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Abstract
Background: Hyperuricemia, pulmonary hypertension, renal failure, and alkaline in-
toxication syndrome (HUPRA syndrome) is a rare autosomal recessive mitochondrial 
disease. SARS2 gene encoding seryl-tRNA synthetase is the only pathogenic gene of 
HUPRA syndrome. All the previously reported cases with HUPRA syndrome were 
detected for homozygous mutation.
Methods: We identified compound heterozygous mutations causing HUPRA syn-
drome using whole-exome sequencing, and verifed pathogenicity with ACMG stand-
ards. All the previously published cases with SARS2 mutations were reviewed.
Results: SARS2 gene compound heterozygotes variants were detected in this Chinese 
patient (c.667G>A/c.1205G>A). Bioinformatics studies and protein models predict 
that a new variant (c.667G>A) is likely to be pathogenic. A total of six patients, five 
of whom were previously reported with HUPRA syndrome, were analyzed. All of 
the six had typical clinical manifestations of HUPRA syndrome, except the Chinese 
girl who had no pulmonary hypertension or alkaline intoxication. The shrunken kid-
ney was more prominent in our proband. The average survival time for previously 
reported patients was 17 months, and the Chinese girl was 70 months. Three muta-
tion variants were found, including five homozygous mutants, three of which were 
Palestinian (c.1169A > G), two of which were from a Spanish family (c.1205G> A), 
and one was a new variant (c.667G>A/c.1205G>A).
Conclusion: We found a new pathogenic form (compound heterozygous mutation) 
causing HUPRA syndrome, and identified a novel pathogenic site (c.667G>A) of the 
SARS2 gene, expanding the spectrum of SARS2 pathogenic variants. The mild pheno-
type in complex heterozygous mutations is described.
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1  |   INTRODUCTION

HUPRA syndrome (OMIM: #613845) is a rare mitochondrial 
disease caused by SARS2 mutation. SARS2 is a nuclear gene 
encoding seryl-tRNA synthetase, whose primary function is 
to charge tRNASer with aminoacylated serine (Antonellis 
& Green, 2008; Wellner et al., 2018). These charged tRNA 
enters the ribosome during messenger RNA (mRNA) trans-
lation, to provide serine needed for mitochondrial protein 
synthesis. Mitochondrial proteins synthesized by this process 
participate in forming the mitochondrial respiratory chain 
complex (Belostotsky et al., 2011). Theoretically speaking, 
when the SARS2 gene is mutated, it will cause abnormal en-
ergy conversion. But given the residual activity of the mutant 
SARS2, some studies have speculated that it can be main-
tained above the necessary threshold in most tissues, but not 
in high-energy demanding tissues (Belostotsky et al., 2011; 
Scheper et al., 2007). So, the penetrance after the mutation is 
influenced by the minimum energy required by tissues and 
organs to maintain normal function (González-Serrano et al., 
2019). Both the nervous system and kidney, especially the tu-
bules, maintain their function with high energy requirements 
(Martín-Hernández et al., 2005; Rahman & Hall, 2013). 
The previously reported SARS2 gene mutation cases are de-
scribed as (a) progressive spastic paresis which is a neuro-
logical disease in a homozygous splicing mutation in SARS2 
(Linnankivi et al., 2016), (b) HUPRA syndrome (Belostotsky 
et al., 2011; Rivera et al., 2013). HUPRA syndrome has been 
previously described in homozygous mutations c.1169A 
> G (p. Asp390Gly) and c.1205G>A (p. Arg402His) in 
SARS2. We report novel compound heterozygous variants 
(c. 667G>A p. Val223Met and c. 1205G>A p. Arg402His), 
which may be the new variants causing HUPRA syndrome.

2  |   MATERIALS AND METHODS

2.1  |  Ethical compliance

Ethical approval for this study was gained through the 
Institutional Review Board, Children's Hospital of Chongqing 
Medical University (2020-99). Informed consent was ob-
tained from the patient's parents.

2.2  |  Patients and pedigree

The proband from a nonconsanguineous Chinese family 
participated in this study. She was diagnosed, treated, and 
followed up in the Department of Nephrology, Children's 
Hospital of Chongqing Medical University, Chongqing, 
China. Her demographic, clinical, and laboratory data were 
collated.

2.3  |  WES and Sanger sequencing

2.3.1  |  Extraction of DNA

Peripheral blood samples of the proband and her parents were 
collected, and the genomic DNA was extracted according to 
the standard procedures using QIAamp DNA Bloodmini kits 
(Qiagen). Then, Covaris sonicator (Covaris S2, USA) was 
used to fragment 3 micrograms genomic DNA into 150–
300 bp sized fragments.

2.3.2  |  The construction of the DNA library

The obtuse ends of the purified DNA fragment were repaired 
and a tail was added. The Illumina paired-end (PE) adapter 
was used to connect the fragments overnight, and the com-
bination product was amplified by seven-cycle polymerase 
chain reaction (PCR) with an 8-bp PE primer.

2.3.3  |  Capture of target region

The purified PCR product containing 3 µg DNA was hybrid-
ized with GenCapTM probe solution at 65 c for 22 hr. Then 
Pre-activated Dynal Myone Streptavidin C1 magnetic beads 
(Invitrogen, USA) were taken to fix the products on the rota-
tor for 1 hr at room temperature,and washed it with buffer 
according to the introduction book. Fifteen-cycle PCRs were 
used to amplify the captured DNA libraries, and we purified 
and eluded them in a 30 µl volume. Finally, the enrichment 
degree was estimated by Agilent 2100 Bioanalyzer and quan-
titative PCR.

2.3.4  |  Sequencing with 
next- generation technology

The Illumina HiSeq2500 DNA Sequencer was used to se-
quence the final captured DNA libraries, providing an aver-
age coverage depth for each sample of at least 100-fold.

2.3.5  |  Data filtering and analysis

The Illumina pipeline (version 1.3.4) which had the default 
parameters was used for image analysis, error estimation, 
and base calls. The different samples in the original data 
were identified by using index primers. All nonconforming 
reads (reads contaminated by adapters, more than 10% of 
nucleotides over-read length, average mass less than 10, or 
more than 50% of bases with mass less than 5) are removed. 
Burrows-Wheeler comparison tool (BWA-0.7.12-r1044) 
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was used to compare the remaining reads with the refer-
ence human genome (UCSC HG19). Next, GATK software 
3.4–46 was used to identify SNP and indels with the recom-
mended parameters.

2.3.6  |  Large deletions/duplications analysis

The depths of each genic region in the same sequencing lane 
which came from different samples were significantly corre-
lated (r > 0.7); so, we used the depth of each capture region to 
calculate a z-score equation. A predefined cut-off point (±3) 
of derived z-score was used to identify the large deletions 
and duplications. We always chose three as the truncation 
value, for it represents the 99.9th percentile of the normal 
samples set for one-tailed region. It will be defined as a dele-
tion (z-score<−3) or a duplication (z-score>3).

2.3.7  |  Functional annotation of 
genetic variants

These mutations can be classified into nonsense, deletion, 
splice site, insertion, synonymy, and non-coding mutations 
referring to public databases (HapMap database, dbSNP 144, 
EXAC, ESP6500, 1000 genome variants database, and a 
local control database). The quality value of single-base se-
quencing ≥20 was used to screen the variants, and then the 
following principles were followed to screen the potential 
candidate mutations: 1). functional variants, and 2). Variants 
with an allele frequency lower than 0.01 (refer to any public 
databases mentioned above).

2.4  |  Pathogenicity analysis

According to the American College of Medical Genetics 
and Genomics (ACMG) standards and guidelines (Richards 
et al., 2015), we performed pathogenicity analysis to identify 
the pathogenicity of variants.

Non-synonymous variants were evaluated using the five al-
gorithms. The SIFT (http://sift.bii.a-star.edu.sg/); PolyPhen-2 
(http://genet​ics.bwh.harva​rd.edu/pph2/); PROVEAN, (http://
prove​an.jcvi.org/index.php); M-CAP (http://bejer​ano.stanf​
ord.edu/MCAP/); CADD, (https://cadd.gs.washi​ngton.edu). 
Conservation analysis was performed through multiple se-
quence alignment across representative species [GenBank 
(www.ncbi.nlm.nih.gov)]. The pathogenicity of mutations 
also was assessed using structural domains analysis (https://
www.ncbi.nlm.nih.gov/cdd), protein secondary structure 
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_autom​at.pl?page=n-
psa_sopma.html), the spatial structure. The Spatial structure 
was modeled using PyMOL application.

Reference sequence of SARS2 gene: NCBI Reference 
Sequence NM_017827.3.

2.5  |  Literature data review

"SARS2," "HUPRA," "mitochondrial disease," and "seryl-
tRNA synthase" were used as keywords to search in PubMed 
(https://www.ncbi.nlm.nih.gov/pubme​d/) and HGMD (http://
www.uwcm.ac.uk/uwcm/mg/hgmd0.html) until June 2020. 
The publication language was limited to English. We also 
searched Wanfang (http://www.wanfa​ngdata.com.cn/index.
html), VIP (http://www.cqvip.com/), and CNKI (https://
www.cnki.net/) by using the same keywords in Chinese. All 
of the data were open and freely accessible.

3  |   RESULTS

3.1  |  The identification of Chinese girl with 
HUPRA syndrome

3.1.1  |  Clinical manifestations

The child was born prematurely at 36  weeks of gestation 
(birth weight 2250 g) and was the second child of noncon-
sanguineous Chinese parents, with a history of thalassemia, 
whose height and weight always lagged behind peers since 
she was growing up. At the age of 4 years and 4 months old, 
she was admitted to the hospital because of growth retarda-
tion, anemia, and renal failure. The Proband presented with 
higher urea levels than creatinine elevation, hyperuricemia, 
and renal atrophy (right kidney 4.7 × 2.9 × 2.4 cm, left kid-
ney 4.8 × 3.3 × 3.1 cm), without hematuria, proteinuria, and 
edema. There was no metabolic alkalosis, system, or pulmo-
nary hypertension. The detailed clinical features and labora-
tory data were outlined in Table 1 (P6). After a total of 1 year 
and 5 months of follow-up, the family refused blood purifica-
tion, and the child died from uremia without manifestations 
of other systemic diseases or accident at the age of 5 years 
and 10 months old. At the last follow-up before her death, 
the proband had a weight of 13.5 kg and a height of 100 cm, 
which were lagging behind peers just as before. She showed 
anemia with the hemoglobin of 98 g/L (110–150), elevated 
serum urea nitrogen (28.7 mmol/L (2.2–7.14)), serum creati-
nine (180 μmol/L (14–60)), and serum uric acid (863 μmol/L 
(100–410)), and decreased estimated glomerular filtration 
rate (eGFR) (20.83 ml/min 1.73 m−2).

We conducted a genealogical survey, and no exact positive 
family history of HUPRA syndrome was found (Figure 1). 
Except for the patient's older sister (IV 3), who had retardation 
of development, dying at the age of 1 year and 10 months old for 
an unclear reason. Several family members had hyperuricemia 
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without pulmonary hypertension, renal failure, alkaline intox-
ication, or other symptoms similar to HUPRA syndrome: the 
brother of the maternal grandmother (Ⅱ7) suffered gout, and 

the patrilineal grandmother (Ⅱ2) had mild hyperuricemia. The 
father had transient elevations of serum creatinine and uric acid 
(Scr 80 μmol/L (14–60), UA 425 μmol/L (100–410)).

T A B L E  1   Summary of the patient and five previously reported HUPRA Syndrome cases caused by SARS2 mutations

Patient 1 2 3 4 5 6

SARS2 mutations 
(NM_017827.3)

c.1169A>G (p. Asp390Gly) c.1205G>A (p. Arg402His) c.667G>A 
(p. Val223Met)

c.1205G>A 
(p. Arg402His)

Reference Belostotsky et al.,2011 Rivera et al., 2013 In this paper

Gender M F F F M F

Initial visit 4 months 7 months 4 months 5 months 2 months 4 years and 4 months

Ethnicity Palestinians Palestinians Palestinians Spanish Spanish Chinese

Premature 34 weeks 27 weeks 27 weeks 37 weeks 36 weeks 36 weeks

Pulmonary hypertension + + + ND① + −

Progressive renal failure + + + + + +

Metabolic alkalosis + + + + + −

Retardation + + + + + +

Anemia(g/dl) 9(N > 10.5) 4.8(N > 10.5) ND 8.4(N > 12) 7.6(N > 12) 8.7(N > 11)

Diuresis + ND + ND ND +

Hypertension + + ND + ND −

Hypotonia + ND ND + ND −

Hyperuricemia (mg/dl) 13.8 (2.4–6.4) 26.8 (2.4–6.4) 14.1 
(2.4–6.4)

11 (2.2–7) 9.4 (2.2–7) 11 (2.4–6.6)

Low FeUA 5.7% (N > 7%) <5% (N > 7%) +(DU) ND 2–3%(N > 7%) ND

Hyponatremia (mEq/L) 116 (133–146) 124 (133–146) 122 (133–146) ND +(DU) 146.8 (132–145)

Hypomagnesemia (mg/dl) 0.9 (1.58–2.4) 1.2 (1.58–2.4) 0.97 
(1.58–2.4)

ND 1.7 (1.5–2.3) 1.29 (1.29–2.70)

High FeMg 12.80% 
(N < 5%)

+(DU) +(DU) ND ND ND

Elevated BUN 
(disproportionate to 
Scr)

+ + + + + +

Urea(mg/dl) 44 (5–18) 87 (5–18) +(DU) 159 (20–48) +(DU) 129 (15–40)

Serum creatinine (mg/dl) 0.99 (0.2–0.4) 1.14 (0.2–0.4) +(DU) 1.01 
(0.35–0.5)

0.96 (0.35–0.5) 1.24 (0.17–1.02)

Elevated lactic 
acid(mmol/L)

10.2 (0.5–2.4) 5.54 (0.5–2.4) 8 (0.5–2.4) − − 4.57 (0.7–2.1)

Creatinine clearance (ml/
min 1.73 m−2)

29 (39–114) 22 (39–114) 31 (39–114) 42 (>60) ND 25 (>90)

amino acids and 
acylcarnitine in 
plasma(μM)

Serum alanine
1029 (N < 547)

ND ND − − −

Proteinuria(mg/mg) 1.26 (N < 0.5) ND ND − ND −

Size of kidney normal ND normal normal normal Diminution

Survival time 14 months 10 months 1+ year 26 months 21 months 5 years and 10 months

Note: ①, Pulmonary hypertension is unknown, but postmortem reports suggest hypertrophic obstructive cardiomyopathy. P1, P2 are from distant cousins of the same 
family; the parents of P2 are cousins; P4 and P5 are siblings of the same parents. FeMg, fractional excretion of magnesium; FeUA, fractional excretion of uric acid; 
ND, not determined; +(DU), it exists but the details are unknown.
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3.1.2  |  Molecular genetics

The proband was identified as having compound heterozy-
gous mutations in the SARS2 gene by WES and Sanger se-
quencing: ①c.667G>A, p. (Val223Met); this variant came 
from her mother, and it was the first time to be identified. 
This variant ②c.1205G>A, p. (Arg402His) came from her 
father, and the homozygous mutation at the same site has 
been reported in two Spanish children (Rivera et al., 2013) 
(Figure 2Aa,b)). The parents (I-1 and I-2), presented the het-
erozygosity mutation (Figure 2Ac).

3.1.3  |  Pathogenicity analysis

According to the American College of Medical Genetics 
and Genomics (ACMG) standards and guidelines (Richards 
et al., 2015), we performed a pathogenicity analysis from the 
following aspects.

1.3.1  |  Analysis in silico prediction
Non-synonymous variants were evaluated using the five al-
gorithms and the actual results of the electronic version are 
shown in Table 2.

1.3.2  |  Conservation analysis
The SARS2 missense pathogenic variants of the proband are 
localized in two highly conserved amino acid sequences (the 
223rd position and the 402nd position) among representative 
species (Figure 3A).

1.3.3  |  Structural domains
SARS2-coded protein is a homodimer enzyme, and this 
protein has two domains. The first one is the seryl-tRNA 
synthetase N-terminal domain: this domain is found to be 
associated with the Pfam tRNA synthetase class II domain 
(pfam00587) and represents the N-terminal domain of seryl-
tRNA synthetase. The second one is the seryl-tRNA syn-
thetase (SerRS) class II core catalytic domain: this domain 
is primarily responsible for ATP-dependent formation of the 

enzyme-bound aminoacyl-adenylate. Both p. Arg402 and 
p. Val223 are located in the seryl-tRNA synthetase (SerRS) 
class II core catalytic domain, participating in the formation 
of protein functional structure region (Figure 2B).

1.3.4  |  Secondary and spatial structure
Secondary structure: In the wild type, the protein is com-
posed of four secondary structures: alpha-helix (45.95%), ex-
tended strand (12.36%), beta-turn (5.41%), and random coil 
(36.29%). Among them, the 223rd position, Val, participates 
in the random coil and the 402nd position, Arg, contributes 
to the formation of the alpha helix. When the 223rd position 
Val mutated to Met, the second structure changed: alpha-
helix (46.33%), extended strand (12.55%), beta-turn (4.83%), 
and random coil (36.29%); the 223rd amino acid (Met) par-
ticipates in the formation of a random coil. When the 402nd 
position Arg mutated to His, the second structure consists 
of alpha-helix (44.98%), extended strand (12.93%), beta-
turn (6.56%), and random coil (35.52%), whereas the 402nd 
amino acid (His) participates in the formation of the random 
coil (Figure 3B).

In the normal phenotypic spatial structure of seryl-
tRNA synthetase (SerRS), its class II core catalytic domain 
is located in the c-terminal spherical domain which is built 
around an eight antiparallel β-sheet, encompassed by three 
helical bundles (Chimnaronk et al., 2005). The p. Arg402 
is positioned at eight antiparallel β-sheet of the C-terminal 
globular domain. The p. Val223 is also located in seryl-tRNA 
synthetase (SerRS) class II core catalytic domain, although 
it does not participate in forming the core β-sheet nor the 
surround α-helix, just form a β-turn between two α-helices. 
We predicted the spatial structures of wild type and mutated 
proteins of SARS2 through in silico analysis, and the mutated 
sites affected the amino acid side chain (Figure 3C).

In conclusion, both p. (Val223Met) and p. (Arg402His) 
are pathogenic mutations in the silico prediction, which are 
localized in two highly conserved amino acid sequences, 
participating in the formation of protein structural domains. 
The mutations lead to change in the secondary structure, af-
fecting the amino acid side chain in the special structure. All 

F I G U R E  1   Family pedigree based 
on clinical presentation (The arrow points 
to the proband). The brother of maternal 
grandmother (Ⅱ7) suffered gout, and the 
patrilineal grandmother (Ⅱ2) had mild 
hyperuricemia. The father had transient 
elevated creatinine and uric acid levels
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F I G U R E  2   Pathogenic variants in SARS2 gene and the domain of seryl-tRNA synthetase (NM_017827.3). (A) The proband was compound 
heterozygotes for two variants in the SARS2 gene. Variant 1 located in chromosome 19 was missense mutation, c.667G>A, p. Val223Met (maternal 
allele) (a), and Variant 2 were missense mutation too, c.1205G>A, p. Arg402His (paternal allele) (b). Family pedigree based on molecular genetics. 
(The arrow points to the proband) (c). (B) The domain of seryl-tRNA synthetase. There are 518 amino acids in seryl-tRNA synthetase. The 58th to 
172nd amino acids form the seryl-tRNA synthetase N-terminal domain, the 185th to 485th form the SerRS class II core catalytic domain. (C) Gene 
structure of SARS2, showing exons 1 to 16 in blue boxes, and its pathogenic variants in patients with HUPRA syndrome reported previously and 
described in the present study. CH, compound heterozygous

T A B L E  2   Analysis in silico prediction

Nucleotide SIFT PROVEAN PolyPhen−2 M-CAP CADD

c.667G>A 0.003
Pathogenic

−1.84
Pathogenic

0.796
Possible pathogenic

0.137
Possible pathogenic

28
Pathogenic

c.1205G>A 0.001
Pathogenic

−4.56
Pathogenic

0.999
Possible pathogenic

0.530
Possible pathogenic

31
Pathogenic
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F I G U R E  3   Multiple sequence alignment, secondary and spatial structure of seryl-tRNA synthetase. (A) Multiple sequence alignment. The 
SARS2 pathogenic variants (the arrow points) of the proband are localized in two highly conserved amino acid sequences (p. Arg402 and p. 
Val223) among representative species. (B) Secondary and spatial structure of seryl-tRNA synthetase. There are four secondary structures: alpha 
helix(blue), extended strand(red), beta turn(green), and random coil(purple). a: secondary structure of the wild type, b: secondary structure of the 
223rd position of mutations Val to Met, c: secondary structure of the 402nd position of mutations Arg to His. C) Spatial structure of seryl-tRNA 
synthetase. The predicted wild type and mutated proteins of SARS2(NM_017827.3) through in silico analysis. The mutated sites affected the amino 
acid side chain; The blue arrow positions represent the 223rd position of mutations Val (a; wild type) to Met (b; mutated), the blue arrow positions 
represent the 402nd position of mutations Arg (c; wild type) to His (d; mutated). After the mutation from non-polar amino acid Val (a; wild type) to 
polar amino acid Met (b; mutated), there is an extra sulfur atom, and the structure ‘-CH(CH 3)2’ changes to the structure ‘-CH2CH2SCH3'. After 
the mutation of Arg (c; wild type) to His (d; mutated), 6 hydrogen atoms and 1 nitrogen atom decreased, and methylene, carbon atoms, amino, 
and imidogen form a chain structure with a carbon-nitrogen double bond before mutation, whereas after the mutation, methylene, methyne, carbon 
atoms, nitrogen atoms, and imidogen form a ring structure (imidazolyl) containing 1 carbon-carbon double bond and 1 carbon-nitrogen double 
bond. Different colors represent different atoms: light blue: C atom; dark blue: N atom; red: O atom; silver: H atom; yellow: S atom
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of the above is possible to influence the normal expression 
of the SARS2 gene, leading to mitochondrial disease. The 
parents were heterozygous carriers, and the mutations were 
segregated according to a strictly recessive model with full 
penetrance. The variants are considered likely pathogenic ac-
cording to ACMG Standards (Richards et al., 2015).

3.2  |  Literature review

All identified articles were read in full. Five cases with 
HUPRA syndrome were reported (Belostotsky et al., 2011; 
Rivera et al., 2013), including the proband we investigated in 
this study, totally six patients are named P1-P6 respectively 
(P6 is the Chinese girl), and the relevant information is sum-
marized in Table 1.

Except for P6, all the other five patients were homozygous 
mutations. All of the six had retardation of development, a 
history of preterm delivery, and obvious hyperuricemia. In 
the five patients with homozygous mutations: all of them had 
metabolic alkaline intoxication; Four of them had pulmonary 
hypertension, and postmortem reports of P4 suggest hyper-
trophic obstructive heart disease. Clinical manifestations of 
the proband in the present study (P6) were similar to those 
five previously reported homozygous mutations patients, 
but without pulmonary hypertension and metabolic alka-
line intoxication. Moreover, the shrunken kidney was more 
prominent in P6. All the cases had a poor prognosis, and the 
end-point follow-up results were death. Among the five ho-
mozygous mutations patients, the shortest survival time was 
10 months, the longest was 26 months, whereas for the P6, it 
was 70 months. It was suggested that proband P6 has milder 
clinical manifestations and longer survival time.

Renal biopsy was performed in three patients, who were 
characterized by interstitial fibrosis, tubular atrophy, and 
markedly enlarged mitochondria in tubular epithelial cells 
without glomerular lesion (Table 3). The pathology sug-
gested that renal failure of HUPRA syndrome is because of 
tubular interstitial damage.

Three mutation sites were found. Out of the five homo-
zygous mutations cases, three of which were Palestinian 
(c.1169A>G p. (Asp390Gly)), two of which were from 
a family in Spain (c.1205G>A p. (Arg402His)), and one 
compound heterozygous mutations case (c.1205G>A p. 
(Arg402His), c.667G>A p. (Val223Met)) were identified. 
(Figure 2C).

4  |   DISCUSSION

Mitochondrial diseases (MD) are multi-system diseases 
caused by mutations in nuclear genes or mitochondrial 
genes, and nuclear gene mutations account for 75%–95% of T
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mitochondrial diseases (Graham, 2012). The mitochondrial 
proteome contains about 1,500 proteins, of which only 13 
are encoded by mitochondrial genes. HUPRA syndrome is 
a mitochondrial disease caused by the nuclear gene SARS2 
mutation. Nuclear gene SARS2 encodes serine-tRNA syn-
thase to transport serine in mitochondrial ribosomes. SARS2 
gene mutation leads to a decrease in the number of seryl-
tRNA synthase, which fails to participate in mitochondrial 
protein translation, which leads to interference in mitochon-
drial oxidative phosphorylation. Belostotsky et al. identified 
and named the first case of HUPRA syndrome, which is an 
autosomal recessive disorder caused by homozygous mu-
tations in the SARS2 gene (c.1169A > G (p. Asp390Gly)). 
Vitro functional verification proved that the mutation dam-
aged the catalytic activity of seryl-tRNA synthetase. Muscle 
biopsies showed reduced activity of respiratory chain syn-
thase complex I, complex III, and complex IV in skeletal 
muscle cells. Combined with conservative analysis and fam-
ily lineage investigation, c.1169A > G (p. Asp390Gly) was 
considered a pathogenic mutation (Belostotsky et al., 2011). 
Also, HUPRA syndrome was reported to be caused by a mu-
tation in c.1205G>A (p. Arg402His), in which skeletal mus-
cle respiratory synthase activity was normal, but cutaneous 
fibroblast complex I and complex IV were slightly decreased 
(Rivera et al., 2013).

Our study presented the first HUPRA syndrome of a 
Chinese patient, which was caused by SARS2 gene mutation. 
The patient had the following typical clinical manifestations 
of HUPRA syndrome: development retardation, renal failure, 
obvious hyperuricemia, and a history of preterm delivery, but 
had no metabolic alkaline intoxication and pulmonary hyper-
tension. Moreover, the shrunken kidney was more prominent 
in our proband. Compared with other patients with HUPRA 
syndrome who died at a very young age, the Chinese girl had 
a longer life and died at the age of 70 months. And in the 
previously reported cases, two of whom died of multiorgan 
failure and three of whom died of pulmonary hypertension 
with a mean survival age of 17 months. It was suggested this 
patient with compound heterozygotes variants might have 
milder clinical manifestations with a longer survival time to 
progress to renal insufficiency, and finally bilateral renal at-
rophy due to uremia. Besides, we observed that all HUPRA 
syndromes manifest mainly as hyperuricemia, whereas the 
most frequent renal dysfunction of most mitochondrial tu-
bulopathy was hyperuricosuria and hypouricemia resulting 
from decreased reabsorption (Pérez-Albert et al., 2018). The 
reason for hyperuricemia in HUPRA syndrome is probably 
caused by progressive renal failure. Significant hyperurice-
mia in HUPRA syndrome is derived from the reduction of 
uric acid filtration caused by declined glomerular filtration 
rate, masking the tendency to hypouricemia due to the mi-
tochondrial tubular diseases. Besides this, relative volume 
depletion due to polyuria may also be responsible for the 

hyperuricemia with decreased urinary fractional excretion 
of uric acid. The accepted mechanism underlying hyperuri-
cemia within the context of pulmonary hypertension is in-
creased production of uric acid in ischemic/hypoxic cardiac 
tissue (Bendayan et al., 2003).

In our study, we detected the first case of HUPRA syn-
drome with compound heterozygous mutations (c.667G>A/
c.1205G>A) in the SARS2 gene. Pathogenicity of mutation 
c.1205G>A p. Arg402His has been reported (Rivera et al., 
2013), and we verified it with ACMG guidelines as follows: 
(a) The patient fibroblasts have a combined deficiency in 
complexes of the mitochondrial respiratory chain, which 
is expected for defects in a gene involved in mitochondrial 
protein synthesis (Rivera et al., 2013); (b) The mutation is 
located close to the only previously described mutation in 
SARS2 associated with HUPRA syndrome, in the class II 
core catalytic domain of seryl-tRNA synthetase (SerRS); 
(c) The mutation is very rare in the population: in ExAC 
All, the allele frequencies of the variant is 0.00001655, and 
in ExAC East Asians (EAS) or 1000g2015aug_ALL, it is 
0; (d) The mutation segregates with the disease (Rivera 
et al., 2013); (e) Missense mutation in SARS2 gene is the 
sole cause of HUPRA syndrome, with a low rate of be-
nign missense variations; (f) The amino acid residue is 
highly conserved, and the substitution is predicted to have 
effect in the protein structure. Therefore, according to the 
ACMG classification criteria (Richards et al., 2015), the 
mutation c.1205G>A is pathogenic (PS3 + PM1 + PM2 
+PP1 + PP2 + PP3). Several findings support the patho-
genic role of the novel change (c.667G>A p. Val223Met): 
(a) The mutation is located in seryl-tRNA synthetase 
(SerRS) class II core catalytic domain, participating in the 
formation of protein functional structure region, which 
was also the hot spot mutation region of SARS2 gene. (b) 
This mutation was low-frequency variation in the database 
ExAC All (0.000008587), ExAC East Asians (EAS) (0), 
and 1000g2015aug_ALL (0). (c) Pathogenic variant ((p. 
(Arg402His)), which has been demonstrated previously, 
was detected in trans. (d) It was a missense variant of the 
SARS2 gene that has a low rate of benign missense varia-
tions and in which missense variants are a common mecha-
nism of HUPRA syndrome. (e) The amino acid residues p. 
Val223 and p. Arg402 are highly conserved, and the scores 
for pathogenicity obtained by in-silico analysis in different 
software are probably damaged; besides, p. Val223 and p. 
Arg402 are involved in protein domain formation. When 
they mutate, so do the structures of secondary and three-
dimensional. Therefore, according to the ACMG classifi-
cation criteria (Richards et al., 2015), c.667G>A is likely 
pathogenic (PM1 + PM2 + PM3 + PP2 + PP3). The ev-
idence showed it is a new pathogenic form with a novel 
pathogenic site (c.667G>A) of the SARS2 gene causing 
HUPRA syndrome.
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As the present case has a mild clinical phenotype, we 
attempt to explain the possible reasons for varying severity 
clinical phenotypes: (a) P. Val223 is less critical than p. 
Asp390 and p. Arg402. Seryl-tRNA synthetase core do-
main is built around eight antiparallel β-sheet. P. Asp390 is 
in the second β-sheet and p. Arg402 in the third. Although 
p. Val223 is also located in the same domain, it does not 
participate in forming the core β-sheet, just forming a β-
turn between two α-helices. (b) Seryl-tRNA synthetase 
may have secondary functions that are critical to the uri-
nary system or other specific tissues, and they have yet to 
be discovered (Guo & Schimmel, 2013; Kim et al., 2011). 
These secondary functions are involved in the addition of 
appended domains (Guo et al., 2010)and protein subtypes 
produced by alternative splicing (Wakasugi et al., 2002), 
and function loss may arise due to the impaired secondary 
functions associated with the pathogenic variants. Based 
on this, we propose a hypothesis: both the p. Asp390 and 
the p. Arg402 are associated with the seryl-tRNA synthe-
tase secondary functional, whereas the p. Val223 is not, 
and it requires further verification.

In conclusion, we identified the first case of HUPRA syn-
drome with compound heterozygous mutations (c.667G>A/
c.1205G>A) in the SARS2 gene. The present results expanded 
the spectrum of SARS2 pathogenic variants, describing the 
differences in clinical manifestations between homozygous 
and compound heterozygous mutations. But unfortunately, 
we were unable to obtain pathological reports of the muscle 
or the kidney, and the study was only based on pathogenicity 
prediction without functional verification.
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