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Abstract
Background: Nephronophthisis (NPHP) is a genetically heterogeneous disease 
that can lead to end-stage renal disease (ESRD) in children. The TTC21B variant is 
associated with NPHP12 and mainly characterized by cystic kidney disease, skel-
etal malformation, liver fibrosis, and retinopathy. Affected patients range from 
children to adults. Some patients experience ESRD in infancy or early childhood, 
but clinical reports on neonatal patients are rare. We report a case of NPHP12 in 
a premature infant and analyze its genetic etiology.
Methods: Trio-whole exome sequencing analysis was performed on the patient 
and her parents; bioinformatics software was used to predict and analyze the 
hazards of the variants. Sanger sequencing was performed to verify variants. We 
calculated the free energy between mutant IFT139 and the IFT121-IFT122-IFT43 
complex structure using molecular dynamics (MD). Finally, the clinical and ge-
netic characteristics of patients with hotspot variant Cys518Arg were reviewed.
Results: Genetic analysis revealed compound-heterozyous TTC21B variants in 
the patient, c.497delA (p.Lys166fs*36) and c.1552T>C (p.Cys518Arg). Her fa-
ther and mother had heterozygous c.497delA (p.Lys166fs*36) and heterozygous 
c.1552T>C (p.Cys518Arg), respectively. Cys518Arg represents a hotspot variant, 
and the MD calculation results show that this can reduce the structural stabil-
ity of the IFT121-IFT122-IFT139-IFT43 complex structure. A literature review 
showed that Cys518Arg might lead to the early occurrence of ESRD.
Conclusions: Compound-heterozygous TTC21B variants underlie the pheno-
type in this patient. Thus, Cys518Arg may be a hotspot variant in the Chinese 
population. Genetic testing should be recommended for NPHP in neonates and 
early infants.
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1   |   INTRODUCTION

Nephronophthisis (NPHP) is a rare disease that leads 
to end-stage renal disease (ESRD) in children (Luo & 
Tao, 2018). The main clinical features of NPHP are poly-
uria, polydipsia, secondary enuresis, and anemia. The 
symptoms of NPHP are mild at onset, and ultrasound 
of the kidneys is normal or shows nonspecific changes 
such as echogenic enhancement. Upon progression to 
ESRD, patients show anemia and growth retardation, 
while renal ultrasound displays small hyperechogenic 
kidneys (Chung et al., 2014). NPHP is a heterogeneous 
genetic disorder. To date, 26 pathological genes have 
been identified. These genes encode proteins localiz-
ing to primary cilia in most mammalian cells (Braun 
& Hildebrandt,  2017; Gupta et  al.,  2021; Srivastava 
et  al.,  2018). Therefore, approximately 20% of patients 
will have extrarenal involvement, which is termed 
NPHP-related ciliopathies (NPHP-RC), and includes 
retinal pigmentation (Senior–Løken syndrome), cere-
bellar vermis aplasia/hypoplasia situs inversus/cardiac 
malformation (Joubert syndrome), and skeletal defects 
(Loken et  al.,  1961; McInerney-Leo et  al.,  2015; Parisi 
et al., 2007; Wolf, 2015).

Loss of function (LOF) variants in 26 genes have 
been identified to date; however, these genes only ac-
count for approximately one-third of the pathogenic 
factors in patients with NPHP (Srivastava et  al.,  2018; 
Wolf, 2015). Among these, TTC21B-encoded tetratrico-
peptide repeat domain 21B intraflagellar transport 139 
protein (also known as intraflagellar transport 139, 
IFT139) plays a key role in regulating Hedgehog (Hh) 
signal transduction (Tran et al., 2014). Davis et al. (2011) 
first reported the contribution of biallelic TTC21B vari-
ant in NPHP; moreover, approximately 60 cases of 
NPHP, or NPHP-RC associated with it, have been re-
ported (Bezdíčka et al., 2021; Bullich et al., 2017; Chen 
et al., 2022; Doreille et al., 2021; Gambino et al., 2021; 
Halbritter et  al.,  2013; Huynh Cong et  al.,  2014; Jian 
et  al.,  2019; Kang et  al.,  2016; Liu et  al.,  2022; Otto 
et  al.,  2011; Schueler et  al.,  2016; Zhang et  al.,  2018, 
2022).

The onset of NPHP in infancy is rare and usually 
caused by variants in INVS and NPHP3 (Otto et al., 2003; 
Tory et al., 2009). Here, we provide a clinical report and 
genetic analysis of a premature patient with NPHP 
caused by compound-heterozygous TTC21B variants. 
The present report provides pathogenic evidence of 
the TTC21B variant in younger patients and provides 
new insight into the disease phenotype and genotype 
spectrum.

2   |   METHODS

2.1  |  Editorial policies and ethical 
considerations

The present study was approved by the Ethics Committee 
of Suzhou Hospital of Anhui Medical University (eth-
ics batch number: 2019063). The patient is from a non-
consanguineous Chinese family. The patients' parents 
signed an informed consent form.

2.2  |  Whole-exome sequencing and 
sanger sequencing

Trio-whole-exome sequencing (trio-WES) was performed 
on the patient and her parents, who were in a non-
consanguineous marriage. After 3 mL of peripheral blood 
(EDTA tube anticoagulation treatment) was collected, 
white blood cell DNA was extracted according to the opera-
tion steps of the genome extraction kit (CoWin Biosciences, 
Tianjin, China), and the designed sequence was captured 
using an Illumina Noveseq 6000 high-throughput se-
quencer (Illumina, San Diego, CA, USA). Variants were 
filtered using population sequencing databases including 
ExAC (www.​exac.​broad​insti​tute.​org/​), dbSNP (www.​ncbi.​
nlm.​nih.​gov/​snp), and 1000 Genomes (www.​1000g​enomes.​
org). Variant effects were computationally predicted using 
online software tools SIFT (www.​sift.​bii.​a-​star.​edu.​sg), 
Polyphen-2 (www.​genet​ics.​bwh.​harva​rd.​edu/​pph2), and 
MutationTaster (www.​mutat​ionta​ster.​org). Finally, the 
pathogenicity of the variant was rated following guide-
lines from the American College of Medical Genetics and 
Genomics (ACMG; Richards et  al.,  2015). Primers were 
designed using variant locations on the Ensemble data-
base, and Sanger verification was performed using an ABI 
3500XL Analyzer (Applied Biosystems, ThermoFisher 
Scientific, Waltham, MA, USA).

2.3  |  Sequential and molecular 
dynamics analysis

The IFT139 protein encoded by TTC21B and IFT121-
IFT122-IFT43 comprises the IFT-A2 complex with bio-
logical function (Hesketh et  al.,  2022). Therefore, we 
predicted and analyzed the structure of the mutant 
IFT139 protein and the IFT121-IFT122-IFT139-IFT43 
complex. First, we downloaded the IFT121-IFT122-
IFT139-IFT43 complex structure (PDB:8BBE) file from 
the RCSB PDB database (www.​rcsb.​org/​struc​ture/​8BBE) 

http://www.exac.broadinstitute.org/
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
http://www.1000genomes.org
http://www.1000genomes.org
http://www.sift.bii.a-star.edu.sg
http://www.genetics.bwh.harvard.edu/pph2
http://www.mutationtaster.org
http://www.rcsb.org/structure/8BBE
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and constructed a mutant structure based on the wild-
type structure. Molecular dynamics (MD) simulation 
was carried out using the Gromacs 5.14 software with the 
Gromos53a6 molecular force field and SPC water model 
for a total simulation time of 50 ns. The initial velocity of 
the formal MD simulation was set as the random initial 
velocity. The root mean square deviation (RMSD) data of 
the wild-type complex structure and mutant were calcu-
lated using the gmx rms tool; the visual structure diagram 
was drawn using PyMOL v2.5, and the curve diagram was 
drawn using the Origin v8.5 software.

3   |   RESULTS

3.1  |  Case presentation

The patient was a female neonate, G2P2, delivered by ce-
sarean section owing to insufficient amniotic fluid at 35+5 
weeks of gestation. The birth weight was 2380 g (−1.5 
standard deviation), and there was no history of asphyxia 
or rescue. Her mother's routine prenatal B-ultrasound 
examination during pregnancy showed enhanced echo-
genictiy of both fetal kidneys. Physical examination after 
birth showed the appearance of the premature infant 
characterized by reddish skin; thin, messy, and soft hair; 
excess vellus hair growth; weak cries; shortness of breath; 
positive nasal fan and triple concave sign; slightly narrow 
chest; short fingers; and no polydactyly.

Auxiliary examination showed that liver and kidney 
functions and electrolytes were normal on the first day 
after birth, and hemoglobin (HB) was slightly low at 
135 g/L (reference range: 140–200 g/L). The liver and kid-
ney function and electrolyte levels were normal on the 

fifth day, and the HB value was further reduced to 108 g/L. 
On the 12th day, no abnormalities were observed in the 
liver function test. The renal function test showed that 
the blood urea nitrogen (BUN) was abnormally increased 
(25.9 mmol/L, reference range: 2.0–8.2 mmol/L), creati-
nine (Cr) value was abnormally increased (398 μmol/L, 
reference range: 18–69 μmol/L) owing to an electro-
lyte disorder, and HB was further reduced to 83 g/L. On 
the 16th day, the results were 24-h urine microalbumin 
230.7 mg/L (reference range: <30.0 mg/L) and β2 micro-
globulin 23.600 mg/L (reference range: 0.016–0.518 mg/L). 
On the 19th day, the BUN and Cr values remained abnor-
mally high and the electrolytes were disordered (Table 1). 
B-ultrasound of the urinary system showed diffuse renal 
lesions on both sides and separation of the right renal pel-
vis. Chest radiography showed some irregularly shaped 
ribs (Figure 1). Cardiac B-ultrasound showed patent fora-
men ovale and patent ductus arteriosus. Brain ultrasound 
showed brain changes in the premature infant, mainly 
immature brain development, and an electrocardiogram 
showed sinus tachycardia.

The patient was transferred to another hospital for in-
tervention 30 days after birth. HB continued to decrease, 
anemia symptoms were progressive, serum creatinine 
enzyme and serum phosphorus levels increased, and 
renal B-ultrasound showed parenchymal damage in both 
kidneys. The glomerular filtration rate (GFR) value was 
4.73 mL/(min/1.73 m2; referring to the KDIGO organiza-
tion guide standard, the ESRD phase GFR was <15.00 mL/
[min/1.73 m2]; Radhakrishnan & Cattran,  2012). 
Subsequently, the patient's parents discontinued treat-
ment and did not complete renal biopsy for pathological 
examination. The patient died at the age of 3 months. The 
patient's parents and 9-year-old brother are healthy.

T A B L E  1   Auxiliary examination information of the neonatal patient.

Reference range Day 1 Day 5 Day 12 Day 13 Day 16 Day 19 Day 32

HB 140–200 g/L 135 108 103 83 117 (after blood 
transfusion)

121 (after blood 
transfusion)

73

Serum potassium 3.50–5.50 mmol/L 4.15 4.58 7.76 7.28 5.80 7.89 5.96

Serum sodium 135.0–145.0 mmol/L 137.4 135.2 146.4 141.0 133.0 122.0 152.0 (after oral 
sodium)

Serum chlorine 98.0–106.0 mmol/L 100.4 95.3 105.4 105.0 91.0 86.0 108.5

Serum phosphorus 0.81–1.62 mmol/L NA NA NA 2.33 2.65 3.52 3.33

BUN 2.0–8.2 mmol/L 3.9 NA 25.9 23.3 21.2 28.0 21.3

Cr 18.0–69.0 μmol/L 67.0 NA 362.0 356.2 384.2 386.5 386.0

Cys-C 0.59–1.03 mg/L NA NA NA 4.14 5.54 4.40 4.31

Proteinuria +/− NA NA NA NA + + +

BLD +/− NA NA NA NA + + +

Abbreviations: +/−, positive/negative; BLD, urine latent blood; BUN, blood urea nitrogen; Cr, creatinine; Cys-C, cystatin C; HB, hemoglobin; NA, not available.
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3.2  |  Gene test results

WES suggested that the patient had compound-heterozygous  
TTC21B variants, NM_024753.5: c.497delA/p.Lys166fs*36 
and c.1552T>C/p.Cys518Arg. The father carried heterozy-
gous c.497delA/p.Lys166fs*36 and the mother carried het-
erozygous c.1552T>C/p.Cys518Arg. These two variants 
were not included in the dbSNP, ExAC, or 1000 Genomes 
databases. The c.497delA/p.Lys166fs*36 is a predicted LOF 
variant of TTC21B that introduces a premature termination 
codon within an exon and may trigger nonsense-mediated 
mRNA decay. In addition, the variant is not present in 
population sequencing databases and is therefore rated 
as likely pathogenic (PVS1 + PM2_Supporting) accord-
ing to ACMG guidelines. Another variant, c.1552T>C/p.
Cys518Arg, has been detected in several phenotype-related 
patients. The predicted hazard value of the SIFT algorithm 
was 0.001 (damaging), Polyphen2_HDIV was 0.981 (dam-
aging), Polyphen2_HVAR was 0.963 (damaging), and 
MutationTaster was 1 (disease-causing). According to the 
ACMG guidelines, it is rated as likely pathogenic (PM2_
Supporting+PM3_Strong+PP3). Sanger sequencing con-
firmed the presence of compound-heterozygous TTC21B 
variants. The patient's parents were heterozygous carriers, 
and the brother was wild-type (Figure 2).

3.3  |  Mutant Cys518Arg may affect the 
structural stability of IFT121-IFT122-
IFT139-IFT43 complex

According to the RMSD monitoring of the average devia-
tion between the structure of the wild-type IFT121-IFT122-
IFT139-IFT43 complex and the mutant, the corresponding 
RMSD values when the wild-type and mutant simultane-
ously reach the equilibrium state are approximately 2.75 Å 
and 2.70 Å, respectively. In the wild-type system, the 
Cys518 in IFT139 has no polarity with the surrounding res-
idues, while the mutant Cys518Arg leads to the formation 

of a new hydrogen bond between Arg518 and Leu492, 
which may result in changes in the stability of local out-
comes. Structural analysis of the IFT121-IFT122-IFT139-
IFT43 complex showed that the mutant IFT139 protein 
(Cys518Arg) led to the formation of a new hydrogen bond 
between Lys705 of IFT139 and Glu1095 of IFT122, which 
may enhance the interaction between proteins (Figure 3). 
The results of free binding energy analysis showed that the 
total free binding energy of the wild-type IFT121-IFT122-
IFT139-IFT43 complex (−141.33 kJ/mol) was lower than 
that of the mutant type (−203.19 kJ/mol), and the main dif-
ference was the van der Waals force (Table 2). Therefore, 
the mutant IFT139 protein Cys518Arg may reduce the 
structural stability of the IFT121-IFT122-IFT139-IFT43 
complex, thereby affecting its biological function.

4   |   DISCUSSION

Here, we report the clinical information of a neonatal pa-
tient with NPHP. The patient was a 35+5 weeks premature 
infant. Her mother's routine prenatal ultrasound exami-
nation showed enhanced echogenicity of both fetal kid-
neys. The patient had neonatal anemia, but no abnormal 
liver and kidney function after birth. On the 12th day, the 
patient developed abnormal renal function and electrolyte 
disorder, followed by the symptoms of proteinuria and oc-
cult hematuria. The patient's renal disease progressed rap-
idly, and she developed ESRD on the 30th day after birth. 
Symptoms of anemia gradually worsened. In addition to 
renal manifestations, the patient also had congenital heart 
disease with patent foramen ovale, patent ductus arterio-
sus, and irregular ribs. Whole-exome sequencing showed 
that this patient had compound-heterozygous TTC21B 
variants of Lys166fs*36 and Cys518Arg. Therefore, the 
NPHP and extrarenal clinical features of this patient may 
have been caused by the compound-heterozygous TTC21B 
variants and was finally diagnosed as NPHP12 (OMIM # 
613820).

F I G U R E  1   Imaging characteristics 
of the patient. (a) Renal ultrasound 
reveals diffuse lesions in both kidneys 
and separation of the right renal pelvis. 
(b) Radiographic examination shows 
irregular ribs (see arrows).
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TTC21B is located on chromosome 2q24.3, has 29 
exons across the domain, and consists of 1316 amino acids 
that form the IFT139 protein. The IFT is a macromolecu-
lar complex composed of IFT-A and IFT-B and is responsi-
ble for the bidirectional transport of axonal microtubules 
in the cilia (Jordan et al., 2018). The IFT-A complex com-
prises IFT-A1 and IFT-A2, connected by flexible areas. The 
IFT-A2 structure is relatively stable (Hirano et al., 2017). 
Recently published research results further revealed that 
IFT-A1 has three axial motion processes relative to IFT-A2; 
therefore, it is very important for the structural stability of 
IFT-A2. The IFT-A2 structure comprises IFT121-IFT122-
IFT139-IFT43. IFT139 and IFT43 play key roles in the 
stability of the IFT-A2 structure and can maintain the 
flexibility of IFT-A1, consequently contributing to the 

polymerization process of the IFT-A complex (Hesketh 
et al., 2022).

The mutant Cys518Arg reported in the present study 
occurred in the tetratricopeptide repeat 6 region of the 
IFT139 protein, which may form a new hydrogen bond 
with Leu492, resulting in changes in local structural sta-
bility. Simultaneously, the IFT139 mutant proteins inter-
act with IFT122. According to the calculation results of the 
free binding energy, the mutant IFT121-IFT122-IFT139-
IFT43 complex has higher energy than the wild-type, 
which indicates that the structural stability of the mutant 
complex may be reduced, thus potentially affecting bio-
logical functions. Another variant, Lys166fs*36, is a rare 
predicted LOF variant, which provides strong evidence for 
pathogenicity. This variant has not been reported and is 

F I G U R E  2   Genetic detection results suggest that the patient had compound-heterozygous TTC21B variants, c.497delA (p.Lys166fs*36) 
and c.1552T>C (p.Cys518Arg). The father carried heterozygote c.497delA (p.Lys166fs*36), the mother carried heterozygote c.1552T>C 
(p.Cys518Arg), and the brother was wild-type.
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a novel variant of TTC21B, which enriches the TTC21B 
gene variation spectrum.

Presently, the pathogenesis of NPHP caused by the 
mutant protein IFT139 is unclear; however, the IFT com-
plex plays a key role in the localization of the Hh signal 
protein in the cilia. The normal Hh signaling pathway 
is conducive to kidney development, and its ligand Shh 
is the main protein expressed in the embryonic epithe-
lial cells at the distal end of the ureter and medullary 

collecting duct (Hu et al., 2006). Tran et al. (2014) also 
confirmed that the IFT139 protein could regulate the Hh 
signal transduction process. Therefore, the decreased 
function of the IFT139 protein may interfere with the 
effect of the Hh signaling pathway on kidney develop-
ment owing to the influence of the IFT complex biolog-
ical function.

There may be a correlation between the TTC21B gen-
otype and phenotype. Different variant sites or types 
exhibit phenotypic differences. However, patients gen-
erally exhibit elevated creatinine levels and proteinuria. 
The pathological manifestation of the renal disease was 
interstitial nephritis. The main phenotypic differences 
are reflected in the speed and severity of renal disease 
progression (Bezdíčka et  al.,  2021; Bullich et al.,  2017; 
Chen et al., 2022; Davis et al., 2011; Doreille et al., 2021; 
Gambino et  al.,  2021; Halbritter et  al.,  2013; Huynh 
Cong et al., 2014; Jian et al., 2019; Kang et al., 2016; Liu 
et al., 2022; Otto et al., 2011; Schueler et al., 2016; Zhang 
et  al.,  2018, 2022). The TTC21B variant Cys518Arg, 
elucidated in the present study, has been reported 
many times in previous patients and is one of the 
hotspots. Eleven patients (4 male and 7 female) were 
found to carry the Cys518Arg variant in eight Chinese 
NPHP families (Chen et al., 2022; Jian et al., 2019; Liu 

F I G U R E  3   Protein structure prediction analysis results. (a) Cys518 in the wild-type IFT139 protein (encoded by TTC21B) does not 
form a polar bond with the surrounding residues. Cys518Arg can lead to the formation of a new hydrogen bond (location indicated by the 
red circle) between Arg518 and Leu492, which may lead to changes in the local structural stability and even affect the structural stability 
of the IFT121-IFT122-IFT139-IFT43 complex. (b) Mutant IFT139 protein (Cys518Arg) causes the Lys705 residue of IFT139 to form a new 
hydrogen bond with the Glu1095 of IFT122; the new interaction between proteins may lead to reduced structural stability of the IFT121-
IFT122-IFT139-IFT43 complex, thereby affecting biological function (the red circle marks the location of the new hydrogen bond).

T A B L E  2   Free binding energy data of wild-type/mutant IFT139 
and IFT121-IFT122-IFT43 complex.

Item
Wild-type energy 
value (kJ/mol)

Mutant-type 
energy value 
(kJ/mol)

△Evdw −203.18 ± 1.44 −215.48 ± 1.01

△Eele −26.99 ± 0.56 −46.08 ± 0.45

△Gpolar 118.18 ± 1.21 87.58 ± 1.36

△Gnonpolar −29.34 ± 0.18 −29.21 ± 0.54

△Gbind −141.33 ± 1.44 −203.19 ± 1.66

Abbreviations: Eele: Electrostatic interaction; Evdw: Van Der Waals force; 
Gbind: Binding free energy; Gnonpolar: Nonpolar solvation energy; Gpolar: Polar 
solvation energy.
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et al., 2022; Zhang et al., 2018, 2022). The median age of 
onset of these patients was 19 months, and the median 
age of ESRD occurrence was 3.1 years old. Most had 
proteinuria (primarily glomerular proteinuria) but no 
hematuria. The extrarenal manifestations were mainly 
hypertension (8/11), liver function damage (5/11), and 
visceral inversion (4/11); no bone abnormalities were 
reported. These patients had a compound-heterozygous 
TTC21B variant. Except for Cys518Arg, other variant 
types included frameshift variants, nonsense variants, 
and splice variants (Table  3). It is worth noting that 
the hotspot variant of TTC21B in North Africa and 
Portugal is Pro209Leu and is in the form of homozy-
gous or compound-heterozygous variants leading to 
focal segmental glomerular sclerosis (FSGS), delayed 
proteinuria, and delayed ESRD (concentrated in the age 
of 15–35 years). The appearance of extrarenal involve-
ment mainly manifests as hypertension and liver func-
tion damage (Bezdíčka et al., 2021; Bullich et al., 2017; 
Doreille et  al.,  2021; Gambino et  al.,  2021; Huynh 
Cong et al., 2014). Huynh Cong et al. (2014) found that 
Pro209Leu could prevent some of the disordered rear-
rangement with the actin cytoskeleton caused by the 
depletion of the IFT139 protein. In addition, Pro209Leu 
causes little damage to microtubule anchoring, such 
as separated centrioles and ectopic microtubule clus-
ters, as well as microtubule hypermethylation (Huynh 
Cong et al., 2014). Therefore, these results suggest that 
patients with Pro209Leu are milder than those with 
Cys518Arg, which is mainly reflected in the develop-
ment rate of renal wasting disease.

Unfortunately, there is no specific treatment for 
NPHP12, and symptomatic treatment is the primary 
method. However, these interventions only delay the pro-
gression of renal function loss and cannot prevent ESRD 
occurrence (Stokman et al., 2021). Renal transplantation 
is an effective treatment for confirmed NPHP as patients 
with NPHP do not experience recurrence after transplan-
tation (Bullich et al., 2017; Huynh Cong et al., 2014; Tayfur 
et al., 2011). With an in-depth study of the pathogenesis of 
NPHP and improvements in targeted drug research and 
development or gene therapy, it is believed that targeted 
treatment strategies will improve patients' quality of life.

In conclusion, we report the clinical manifestation of 
a rare NPHP12 premature infant, probably the youngest 
NPHP12 patient to date. The results of genetic detec-
tion suggest compound-heterozygous TTC21B variants, 
including the Chinese population-specific Cys518Arg 
hotspot variant. Patients with Cys518Arg may have an ear-
lier onset age and develop ESRD more rapidly. Therefore, 
for young patients with NPHP, regardless of family his-
tory, genetic testing should be improved as soon as pos-
sible to clarify the variant information, which provides 

important data support for adjusting nursing plans and 
family genetic counseling.
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