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Familial renal glucosuria (FRG) is a rare genetic condition featured by isolated
glucosuria without hyperglycemia or other kidney diseases. It is caused by
pathogenic mutations of the SGLT2 (Sodium-Glucose Cotransporter 2) gene,
whose protein product is responsible for reabsorbing the majority of glucose
in the early proximal convoluted tubule. Hitherto, quite an array of variants
of SGLT2 have been identified in patients of FRG. In this study, we performed
whole exome sequencing on three Chinese pediatric patients with FRG and
uncovered three compound heterozygous variants of SGLT2: c.1333C > T
(p.Q445X) and c.1130–5 C >G; c.1438G > T (p.V480F) and c.346G > A
(p.V116M); c.1175C >G (p.S392C) and c.1333C > T (p.Q445X). Among the
total of five variants, c.1333C > T (p.Q445X), c.1438G > T (p.V480F) and
c.1175C >G (p.S392C) represented novel variants that had not been reported
in any genetic databases. All five variants had extremely low allele
frequencies and the amino acids loci affected by missense variants were
highly conserved in vertebrate species. Bioinformatic tools predicted that all
five variants might disrupt the function of SGLT2, which were likely to be
causal for FRG in these patients. Our findings expand the variant spectrum of
SGLT2 associated with FRG and provide novel insights into mechanism of
action of this transporter, which will aid in the development of novel SGLT2
inhibitors for treatment of type 2 diabetes and cardiovascular diseases.
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Introduction

Familial renal glucosuria (FRG) is a rare inherited kidney disease characterized by

persistent glucosuria without abnormal serum glucose concentrations and other

tubular function perturbations (1). In humans, the majority of glucose is reabsorbed

in the early proximal convoluted tubule segment S1 of the kidney by the sodium–
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glucose cotransporter 2 (SGLT2) which is a 14-transmembrane

protein and consists of 672 amino acids (1). Genetic studies

have established that pathogenic mutations in SGLT2 are

causal for most cases of FRG and increasing numbers of

mutations have been being identified with the advance of

sequencing technologies (2–9). In the present study, we

uncover three compound heterozygous variants of SGLT2 in

three Chinese children with FRG and in silico analyses suggest

that these variants are likely to be pathogenic.
Methods

Case presentation

Three pediatric patients from three unrelated families were

diagnosed with FRG by the presence of glucosuria and absence

of hyperglycemia after urine abnormalities had persisted for 1, 6

and 4.5 months respectively. Clinical characteristics of the

patients were described in Supplementary Table S1. Routine

urinary analysis showed glucose level above 3+ (28 mmol/L >

urine glucose≥ 14 mmol/L) with no other abnormalities.

Since FRG is usually a benign condition and has favorable

prognosis, no specific treatment or intervention was

implemented to the patients, who were advised to

appropriately increase the uptake of carbohydrates and not to

overdo exercise. Regular 6-months follow-up was arranged for

the patients. Urine analysis showed gradually decreasing

glucose level and improving symptoms, indicating a favorable

prognosis for the patients. No clinical manifestations,

including hypoglycemia, dehydration or ketosis, were

observed. No adverse events and accidents occurred. The

patients had no history of urinary tract infection. The patients

also had no problems with movement, eating, sleeping or

excretory function and their body weight gain was normal.
TABLE 1 Mutations in SGLT2 and glucose excretion in three Chinese pediatri
evaluation. In column 2, “-” means within the normal range.

Family members (age) Glucose excretion

Family 1

I:1 –

I:2 –

II:1 (5) 3+

Family 2

I:1 –

I:2 –

II:1 (1) 3+

Family 3

I:1 –

I:2 –

II:1 (4) 3+
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There was no reported history of trauma or poisoning. Their

parents and other family members had no history of glucosuria.
Genetic analysis

The peripheral blood of the patients was collected and sent

to Fujun Genetics Inc. (Shanghai, China) for whole exome

sequencing (WES). Briefly, DNA library was constructed by

using the IDT xGen™ Exome Research Panel V2 Kit and then

sequenced using an Illumina HiSeq X10 platform using a 100-

bp paired-end reads according to the standard procedure. The

sequencing data was filtered and aligned with the human

reference genome (GRCh38/hg19) by using the BWA Aligner

(http://bio-bwa.sourceforge.net/) and variants were annotated

by ANNOVAR (annovar.openbioinformatics.org/en/latest/).

The candidate causal variants were confirmed by Sanger

sequencing, for which the primers were listed in

Supplementary Table S2.
Results

Three Chinese pediatric probands from three unrelated

families, but not their parents, met the diagnostic criteria of

FRG (Table 1). Further examination of the patients and their

parents revealed no clinical manifestations or any other

tubular dysfunctions or other types of kidney diseases. WES

was performed on the patients and three compound

heterozygous variants were identified in the SGLT2 gene:

c.1333C > T (p.Q445X), c.1130–5 C > G, c.1438G > T

(p.V480F), c.346G > A (p.V116M) and c.1175C > G (p.S392C).

These variants were all confirmed by Sanger sequencing

(Figure 1). Notably, for all three compound heterozygous
c patients and their parents. In column 1, “age” indicates at the time of

Allele 1 Allele 2

c.1333 C > T/p.Q445X WT

WT c.1130-5 C > G

c.1333 C > T/p.Q445X c.1130-5 C > G

c.1438 G > T/p.V480F WT

WT c.346 G > A/p.V116M

c.1438 G > T/p.V480F c.346 G > A/p.V116M

c.1333 C > T/p.Q445X WT

WT c.1175 C > G/p.S392C

c.1333 C > T/p.Q445X c.1175 C > G/p.S392C
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FIGURE 1

Three familial renal glucosuria pedigrees carrying SGLT2 variants. A total of five different mutations were identified: c.1333C > T (p.Q445X), c.1130-5
C >G, c.1438G > T (p.V480F), c.346G > A (p.V116M) and c.1175C >G (p.S392C). “N” indicates the position of nucleotide substitution.

Huang et al. 10.3389/fped.2022.996946
variants, one allele was of maternal origin and the other of

paternal origin (Table 1, Figure 1).

To determine the allele frequencies of these variants, we

searched different genomic databases. Three of the five
TABLE 2 Allele frequencies for the SGLT2 variants in the Asian population. T
coding sequence positions for the SGLT2 transcript are based on NM_00
NP_003032.

Variants Type of
variants

Position change in
chromosome

cDNA
change

Amino acid
substitution

V116M Missense chr16:314857751 G > A c.346 G > A Val116Met

S392C Missense chr16:31488667 C > G c.1175 C > G Ser392Cys

Q445X Stop-gain chr16:31488932 C > T c.1333 C > T Gln445Ter

V480F Missense chr16:31489037 G > T c.1438 G > T Val480Phe

c.1130-5
C > G

Splicing chr16:31488617: C > G / /

“NR” indicates not recorded.
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variants (p.S392C, p.Q445X, and p.V480F) had not reported

among all databases, and thus represented novel variants. Two

variants (p.V116M and c.1130–5 C > G) had coding numbers

in dbSNP database (rs146835104 for p.V116M and
he version of chromosome database used in this study is GRCh38; the
3041; the amino acid positions for the SGLT2 protein are based on

dbSNP
database

East
Asian in
ALFA

Asian
in

ExAC

Asian in
gnomAD-
Exomes

Asian in
gnomAD-
Genomes

rs146835104 0 0 0.00002 0

NR NR NR NR NR

NR NR NR NR NR

NR NR NR NR NR

rs760945249 0 0 0 NR
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FIGURE 2

(A) Schematic illustration showing SGLT2 protein domains with loci affected by variants indicated. (B) Multiple sequence alignment of the SGLT2
protein from different vertebrate species. Arrows indicate amino acids affected by missense variants, which are highly conserved. (C) Prediction
of the effects of variants on SGLT2 protein function and ACMG classification of the variants. For ACMG classifications: V116M, VUS (PM2 + PP1 +
PP3 + PP4); S392C, VUS (PM2 + PP1 + PP3 + PP4); Q455X, P (PVS1 + PM2 + PP1 + PP3 + PP4); V480F (PM2 + PP1 + PP3 + PP4); c.1130-5 C >G, VUS
(PM2 + PP1 + PP3 + PP4). VUS, uncertain significance; P, pathogenic. PVS1, null variants (nonsense); PM2, not present (or at extremely low
frequency) in normal population; PP1, co-segregation in the families; PP3, predicted to be pathogenic by multiple bioinformatic tools; PP4,
family history is highly specific with a single genetic etiology.

Huang et al. 10.3389/fped.2022.996946
rs760945249 for c.1130–5 C > G). The p.V116M variant was

recorded in gnomAD-Exomes (Asian population) with a very

low frequency of 0.00002 (3). And the allele frequencies of

c.1130–5 C > G was 0 in all searched databases for Asian

population (Table 2).

We analyzed the pathogenicity of these SGLT2 variants.

The p.Q445X was a nonsense variant and caused truncation

of the SGLT2 protein, which is usually deleterious. The

c.1130–5 C > G variant located in the Intron 9–10, 5 bp

downstream of Exon 10, which might affect the splicing

process (Figure 2A and Supplementary Figure S1).
Frontiers in Pediatrics 04
Multiple alignment of SGLT2 protein showed that the

three loci affected by missense variants (V116, S392 and

V480) were evolutionarily conserved in all of the tested

vertebrate species, indicating these amino acids

substitutions might disrupt proper protein function

(Figure 2B). We also analyzed the effects of these coding

variants on the structure of SGLT2. Both p.V116M and

p.Q445X variants showed palpable structural difference

with the wild type SGLT2 (Supplementary Figures S2A,

C). The p.V480F variant showed variable lengths of alpha

folds at several positions compared to the wild type
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protein (Supplementary Figure S2D). In contrast, the

structure of p.S392C variant seemed identical to the wild

type SGLT2 (Supplementary Figure S2C). However, a

more detailed analysis revealed the serine substitution by

cysteine might disrupt the interaction between Ser392 and

Ala73 (Supplementary Figure S3). Thus, all the coding

variants may disrupt the proper structure of SGLT2. In

accordance, these three missense variants were predicted to

be “probably damaging” by PolyPhen-2 and SIFT softwares

(10, 11) (Figure 2C). Taken together, these results suggest

that all five identified SGLT2 variants are likely to be

pathogenic.
Discussion

In the present study, we utilized WES to probe into the

genetic etiology of three Chinese children diagnosed with

FRG and identified three novel compound heterozygous

variants of SGLT2, which is the established causal gene for

FRG. Routine urinary analysis showed glucose level above 3+

(mild to severe) in these patients. After following suggestions

of increasing the uptake of carbohydrates and not overdoing

exercise, these patients are showing improved symptoms,

indicating favorable prognosis. Our bioinformatic analyses

revealed that these variants were likely to impair the proper

function of SGLT2. It will be important to perform functional

experiments to verify whether these variants are truly disease-

causing in future studies.

This study has two limitations. Since the probands had no

family history of genetic kidney disease and their parents

were normal, we did not perform urinary analysis on their

parents. Besides, as the patients were in very young age (5,

1 and 4 years old, respectively), we found it difficult to

collect 24-h urine and instead used qualitative urinary

analysis for diagnosis.

In general, severe clinical consequences have not been

observed in patients of FRG, which, therefore, is usually

considered to be a benign condition (4, 12–14). Intriguingly,

research on SGLT2 mutations-associated FRG have received a

great of attention, as SGLT2 inhibitors, which usually show

minimal side effects and include canagliflozin, dapagliflozin,

and empagliflozin, have been clinically used to lower blood

glucose level in patients with type 2 diabetes and are also

showing promising potential for treatment of other diseases,

such as cardiovascular disorders (15–17). Hence, identification

of more pathogenic sites of SGLT2 is of clinical significance,

which can provide novel insights into the mechanism of

action of this transporter and thereby facilitate development

of novel targeting inhibitors.

Molecular genetic studies have indicated an autosomal

co-dominance with incomplete penetrance inheritance

pattern for FRG (2–4). Patients with mild renal glucosuria
Frontiers in Pediatrics 05
usually result from heterozygous SGLT2 mutations,

whereas patients with severe renal glucosuria are

frequently caused by homozygous or compound

heterozygous SGLT2 mutations (2, 3). Consistently, in our

study, all three patients harbor compound heterozygous

variants of SGLT2. Interestingly, the parents that are

carriers of the variants, especially the p.Q445X truncating

variant, appear normal, which are in line with previous

reports that SGLT2 mutations may have variable

expressivity among individuals (2–4). Our results, together

with previous findings, suggest that other genes and

environmental factors, such as diet, may have an impact

on overall renal glucose transport.
Conclusion

In this study, we describe three compound heterozygous

variants of the SGLT2 gene in three Chinese pediatric FRG

patients, which are predicted to be pathogenic and likely

to account for the pathogenesis and progression of the

disease. Among the total of five variants we have

discovered, three ones are novel. Our findings expand the

variant spectrum of SGLT2 in FRG and will aid in the

development of novel SGLT2 inhibitors for treatment of

other metabolic diseases.
Data availability statement

The datasets for this article are not publicly available due to

concerns regarding participant/patient anonymity. Requests to

access the datasets should be directed to the corresponding

author.
Ethics statement

The studies involving human participants were reviewed

and approved by The Ethics Committee of Xi’an Children’s

Hospital (NO. 20220066). Written informed consent was

obtained from the individuals and minors’ legal guardian for

the publication of any potentially identifiable images or data

included in this article.
Author contributions

HH, ZL, ZR and YB: cared for the patients and collected the

clinical data of the patients. HH, ZR and YB: conceived the

project. XW, QH and XL: analyzed the results of WES and

assembled figures and tables for the manuscript. HH and YD:
frontiersin.org

https://doi.org/10.3389/fped.2022.996946
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Huang et al. 10.3389/fped.2022.996946
wrote and revised the manuscript. All authors contributed to

the article and approved the submitted version.
Funding

This study was supported by Xi’an City Innovation Ability

Strong Base Plan-Medical Research Project (grant no. 21-

YXYJ0010 to Huimei Huang), General Project of Xi’an

Children’s Hospital in 2021 (grant no. 2121C05 to Huimei

Huang) and Key Research and Development Program of

Shaanxi (grant no. 2018SF-108 to Zhanping Ren). The

funding bodies had no roles in the design of the study, the

collection, analysis, or interpretation of the data, or writing

the manuscript.
Acknowledgments

We thank all colleagues in our department for their clinical
assist. The authors have no conflicting interests.
Frontiers in Pediatrics 06
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the editors

and the reviewers. Any product that may be evaluated in this

article, or claim that may be made by its manufacturer, is not

guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fped.

2022.996946/full#supplementary-material.
References
1. Wright EM, Hirayama BA, Loo DF. Active sugar transport in health and
disease. J Intern Med. (2007) 261(1):32–43. doi: 10.1111/j.1365-2796.2006.01746.x

2. Santer R, Kinner M, Lassen CL, Schneppenheim R, Eggert P, Bald M, et al.
Molecular analysis of the SGLT2 gene in patients with renal glucosuria. J Am
Soc Nephrol. (2003) 14(11):2873–82. doi: 10.1097/01.ASN.0000092790.89332.D2

3. Calado J, Sznajer Y, Metzger D, Rita A, Hogan MC, Kattamis A, et al.
Twenty-one additional cases of familial renal glucosuria: absence of genetic
heterogeneity, high prevalence of private mutations and further evidence of
volume depletion. Nephrol Dial Transplant. (2008) 23(12):3874–9. doi: 10.1093/
ndt/gfn386

4. Santer R, Calado J. Familial renal glucosuria and SGLT2: from a mendelian
trait to a therapeutic target. Clin J Am Soc Nephrol. (2010) 5(1):133–41. doi: 10.
2215/CJN.04010609

5. Li S, Yang Y, Huang L, Kong M, Yang Z. A novel compound heterozygous
mutation in SLC5A2 contributes to familial renal glucosuria in a Chinese
family, and a review of the relevant literature. Mol Med Rep. (2019) 19
(5):4364–76. doi: 10.3892/mmr.2019.10110

6. Sada K, Hidaka S, Imaishi N, Shibata K, Katashima R, Noso S, et al. Clinical
and genetic analysis in a family with familial renal glucosuria: identification of an
N101K mutation in the sodium-glucose cotransporter 2 encoded by a solute
carrier family 5 member 2 gene. J Diabetes Investig. (2020) 11(3):573–7. doi: 10.
1111/jdi.13157

7. Yu L, Wu M, Hou P, Zhang H. SLC5A2 Mutations, including two novel
mutations, responsible for renal glucosuria in Chinese families. BMC Nephrol.
(2020) 21(1):69. doi: 10.1186/s12882-020-01725-9

8. Papadimitriou DT, Manolakos E, Dermitzaki E, Filiousi F, Papoulidis I,
Zoupanos G, et al. A novel heterozygous mutation in the SLC5A2 gene causing
severe glycosuria, mild failure to thrive, and subclinical hypoglycemia.
J Diabetes. (2021) 13(8):688–92. doi: 10.1111/1753-0407.13183
9. Yu L, Hou P, Lv JC, Liu GP, Zhang H. Novel SGLT2 variants contribute to
renal glucosuria in Chinese families: abnormal expression and dysfunction of
variant SLC5A2. Hum Mutat. (2015) 36(1):79–86. doi: 10.1002/humu.22714

10. Ng PC, Henikoff S. SIFT: predicting amino acid changes that affect protein
function. Nucleic Acids Res. (2003) 31(13):3812–4. doi: 10.1093/nar/gkg509

11. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,
et al. A method and server for predicting damaging missense mutations. Nat
Methods. (2010) 7(4):248–9. doi: 10.1038/nmeth0410-248

12. Fonseca-Correa JI, Correa-Rotter R. Sodium-glucose cotransporter 2
inhibitors mechanisms of action: a review. Front Med. (2021) 8:777861. doi: 10.
3389/fmed.2021.777861

13. Klen J, Dolzan V. Treatment response to SGLT2 inhibitors: from clinical
characteristics to genetic variations. Int J Mol Sci. (2021) 22(18):9800. doi: 10.3390/
ijms22189800

14. Ren Q, Gong S, Han X, Ji L. Hereditary renal glycosuria, diabetes and
responses to SGLT2 inhibitor. J Diabetes. (2022) 14(3):216–20. doi: 10.1111/
1753-0407.13254

15. Nassif ME, Windsor SL, Borlaug BA, Kitzman DW, Shah SJ, Tang F, et al.
The SGLT2 inhibitor dapagliflozin in heart failure with preserved ejection fraction:
a multicenter randomized trial. Nat Med. (2021) 27(11):1954–60. doi: 10.1038/
s41591-021-01536-x

16. Shaffner J, Chen B, Malhotra DK, Dworkin LD, Gong R.
Therapeutic targeting of SGLT2: a new era in the treatment of diabetes and
diabetic kidney disease. Front Endocrinol. (2021) 12:749010. doi: 10.3389/fendo.
2021.749010

17. Keller DM, Ahmed N, Tariq H, Walgamage M, Walgamage T, Mohammed
A, et al. SGLT2 Inhibitors in type 2 diabetes Mellitus and heart failure-A concise
review. J Clin Med. (2022) 11(6):1470. doi: 10.3390/jcm11061470
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fped.2022.996946/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2022.996946/full#supplementary-material
https://doi.org/10.1111/j.1365-2796.2006.01746.x
https://doi.org/10.1097/01.ASN.0000092790.89332.D2
https://doi.org/10.1093/ndt/gfn386
https://doi.org/10.1093/ndt/gfn386
https://doi.org/10.2215/CJN.04010609
https://doi.org/10.2215/CJN.04010609
https://doi.org/10.3892/mmr.2019.10110
https://doi.org/10.1111/jdi.13157
https://doi.org/10.1111/jdi.13157
https://doi.org/10.1186/s12882-020-01725-9
https://doi.org/10.1111/1753-0407.13183
https://doi.org/10.1002/humu.22714
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.3389/fmed.2021.777861
https://doi.org/10.3389/fmed.2021.777861
https://doi.org/10.3390/ijms22189800
https://doi.org/10.3390/ijms22189800
https://doi.org/10.1111/1753-0407.13254
https://doi.org/10.1111/1753-0407.13254
https://doi.org/10.1038/s41591-021-01536-x
https://doi.org/10.1038/s41591-021-01536-x
https://doi.org/10.3389/fendo.2021.749010
https://doi.org/10.3389/fendo.2021.749010
https://doi.org/10.3390/jcm11061470
https://doi.org/10.3389/fped.2022.996946
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Case report: Identification of three novel compound heterozygous SGLT2 variants in three Chinese pediatric patients with familial renal glucosuria
	Introduction
	Methods
	Case presentation
	Genetic analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


