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Abstract: Genetic variants in the zone of polarizing activity regulatory sequence (ZRS) that induce
ectopic expression of the SHH gene have been associated with different ZRS-related phenotypes. We
report the first patient with a de novo variant, ¢.423+4916 T>C, in ZRS (previously classified as a
variant of uncertain significance) that causes tibial hemimelia-polysyndactyly-triphalangeal thumb
syndrome (THPTTS). A two-month-old male patient presented with bilateral preaxial polydactyly,
triphalangeal thumb, and tibial agenesis and was heterozygous for the variant ¢.423+4916T>C (neither
of his parents was a carrier). The findings obtained from the family study were sufficient to reclassify
the variant from “uncertain significance” to “likely pathogenic” according to three criteria from the
American College of Medical Genetics and Genomics guidelines, as follows: (1) absence of gnomAD,
(2) confirmation of paternity and maternity, and (3) strong phenotype-genotype association. In
ZRS-associated syndromes, a wide clinical spectrum has been observed, ranging from polydactyly to
THPTTS; our patient has the most severe and rare phenotype. We did not perform functional assays.
However, the c.423+4916T>C variant is flanked by three variants, which have been proven not only
to cause the phenotype but also to increase the expression of SHH. Through all this data gathering,
we consider the ¢.423+4916T>C variant to be causative of THPTTS.

Keywords: skeletal disorders; ZRS; SHH; limb development; tibial hemimelia-polysyndactyly-
triphalangeal thumb syndrome (THPTTS)

1. Introduction

Skeletal disorders conform a group of 771 diseases caused by variants within 552 genes.
Advances in next-generation sequencing have been useful in describing the etiology of such
diseases, which present great phenotypic heterogeneity. However, normal development of
the bones and limbs requires the precise spatio-temporal expression of a group of genes;
hence, variants in them can lead to similar phenotypes, making the diagnostic workup for
patients complex [1].

Particularly, the Sonic Hedgehog (SHH) gene participates in limb development across
the antero-posterior axis. Genetic variants in the zone of polarizing activity regulatory
sequence (ZRS), which induce ectopic expression of SHH, have been associated with a
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spectrum of different ZRS-related phenotypes, including preaxial polydactyly (PPD), tripha-
langeal thumbs (TPTs), Werner mesomelic syndrome, and tibial hemimelia-polysyndactyly-
triphalangeal thumb syndrome (THPTTS) (OMIM 188740) [2].

ZRS acts as an enhancer of SHH and is located within intron 5 of the LMBR1 gene,
1 Mb upstream of its target gene [3]. In this highly conserved region of 775 bp, point
variants, duplications, triplications, and insertions have been detected. Specifically, in the
Mexican population, Vander Meer et al. reported two families with the c.423+4915C>T
(chr7:156791474) ZRS variant, which causes mainly PPD and TPTs. In total, 58 affected
individuals were identified, of whom 57 were heterozygous and 1, homozygous. Of the
heterozygous patients, 37 had isolated TPT; 2, PPD; 16, TPT and PPD; and 2, radioulnar
synostosis. Nonetheless, the homozygous patient presented Werner mesomelic syndrome,
a more severe phenotype than that of the heterozygous patients, suggesting a dosage
effect [4].

We report the first patient with a confirmed de novo variant ¢.423+4916T>C (chr7:156791473)
in the ZRS that causes tibial hemimelia-polysyndactyly-triphalangeal thumb syndrome. More-
over, with the findings obtained from the family study, the variant was reclassified from
“uncertain significance” to “likely pathogenic”.

2. Case Presentation

A two-month-old male patient, who had been diagnosed at 7 weeks of gestation with
fibular agenesis, was referred by the orthopedic surgeon to a genetics consultation. The
patient was born at a gestational age of 39 weeks with normal weight (2750 g), but, due to
lower limb deficiency, he had a reduced length (43 cm). He was the first child of apparently
healthy parents with no family history of skeletal disorders. His father was 38 years old
and his mother, 36.

At the first genetics consultation, the clinical characteristics detected in the patient were
postural plagiocephaly, large anterior fontanelle, frontal bossing, depressed nasal bridge, a
slightly narrow thorax, long thumbs with a finger-like appearance, as well as mesomelia and
rhizomelia in the lower limbs. Bone radiographic imaging showed bilateral tibial agenesis,
preaxial polydactyly, and mirror-image feet (Figure 1); however, hand radiographic imaging
was not suitable for evaluation. With these clinical and radiographic findings, a probable
diagnosis of a ciliopathy was considered; then, an abdominal ultrasound and new hand
X-rays were requested.

At five months of age, the patient had his second genetics consultation. The abdominal
ultrasound was normal, and the probable diagnosis was clubfoot with or without deficiency
of long bones and/or mirror-image polydactyly, PITX1-related. Radiographic imaging of
the hands was obtained at the third consultation, showing triphalangeal thumb (Figure 1)
and bilateral shortened ulnae; with these results, the diagnosis of THPTTS, caused by vari-
ants in the LMBR1 gene, was considered. Nevertheless, due to limited financial resources
in the family, the molecular diagnosis was not performed since it was not freely available
in Mexico.

The patient has an apparently normal intellect, and although his motor development
had been impaired due to the skeletal defects, surgery provided adequate thumb opposition
function and quality of life improvement. Therefore, his overall prognosis is good.

Six months after the patient received the clinical diagnosis, the molecular analysis was
implemented in our institute. Prior to taking a blood sample from both the patient and his
parents, an informed consent was signed. Next, genomic DNA was extracted by means
of the DTAB-CTAB method, and, using Oligo 6 software, specific primers for analyzing
the ZRS region were designed (primer sequences and PCR conditions available upon
request). Two fragments amplified by polymerase chain reaction (636 bp and 699 bp) were
purified with ExoSAP-IT (Applied Biosystems, Waltham, MA, USA) and then sequenced
with the Big Dye Terminator v3.1. (Applied Biosystems) following the specifications from
the supplier. Sequencing reactions were purified with columns packed with Sephadex
50G medium. Capillary electrophoresis was carried out in the ABI PRISM 310 (Applied
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Biosystems) gene analyzer, and the electropherograms were compared with the reference
sequence NM_022458 4.

P

Figure 1. Lower limbs. Photograph (A) and X-ray bone radiographic imaging (B) showing bilateral
tibial agenesis of our patient. Hand X-rays (C) showing bilateral triphalangeal thumb. Created with
BioRender.com.

In the analysis of the ZRS sequence, the patient was heterozygous for variant ¢.423+4916T>C
(Figure 2), and neither parent had the variant. Further genetic studies of the trio confirmed
paternity and maternity (Table 1).
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Figure 2. (A) Index case electropherogram. The arrow shows the site of variant c.423+4916T>C.
(B,C) show electropherograms of the mother and father. The arrow demonstrates the absence
of variation. (D) ZRS, region comprising from c.423+4 to c¢.423+29. The arrowhead shows the
¢.423+4916T>C variant, surrounded by previously reported pathogenic variants associated with the
THPTTS phenotype (arrows). Created with BioRender.com.
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Table 1. Case report timeline.

7 October 2016 Prenatal ultrasound: fibular agenesis.

Referred to the genetics consultation. A probable diagnosis of ciliopathy

18 August 2017 was considered.

A normal abdominal ultrasound was provided, so the diagnosis of clubfoot
3 November 2017  with or without deficiency of long bones and/or mirror-image polydactyly,
which is caused by variants in the PITX1 gene, was suggested.

With an X-ray study, a clinical diagnosis of tibial
14 July 2018 hemimelia-polysyndactyly-triphalangeal thumb syndrome, which is
caused by variants in the LMBR1 gene, was reached.

11 March 2019 A heterozygous variant was found in the ZRS (intron 5 of the LM BRI gene).

30 January 2020 Genetic testing of the parents showed no variant in the ZRS.

3. Discussion

In this report, we described a patient with both clinical and radiographic characteristics
of THPTTS and a de novo variant ¢.423+4916T>C in the ZRS region. He had triphalangeal
thumb reconstruction with a good outcome; however, other surgeries, such as the correction
of polydactyly and tibial agenesis, are necessary to further improve his quality of life.

In ZRS-associated syndromes, the phenomena of variable expression (inter- and intra-
familial), anticipation, and incomplete penetrance have been reported [2,4-6]; however, we
were not able to identify them in our family since only one individual is affected. These
phenomena have been observed in families that harbor three variants in proximity to the
one reported in our index case (Figure 2), as follows:

(1) Variant ¢.423+4915C>T was detected in two Mexican families with a clear autosomal
dominant inheritance pattern. In the first family, 46 affected individuals were identified:
1 homozygous and 45 heterozygotes. All patients had TPT, only 30.4% of them had
PPD, and, in addition to these two characteristics, the homozygous patient also presented
radioulnar synostosis and hypoplastic tibias, evidencing a more severe phenotype. In
the second family, 12 heterozygous patients were detected, and their manifestations were
heterogeneous: TPT 66.6%, PPD 33.3%, and radioulnar synostosis 16.6% [4].

(2) At position ¢.423+4917 (chr7:156791472), three different variants have been reported
(G>C>A>T), which could highlight it as a hot spot. The G>A transition has been described
in Cuban, Korean, Thai, and Turkish families, whereas the G>C and G>T transversions
were found in Brazilian and Indian families, respectively [2,6,7]. The patients studied in
those investigations, carriers of one of the three variants, presented four main features: TPT
(83.3%), PPD (79.1%) (with involvement of hands and feet), and tibial hypoplasia (12.5%);
only one patient had tibial aplasia [2,6,7].

(3) Variant ¢.423+4919A>G (chr7:156791470) was described in a family with three
heterozygous. The clinical findings were TPT (100%), tibial aplasia (100%: bilateral 66.7%
and unilateral 33.3%), and polydactyly in feet (100%). The authors detected not only
variable expression but also an increase in severity in the three generations studied [2].

Our patient, heterozygous for the variant c¢.423+4916 T>C, presented two common
characteristics observed in patients with ZRS-related phenotypes: TPTs (a finding that
was useful in defining his diagnosis) and PPD (Figure 1). However, he also had bilateral
tibial aplasia, which is a rare feature and results in a severe phenotype. This affectation
was detected in two patients with the variant ¢.423+4919 A>G [2]. The clinical variability
detected in these patients may be a consequence of the surrounding genomic context and
the temporal/spatial activity of other cis-regulatory elements, as has been observed in
multiple genetic diseases.

Classification of Variant ¢.423+4916T>C

According to the ACMG guidelines, the variant c.423+4916T>C was classified as likely
pathogenic with three criteria, as follows: (1) absence of gnomAD (PM2_Supporting),
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(2) confirmation of paternity and maternity (PS2), and (3) a strong phenotype—genotype
association (PPA) [8]. This variant had previously been reported and classified as a VUS in
ClinVar [9], and with the findings of this study, it was reclassified as likely pathogenic. Other
data that could support the pathogenicity of the ¢.423+4916 variant and that are not included
in the ACMG guidelines are the following: (1) at least three pathogenic variants flanking
the position of interest have been described (c.423+4915C>T, ¢.423+4917G>C/G>A/G>T,
and ¢.423+4917A>G), and their expression studies have suggested that this region is a
binding site for transcription factors [2,4,6]; (2) an alignment analysis of the ZRS region with
more than 60 species revealed that the segment that includes positions from ¢.423+4914 to
¢.423+4924 is 100% conserved.

Although it is well known that variants in the ZRS associated with ectopic SHH ex-
pression cause a wide spectrum of limb anomalies [3,10], it remains unclear how increasing
the activity of this enhancer alters limb development [11]. In fact, not even the transcription
factors that regulate such processes are fully understood. Thus, for each new variant
described in the ZRS, functional studies are essential to classify it as pathogenic. Even
though these methodologies are complex and not easy to implement in all laboratories,
they are necessary to obtain useful information for the development of bioinformatic tools
that will allow for the analysis of variants in non-coding regions. It is also important to
include in the ACMG guidelines the criteria that will allow professionals to evaluate this
type of understudied variants [12].

Unfortunately, this study suffers from an important limitation: it lacks functional
assays. These studies are very relevant, not only to classify the variants but also to increase
the knowledge about the ZRS element and its binding sequences for transcription factors
that regulate the expression of the SHH gene.

4. Conclusions

Through all this data gathering, we consider that the ¢.423+4916T>C variant is
causative of THPTTS. Here, we described the first patient with a confirmed de novo
variant that had been previously reported as a VUS and that, with the findings of this study,
was reclassified as likely pathogenic. Even though the degree of classification of the variant
will not change the treatment and prognosis of our patient, it does have an impact on the
genetic counseling process.

Author Contributions: Conceptualization, M.T.M.-T.; Formal analysis, M.TM.-T., KR.-E., and PM.Z.-O,;
Funding acquisition, M.TM.-T,; Investigation, M.T.M.-T.,, KR-E., PM.Z.-O., and E E.-G.; Methodology,
M.T.M.-T,; Project administration, M.T.M.-T.; Resources, M.T.M.-T; Supervision, M.T.M.-T.; Writing—
original draft, M.TM.-T., KR.-E., PM.Z.-O., and E.E.-G.; Writing—review and editing, M.TM.-T,, KR-E.,
PM.Z.-O., and E.E.-G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by both the Research and Ethics Committees at our Western
Biomedical Research Center (IMSS) (protocol code: R-2022-785-001).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.
Data Availability Statement: Data are contained within the article.

Acknowledgments: PM.Z.-O. and K.R.-E. received a scholarship from the Consejo Nacional de
Ciencia y Tecnologia, Mexico. The authors thank Maria de Lourdes Carbajal for her grammatical
review of the manuscript. This work was supported by the IMSS.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Unger, S.; Ferreira, C.R.; Mortier, G.R.; Ali, H; Bertola, D.R.; Calder, A.; Cohn, D.H.; Cormier-Daire, V.; Girisha, KM.; Hall, C,;
et al. Nosology of Genetic Skeletal Disorders: 2023 Revision. Am. ]. Med. Genet. Part A 2023, 191, 1164-1209. [CrossRef] [PubMed]


https://doi.org/10.1002/ajmg.a.63132
https://www.ncbi.nlm.nih.gov/pubmed/36779427

Int. J. Mol. Sci. 2024, 25,9348 60f 6

10.

11.

12.

Norbnop, P.; Srichomthong, C.; Suphapeetiporn, K.; Shotelersuk, V. ZRS 406 A>G Mutation in Patients with Tibial Hypoplasia,
Polydactyly and Triphalangeal First Fingers. . Hum. Genet. 2014, 59, 467-470. [CrossRef] [PubMed]

Xu, C.; Yang, X.; Zhou, H.; Li, Y.; Xing, C.; Zhou, T.; Zhong, D.; Lian, C.; Yan, M.; Chen, T.; et al. A Novel ZRS Variant Causes
Preaxial Polydactyly Type I by Increased Sonic Hedgehog Expression in the Developing Limb Bud. Genet. Med. Off. . Am. Coll.
Med. Genet. 2020, 22, 189-198. [CrossRef] [PubMed]

VanderMeer, J.E.; Lozano, R.; Sun, M.; Xue, Y.; Daentl, D.; Jabs, E.W.; Wilcox, W.R.; Ahituv, N. Wilcox, and Nadav Ahituv. A Novel
ZRS Mutation Leads to Preaxial Polydactyly Type 2 in a Heterozygous Form and Werner Mesomelic Syndrome in a Homozygous
Form. Hum. Mutat. 2014, 35, 945-948. [CrossRef] [PubMed]

Gurnett, C.A.; Bowcock, A.M.; Dietz, ER.; Morcuende, J.A.; Murray, J.C.; Dobbs, M.B. Two Novel Point Mutations in the
Long-Range SHH Enhancer in Three Families with Triphalangeal Thumb and Preaxial Polydactyly. Am. ]. Med. Genet. Part A
2007, 143A, 27-32. [CrossRef] [PubMed]

Wieczorek, D.; Pawlik, B.; Li, Y.; Akarsu, N.A.; Caliebe, A.; May, K.J.; Schweiger, B.; Vargas, ER.; Balci, S.; Gillessen-Kaesbach,
G.; et al. A Specific Mutation in the Distant Sonic Hedgehog (SHH) Cis-Regulator (ZRS) Causes Werner Mesomelic Syndrome
(WMS) While Complete ZRS Duplications Underlie Haas Type Polysyndactyly and Preaxial Polydactyly (PPD) with or without
Triphalangeal Thumb. Hum. Mutat. 2010, 31, 81-89. [CrossRef] [PubMed]

Girisha, K.M.; Bidchol, A.M.; Kamath, P.S.; Shah, K.H.; Mortier, G.R.; Mundlos, S.; Shah, H. A Novel Mutation (g.106737G>T) in
Zone of Polarizing Activity Regulatory Sequence (ZRS) Causes Variable Limb Phenotypes in Werner Mesomelia. Am. ]. Med.
Genet. Part A 2014, 164A, 898-906. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. Off. ]. Am. Coll. Med. Genet. 2015, 17,
405-424. [CrossRef] [PubMed]

Landrum, M.].; Lee, ] M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: Public Archive of
Relationships among Sequence Variation and Human Phenotype. Nucleic Acids Res. 2014, 42, D980-D985. [CrossRef] [PubMed]
Lohan, S.; Spielmann, M.; Doelken, S.; Flottmann, R.; Muhammad, F.; Baig, S.; Wajid, M.; Hiilsemann, W.; Habenicht, R.; Kjaer, K.;
et al. Microduplications Encompassing the Sonic Hedgehog Limb Enhancer ZRS Are Associated with Haas-Type Polysyndactyly
and Laurin-Sandrow Syndrome. Clin. Genet. 2014, 86, 318-325. [CrossRef] [PubMed]

Lim, F; Solvason, ].J.; Ryan, G.E.; Le, S.H.; Jindal, G.A ; Steffen, P; Jandu, S.K.; Farley, E.K. Affinity-Optimizing Enhancer Variants
Disrupt Development. Nature 2024, 626, 151-159. [CrossRef] [PubMed]

Ellingford, ].M.; Ahn, ] W.; Bagnall, R.D.; Baralle, D.; Barton, S.; Campbell, C.; Downes, K.; Ellard, S.; Duff-Farrier, C.; FitzPatrick,
D.R; et al. Recommendations for Clinical Interpretation of Variants Found in Non-Coding Regions of the Genome. Genome Med.
2022, 14, 73. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/jhg.2014.50
https://www.ncbi.nlm.nih.gov/pubmed/24965254
https://doi.org/10.1038/s41436-019-0626-7
https://www.ncbi.nlm.nih.gov/pubmed/31395945
https://doi.org/10.1002/humu.22581
https://www.ncbi.nlm.nih.gov/pubmed/24777739
https://doi.org/10.1002/ajmg.a.31563
https://www.ncbi.nlm.nih.gov/pubmed/17152067
https://doi.org/10.1002/humu.21142
https://www.ncbi.nlm.nih.gov/pubmed/19847792
https://doi.org/10.1002/ajmg.a.36367
https://www.ncbi.nlm.nih.gov/pubmed/24478176
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1093/nar/gkt1113
https://www.ncbi.nlm.nih.gov/pubmed/24234437
https://doi.org/10.1111/cge.12352
https://www.ncbi.nlm.nih.gov/pubmed/24456159
https://doi.org/10.1038/s41586-023-06922-8
https://www.ncbi.nlm.nih.gov/pubmed/38233525
https://doi.org/10.1186/s13073-022-01073-3
https://www.ncbi.nlm.nih.gov/pubmed/35850704

	Introduction 
	Case Presentation 
	Discussion 
	Conclusions 
	References

