophies, and
its reactivation rescues myofiber degeneration. Nat. Med. 2010, 16, 1313–1320.

35. Irwin, W.A.; Bergamin, N.; Sabatelli, P.; Reggiani, C.; Megighian, A.; Merlini, L.; Braghetta, P.;
Columbaro, M.; Volpin, D.; Bressan, G.M.; et al. Mitochondrial dysfunction and apoptosis in
myopathic mice with collagen VI deficiency. Nat. Genet. 2003, 35, 367–371.

36. Merlini, L.; Angelin, A.; Tiepolo, T.; Braghetta, P.; Sabatelli, P.; Zamparelli, A.; Ferlini, A.; Maraldi,
N.M.; Bonaldo, P.; Bernardi, P. Cyclosporin A corrects mitochondrial dysfunction and muscle



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 14/18

apoptosis in patients with collagen VI myopathies. Proc. Natl. Acad. Sci. USA 2008, 105, 5225–
5229.

37. Telfer, W.R.; Busta, A.S.; Bonnemann, C.G.; Feldman, E.L.; Dowling, J.J. Zebrafish models of
collagen VI-related myopathies. Hum. Mol. Genet. 2010, 19, 2433–2444.

38. Zulian, A.; Rizzo, E.; Schiavone, M.; Palma, E.; Tagliavini, F.; Blaauw, B.; Merlini, L.; Maraldi,
N.M.; Sabatelli, P.; Braghetta, P.; et al. NIM811, a cyclophilin inhibitor without immunosuppressive
activity, is beneficial in collagen VI congenital muscular dystrophy models. Hum. Mol. Genet.
2014, 23, 5353–5363.

39. Billich, A.; Hammerschmid, F.; Peichl, P.; Wenger, R.; Zenke, G.; Quesniaux, V.; Rosenwirth, B.
Mode of action of SDZ NIM 811, a nonimmunosuppressive cyclosporin A analog with activity
against human immunodeficiency virus (HIV) type 1: Interference with HIV protein-cyclophilin A
interactions. J. Virol. 1995, 69, 2451–2461.

40. Angelin, A.; Tiepolo, T.; Sabatelli, P.; Grumati, P.; Bergamin, N.; Golfieri, C.; Mattioli, E.; Gualandi,
F.; Ferlini, A.; Merlini, L.; et al. Mitochondrial dysfunction in the pathogenesis of Ullrich congenital
muscular dystrophy and prospective therapy with cyclosporins. Proc. Natl. Acad. Sci. USA 2007,
104, 991–996.

41. Angelin, A.; Bonaldo, P.; Bernardi, P. Altered threshold of the mitochondrial permeability transition
pore in Ullrich congenital muscular dystrophy. Biochim. Biophys. Acta 2008, 1777, 893–896.

42. Sabatelli, P.; Palma, E.; Angelin, A.; Squarzoni, S.; Urciuolo, A.; Pellegrini, C.; Tiepolo, T.;
Bonaldo, P.; Gualandi, F.; Merlini, L.; et al. Critical evaluation of the use of cell cultures for
inclusion in clinical trials of patients affected by collagen VI myopathies. J. Cell. Physiol. 2012,
227, 2927–2935.

43. Jimenez-Mallebrera, C.; Maioli, M.A.; Kim, J.; Brown, S.C.; Feng, L.; Lampe, A.K.; Bushby, K.;
Hicks, D.; Flanigan, K.M.; Bonnemann, C.; et al. A comparative analysis of collagen VI production
in muscle, skin and fibroblasts from 14 Ullrich congenital muscular dystrophy patients with
dominant and recessive COL6A mutations. Neuromuscul. Disord. NMD 2006, 16, 571–582.

44. Kuo, H.J.; Maslen, C.L.; Keene, D.R.; Glanville, R.W. Type VI collagen anchors endothelial
basement membranes by interacting with type IV collagen. J. Biol. Chem. 1997, 272, 26522–
26529.

45. Sabatelli, P.; Bonaldo, P.; Lattanzi, G.; Braghetta, P.; Bergamin, N.; Capanni, C.; Mattioli, E.;
Columbaro, M.; Ognibene, A.; Pepe, G.; et al. Collagen VI deficiency affects the organization of
fibronectin in the extracellular matrix of cultured fibroblasts. Matrix Biol. J. Int. Soc. Matrix Biol.
2001, 20, 475–486.

46. Sardone, F.; Traina, F.; Bondi, A.; Merlini, L.; Santi, S.; Maraldi, N.M.; Faldini, C.; Sabatelli, P.
Tendon Extracellular Matrix Alterations in Ullrich Congenital Muscular Dystrophy. Front. Aging



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 15/18

Neurosci. 2016, 8, 131.

47. Antoniel, M.; Traina, F.; Merlini, L.; Andrenacci, D.; Tigani, D.; Santi, S.; Cenni, V.; Sabatelli, P.;
Faldini, C.; Squarzoni, S. Tendon Extracellular Matrix Remodeling and Defective Cell Polarization
in the Presence of Collagen VI Mutations. Cells 2020, 9, 409.

48. Dziadek, M.; Darling, P.; Bakker, M.; Overall, M.; Zhang, R.Z.; Pan, T.C.; Tillet, E.; Timpl, R.; Chu,
M.L. Deposition of collagen VI in the extracellular matrix during mouse embryogenesis correlates
with expression of the alpha 3(VI) subunit gene. Exp. Cell Res. 1996, 226, 302–315.

49. Shinwari, J.M.A.; Khan, A.; Awad, S.; Shinwari, Z.; Alaiya, A.; Alanazi, M.; Tahir, A.; Poizat, C.; Al
Tassan, N. Recessive mutations in COL25A1 are a cause of congenital cranial dysinnervation
disorder. Am. J. Hum. Genet. 2015, 96, 147–152.

50. Mercer, D.K.; Nicol, P.F.; Kimbembe, C.; Robins, S.P. Identification, expression, and tissue
distribution of the three rat lysyl hydroxylase isoforms. Biochem. Biophys. Res. Commun. 2003,
307, 803–809.

51. Nuytinck, L.; Freund, M.; Lagae, L.; Pierard, G.E.; Hermanns-Le, T.; De Paepe, A. Classical
Ehlers-Danlos Syndrome Caused by a Mutation in Type I Collagen. Am. J. Hum. Genet. 2000, 66,
1398–1402.

52. Cosgrove, D.; Liu, S. Collagen IV Diseases: A Focus on the Glomerular Basement Membrane in
Alport Syndrome. Matrix Biol. J. Int. Soc. Matrix Biol. 2017, 57–58, 45–54.

53. Tanaka, T.; Wakabayashi, T.; Oizumi, H.; Nishio, S.; Sato, T.; Harada, A.; Fujii, D.; Matsuo, Y.;
Hashimoto, T.; Iwatsubo, T. CLAC-P/Collagen Type XXV Is Required for the Intramuscular
Innervation of Motoneurons during Neuromuscular Development. J. Neurosci. 2014, 34, 1370–
1379.

54. Khan, A.O.; Al-Mesfer, S. Recessive COL25A1 mutations cause isolated congenital ptosis or
exotropic Duane syndrome with synergistic divergence. J. Am. Assoc. Pediatr. Ophthalmol.
Strabismus 2015, 19, 463–465.

55. Yüksel Ülker, A.; Uludağ Alkaya, D.; Elkanova, L.; Şeker, A.; Akpınar, E.; Akarsu, N.A.; Uyguner,
Z.O.; Tüysüz, B. Long-Term Follow-Up Outcomes of 19 Patients with Osteogenesis Imperfecta
Type XI and Bruck Syndrome Type I Caused by FKBP10 Variants. Calcif. Tissue Int. 2021, 109,
633–644.

56. Otaify, G.A.; Abdel-Hamid, M.S.; Hassib, N.F.; Elhossini, R.M.; Abdel-Ghafar, S.F.; Aglan, M.S.
Bruck syndrome in 13 new patients: Identification of five novel FKBP10 and PLOD2 variants and
further expansion of the phenotypic spectrum. Am. J. Med. Genet. A. 2022, 188, 1815–1825.

57. Schwarze, U.; Cundy, T.; Pyott, S.M.; Christiansen, H.E.; Hegde, M.R.; Bank, R.A.; Pals, G.;
Ankala, A.; Conneely, K.; Seaver, L.; et al. Mutations in FKBP10, which result in Bruck syndrome



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 16/18

and recessive forms of osteogenesis imperfecta, inhibit the hydroxylation of telopeptide lysines in
bone collagen. Hum. Mol. Genet. 2013, 22, 1–17.

58. Gjaltema, R.A.F.; van der Stoel, M.M.; Boersema, M.; Bank, R.A. Disentangling mechanisms
involved in collagen pyridinoline cross-linking: The immunophilin FKBP65 is critical for
dimerization of lysyl hydroxylase 2. Proc. Natl. Acad. Sci. USA 2016, 113, 7142–7147.

59. Gistelinck, C.; Weis, M.; Rai, J.; Schwarze, U.; Niyazov, D.; Song, K.M.; Byers, P.H.; Eyre, D.R.
Abnormal Bone Collagen Cross-Linking in Osteogenesis Imperfecta/Bruck Syndrome Caused by
Compound Heterozygous PLOD2 Mutations. JBMR Plus 2021, 5, e10454.

60. Gistelinck, C.; Witten, P.E.; Huysseune, A.; Symoens, S.; Malfait, F.; Larionova, D.; Simoens, P.;
Dierick, M.; Van Hoorebeke, L.; De Paepe, A.; et al. Loss of Type I Collagen Telopeptide Lysyl
Hydroxylation Causes Musculoskeletal Abnormalities in a Zebrafish Model of Bruck Syndrome. J.
Bone Miner. Res. 2016, 31, 1930–1942.

61. Eyre, D.R.; Koob, T.J.; Van Ness, K.P. Quantitation of hydroxypyridinium crosslinks in collagen by
high-performance liquid chromatography. Anal. Biochem. 1984, 137, 380–388.

62. Leal, G.F.; Nishimura, G.; Voss, U.; Bertola, D.R.; Åström, E.; Svensson, J.; Yamamoto, G.L.;
Hammarsjö, A.; Horemuzova, E.; Papadogiannakis, N.; et al. Expanding the Clinical Spectrum of
Phenotypes Caused by Pathogenic Variants in PLOD2. J. Bone Miner. Res. 2018, 33, 753–760.

63. Hershkovitz, D.; Mandel, H.; Ishida-Yamamoto, A.; Chefetz, I.; Hino, B.; Luder, A.; Indelman, M.;
Bergman, R.; Sprecher, E. Defective lamellar granule secretion in arthrogryposis, renal
dysfunction, and cholestasis syndrome caused by a mutation in VPS33B. Arch. Dermatol. 2008,
144, 334–340.

64. Smith, H.; Galmes, R.; Gogolina, E.; Straatman-Iwanowska, A.; Reay, K.; Banushi, B.; Bruce,
C.K.; Cullinane, A.R.; Romero, R.; Chang, R.; et al. Associations among genotype, clinical
phenotype, and intracellular localization of trafficking proteins in ARC syndrome. Hum. Mutat.
2012, 33, 1656–1664.

65. Fu, K.-L.; Chen, P.; Zhou, Y.-Y.; Jiang, Y.-M.; Gao, Y.; Zhang, H.-Z.; Guan, L.-H.; Wang, C.-H.; Liu,
J.-L.; Huang, M.; et al. Hepatic Vps33b deficiency aggravates cholic acid-induced cholestatic liver
injury in male mice. Acta Pharmacol. Sin. 2022, 43, 933–940.

66. Gruber, R.; Rogerson, C.; Windpassinger, C.; Banushi, B.; Straatman-Iwanowska, A.; Hanley, J.;
Forneris, F.; Strohal, R.; Ulz, P.; Crumrine, D.; et al. Autosomal Recessive Keratoderma-
Ichthyosis-Deafness (ARKID) Syndrome Is Caused by VPS33B Mutations Affecting Rab Protein
Interaction and Collagen Modification. J. Investig. Dermatol. 2017, 137, 845–854.

67. Bull, L.N.; Mahmoodi, V.; Baker, A.J.; Jones, R.; Strautnieks, S.S.; Thompson, R.J.; Knisely, A.S.
VPS33B mutation with ichthyosis, cholestasis, and renal dysfunction but without arthrogryposis:
Incomplete ARC syndrome phenotype. J. Pediatr. 2006, 148, 269–271.



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 17/18

68. Qiu, Y.-L.; Liu, T.; Abuduxikuer, K.; Hao, C.-Z.; Gong, J.-Y.; Zhang, M.-H.; Li, L.-T.; Yan, Y.-Y.; Li,
J.-Q.; Wang, J.-S. Novel missense mutation in VPS33B is associated with isolated low gamma-
glutamyltransferase cholestasis: Attenuated, incomplete phenotype of arthrogryposis, renal
dysfunction, and cholestasis syndrome. Hum. Mutat. 2019, 40, 2247–2257.

69. Alter, S.; Hotz, A.; Jahn, A.; Di Donato, N.; Schröck, E.; Smitka, M.; von der Hagen, M.; Schallner,
J.; Menschikowski, M.; Gillitzer, C.; et al. Novel VPS33B mutation in a patient with autosomal
recessive keratoderma-ichthyosis-deafness syndrome. Am. J. Med. Genet. A 2018, 176, 2862–
2866.

70. Rogerson, C.; Gissen, P. VPS33B and VIPAR are essential for epidermal lamellar body
biogenesis and function. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1609–1621.

71. Aflatounian, M.; Smith, H.; Farahani, F.; Tofighi Naeem, A.; Straatman-Iwanowska, A.; Zoghi, S.;
Khatri, U.; Tajdini, P.; Fallahi, G.H.; Gissen, P.; et al. Novel VIPAS39 mutation in a syndromic
patient with arthrogryposis, renal tubular dysfunction and intrahepatic cholestasis. Eur. J. Med.
Genet. 2016, 59, 237–239.

72. Rautavuoma, K.; Takaluoma, K.; Sormunen, R.; Myllyharju, J.; Kivirikko, K.I.; Soininen, R.
Premature aggregation of type IV collagen and early lethality in lysyl hydroxylase 3 null mice.
Proc. Natl. Acad. Sci. USA 2004, 101, 14120–14125.

73. Ewans, L.J.; Colley, A.; Gaston-Massuet, C.; Gualtieri, A.; Cowley, M.J.; McCabe, M.J.; Anand, D.;
Lachke, S.A.; Scietti, L.; Forneris, F.; et al. Pathogenic variants in PLOD3 result in a Stickler
syndrome-like connective tissue disorder with vascular complications. J. Med. Genet. 2019, 56,
629–638.

74. Maddirevula, S.; Alzahrani, F.; Al-Owain, M.; Al Muhaizea, M.A.; Kayyali, H.R.; AlHashem, A.;
Rahbeeni, Z.; Al-Otaibi, M.; Alzaidan, H.I.; Balobaid, A.; et al. Autozygome and high throughput
confirmation of disease genes candidacy. Genet. Med. 2019, 21, 736–742.

75. Vahidnezhad, H.; Youssefian, L.; Saeidian, A.H.; Touati, A.; Pajouhanfar, S.; Baghdadi, T.;
Shadmehri, A.A.; Giunta, C.; Kraenzlin, M.; Syx, D.; et al. Mutations in PLOD3, encoding lysyl
hydroxylase 3, cause a complex connective tissue disorder including recessive dystrophic
epidermolysis bullosa-like blistering phenotype with abnormal anchoring fibrils and type VII
collagen deficiency. Matrix Biol. J. Int. Soc. Matrix Biol. 2019, 81, 91–106.

76. Risteli, M.; Ruotsalainen, H.; Salo, A.M.; Sormunen, R.; Sipilä, L.; Baker, N.L.; Lamandé, S.R.;
Vimpari-Kauppinen, L.; Myllylä, R. Reduction of Lysyl Hydroxylase 3 Causes Deleterious
Changes in the Deposition and Organization of Extracellular Matrix. J. Biol. Chem. 2009, 284,
28204–28211.

77. Wartosch, L.; Günesdogan, U.; Graham, S.C.; Luzio, J.P. Recruitment of VPS33A to HOPS by
VPS16 Is Required for Lysosome Fusion with Endosomes and Autophagosomes. Traffic Cph.
Den. 2015, 16, 727–742.



Inherited Defects in Collagen and Collagen-Related Genes | Encyclopedia.pub

https://encyclopedia.pub/entry/48832 18/18

78. Cullinane, A.R.; Straatman-Iwanowska, A.; Zaucker, A.; Wakabayashi, Y.; Bruce, C.K.; Luo, G.;
Rahman, F.; Gürakan, F.; Utine, E.; Ozkan, T.B.; et al. Mutations in VIPAR cause an
arthrogryposis, renal dysfunction and cholestasis syndrome phenotype with defects in epithelial
polarization. Nat. Genet. 2010, 42, 303–312.

79. Myllylä, R.; Wang, C.; Heikkinen, J.; Juffer, A.; Lampela, O.; Risteli, M.; Ruotsalainen, H.; Salo, A.;
Sipilä, L. Expanding the lysyl hydroxylase toolbox: New insights into the localization and activities
of lysyl hydroxylase 3 (LH3). J. Cell. Physiol. 2007, 212, 323–329.

80. Ruotsalainen, H.; Sipilä, L.; Vapola, M.; Sormunen, R.; Salo, A.M.; Uitto, L.; Mercer, D.K.; Robins,
S.P.; Risteli, M.; Aszodi, A.; et al. Glycosylation catalyzed by lysyl hydroxylase 3 is essential for
basement membranes. J. Cell Sci. 2006, 119, 625–635.

81. Sipilä, L.; Ruotsalainen, H.; Sormunen, R.; Baker, N.L.; Lamandé, S.R.; Vapola, M.; Wang, C.;
Sado, Y.; Aszodi, A.; Myllylä, R. Secretion and assembly of type IV and VI collagens depend on
glycosylation of hydroxylysines. J. Biol. Chem. 2007, 282, 33381–33388.

82. Sricholpech, M.; Perdivara, I.; Nagaoka, H.; Yokoyama, M.; Tomer, K.B.; Yamauchi, M. Lysyl
hydroxylase 3 glucosylates galactosylhydroxylysine residues in type I collagen in osteoblast
culture. J. Biol. Chem. 2011, 286, 8846–8856.

83. Agakidou, E.; Agakidis, C.; Kambouris, M.; Printza, N.; Farini, M.; Vourda, E.; Gerou, S.; Sarafidis,
K. A Novel Mutation of VPS33B Gene Associated with Incomplete Arthrogryposis-Renal
Dysfunction-Cholestasis Phenotype. Case Rep. Genet. 2020, 2020, 8872294.

84. van Dijk, F.S.; Mancini, G.M.S.; Maugeri, A.; Cobben, J.M. Ehlers Danlos syndrome,
kyphoscoliotic type due to Lysyl Hydroxylase 1 deficiency in two children without congenital or
early onset kyphoscoliosis. Eur. J. Med. Genet. 2017, 60, 536–540.

85. Reilly, D.M.; Lozano, J. Skin collagen through the lifestages: Importance for skin health and
beauty. Plast. Aesthet. Res. 2021, 8, 2.

Retrieved from https://encyclopedia.pub/entry/history/show/110492


