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Abstract 

Background: Renal hypodysplasia/aplasia-3 (RHDA3), as the most severe end of the spectrum of congenital anoma-
lies of the kidney and urinary tract, is mainly caused by mutations in GREB1L. However, the mutations in GREB1L 
identified to date only explain a limited proportion of RHDA3 cases, and the mechanism of GREB1L mutations causing 
RHDA3 is unclear.

Results: According to whole-exome sequencing, a three-generation family suffering from RHDA3 was investigated 
with a novel missense mutation in GREB1L, c.4507C>T. All three-generation patients suffered from unilateral absent 
kidney. This missense mutation resulted in sharp downregulation of mRNA and protein expression, which might lead 
to RHDA3. Mechanistically, through RNA-sequencing, it was found that the mRNA levels of PAX2 and PTH1R, which are 
key molecules involved in the development of the kidney, were significantly downregulated by knocking out GREB1L 
in vitro.

Conclusions: This novel missense mutation in GREB1L can be helpful in the genetic diagnosis of RHDA3, and the dis-
covery of the potential mechanism that GREB1L mutations involved in RHDA3 pathogenesis can promote the adop-
tion of optimal treatment measures and the development of personalized medicine directly targeting these effects.
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Background
Congenital anomalies of the kidneys and urinary tract 
(CAKUT [MIM: 143400]) encompass a spectrum of 
developmental disorders of the urinary tract that range 
from mild vesicoureteral reflux to severe renal agenesis. 
These abnormalities can result in kidney damage and 
possibly renal failure [1]. Within the CAKUT phenotypic 

spectrum, renal hypodysplasia/aplasia (RHD [MIM: 
191830]) is at the most severe end of the spectrum of 
CAKUT [2], affecting 0.5% of the general population [3]. 
Renal hypodysplasia/aplasia-3 (RHDA3) is an autosomal 
dominant disorder characterized by abnormal kidney 
development beginning in utero. To date, more than 75 
genes have been implicated in the causation of isolated 
or syndromic forms of RHD and collectively account for 
10%–15% of cases [3, 4]. Among the identified muta-
tions, heterozygous mutations in GREB1-like retinoic 
acid receptor coactivator (GREB1L) were found in more 
than 40 probands with RHDA3 [3, 5–9]. However, not all 
the RHDA3 affected individuals can be explained by the 
reported GREB1L mutations.

GREB1L plays a major role in early metanephros and 
genital development [10]. Previous studies have shown 
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that mutations in GREB1L are associated with bilateral 
renal hypoplasia, inner ear malformation, and deafness 
[10–12]. In many of the maternal cases with GREB1L 
mutations, their offspring were aborted or stillborn due 
to the severity of the malformations, such as bilateral 
renal aplasia [13]. CRISPR/Cas9 disruption or knock-
down of greb1l in zebrafish has been reported to cause 
specific pronephric defects [3]. Other studies also proved 
that CRISPR/Cas9 mutagenesis of Greb1l in mice caused 
kidney agenesis phenotypes, implicating Greb1l involved 
in this disorder [2, 5]. However, the mechanism through 
which GREB1L regulates renal function remains unclear. 
Therefore, we do not know how GREB1L interacts with 
key regulators to manipulate the development of the 
kidneys.

In this study, we identified a novel missense mutation 
(c.4507C>T: p. R1503 W) of GREB1L in three patients 
suffering from RHDA3 in a three-generation family by 

whole-exome sequencing (WES). Bioinformatics meth-
ods were used to predict the pathogenicity of this mis-
sense mutation in GREB1L. Subsequently, it was found 
that the missense mutation led to the downregulation 
of mRNA and protein expression levels of GREB1L in 
HEK293T cells. Most importantly, after using shRNA to 
knock out GREB1L in HEK293T cells, the RNA-seq data 
suggested that GREB1L might reduce PAX2 and PTH1R 
expression, which might be involved in the failure of kid-
ney development.

Results
WES to identify the missense mutation c.4507C>T 
in GREB1L that causes RHDA3
A three-generation Chinese family with RHDA3 was 
investigated in our study (Fig.  1a). The proband (II-2, 
32  years old) was occasionally checked to have solitary 
kidney by ultrasound during first physical examination 

Fig. 1 Clinical summary for the RHDA3 family. a Family pedigree. Cases presenting with unilateral kidney absence are in black. The black arrow 
denotes the proband. b Ultrasound pictures of patients’ bilateral kidneys. Yellow arrows denote the normal unilateral kidney, while the other 
unilateral kidney was absent. c Validation of the mutation GREB1L: NM_001142966: c.4507C>T in this family was performed by PCR sequencing. d 
Multiple sequence alignment of the mutation site for different species (black arrow denotes the position of the variant) (c.4507C>T: p.R1503W)
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when she was eighteen years old (Fig. 1b), and her urine 
routine and renal function were normal during follow-up 
(Table 1). And then, she further completed the Computed 
Tomography (CT) examinations of chest, abdominal 
and pelvic to exclude the possibility of ectopic kidney. 
The proband’s mother (I-2, 55 years old), was diagnosed 
with right unilateral absent kidney (Fig. 1b) and she had 
chronic kidney disease secondary to left kidney dysplasia. 
The three-generation family had accepted ultrasound and 
the images were listed in Fig. 1b. However, all the family 
members refused to complete voiding cystourethrogra-
phy or intravenous pyelography, considering the kidney 
damage caused by contrast medium. For the medical his-
tory presentation, the level of serum creatinine (Scr) in 
the proband’s mother was increased to 788 μmol/L (nor-
mal values: 48–79  μmol/L). She had been treated with 
regular peritoneal dialysis for seven years and then died 
of cardiovascular complications. The son of the proband 
(III-1, 3 years old) was found to have left solitary kidney 
during fetal life (Fig.  1b). The level of Scr and the level 
of estimated glomerular filtration rate (eGFR) in the son 
was normal (Table 1).

By performing WES on the patients’ peripheral 
blood, we screened a missense mutation c.4507C>T in 
GREB1L based on the following criteria: (1) absent or 
exceedingly rare (MAF < 0.001) in population controls 
(ExAC, gnomAD, 1000 Genomes project, and In-house 
Chinese-Control); and (2) selection of SIFT [14], Poly-
Phen-2 [15] and M-CAP [16] to predict functional con-
sequence. Meanwhile, we verified the missense mutation 
c.4507C>T again with PCR sequencing (Fig.  1c). The 
missense mutation c.4507C>T in GREB1L was absent 
in EXAC Browser, GnomAD, 1000 Genomes Project 
and In-house Chinese-Control (Table 2). The functional 
prediction of the missense mutation in SIFT, Poly-
Phen-2 and M-CAP was pathogenic (Table  2). Accord-
ing to the ACMG regulation, the mutation in GREB1L 
(NM_001142966: exon26: c.4507C>T: p.R1503W) was 
variant uncertain significance (VUS). Moreover, this 
variant site is highly conserved in many species accord-
ing to Mutation Taster software (Fig.  1d). The scores of 
PhastCons and PhyloP indicated that this mutation site is 
highly conserved (Table 2). Therefore, the novel missense 
mutation c.4507C>T in GREB1L might be the genetic 
cause of RHDA3 in this family.

The negative effects of the novel missense mutation 
on the GREB1L expression
We further constructed wild-type (WT-Flag-pc. 
DNA3.1-GREB1L) and mutant (MUT-Flag-pc. DNA3.1-
GREB1L) plasmids to investigate the negative effects 
of GREB1L mutation on its expression. We found that 
GREB1L mRNA expression in HEK293T cells transfected 
with mutant plasmid was markedly diminished com-
pared to those transfected with WT plasmid (Fig. 2a). To 
explore the reason for decreased mRNA expression, we 
predicted the change in the GREB1L mRNA structure 
caused by this missense mutation with RNAfold (http:// 
rna. tbi. univie. ac. at/) [17–19]. There was no obvious 

Table 1 Information on the clinical symptoms of the three-
generation family

a The normal reference range of serum creatinine is 48–79 μmol/L
b The normal reference range of the estimated glomerular filtration rate is 
56–122 ml/min 1.73  m2

c CKD chronic kidney disease

Serum  creatininea 
(Scr)

Estimated glomerular 
filtration  rateb (eGFR)

Urine routine 
and renal 
function

I-2 788 μmol/L (↑)  < 15 ml/min ·1.73 
 m2 (↓)

CKDc stage 5

II-2 69 μmol/L 102.25 ml/min ·1.73  m2 Normal

III-1 44 μmol/L (↓) 177.36 ml/min ·1.73 
 m2 (↑)

Normal

Table 2 Information on the missense mutation in the GREB1L gene

Gene GREB1L

cDNA mutation NM_001142966: c.4507C>T

Variant allele frequency ExAC Browser 0

GnomAD 0

1000 Genomes Project 0

In-house Chinese-Control 0

Amino acid sequence conservation PhyloP 4.085

PhastCons 1

Function prediction SIFT Deleterious

PolyPhen-2 Probably damaging

M-CAP Possibly pathogenic

http://rna.tbi.univie.ac.at/
http://rna.tbi.univie.ac.at/


Page 4 of 9Wu et al. Orphanet Journal of Rare Diseases          (2022) 17:413 

difference in the optimal secondary structure between 
WT and MUT GREB1L (Additional file 1: Fig. S1), while 
notable changes were found in the centroid secondary 
structure of the mutant GREB1L mRNA (Fig.  2b). Spe-
cially, the minimum free energy of optimal secondary 
structure went up only from − 1853.70 to − 1850.60 kcal/
mol, indicating the dispensable effect on its optimal sec-
ondary structure, while the minimum free energy of cen-
troid secondary structure increased by 21.6  kcal/mol, 
suggesting the important influence on its centroid sec-
ondary structure (Fig. 2c). Therefore, the results indicated 
that the decreased mRNA structure stability might cause 
the down-regulation of GREB1L mRNA expression.

Moreover, we checked the potential change of GREB1L 
protein expression caused by the missense muta-
tion. Noticeably, the diminished GREB1L amount was 
observed in cells transfected with mutant plasmid com-
pared to those transfected with WT plasmid (Fig.  2d). 
Collectively, these findings indicated that the abolished 
mRNA structure stability might cause the down-regu-
lation of GREB1L mRNA expression, and consequently 
lead to the reduced GREB1L protein level, which might 
result in RHDA3.

GREB1L regulates the expression of PAX2 and PTH1R 
during kidney development, as shown by RNA‑seq analysis
To further identify the key pathway by which GREB1L 
regulates kidney development, we constructed shRNA 
to knock out GREB1L in HEK293T cells, a cell line of 
human embryonic kidney cells. We verified the effi-
ciency of shRNA (Fig. 3a). We then performed RNA-seq 
on HEK293T cells transfected with shRNA of GREB1L 
(KO cells) and control HEK293T cells (CTL cells). A 
total of 26,348 genes were quantified, of which 287 genes 
were upregulated and 281 genes were downregulated 
(Fig. 3b). The differentially expressed genes are shown in 
Fig. 3c. Gene ontology (GO) and disease ontology (DO) 
enrichment analyses were performed on the differen-
tially expressed genes. According to the GO enrichment 
analysis, the downregulated genes after KO were mainly 
enriched in pathways related to kidney developmen-
tal maturation, such as distal tubule development, col-
lecting duct development, ureteric bud development, 
mesonephric epithelium development, and metanephric 
nephron tubule development (Fig.  3d). DO enrichment 
analysis showed that the downregulated genes after KO 
were enriched in three pathways related to kidney dis-
ease: kidney failure, kidney disease and kidney cancer 
(Fig. 3e).

Fig. 2 Expression analysis of the missense variant in GREB1L. a RT-PCR revealed downregulation of GREB1L mRNA expression caused by the 
mutation. b The centroid secondary structure of the WT and MUT GREB1L mRNA with RNAfold. c The prediction of minimum free energy of mRNA 
secondary structure. d Western blotting revealed downregulation of GREB1L protein expression caused by the mutation
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Fig. 3 RNA-seq analysis of HEK293T cells with knock out of GREB1L. a Validation of the knockout efficiency of shRNA. b Volcano map of differentially 
expressed genes by RNA-seq of the knockout group (SH) and control group (NC). In total, 26,348 genes were quantified, of which 287 genes were 
upregulated and 281 genes were downregulated. c Heatmap of differentially expressed genes by RNA-seq of the knockout group (SH) and control 
group (NC). d Gene ontology (GO) terms related to downregulated genes of kidney development in the KO group (biological process). e Disease 
ontology (DO) terms related to downregulated genes. There were three pathways related to kidney disease, including kidney failure, kidney disease 
and kidney cancer. f and g The mRNA levels of PAX2 and PTH1R in HEK293T cells with knock out of GREB1L. The results showed that after knocking 
out GREB1L, both PAX2 and PTH1R mRNA expression significantly decreased, indicating that GREB1L could affect kidney development by regulating 
the expression of the PAX2 and PTH1R genes
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According to the literature, two of these differentially 
expressed genes, namely, paired box  2 (PAX2) [20, 21] 
[MIM: 167409] and parathyroid hormone 1 receptor 
(PTH1R) [8] [MIM: 168468], are directly related to kid-
ney failure. PAX2 is an essential transcription factor for 
kidney development. Pax2+ / − mice develop kidney hypo-
plasia and vesicoureteral reflux3 [21]. The PTH1 receptor 
(PTH1R) is widely expressed in the kidney, where PTHrP 
exerts a modulatory action on renal function [22]. There-
fore, we focused on these two genes, and the downregu-
lation of PAX2 (Fig. 3f ) and PTH1R (Fig. 3g) expression 
was verified in KO cells compared with the CTL group. 
These results indicated that GREB1L might play a role 
in kidney development by regulating the expression of 
PAX2 and PTH1R.

Discussion
In this study, a three-generation family diagnosed with 
RHDA3 was examined and found to have a novel path-
ogenic missense mutation of GREB1L: c.4507C>T: 
p.R1503W, which results in the reduction both in 
GREB1L protein and mRNA levels. RNA-seq analy-
sis showed that after GREB1L was knocked out, PAX2 
and PTH1R were downregulated, which suggested that 
GREB1L might regulate PAX2 and PTH1R to affect 
the development of the kidney, leading to RHDA3. We 
found a novel missense mutation that expands the muta-
tion spectrum of GREB1L and the potential mechanism 
through which it causes RHDA3, which provides new 
insights into the regulation of kidney development by 
GREB1L.

Renal hypodysplasia/aplasia, as the most severe end 
of the spectrum of CAKUT, has genetic heterogeneity. 
RHDA1 (OMIM: 191830) is caused by a mutation in the 
ITGA8 gene (OMIM: 604063) on chromosome 10p13, 
and RHDA2 (OMIM: 615721) is caused by a mutation 
in the FGF20 gene (OMIM: 605558) on chromosome 
8p22. RHDA3 is caused by a mutation in GREB1L gene 
(OMIM: 617805) on chromosome 18q11. Frameshift 
mutations, missense mutations and splice site mutations 
are the main mutation types in GREB1L that have been 
reported to can cause RHDA3. Missense mutations are 
the most common type of mutations that cause RHAD3. 
Here, we also reported that the novel missense mutation 
c.4507C>T in GREB1L, which led to the degradation of 
GREB1L mRNA and protein. According to the predic-
tion with RNAfold, the stability of mRNA secondary 
structure was reduced after mutating, which might lead 
to the decrease in mRNA expression, further causing the 
decrease in protein expression.

RHDA3 is caused by heterozygous GREB1L variants. 
However, the underlying mechanism of GREB1L regu-
lating kidney development is still limited. Therefore, 

we chose to construct shRNA to knock out GREB1L in 
HEK293T cells, a cell line of human embryonic kidney 
cells. RNA-seq results revealed that knockout GREB1L 
reduced the expression of PAX2 and PTH1R. PTH1R 
is widely expressed in the kidney, and the mutations in 
PTH1R have also been reported to be associated with 
kidney disease [23]. Human PAX2 mutations have been 
associated with abnormalities in the developing and adult 
kidney [24]. We thus speculated that GREB1L mutations 
resulting in RHDA3 might be associated with the abnor-
mal expression of PAX2 and PTH1R.

In the previous reports, besides unilateral or bilateral 
renal agenesis, patients with RHDA3 caused by GREB1L 
mutations also had congenital hydronephrosis, ureter and 
bladder aplasia and vesicoureteral reflux in urinary sys-
tem. GREB1L mutations have also been reported to affect 
reproductive system, such as agenesis of ovaries, uterus, 
streak gonads, and vagina. More seriously, GREB1L 
mutations might cause fetal malformation/death (Addi-
tional file  2: Table  S1) [2, 5, 6, 25, 26]. However, in our 
study, the patients mainly suffered from unilateral absent 
kidney, but did not exhibit phenotypes associated with 
other systems, suggesting that there might be other genes 
regulating the diseases or patients with different genetic 
backgrounds.

Conclusions
In summary, we identified a novel, pathogenic, heterozy-
gous mutation of GREB1L in a Chinese three-generation 
family, and the findings enriched the variant spectra of 
the GREB1L gene and suggested that genetic analysis 
can play a key role in RHDA3 diagnosis and prognosis. 
Meanwhile, we reported that GREB1L is an important 
regulator of PAX2 and PTH1R, which provided a mecha-
nism by which GREB1L regulates kidney development.

Materials and methods
Subjects
Peripheral blood samples were obtained from the family 
after informed consent was signed by the proband and all 
family members. Informed consent was obtained from all 
subjects involved in the study. The study was conducted 
according to the guidelines of the Declaration of Helsinki. 
This experiment on human subjects was approved by the 
Ethical Review Board of West China Second University 
Hospital, Sichuan University. The number of Institutional 
Review Board is 040.

Whole‑exome sequencing (WES)
Genomic DNA was extracted from peripheral blood 
leukocytes using a whole blood DNA purification kit 
(TIANGENE). For WES, exons were captured from 
1  μg genomic DNA using high-throughput sequencing 
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detection technology for the whole exome provided 
by the manufacturer. The Verita Trekker® variant site 
detection system and Enliven® variant site annotation 
interpretation system independently developed by Berry 
Genomics were used to analyse the data. Functional 
annotation was performed through ANNOVAR, and 
data were filtered by public databases, such as ExAC, 
1000 Genomes Project, In-house Chinese-Control  and 
GnomAD.

Candidate pathogenic variants in the family members 
and their flanking intronic regions of GREB1L in the 
unrelated population were validated by Sanger sequenc-
ing. PCR amplification was performed with Dyad Poly-
merase (Bio-Rad Laboratories). DNA sequencing of PCR 
products was conducted on an ABI377A DNA sequencer 
(Applied Biosystems). The primers used for PCR were in 
Additional file 3: Table S2.

Plasmid construction and cell transfection
The full-length cDNA of GREB1L was synthesized and 
separately cloned into pcDNA 3.1 3*Flag. The GREB1L 
plasmids were synthesized and cloned by WZ Bio-
sciences Inc. All mutant plasmids of GREB1L were gen-
erated by the Fast Mutagenesis System of TransGen 
Biotech Co., Ltd. (Beijing, China). The primers used to 
construct the point mutation plasmid were in Additional 
file 3: Table S2.

The constructed plasmid was transformed into E. coli. 
Then, 10 μL of plasmid-containing bacterial solution and 
20  μL of antibiotic ampicillin (50  mg/mL) were added 
to 20  mL of Luria–Bertani medium. The bacteria were 
placed on a shaker at 37 °C overnight. After shaking was 
complete, researchers extracted the plasmid from E. coli.

The HEK293T cell line was obtained from the Ameri-
can Type Culture Collection (ATCC, USA). HEK293T 
cells were cultured in 6-well cell culture plates and 
100  mm cell culture dishes (WHB, China) with basic 
DMEM containing 10% foetal bovine serum (Gibco, 
USA) and 0.1% penicillin/streptomycin in a humidified 
incubator at 37 °C with 5%  CO2. According to the experi-
mental scheme, GREB1L plasmids were transfected into 
HEK293T cells for 36–48 h.

Quantitative PCR
The total RNA of the cells was extracted using TRIzol 
reagent (Invitrogen) and was converted to cDNA using 
a Revert Aid First-Strand cDNA Synthesis Kit (Ther-
moFisher). Quantitative PCR was performed using SYBR 
Premix Ex Taq II (TaKaRa) on an iCycler RT–PCR Detec-
tion System (Bio-Rad Laboratories).

The ΔΔCT method was used for data analysis. All 
assays were finished in triplicate for all samples. The 

GAPDH gene was used as an internal control. The prim-
ers for real-time PCR are listed in Additional file  3: 
Table S2.

Western blotting
The proteins were extracted using radioimmunopre-
cipitation assay (RIPA) buffer that contained a protease 
and phosphatase inhibitor cocktail (Roche). Twenty 
micrograms of the denatured proteins were separated 
on 10% SDS–polyacrylamide gels and transferred to a 
polyvinylidene difluoride (PVDF) membrane (Millipore) 
for immunoblotting analysis. After blocking with Tris-
buffered saline/Tween-20 (TBST) containing 5% bovine 
serum albumin (BSA) for 1  h at room temperature, the 
membranes were then incubated with the correspond-
ing primary antibodies, 1:50 anti-FLAG (HPA052219, 
Sigma–Aldrich) and 1:200 anti-β-tubulin (ZM-0439, 
ZSGB-BIO), at 4  °C. Samples were incubated overnight. 
The binding of the primary antibodies was visualized 
using horseradish peroxidase-conjugated goat anti-rabbit 
or anti-mouse IgG (1:10,000, ZSGB-BIO, China). The sig-
nal intensities were measured using ECL (1305702, Mil-
lipore Corporation, Billerica, USA) and image analysis 
software (ImageJ, NIH).

GREB1L KO cells and RNA quantification
Short hairpin RNA (shRNA) targeting GREB1L was syn-
thesized by WZ Biosciences Inc. HEK293T cells were 
transfected with shRNA plasmid for 48 h. After GREB1L 
was knocked out, the cells were collected for subsequent 
experiments. The cells were divided into an experimen-
tal group (shRNA plasmid with transfection to knock out 
GREB1L) and a control group (shRNA plasmid without 
transfection to knock out GREB1L). Total amounts and 
integrity of RNA were assessed using the RNA Nano 6000 
Assay Kit of the Bioanalyzer 2100 system. The sequence 
of shRNA plasmid was in Additional file 3: Table S2.

RNA‑seq
After the RNA quality test was performed, RNA library 
construction and subsequent Illumina transcriptome 
sequencing were carried out. The amount of gene expres-
sion is expressed as FPKM (fragments per kb per million 
fragments). DEseq2 software (1.20.0) with the adjusted p 
value padj < 0.05 was used for the differential expression 
analysis between samples. GO enrichment analysis of dif-
ferentially expressed genes was implemented by the clus-
ter Profiler R package (3.8.1), in which gene length bias 
was corrected. GO terms with corrected P values less 
than 0.05 were considered significantly enriched by dif-
ferentially expressed genes. The DO database describes 
the function of human genes and diseases. DO pathways 
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with corrected P values less than 0.05 were considered 
significantly enriched by differentially expressed genes.
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