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Abstract

Trichorhinophalangeal syndrome (TRPS) is a rare genetic disease inherited in
an autosomal dominant manner. It occurs in 1 in 100,000 people globally and
is caused by several types of mutations of the TRPS1 gene. Since the first
human patient was reported in 1966, typical and atypical pathologies, disease
courses, and treatment case presentations have been reported. TRPS is charac-
terized by sparse slow-growing fine hair, a bulbous nose with tented nares, and
brachydactyly with cone-shaped epiphyses on the hands and feet. Growth
retardation and hip dysplasia are also frequently observed, suggesting that hair
and skeletal phenotypes are the major pathologies of TRPS. Several animal
models have been established and studied intensively to address this rare dis-
ease. However, comprehensive treatment strategies for TRPS have not been
established. In this review, we summarize TRPS pathologies and the character-
istics of TRPS1 as an atypical GATA-type transcription factor. We review
rodent strains that have contributed to our understanding of the in vivo roles
of Trpsl and discuss their validity as animal models of TRPS. We also summa-
rize diseases that demonstrate pathologies similar to TRPS and findings in their
animal models.
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1 | TRPSHUMAN PATHOLOGIES

The first case report of a patient with trichorhinophalan-
geal syndrome (TRPS) was published by Giedion in
1966." The report described patients with sparse fine hair
(hypotrichosis), a bulbous nose with tented nares, cone-
shaped epiphyses causing deformities in the phalangeal
joint shape and digit alignment, and a short stature,
which became prominent several years after birth.
Autosomal-dominant inheritance has been established in
most families with TRPS.> TRPSI has been identified as a
disease-causing gene for TRPS,® and currently, TRPS is
classified into the following three groups based on the
type of TRPS1 gene mutations: (1) TRPS I, characterized
by deletions or nonsense mutations in the TRPSI gene;
(2) TRPS II, characterized by deletion mutations in the
EXTI1 and RAD21 genes in addition to the deletion of the
TRPSI gene; and (3) TRPS III, characterized by point
mutations or missense mutations within the DNA-
binding GATA-domain or transcriptional repressor
Ikaros-type zinc finger (ZF) domain of the TRPSI gene®~
(Figure 1A,B). The cardinal triad features of all classes of
patients are sparse, fine hair; a typical craniofacial
appearance; and axial and appendicular skeletal deformi-
ties. Abnormalities in the hands and feet, especially
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.:I (B) protein type of mutation reference
Z2AN p.Asn13Lysfs*3 frameshift Huang et al., 2022
‘ p.Ser392* nonsense Herlin et al., 2024
\ p.Tyr446* nonsense Wang et al., 2020
I I p.Ser502Valfs*7 frameshift Herlin et al., 2024
1294 aa p.Leu664Cysfs*100 frameshift ltoh et al., 2016
p.Ser747Tyrfs*6 frameshift Herlin et al., 2024
p.Ser816Glufs*28 frameshift Ozturk et al., 2023
p.Ser886* nonsense Wang et al., 2020
p.Cys909Ser missense Wang et al., 2020
p.Cys909Tyr missense Hufeland et al., 2015
p-Arg921GIn missense Fang et al., 2022
p.Tyr928Cys missense Karaca et al., 2019
p-Ala932Ser missense Smaili et al., 2017
p-His940Argfs*6 frameshift Yagasaki et al. 2023
p-Asn952Argfs*2 frameshift Ergoren et al., 2022
p.lle1050Leu missense Herlin et al., 2024
p.Ser1067Argfs*3 frameshift Gilman et al., 2017
p.Gly1073Phefs*2 frameshift Herlin et al., 2024
p.Cys1233Tyr missense Levy-Shraga et al., 2020
p.His1246Arg missense Herlin et al., 2024
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epiphyseal coning, are common skeletal phenotypes in
most cases. TRPS II (Langer-Giedion syndrome) presents
similar pathologies to TRPS I and is characterized by
additional features, including multiple exostoses (osteo-
chondromas) formed around the scapulae, elbow, and
knees. This type also exhibits mild-to-moderate intellec-
tual disabilities.® TRPS III (Sugio-Kajii syndrome) is an
extremely rare type with severe dysmorphic abnormali-
ties of the hands and feet. Inflammation in the spinal col-
umn (osteochondritis) and scoliosis are relatively
particular to TRPS III. We have summarized novel TRPS1
mutations reported after 2015,”'° as one of the largest-
scale gene mutation summaries was published in 2015’
(Figure 1B). The predicted protein structures of wild-type
and R921Q mutant TRPS1, the causal mutation of TRPS
I, show very little conformational differences
(Figure 1C).

1.1 | Hair anomalies

TRPS is a congenital hair loss disease characterized by
sparse, slow-growing scalp hair (congenital hypotricho-
sis) (Figure 2A). Hypotrichosis is observed in more than
90% of patients,”” and is classified as genodermatosis

Protein structure of human TRPS1. (A) Illustration of genomic and protein structures of human TRPS1. The numbers below

the protein structure indicate amino acid position. (B) List of TRPS1 mutations reported after 2015. (C) Structural models of the
TRPS1-dsDNA complex predicted by AlphaFold3. The three-dimensional structures of the TRPS1 wildtype (gray) and the R921Q mutant
(orange) were predicted as complexes with the dSDNA (AGATAA)x5/(TTATCT)x5. The dsDNAs from both models were superimposed for
comparison. The residues 904-970 of TRPS1, which contain the GATA ZF motif, are shown together with the dsDNA. The side chains of the

921st residues of both TRPS1 models are also shown.
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FIGURE 2 Appearance and growth curves of Trichorhinophalangeal syndrome patients. (A) Fine scalp hair, pear-shaped nose, long
philtrum, and protruding ears are observed. The inset image shows the shortening of the digit length of the same patient. The right
radiographic image of the left hand shows cone-shaped epiphyses of the middle phalanges of the second to fifth fingers. Adapted from
“Trichorhinophalangeal Syndrome Type I: A Novel mutation and Perthes-like Changes of the Hip in a Family With 4 Cases Over

3 Generations” by Hufeland, Rahner, Krauspe from the Journal of Pediatric Orthopedics. By permission of Wolters Kluwer Health, Inc.
(B) Growth curve of patient with Trichorhinophalangeal syndrome shows severe growth failure during childhood. Adapted from “A novel
frameshift mutation in the TRPS1 gene caused Tricho-rhino-pahlangeal syndrome type I and III in a Japanese family” by Itoh, Kittaka,
Niida, Saikawa from Clinical Pediatric Endocrinology. By permission of Clinical Pediatric Endocrinology.

with nonscarring hypotrichosis.”® Hair alteration of dif-
fuse alopecia with a broad forehead and partial alopecia
of the lateral third of the eyebrow. In severe cases,
patients present with nearly absent hair before they reach
the 20th.*> A biopsied specimen of the alopecia lesion
displayed markedly reduced TRPS1 protein levels in the
epidermis and the outer root sheath of the hair follicle.*'
Histologically, miniaturized hair follicles, sebaceous
glands, and widely spaced cuticular scales are observed
in the patients’ hair.*

1.2 | Craniofacial and dental anomalies

A prominent feature of patients with TRPS is the charac-
teristic facies.”® Consistent facial characteristics include:
(1) a bulbous, pear-shaped nose with tented and underde-
veloped alae; (2) an elongated philtrum; (3) scant eye-
brows in the lateral temporal portion; (4) large
protruding ears; and (5) a thin upper lip (Figure 2A). Oral
findings in patients with TRPS include anomalies in
tooth number, delayed crown and root development with
abnormal shapes, and extensive tooth decay due to hypo-
mineralization.*>** A cephalometric study of patients
with TRPS showed a shortened posterior face height,
short mandibular body and ramus, superior deflection,

and reduced size of the posterior cranial base.*
Morphological analysis indicates that the typical facial
appearance is primarily caused by dysplasia of the poste-
rior cranial base. The cranial base is lengthened by endo-
chondral ossification of the synchondroses: anterior
spheno-ethmoidal (S-E) and posterior spheno-occipital
(S-O) growth centers.”> The S-E synchondrosis closes at
approximately 6 years of age, while the S-O synchondro-
sis remains open until late in the second decade in
humans.”® As patients with TRPS display a high degree
of shortening of the posterior portion of the face, defects
in development or maintenance of the S-O synchondrosis
may account for their skeletal abnormalities in the cra-
nium. Due to developmental defects in the cranial bones,
vision (40%) and hearing (10%) impairments are observed
in some patients with TRPS.*?

1.3 | Skeletal anomalies

TRPS is classified as a genetic skeletal dysplasia under
“Group 19; Brachydactylies as part of syndromes.”*’” The
most characteristic radiologic abnormalities in TRPS
involve the phalanges, which consist of an enlarged,
irregular metaphyseal ending in the shape of a cone
(cone-shaped epiphysis).”® The patient's hands or feet
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appear short and stubby, with clinodactyly of variable
angulation* (Figure 2A). Growth failure, observed prena-
tally and becoming more prominent postnatally, is a
common finding in TRPS patients* (Figure 2B). Clini-
cally, delayed bone age during childhood and decelerated
growth with adult short stature have been well described
in patients with TRPS. However, the underlying patho-
logical mechanisms remain unclear.

Hip joint anomalies are another common issue in
TRPS*>* (Figure 3). Up to 50% of TRPS patients exhibit
misalignment of the hip joint and hypermobility of the
joints.>! Over time, the joints tend to degenerate, leading
to pain and a limited range of joint movement. The initia-
tion of hip joint anomalies in TRPS resembles that in
Perthes disease, which is a juvenile form of avascular
osteonecrosis of the femoral head.’>** Although 30%-
50% of patients with Perthes disease experience coxar-
throsis symptoms,>* the remaining patients undergo
spontaneous regeneration of the femoral head.*>*® In
contrast, Perthes-disease-like hip changes in patients
with TRPS later lead to severe deformities, severe pain,
and progressive degenerative arthritis.”***’

Age 4y 10m

FIGURE 3
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1.4 | Other anomalies

Patients with TRPS have a wide range of pathologies,
including cardiovascular and renal anomalies.*” The con-
genital cardiac defects observed in patients with TRPS
include non-ischemic dilated cardiomyopathy, mitral
valve disease, atrial septal defects, and total anomalous
venous return.***° Some of the patients with TRPS are
associated with bilateral renal hypoplasia leading to
chronic renal failure.*!

2 | TRPS1IS AN ATYPICAL GATA-
TYPE TRANSCRIPTION FACTOR

2.1 | TRPS1 is a multi-zinc finger-
containing transcription factor

The human TRPSI gene is approximately 260.5 kb and
located on chromosome 8q23.3. In mice, the Trpsl gene
spans 255.7 kb and is located on chromosome 15qC.
TRPS1 is an evolutionarily well-conserved protein

Pelvic radiographs of patients with Trichorhinophalangeal syndrome. Radiographs of the pelvis show bilateral coxa vara and

Perthes-like changes (fragmented and flattened femoral heads) of the left hip (arrowhead). Adapted from “Trichorhinophalangeal Syndrome

Type I: A Novel mutation and Perthes-like Changes of the Hip in a Family With 4 Cases Over 3 Generations” by Hufeland, Rahner, and
Krauspe from the Journal of Pediatric Orthopedics. By permission of Wolters Kluwer Health, Inc.
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characterized by the presence of nine ZF motifs.** The
types of zinc finger motifs consist of six classical C,H,-
ZF, two Ikaros C,H,-ZF, and one GATA C,4-ZF sequences
(Figure 1A).*™*® The GATA-type ZF motif is considered
a DNA-binding site (thus, required for its transcriptional
activity), and a closely located nuclear localization signal
has also been identified.*” TRPS1 belongs to the family of
GATA transcription factors, all of which are intimately
involved in organ and tissue development.**** As TRPS1
contains only one GATA-ZF motif, whereas all other
GATA family transcription factors contain two, TRPS1 is
categorized as an “atypical” GATA transcription factor.*?
TRPS1 is expressed in a wide range of tissues and is
involved in bone, kidney, and hair development.*’

2.2 | Transcriptional activities of TRPS1
The transcriptional actions of TRPS1 seem to be context-
dependent and have not been comprehensively studied,
especially during developmental stages. TRPS1 is primar-
ily defined as a transcriptional repressor because of its
Ikaros-ZF domain, which shows strong transcriptional
repression activity in a biochemical assay.** The Pro-X-
Asp-Leu-Ala contact motif is associated with the
C-terminal binding protein co-repressor complex.*®
Ikaros ZF factors have been shown to regulate gene
expression in several ways, including (1) by association
with chromatin remodeling complexes, such as nucleo-
some remodeling deacetylase (NuRD), (2) by promoting
the activity of RNA polymerase II, and (3) by inducing
chromosomal conformation changes.>”' As expected,
global gene expression analysis revealed that several
extracellular matrix molecules and hair follicle stem cell
maintenance factors are upregulated in TrpsI-knockout
vibrissae follicles.’>>*> However, a number of downregu-
lated genes were concomitantly identified in the same
assay.”” Potential direct target genes of Trpsl include
Lhx2, Sox18, and Sox21. Lhx2-knockout mice display a
40% reduction in pelagic follicle density.>* Point muta-
tions in SoxI8 have been shown to underlie the raged
(Ra) mouse phenotype, which is characterized by varying
degrees of coat sparseness.” Sox21-KO mice exhibit
cyclic alopecia beginning in the early postnatal period.>
Of note, the loss of Trps1 results in significant upregu-
lation of Sox9 in the vibrissa follicle, as Trpsl directly
binds to the Sox9 promoter to repress its expression.>
Sox9 is a master gene involved in hair follicle develop-
ment and is required for the specification of hair follicle
stem cells.””*® The importance of Sox9 in hair
follicle development is also evidenced by Shh- or Gli2-KO
mouse embryos, which show markedly reduced hair folli-
cle formation concomitant with reduced Sox9 expression

i ASSOUATION FoR 5
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levels.”” The upregulation of Sox9 caused by the loss of
Trps1 may disturb progenitor cell specification or mainte-
nance (Figure 4A).

Loss of Trpsl reduces the proliferation rate of long
bone growth plate chondrocytes. The distal region of the
long bone cartilage anlage (Figure 4B) marked by PTHrP
expression is significantly reduced in length.”® A reduced
distal region in Trps1“&/“€" mice (one of the Trpsl
mutant strains which will be described in chapter 3) has
also been observed in Gli3-mutant mice (Gli3*"’
mice).”*®* Gli3 is one of the signal transducers of the
Hedgehog pathways, and the genetic interactions
between Gli3 and Trpsl have been intimately studied.
Gli3 represses the transition from distal to columnar
chondrocytes, while the switch from proliferating to
hypertrophic chondrocytes is regulated by the
Gli3-dependent expression of PTHrP.®” When Gli3 is
deleted in Trps1“8/28 mice, the reduced distal zone
is similar to that in Trps1°8Y28 or GIi3*""/**) mice which
suggests that Trpsl and Gli3 cooperate to maintain the
distal zone via similar mechanisms.> Reduced chondro-
cyte proliferation is not observed in Gli3*™**7 mice,
whereas Trps1“€/4€" mice exhibit a significant reduction
in chondrocyte proliferation.’®® Trps148/A8,Gli3XtI/Xt
mice display reduced proliferation, but activating Hedge-
hog signaling in the chondrocytes of Trps1“8”/2&' mice
shows an increased proliferation rate compared to
Trps1*8/28" mice, suggesting that the differentiation of
columnar and hypertrophic chondrocytes is supported by
Trpsl, independent of Gli3.> Importantly, Trpsl physi-
cally interacts with the activator form of Gli3 (Gli3A).>
Formation of the Gli3a-Trps1 complex results in the inhi-
bition of Gli3A activity; thus, Trpsl acts like Gli3R to
antagonize Gli3A function and maintains the distal zone.

During chondrocyte maturation, Gli3A and Trpsl
bind to Wnt5a regulatory regions, and increase Wnt5a
expression levels to induce chondrocyte hypertrophy.®*
Reduced Wnt5a expression levels in mice result in skele-
tal phenotypes that resemble those of Trpsl and Gli3
mutants.””*>°> Thus, Wnt5a may be a downstream target
of Trpsl during endochondral ossification, and the inter-
action between Trpsl and Thh/Gli3 signaling seems to be
indispensable for normal endochondral ossification
(Figure 4B).

Wnt5a signals by binding to a membrane protein
complex consisting of Frizzled, Ror2, Vangl2, and Ryk,
which initiates planar cell-polarizing (PCP) functions via
non-canonical Wnt signal activation (Figure 4C).%°7°
WNT molecules bind to frizzled receptors, which are
associated with ROR2. This ligand binding triggers the
association of Vangl2 and Ryk into the complex, which
phosphorylates and stabilizes the Vangl2 protein, result-
ing in the enhancement of the receptor complex
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cell polarization /

Schematic illustration of mature hair follicle (A), developmental course of endochondral bones (B), and signaling axis of the

non-canonical WNT pathways. (A) Longitudinal image of the mature hair follicle and signal cascades regulated by Trps1 for hair follicle

development or stem cell specification. (B) Scheme of long bone development from cartilage template formation toward primary and

secondary ossification center formation. Signal cascades regulated by Trps1 for maintenance of distal epiphyseal zone of the cartilage anlage

and further secondary ossification center formation. (C) Non-canonical WNT signaling pathways activated by Wnt5a binding to the receptor

complex consisting of Fzd, Ror2, Ryk, and Vangl2. The ligand binding activates the intracellular processes of actin remodeling, finally

leading to planar cell polarity movements of the multi-cell sheet. Key; bg: Bulge, cts: Connective (fibrous) tissue sheath, dp: Dermal papilla,

Fzd: Frizzled, hs: Hair shaft, irs: Inner root sheath, mt: Matrix tissue, ors: Outer root sheath, POC: Primary ossification center, Ror2:

Receptor tyrosine kinase-like orphan receptor 2, Ryk: Receptor-like tyrosine kinase, sg: Sebaceous gland, SOC: Secondary ossification center,

Vangl2: Vangl planar cell polarity protein 2.

association.”””" WNT molecules bind to the receptor

complex and regulate PCP pathways, which lead to the
coordinated alignment of cells within the plane perpen-
dicular to the cellular apico-basal axis.®>®’

In murine models, Wnt5a, Ror2, and Vangl2 mutants
bear many similar disease phenotypes and display short-
ened limbs along the P-D axis.”>’®’*”7> Although the
Wnt5a-KO phenotype is more severe than the phenotypes
of Ror2-KO or Vangl2-KO mice, Ror2~'~;Vangl2~/~ double-
KO mice show almost identical phenotypes to Wnt5a-KO
mice.”” Ryk is a Wnt5a-binding protein that interacts with
Vangl2 both genetically and biochemically.” Ryk-KO mice
do not display an obvious PCP phenotype,®® but Ryk /~;
Vangl2~'~ double KO embryos exhibit a more severe phe-
notype than Vangl2-KO mice and show a shortened A-P
body axis and limb, similar to Wnt5a-KO mice.”*

TRPS1 is implicated in human cancers including
prostate  cancer,”’® leukemia,”” colon cancer,”®

endometrial cancer,”” and breast cancer.*™®" Especially,
TRPS1 is proposed as a novel breast cancer marker,
expressed in 75% in the breast cancer cohort, making it a
useful diagnostic tool.**** TRPS1 amplifications are fre-
quently observed in breast cancers with poor survival.***
TRPS1 and CHD4/NuRD complex (CHD; chromodomain
helicase DNA-binding protein) form precision-guided
transcriptional repression machinery in which TRPS1
guides the machinery to specific target sites by recogniz-
ing GATA elements, and thereafter CHD4/NuRD
represses the transcription of target genes®® (Figure 5A).
TRPS1 was recently identified as a potent repressor of
YAP-dependent  transcriptional  activation.*”  Yes-
associated protein (YAP), the downstream transducer of
the Hippo pathway, is a key regulator of organ size, dif-
ferentiation, and tumorigenesis.*”*® TRPS1 globally regu-
lates YAP-dependent transcription by binding to a large
set of genomic sites, mainly at enhancer regions
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FIGURE 5 Modes of action of TRPS1 as a transcriptional repressor. (A) TRPS1 binds to the A/TGATAA/G sequence located near the
promoter sites and recruits the NuRD repressor complex to repress gene transcription. (B) TRPS1 binds to the A/TGATAA/G sequence

located at the enhancer sites and recruits the NuRD repressor complex to deacetylate the nucleosome located at the enhancer sites, leading
to inhibition of enhancer and promoter interaction. (C) TRPS1 strengthens the interaction of de-ubiquitinase, USP4, and deacetylase,
HDAC?2, thereby stabilizing HDAC2 protein. HDAC?2 thereafter deacetylates the nucleosome, resulting in transcriptional repression.

(Figure 5B). Thus, TRPS1 can function as a transcrip-
tional repressor by recruiting repressor complexes to
either promoter or enhancer regions.

Another mode of the action of TRPS1 is through func-
tioning as a scaffold protein. TRPS1 recruits and enhances
the interaction between Ubiquitin-specific peptidase
4 (USP4) and Histone deacetylase 2 (HDAC2), leading to
HDAC2 de-ubiquitination.*>*® Stabilized HDAC2 imple-
ments the transcriptional repression program by de-
acetylating H4K16ac (Figure 5C). The understanding of
how TRPSI represses specific gene transcription has been
relatively well studied; on the other hand, how TRPS1 could
act as an activator is still undefined.

3 | ANIMAL MODELS OF TRPS

Various TRPS model mice have been reported. They have
contributed to a deeper understanding of the etiology of
disease onset and progression, unveiling gene regulatory
mechanisms, and identifying potential therapeutic tar-
gets. In this section, we summarize hair, craniofacial, and
skeletal anomalies, which are the cardinal pathologies
observed in human TRPS and in mouse models of TRPS
(Table 1).

31 | Trps1*& mice
The first genetically engineered Trpsl mutant was

reported in 2002.°" This strain lacks amino acids 888-928
of mouse Trpsl, which includes the GATA-type zinc

finger motif, but retains the nuclear localization sequence
located just adjacent to its C-terminus (Figure 6). The
Trps1“# strain is an in-frame deletion of the GATA ZF
domain and is assumed to be a specific murine model of
human TRPSL*

3.1.1 | Hair follicle phenotypes

Intriguingly, there is a mild defect in pelage hair develop-
ment in the Trpsl AgY+ gtrain; however, a detailed analy-
sis has only been performed in homozygous Trps1“e/Aet
mice.”> The potential transcriptional targets of Trpsl
have been identified through Trpsl Ag/Agt mice analysis,
which is described in chapter 2.2.

3.1.2 | Craniofacial and long bone
phenotypes

TrpslAgt/ " mice show facial anomalies, including mild
micrognathia and a narrow-arched palate, although no
cleft palate is observed. Reduced bone density has also
been observed in female Trps1°8”" mice, and Trps1°&/"
mice show a high incidence of thoracic kyphoscoliosis
at the age of 3 months. Maas et al. reported that 30% of
patients with TRPS show scoliosis in the trunk region.’
Trpsl has been identified as one of the bone mineral
density (BMD) quantitative trait loci.”*°® In humans,
genome-wide association studies have demonstrated
that a single nucleotide polymorphism (rs4355801)
mapped to the same chromosomal locus as TRPSI
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TABLE 1 Summary of the pathological phenotypes observed in animal disease models related to Trichorhinophalangeal syndrome.
Other
Craniofacial Other skeletal remarkable
Mouse strain  Trpsl expression Hair phenotypes phenotypes phenotypes phenotypes References
Trps1®® mice  Expresses inframe Vibrissae follicles Cleft palate in Accelerated Trps1°8/28"  Malik
GATA-ZF deleted absent homozygous perichondrium  homozygous et al.*’
Trpsl protein and reduced hair Narrow palate in  ossification Mice are Napielala
follicles heterozygous Abnormal neonatally etal.
epiphyseal lethal (2008)
growth plate Wellings
structure et al.
Reduced bone (2009, 2020)
density
Trps1-KO No expression Vibrissae follicle Micrognathia Abnormal Trps1-KO Suemoto
mice severely reduced and  Infrequent cleft epiphyseal are et al.'®
minituarized hair palate growth plate neonatally Gai et al.
follicles structure lethal (2009, 2010)
Abnormal Michikami
kidney etal'®
development
Trps1-Flox Conditional deletion in ~ Not determined Hypomineralized  Not determined = Not Socorro
mice osteoblasts/ tooth hard tissue determined et al.'’
(CollalCreER; odontoblasts/ Impaired Fujikawa
Trps1F1o¥FloXy  cementoblasts cementogenesis et al.'®
Trps1®™ mice  Reduced Trps1 Not determined Mild Growth Not Saeki
expression micrognathia retardation determined et al.'’®
in several organs/cells Acetabular
dysplasia
Patella
dislocation
Delayed SOC
formation

Note: The brief findings of each animal disease model and their major reference documents are listed.
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FIGURE 6 Genomic structures of TRPS animal models. The genomic structures of Trpsl mutant mouse strains. Trps1*€" allele lacks

exon 4, resulting in the production of Trpsl protein lacking the GATA ZF motif. Trps1-KO allele contains in-frame fgeo cDNA sequence

within the exon containing the translation start codon. Trps

1Amt

Trps17'°* allele has two LoxP sequences inserted flanking exon 2.

allele lacks approximately 20 kb of the first intron of the Trpsl gene.

(8924.12) is significantly associated with osteoporo- Agt/+

sis.’>* Importantly, a significant reduction in bone
mass has been recently described as a new feature of
human TRPS 1.°>°% Thus, the reduced BMD observed in

Trpsl mice is consistent with the pathology
observed in human TRPS.

Trps1“€/~8 mice have a 100% penetrant cleft palate.”’”
A narrow palate is observed in 70% of patients with
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TRPS,® and a cleft palate is an uncommon observation
but has been reported to occur in some patients.”®

Long bone development occurs via endochondral
ossification.”” Mesenchymal cells undergo chondrocyte
differentiation to form cartilage templates for future use
as skeletal templates. The middle portion of the cartilagi-
nous template ceases to proliferate and enlarges to differ-
entiate into hypertrophic chondrocytes. The hypertrophic
chondrocyte layer is replaced by invading osteoblast pro-
genitors to form the primary ossification center in associ-
ation with vascular and osteoclast invasion (Figure 4B).
The fibrous perichondrium surrounding the cartilage
template directly differentiates into bone-forming osteo-
blasts and forms the periosteum. Therefore, chondrogen-
esis and osteogenesis proceed cooperatively through
complex interactions during endochondral ossification.

Trps1“Y/28 mice show long bone development anom-
alies.®® In the growth plates of Trps1*8/48' mice, delayed
chondrocyte differentiation and accelerated mineralization
of the perichondrium have been observed.”> Runx2 and
Patched 1 (Ptchl) expression levels are increased in the peri-
chondrium of Trps1“€/“8" mice, suggesting increased
Hedgehog signaling in these cells. Trpsl physically associ-
ates with Runx2 and represses Runx2-mediated transcrip-
tion in vitro.® Importantly, the expanded perichondrial
mineralization domain observed in TrpsI1*®/" mice is
reduced to wild-type levels in Trps1*&/";Runx2™~ hetero-
zygous mice, indicating the presence of genetic interactions
between Trpsl and Runx2 during long bone development.®®

3.2 | Trpsi-KO/figeo (Trps1-KO) mice

The second Trpsl mutant strain was generated by in-
frame replacement of the TrpsI exon containing the initi-
ation codon with the beta-Geo (a fusion gene of beta-
galactosidase and neomycin) sequence (TrpsI-KO mice;
Figure 6).'° Heterozygous TrpsI-KO mice have not been
analyzed in detail; however, homozygous TrpsI-KO mice
show an early postnatally lethal phenotype, as observed
in Trps1“€/“8" mice.'® This strain is used as a mouse
model of human TRPSI.

3.2.1 | Hair follicle phenotypes

The number of vibrissa follicles is reduced in Trps1-KO
mice,'” and the number of hair follicles is reduced by
half in Trps1-KO mouse skin (Figure 7).'°* Noggin
expression levels are significantly reduced in TrpsI-KO
mouse skin, and consequently, Bmp signaling is upregu-
lated. Exogenous Noggin treatment rescues the number
of hair follicles in Trps1-KO mouse tissues.'”
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FIGURE 7 Histological sections of dorsal skin of wild-type
(WT) and Trps1-KO (KO) mice. HE-stained sections of the dorsal
skin of newborn pups. Trps1-KO section shows a reduced number
of hair follicles. Adapted from “Trps1-deficient transplanted skin
gave rise to a substantial amount of hair: Trps1 is unnecessary for
hair development” by Zhang, Nakamura, Furukawa, Muragaki
from Dermatology Reports.

Surprisingly, transplantation of Trpsl-KO newborn
mouse skin into the back of immunocompromised nude
mice results in substantial hair formation,'** although
the hair is thin and soft.

3.2.2 | Craniofacial and long bone
phenotypes

Craniofacial phenotypes have also been studied in TrpsI-
KO mice. Suemoto et al. demonstrated that the snout
length of Trps1-KO mice is shorter than that of control
mice.'” Furthermore, the KO mice display micrognathia,
mainly affecting the proximal region of the developing
lower jaw. Indeed, the morphogenesis of most compo-
nents of the temporomandibular joint appears abnormal.
Joint disks and cavities are not formed.'® Furthermore,
the condylar growth plate loses its integrity and ability to
expand.'® Although Trps1°8"“€" mice show a fully pene-
trant cleft palate, Trpsl1-KO mice only occasionally
exhibit a cleft palate (N.S. and M.A., unpublished).

In the long bone growth plate, Trpsl is dynamically
expressed predominantly in articular and prehyper-
trophic chondrocytes.'” The growth plates of TrpsI-KO
mice show a markedly elongated proliferation zone,
although both the proliferation and apoptosis rates are
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reduced.’® In Trps1-KO chondrocytes, Stat3 protein
levels and activity are increased.'® Trps1 represses Stat3,
which, in turn, controls chondrocyte proliferation and
survival. Trps1 deficiency enlarges the proliferation zone
of the growth plate and upregulates PTHrP (expressed in
the distal chondrocyte zone (Figure 4B)) levels, poten-
tially affecting the Indian hedgehog (Ihh)/PTHrP feed-
back loop in the long bones of TrpsI-KO mice.'*® The
causes of the discrepancy between the reduced (Trps1°&"
4% and expanded (Trps1-KO) distal chondrocyte zones
between the two different Trpsl-mutant mice are cur-
rently unknown, but it should be mentioned that the
Trps1®8 protein is expressed in Trps1*8/8" mice, while
the Trpsl protein itself is not expressed in TrpsI-KO
mice. Trps1“" may affect signaling pathways, including
Gli-mediated pathways, as the C,H,-type ZF motif is still
present in the Trps1“€" protein, which can interact with
Gli3A.”

3.3 | Trpsi-Flox mice

Because both Trps1®8/4€" and Trps-KO mice showed
early postnatal lethal phenotypes, a conditional Trpsi-
KO strain was established (Figure 6)."°” When Trps1 was
conditionally knocked out in osteoblasts and odonto-
blasts (using 2.3 kb CollalCreERT2), mineralization
defects were observed in both tooth enamel and den-
tin.'®” Severe tooth root exposure was observed in condi-
tional TrpsI-KO mice, indicating impaired alveolar bone
formation. Impaired dentin mineralization with a large
dental pulp space has been reported in patients with
TRPS.'® Furthermore, considerable delays in root and
crown development, malocclusion with abnormal tooth
shape, and extensive caries (tooth decay) have been
reported in patients with TRPS.*® Teeth of conditional
Trps1-KO mice were indeed more prone to acid-induced
demineralization. Recently, defects in cementogenesis
and tooth root formation have also been reported in the
same conditional KO strain."'*

34 | mice

Since the postnatal skeletal phenotypes of TRPS cannot
be investigated using conventional KO animal models,
distinct strategies need to be established. To this end, we
investigated the gene-regulatory enhancer region(s) of
mouse Trpsl.''® Based on assays for transposase-
accessible chromatin sequencing to identify open chro-
matin regions and chromatin immunoprecipitation
sequencing to unveil transcriptionally active histone

modifications using primary murine chondrocytes,

SAEKI ET AL.

several candidate regions for Trpsl regulatory elements
in the mouse genome have been identified. Genome edit-
ing strategies have been applied to delete these regions,
either individually or simultaneously, to generate
enhancer-KO mouse lines.!*° In this section, we focus on
describing the phenotypes of Trps1*™ mice (Figure 6), as
other generated mice only show subtle phenotypes, even
when one allele of the Trpsl gene was simultaneously
deleted."* In Trps1*™ mice, the region within the first
intron of Trpsl (GRCm39; 50,731,923-50,752,354) is
deleted without modification of any of the Trpsl exon
sequences (Figure 6). The deleted sequence contains two
enhancer candidate regions, 3 and 5kb in length. In
Trps1*™ mice, these two regions are simultaneously
deleted by two guide RNAs, resulting in a 20 kb deletion
within the first intron. Reduced Trpsl gene expression
levels have been confirmed in various organs of Trps1*™
mice."'® As hair follicle phenotypes have not been stud-
ied in this strain, we summarize the skeletal phenotypes
observed in Trps1*™2 mice in the following section.

34.1 | Craniofacial and long bone
phenotypes

The craniofacial phenotypes are subtle in Trps1~nt/Aint
mice. They show only a slight miniaturization of the
mandibular condyle at birth."'® Axial and appendicular
skeletons of Trps14™YA" mice showed normal morphol-
ogy at birth. However, this mutant displayed significant
growth defects starting at approximately the second week
after birth. The severity of the growth defects became
more obvious when one allele of Trpsl was deleted
simultaneously (Trps1°™~ mice)."’* Given that growth
retardation is a prominent feature of TRPS (especially in
TRPS III),*° Trps14™An mice can serve as a model of
TRPS that recapitulates postnatal pathologies. There were
fewer mice of the Trps1*™~ genotype than expected at
weaning, indicating that most Trps1*™~ mice died peri-
natally, as the proportion of mice retrieved for each geno-
type was as expected during the embryonic period.*®
Furthermore, the surviving Trps1*™~ mice did not give
birth to pups. All these observations suggest that there
may be a threshold of Trpsl expression for normal
growth, survival, and also fertility.

Trps1™ mice exhibited several other skeletal abnor-
malities, namely, (1) acetabular dysplasia, (2) patellar dis-
location (only detected in TrpsI®™~ mice), and
(3) delayed secondary ossification center (SOC) formation
in the long bone epiphysis (Saeki et al., 2024)."*° Hip
joint abnormalities are frequently observed in patients
with TRPS, and the importance of a thorough clinical
investigation of hip changes in children with TRPS has
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been emphasized, as hip joint abnormalities may lead to
severe hip diseases.'!""'? Trps1*"4" mice show imma-
ture and shallow acetabular formation, resulting in
undercoverage of the femoral head.''”

An abnormally flat trochlear groove has been
observed in the distal femur of Trps1*™~ mice.''® This
dysplasia results in bilateral medial patellar dislocation in
Trps1°™/~ mice. Repeated patellar dislocation has been
reported in patients with TRPS.''? Dislocation of the
patellofemoral joint often leads to cartilage fractures and
ligament ruptures.''*'!> Trochlear dysplasia is present in
most patients suffering from patella dislocation (>90%),
and recurrent patellar dislocation is a well-known risk
factor for knee osteoarthritis."'®

Trps14™YAnt mice show delayed SOC formation.''”
SOC appeared after the formation of the primary ossifica-
tion center and separated the articular cartilage and
growth plate cartilage (Figure 4B). Recent evidence sug-
gests that SOC reduces mechanical stress on the epiphy-
seal growth plate and protects chondrocytes from
apoptosis."’” As the elongation of long bones relies on
normal growth plate functions, the growth failure
observed in Trps1*™A" mice may have been caused by
excessive mechanical stress on the epiphysis because of
delayed SOC formation.

4 | ANIMAL MODELS SHOWING
CHROMOSOMAL INVERSION NEAR
TRPS1 LOCUS

In this section, we describe animal models that exhibit
Trpsl reduction but display different phenotypes from
Trpsl mutant strains.

4.1 | Koala mice (Koa) and hairy-eared
mice (Eh)

Koa and Eh mouse strains were independently developed
using irradiation-mediated mutagenesis study at the Misr
Radiology Center and Oak Ridge National Laboratory,
respectively. Linkage analysis of the Koa mouse mutation
mapped the candidate gene locus to the distal half of
mouse chromosome 15."'%''® More recently, specific
inversion breakpoints spanning approximately 32 Mb on
chromosome 15 have been identified (Figure 7).'*° Chro-
mosomal inversion often results in developmental
defects,"*"*** usually caused by the disruption or altered
expression of genes located in the vicinity of inversion
breakpoints.'**'** Indeed, Koa inversion has been shown
to result in a positional effect (alteration in gene expres-
sion caused by changes in the position of a gene relative
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to its native chromosomal region), which significantly
reduces Trpsl expression levels in the whole body at the
embryonic stage and in hair follicles at postnatal
stages.53’125‘126

Similar to the mutations in Koa mice, Eh mutations
are associated with a paracentric inversion of the distal
half of chromosome 15.%""'*° The specific Eh inversion
locus (Figure 7) largely overlaps with the Koa
inversion locus, although the expression of Trpsl in Eh
mice has not been examined in detail."*>'*® The mouse
gene loci where Koa and Eh inversions on distal chromo-
some 15 have been mapped are in a region syntenic to
human chromosome 8q.'*° Interestingly, Ambras syn-
drome, which is a rare form of congenital hypertrichosis
with excessive hair on the shoulders, face, and ears, is
associated with chromosomal rearrangements of human
chromosome 8q."*° Indeed, 11.5 Mb candidate intervals
for Ambras syndrome on chromosome 8q have been
identified as cytogenic breakpoints in patients.'*> TRPS1
expression is either absent or has significantly decreased
levels in all patient lymphoblast samples examined.'*

4.1.1 | Hair follicle phenotypes

In Koa mice, the expression level of Trpsl is significantly
reduced in back skin samples containing hair folli-
cles.”'?>1%® Adult Koa mice have long hair on both sur-
faces of the pinnae and around the muzzle.'”> In
contrast, the vibrissa follicles (consisting of large follicles)
are sparse and reduced in number compared to that in
control mice.'?®> Thus, while loss of TRPS1 function due
to intragenic mutations leads to sparse, fine hair in more
than 90% of human cases, reduced expression levels of
Trps1 due to positional effects can result in excessive and
ectopic hair growth. The mechanisms underlying hyper-
trichosis in Koa mice, despite the reduced Trpsl levels,
require further investigation. As described above, the
expression levels of TrpsI in various tissues of Eh mice
have not been examined in previous studies; however,
ectopic Hoxc5 expression has been reported.'*®

4.1.2 | Craniofacial and long bone
phenotypes
Koa/Koa homozygous mice show mild spinal

curvature,'? deformed ribs, shortened skull length with
abnormally thick zygomatic arches, and reduced long
bone length.'*® Koa/Koa mice also display growth retar-
dation that becomes prominent after birth.'*® Reduced
Trpsl1 expression levels have been observed in Koa/+ and
Koa/Koa mice compared to control wild-type mice.'*®
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Scoliosis (30%), a narrow palate (70%), micrognathia
(25%), short metatarsals and metacarpals (60%), and bra-
chydactyly (70%) are some of the commonly observed fea-
tures in patients with TRPS.” The skeletal phenotypes of
Koa/Koa mice somewhat resemble those observed in
human patients with TRPS; however, in patients with
Ambras syndrome, in which TRPS]I is assumed to be sig-
nificantly downregulated, the cardinal features of TRPS
(sparse hair, cone-shaped epiphysis, and short stature)
are not observed.”*® As humans with Ambras syndrome
and Koa mice possess a relatively large genomic inver-
sion, it is expected that other genes might be affected in
addition to TRPSI (Figure 8).

5 | THE PHENOTYPES OF THE
HUMAN DISORDERS WHOSE
CAUSATIVE GENES ARE ALTERED
IN TRPS1 MUTANT STRAINS

In this section, we summarize human disorders of which
the causative genes have been shown to be involved in
pathologies observed in Trps1 mutants. In the long bones,
interactions between Trpsl and Gli3 have been inten-
sively studied, while Wnt5a has been identified as one of
the downstream targets of Trpsl.

5.1 | Greig cephalopolysyndactyly
syndrome (OMIM 175700) and Pallister-
Hall syndrome (OMIM 146510)

The phenotypic spectrum of GLI3 mutations in humans
includes autosomal dominant Greig-cephalopolysyndactyly
syndrome (GCPS) and Pallister-Hall syndrome (PHS).'*!
Patients with GCPS typically display polysyndactyly of the
hands and feet, together with several craniofacial features
(macrocephaly, ocular hypertelorism, and a prominent fore-
head). PHS is described as a neonatally lethal condition
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associated with hypothalamic hamartoma, postaxial or cen-
tral polydactyly, anal atresia, and bifid epiglottis."*>"** A
robust genotype-phenotype correlation of GLI3 mutations
has been demonstrated.”**'*> Haploinsufficiency of GLI3
causes GCPS because of the loss of protein activity, whereas
truncating mutations in the middle third of the gene gener-
ally cause PHS, resulting in a constitutive GLI3 repressor
protein.134’136’137

5.2 | Robinow syndrome (OMIMZ268310)
and brachydactyly type B1 (BDBI;
OMIM113000)

Wnt5a has been identified as one of the downstream targets
of Trpsl and Gli3 mediated transcription in the long bone
growth plate.”* However, mutations in WNT5A signaling
molecules result in much more severe pathologies compared
to TRPS1 or GLI3 mutations. Robinow syndrome and brachy-
dactyly type B1 (BDB1) are skeletal disorders caused by muta-
tions in WNT5A and ROR2, a co-receptor of WNT5A.*%74
Patients with Robinow syndrome display mesomelic limb
shortening and dwarfism but are also characterized by broad
skeletal pathologies.**** Robinow syndrome is caused by
homozygous missense, nonsense, and frameshift mutations
in either the extracellular or cytoplasmic region of ROR2,
whereas BDBI1 is caused by heterozygous mutations that
truncate the cytoplasmic portion of ROR2.

6 | FUTURE PERSPECTIVES AND
UNANSWERED QUESTIONS

A large number of studies have revealed pathologies of
TRPS and etiologies of pathogenesis through analyses
of mouse models for TRPS as well as examinations of
human patients. However, there still remain -critical
issues, as shown below, which need to be addressed in
future TRPS studies.
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FIGURE 8 Genomic structures of Koa and Eh mice. The inversion breakpoints of Koa and Eh mouse strains are shown.
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1. It is important to develop sophisticated methods for
analyzing modest phenotypes for mouse studies. Sub-
tle phenotypes might be present in heterozygous
Trpsl-mutant mice being overlooked. Also, it is neces-
sary to develop animal models of TRPS II and
TRPS III.

2. Animal models of TRPSI are ready for preclinical stud-
ies on prenatal and postnatal pathologies. Especially,
short stature observed in postnatal Trps1*™™ mice can be
used for investigating the effects of growth hormone
therapy (which is still controversial for use in TRPS
patients). Furthermore, the drugs such as meclizine and
statins, which have been proved to be effective in the
treatment of achondroplasia (dwarf) mouse models,
could also be tested in TRPS disease models.

3. The discrepancies between human TRPS and mouse
Trpsl mutants require further investigation.
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