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of distal arthrogryposis: A literature review

Varvara V. Chernyavskaya-Haukka, Olga E. Agranovich

H. Turner National Medical Research Center for Children’s Orthopedics and Trauma Surgery, Saint Petershurg, Russia

BACKGROUND: PIEZO1 and PIEZO2 are mechanosensitive ion channel proteins; in humans, they are encoded by genes
with identical names. PIEZO proteins convert mechanical signals into biochemical cellular responses following transduc-
tion. Recent data highlight the importance of this family of ion channel proteins in the regulation of physiological processes;
however, many mechanisms remain unknown. Modern studies have proven that PIEZ02 mutations lead to the development
of various forms of distal arthrogryposis.

AIM: To analyze publications containing information on PIEZ02 gene and its role in the development of distal forms of
arthrogryposis.

MATERIALS AND METHODS: This study analyzed the results of a literature search in the open scientific literature data-
bases of PubMed, Cochrane Library, and eLibrary. Consequently, 40 foreign, and domestic scientific sources were extracted
from 1969 to 2022.

RESULTS: This study showed the relationship between PIEZ02 mutations and the development of the distal forms of
arthrogryposis. The study also presented the types of distal arthrogryposis and their clinical manifestations depending on the
mutation of this gene. PIEZO2 mutations with decreased function cause distal arthrogryposis with impaired proprioception
and taction (autosomal recessive type of inheritance). PIEZ0Z mutations with gain-of-function cause distal arthrogryposis of
types 3 and 5 (autosomal dominant inheritance).

CONCLUSIONS: An integrated approach to the diagnosis and molecular genetic study will allow us to choose the best
techniques and treatment of patients with this pathology. The results are useful for doctors of various specialties.
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fen PIEZO2 v ero ponb B pasBUTUM AUCTaJIbHBIX
¢opm apTporpunosa (o63op nutepatypbl)

B.B. YepHsBckas-Xaykka, 0.E. ArpaHosuy

HaumoHanbHbIi MeAULMHCKIUA UCCNenoBaTeNbCKUiA LIEHTP [ETCKoii TpaBMartonorum v optoneanu uMewn LU. TypHepa, CankT-TeTepbypr, Poccusa

O6ocHoeaHue. PIEZO1 v PIEZ02 — MexaHOUyBCTBUTENbHLIE DOENKU MOHHBIX KaHamoB, KOTOpble Y YeNoBeKa KOAMpYHTCA
reHamu ¢ UOeHTUYHbIMM Ha3BaHuAMU. benku PIEZO B pesynbTate TpaHCAyKLMM NpeobpasyloT MexaHUyeckue curHansl B Guo-
XMMUYECKMe KIeTouHble peakuun. COBOKYMHOCTb faHHbIX, HAKOM/EHHBIX B NOCNEeAHee BpeMS, NOAYEPKMBAET BaXKHOCTb 3TOM0
ceMelicTBa 6eNKOB MOHHBIX KaHanoB B PerynMpoBaHMM GU3MOIOrMYECKUX MPOLECCOB, HO MHOTWE MeXaHW3Mbl HEWU3BECTHbI
1o cvx nop. CoBpeMeHHbIe UCCNenoBaHNA A0Ka3anu, YTo MyTauum reHa PIEZOZ npuBoOASAT K pasBUTUI0 PasiMYHbIX GOpM auc-
TanbHOro apTporpuno3a.

Llene — npoaHanusupoBath NybnuKaumu, conepxatume uidopmaumio o reHe PIEZOZ v ero ponun B pa3BuTUW AUCTaNbHbIX
dopM apTporpunosa.

Mamepuanelr u Mmemodel. B cTaTbe npepcTaBneHbl pesynbTaThl MOMCKA IUTEPATYPHbIX MCTOYHWKOB B OTKPbITbIX Basax
HayuHoit niutepatypbl PubMed, Cochrane Library u eLibrary. bbino BeiopaHo 40 MHOCTpaHHbLIX M OTEYECTBEHHBIX NMyOIMKaLmMi
3a nepwog ¢ 1969 no 2022 .

Pe3ynemamel. B pabote nokasaHa B3auMocBA3b MyTauuu B reHe PIEZOZ2 ¢ pa3suTueM aucTanbHbIX GOpM apTporpuno-
3a. MyTauuu, npuBogsALimMe K CHUKeHUIO GYHKUMKM Benka, B reHe PIEZOZ Bbi3bIBaKOT AWCTaNbHBIA apTpoOrpuUnos ¢ Hapylue-
HMEM MPOMPUMOLIENLMM W 0CA3aHUs (ayTOCOMHO-PEeLLecCMBHBIA TUN HacnefoBaHus). Mytaumu, obycnoenuBaiowme ycunenve
@yHKumK, B reHe PIEZO2 yenoBeKa NpMBOASAT K BO3HUKHOBEHWIO JMUCTANILHOMO apTporpunosa 3-ro v 5-ro TMnoB (ayTOCOMHO-
AOMWHAHTHbINA TUN Hacne0BaHNA).

3axntoyenue. Pefikas BCTPeYaeMOCTb AUCTaNbHbIX TUMOB apTPOrpuMno3a, CNOXHOCTb KIIMHUYECKOW AUarHOCTUKM onpefe-
NS0T HeoOX0AMMOCTb OCYLLECTBNIEHNUS! MOJIEKYNSPHO-TEHETUYECKOTO MCCEA0BaHUs A1 BepuduKaumu 3aboneBaHus W Bbl-
bopa onTMManbHOM TaKTUKM NieyeHus. [laHHas cTaTbsa byaeT nonesHa BpayaM pasfMyHbIX CNeLnanbHOCTeN.

KnioyeBble cnoBa: fucTtanbHblid apTporpunos; reH PIEZ0Z; myTaumu.
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REVIEWS

BACKGROUND

Throughout life, a person encounters various mechani-
cal forces. This process is called mechanosensing, which
includes the conscious perception of tactile sense (somato-
sensory), control of posture (proprioception), and uncon-
scious regulation of physiological functions such as breathing
and heart rate (interoception). In each case, mechanical force
activates special cells called mechanoreceptors that generate
and transmit signals to the nervous system and body. The key
stage in mechanosensing is the conformation of molecules
expressed in mechanoreceptors, which results in the con-
version of mechanical forces into electrochemical signals
(the so-called mechanotransduction). Tactile sense, as one
of the variants of mechanical sensations, is an integral part
of daily living. This sensory system is extremely sensitive,
remarkably accurate, and fast, allowing the localization of
the smallest forces, such as the movement of a single hair
strand, in a fraction of a second [1]. Unraveling the mecha-
nisms by which the sensory system achieves these results
has been a major challenge for scientists for more than
a century, and only in the last decade, thanks to the discov-
ery of PIEZO proteins in 2010, have we started to understand
how this type of mechanosensing functions at the molecular
level [1-4].

In humans, PIEZ01 and PIEZO2 are mechanosensitive ion-
channel proteins encoded by identically named genes. These
proteins are 47% identical to each other but differ from other
ion-channel proteins in their large size (PIEZO1 and PIEZ02
have 2,521 and 2,752 amino acid residues, respectively) and
structure resembling a three-blade propeller [2-4].

PIEZO proteins, as a result of transduction, convert
mechanical signals into biochemical cellular reactions.
The mechanical action on the cell membrane ensures
the passage of cations through the PIEZ0 channels. Ca?* entry
into cells serves as the starting point for many biochemical
signals, such as the regulation of gene expression,
cytoskeletal remodeling, and protein transport. Recently,
accumulated data emphasize the importance of this family
of ion-channel proteins in the regulation of physiological
processes; however, many mechanisms remain unknown
[1, 2, 4].

PIEZO1 is produced in erythrocytes, lungs, bladder,
pancreas, and uterine endometrium. It plays an important
role in cell adhesion by maintaining integrin activation in
the regulation of pulmonary vascular permeability and
pulmonary blood flow, micturition (regulates bladder
compliance), and erythrocyte hydration.

PIEZ02 is expressed in the neurons of the spinal
ganglia, lungs, gastrointestinal tract, skin, and muscles
(muscle spindle and Golgi organ). Special afferent fibers
(proprioceptive neurons) transmit mechanical sensations
from the muscle spindle and Golgi tendon organ to the spinal
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cord. PIEZ02 deficiency in proprioceptive neurons leads to
impaired coordination and pathological limb positions.
The PIEZ02 channel is important for the sensation of airway
expansion and subtle tactile sense. Both PIEZO1 and PIEZ02
are also found in joint chondrocytes [1].

A PIEZOT mutation causes dehydrated congenital sto-
matocytosis, a rare form of hemolytic anemia, and lymphatic
dysplasia. PIEZO2 mutations impair proprioception, tactile
and pain sensitivity, and urination and cause scoliosis, hip
dysplasia, congenital contractures, arthrogryposis, perinatal
respiratory distress syndrome, and muscle weakness [2].

PIEZO2 expression in proprioceptive neurons is essential
for normal spinal and hip development. In mouse models,
PIEZO2 deficiency in proprioceptive neurons leads to
the development of scoliosis and hip dysplasia [1, 2].

Recent studies have demonstrated that PIEZ02 mutations
contribute to the development of distal arthrogryposis in
various forms. Unlike amyoplasia (the most common form
of congenital multiple arthrogryposis, clinically manifested by
multiple contractures, aplasia or hypoplasia of the muscles,
and occurring sporadically), distal forms of arthrogryposis
are characterized by a predominance of hand and feet
lesion and hereditary nature of the disease [5]. Decrease-
of-function PIEZ02 mutations cause distal arthrogryposis
with impaired proprioception and tactile sense (autosomal
recessive inheritance). Gain-of-function PIEZO2 mutations
result in distal arthrogryposis types 3 and 5 (autosomal
dominant inheritance).

The work aimed to analyze publications containing
information about PIEZ0Z and its role in the development of
distal forms of arthrogryposis

MATERIALS AND METHODS

The study presents the results of a literature search on
PIEZ02 and its influence on the development of distal forms
of arthrogryposis. The literature search was performed in
the open electronic databases of PubMed, Cochrane Library,
and eLibrary using the following keywords: PIEZOZ gene,
mutations, distal arthrogryposis, distal arthrogryposis
type 3, Gordon syndrome, distal arthrogryposis type 5, distal
arthrogryposis with proprioception, and touch disorders. Forty
international and Russian studies were extracted from 1969
to 2022, of which 23 were published over the last 10 years.

RESULTS AND DISCUSSION
1. Gain-of-function PIEZ02 mutations
Distal arthrogryposis type 3 (Gordon syndrome)

Gordon syndrome (DA3, GS, OMIM: 114300) is clinically
characterized by camptodactyly, cleft palate, foot deformity,
and autosomal dominant inheritance. The disease is caused
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Fig. 1. Musculoskeletal pathologies in patients with distal arthrogryposis type 3

by a heterozygous PIEZ02 mutation located on chromosome
18p11. This disease was first described by H. Gordon et al.
in 1969 [6]. In the available literature, 28 cases of distal
arthrogryposis type 3 have been reported (Table 1) [6-13].

The main clinical aspects of Gordon syndrome are
camptodactyly, equinovarus foot deformity, and short stature.
In 42% of cases, patients have a cleft palate; in 6% of cases,
they have bifurcated uvula. Some patients have hypotension
and decreased muscle mass. In 6% of cases, patients have
moderate mental retardation. Studies have also described
cases of cryptorchidism in this disease [6, 12, 14, 15].

Clinical manifestations of distal arthrogryposis type 3 are
presented in Table 1 and Figs. 1 and 2.

Differential diagnostics of distal arthrogryposis type 3
should be performed with diseases such as the Aase-Smith
syndrome (OMIM: 147800), Marden—Walker syndrome (MWS,
OMIM: 248700), distal arthrogryposis type 5 (DA5, OMIM:
108145), Schwartz—Jampel syndrome (SJS1, OMIM: 255800),
distal arthrogryposis type 1 (DA1, OMIM: 108120), and distal
arthrogryposis type 2B (DA2B, OMIM: 601680) [15, 16].

Distal arthrogryposis type 5

Distal arthrogryposis type 5 (DA5, OMIM: 108145) is char-
acterized by ocular abnormalities (most often ptosis, oph-
thalmoplegia, and/or strabismus) in combination with limb
joint contractures. Patients have signs of facial dysmorphism
such as hypomimia, triangular-shaped face, auricle defor-
mity, deep-set eyes, and muscle rigidity (Fig. 3) [8, 15, 17-29].
Existing literature has described 41 cases of distal arthrogry-
posis type 5 (Table 2).

This disease is acquired in an autosomal dominant
manner; for the first time, its genotype was identified by
B. Coste et al. in 2013 [29]. A patient with similar clinical
manifestations was first reported in 1939 by H.S. Altman
and L.T. Davidson. Later B.D. Friedman and R.A. Heiden-
reich (1995) assessed the family history of the described
patient and his son and regarded this case as distal arthro-
gryposis type 5 [8, 19].

An orthopedic examination revealed motion restriction in
the spine, short neck, pectus excavatum, and scoliosis (often

early progressing). In nearly half of the cases, patients have
a short. A characteristic clinical sign of distal arthrogryposis
type 5 is hand deformities, namely, finger contractures
(camptodactyly), absence of folds in the projection of
the interphalangeal joints, and clinodactyly of the fifth finger.
Contractures of large joints of the extremities, more often
the wrist and elbow and less often the shoulder, hip, and
knee joints, were observed. The X-ray imaging of patients
with distal arthrogryposis type 5 detects shortening of
toes | and V, synostosis of the metacarpal and metatarsal
bones, synostosis of the vertebrae, and scoliosis [26]. Other
less common symptoms are toe syndactyly and cervical
pterygium. Equinovarus deformity of the feet is characteristic
(Fig. 4).

A distinctive clinical sign of distal arthrogryposis type 5
is an eye disorder, including ptosis, ophthalmoparesis,
refraction disorders, degenerative changes in the reti-
na, and optic nerve damage [25, 26]. A probable cause

18%

0
12% 10%
I I 7l% 5

Micrognathia Ptosis Altered Small Auricle
palpebral fissure  mouth deformity

Fig. 2. Facial dysmorphism in patients with distal arthrogryposis
type 3

31% 29%

16% 16%
I I 0

Deep-set Flattened  High-vaulted Triangular- Auricle
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expressiveness face

Fig. 3. Clinical manifestations of facial dysmorphism in patients
with distal arthrogryposis type 5
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Fig. 4. Musculoskeletal pathologies in patients with distal arthrogryposis type 5

of ophthalmoparesis may be fibrosis of the eye mus-
cles [21, 22] (Fig. 5).

In this arthrogryposis type, respiratory disorders are reg-
istered in 35% of cases. R.K. Beals and R.G. Weleber (2004)
described four generations of the same family who suffered
from severe obstructive-restrictive pulmonary dysfunc-
tion [21]. According to S. Dai et al. (2018), patients with se-
vere distal arthrogryposis type 5 require tracheostomy [30].
M.S. Williams et al. (2007) reported a case of pulmonary hy-
pertension in this arthrogryposis type [23].

Differential diagnostics of distal arthrogryposis type 5
should be performed with Marden-Walker syndrome, Gordon
syndrome, and other types of distal arthrogryposis [15].

2. Loss-of-function PIEZ02 mutations

Distal arthrogryposis with impaired proprioception
and tactile sense

In 2016, A. Delle Vedove et al. (2016) described 10 pa-
tients from four families with distal arthrogryposis, who were
experiencing impaired proprioception and tactile sense [31].
This disease was caused by a PIEZ02 mutation on chromo-
some 18p11 (OMIM: 613629). The authors concluded that
PIEZO2 loss in afferent neurons in the spinal ganglia leads
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Fig. 5. Eye pathologies in patients with distal arthrogryposis
type 5

to impaired proprioception, muscle development, and func-
tion. This disease is inherited in an autosomal recessive man-
ner [31].

In mouse experiments, complete deactivation of PIEZ02
caused a lethal outcome in the perinatal period. Mice with
PIEZ02 protein loss in mechanosensory neurons were
diagnosed with severe impairments in motor coordination
and limb rigidity [32].

Since 2016, new cases of distal arthrogryposis with
impaired proprioception and tactile sense have been
described. Existing literature presented 23 cases of this
disease (Table 3) [31, 33-40].

Pathogenic loss-of-function PIEZ0Z mutations cause
severe muscle hypotonia (90%), motor developmental
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Fig. 6. Musculoskeletal pathologies in patients with distal arthrogryposis and impaired proprioception and tactile sense
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Table 3. Clinical manifestations of distal arthrogryposis with impaired proprioception and tactile sense
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REVIEWS

delay (gait delay in 87% of cases), transient respiratory
failure (39%), feeding problems in early infancy (43%),
contractures of the joints of the upper and lower extremities,
and progressive scoliosis. In the musculoskeletal system,
feet and hand deformities (camptodactyly, arachnodactyly,
and duckbill-shaped deformity of the first finger), short
stature, joint hypermobility, and hip joint pathology (dysplasia
or dislocation) are typical (Fig. 6).

Impaired proprioception is the main clinical sign of this
disease. Patients have impaired balance and coordination,
tactile sensitivity, areflexia, and dysarthria, and axonal
neuropathy was diagnosed in nerve conduction studies
[31, 33, 35, 37, 391 (Fig. 7).

In 17% of cases, patients have delayed cognitive func-
tioning [31, 39].

CONCLUSION

This literature review revealed the importance of
PIEZOZ in the regulation of various physiological processes
in the human body. Mutations of this gene cause distal
arthrogryposis types 3 and 5 and distal arthrogryposis with
impaired proprioception and tactile sense. The rare incidence
of this pathology and complexity of clinical diagnosis warrant
a molecular genetic study to verify the disease and select
the optimal treatment approach.
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