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Abstract

Background: Hypouricemia is caused by various diseases and disorders, such as hepatic
failure, Fanconi renotubular syndrome, nutritional deficiencies and genetic defects. Genetic
defects of the molybdoflavoprotein enzymes induce hypouricemia and xanthinuria. Here,
we identified a patient whose plasma and urine uric acid levels were both extremely low
and aimed to identify the pathogenic gene and verify its mechanism. Methods: Using next-
generation sequencing (NGS), we detected a mutation in the human molybdenum cofactor
sulfurase (MCSU) gene that may cause hypouricemia. We cultured LO2 cells, knocked down
MCSU with RNAi, and then detected the uric acid and MCSU concentrations, xanthine
oxidase (XOD) and xanthine dehydrogenase (XDH) activity levels, and xanthine/hypoxanthine
concentrations in cell lysates and culture supernatants. Results: The NGS results showed that
the patient had a mutation in the human MCSU gene. The in vitro study showed that RNAI
of MCSU caused the uric acid, human MCSU concentrations, the XOD and XDH activity levels
among cellular proteins and culture supernatants to be extremely low relative to those of the
control. However, the xanthine/hypoxanthine concentrations were much higher than those of
the control. Conclusions: We strongly confirmed the pathogenicity of the human MCSU gene.
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Introduction

Hypouricemia occurs when uric acid concentrations in blood serum are less than or
equal to 2.0 mg/dl or 119 pmol/1 [1, 2]. Traditionally, hypouricemia has not been given the
same attention as hyperuricemia because of its low incidence rate and lack of recognizable
symptoms [1]. However, hypouricemia patients suffer from elevated levels of xanthine in
the urine, and these conditions may lead to xanthine stones, hematuria, and occasionally
chronic kidney failure [3]. Many diseases or disorders may lead to hypouricemia, including
hepatic failure, Fanconi renotubular syndrome, and nutritional deficiencies [4]. Hereditary
disorders of purine metabolism can also lead to hypouricemia; such disorders include
molybdoflavoprotein enzyme deficiency, purine nucleoside phosphorylase deficiency and
phosphoribosylpyrophosphate synthetase deficiency. Furthermore, genetic defects in the
molybdoflavoprotein (Mo) enzymes include xanthine oxidoreductase deficiency (xanthinuria
type 1), molybdenum cofactor sulfurase deficiency (xanthinuria type II) and molybdenum
cofactor deficiency [5]. The 5 Mo-enzymes can be subdivided into 2 families, namely the SO
(sulfite oxidase) and XOR (xanthine oxidoreductase) families. Nitrate reductase (which is not
presentin humans), SO itself,and the mitochondrialamidoxime-reducing component (mARC)
are members of the SO family. XOR and aldehyde oxidase (AOX) belong to the XOR family [6,
7]. The maturation of the SO family enzymes strictly requires the presence of a molybdenum
cofactor (Moco), while the XOR family enzymes require the human molybdenum cofactor
sulfurase (MCSU) [8]. Type Il xanthinuria is characterized by the simultaneous loss of 2 Mo-
enzymes in the AOX family, namely XOR and AOX [9]. This enzyme loss is due to a mutation in
the human MCSU gene [10]. The mutation is very rare; only 4 cases have been reported, and
no in vitro studies on the mechanisms of the pathogenic gene have been performed [11-14].
Recently, we used next-generation sequencing to identify the mutation in a hypouricemia
patient with type Il xanthinuria and found a heterozygous nonsense mutation in the human
MCSU gene. Moreover, we verified the function of the pathogenic gene in vivo and in vitro.

Materials and Methods

Patient

A 42-year-old male patient was admitted to our department because of hypouricemia and mild
albuminuria. His physical examination showed a fatty liver, multiple liver cysts and hypertension.
Laboratory examinations revealed that his serum gamma-glutamyl transpeptidase (GGT) was high (71.3
U/L), his plasma uric acid level was extremely low (2.1 pmol/L), and his 24-h urine uric acid was low (0.0-
0.02 mmol/L). The patient reported no history of urinary calculi or myositis and reported no family history
of hypouricemia. The venous blood and urine of the patient were obtained following a morning fast. The
serum and urine supernatants were used for the experiments.

Control group

The control group consisted of 10 healthy patients who came to our hospital for physical examinations
and excluded patients with renal dysfunction, hypouricemia, albuminuria and hematuria. The average age
of the patients in the control group was approximately 40 years, and it included 6 men and 4 women. The
venous blood and urine from all patients were obtained following morning fasts. The serum and urine
supernatants were used for the experiments.

Next-generation Sequencing

Whole-exome sequencing was performed by Beijing GGT Co using an lon Torrent sequencing system.
High-quality genomic DNA was obtained by super-multiple PCR amplification technology, and 294,000
primer pairs from 12 super-multiple PCR primer pools covering approximately 97% of the consensus
coding sequences were used to amplify the genomic DNA. Next, DNA coding exons were sequenced using
the Ton Proton™ System (Life Technologies) with a semiconductor sequencer as the core technology. This
technology has recently been applied to genetic research in various fields, including oncology [15-18],
hematology [19], and intellectual disability [20].
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Materials

A human molybdenum cofactor sulfurase (MCSU) ELISA Kit (CSB-EL014702HU) was purchased from
CUSABIO. A xanthine/hypoxanthine assay kit (ab155900) was purchased from Abcam. An XOD activity
colorimetric assay kit (catalog #K710-100) was purchased from BioVision. Xanthine (x0626) was purchased
from Sigma. NAD* (sc-208084) was purchased from Santa Cruz Biotechnology.

Cell line

The human immortal hepatic cell line LO2 was obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Cultures were maintained in Dulbecco's modified Eagle's medium
(DMEM) (Gibco) supplemented with penicillin (100 U/ml), streptomycin (10 pg/ml), and 10% fetal bovine
serum (Gibco) at 37°C in a humidified incubator with 5% CO, in air, and they were split 1:3 at confluence.

Human MCSU Concentration Test

Human MCSU concentrations were determined by ELISA (CUSABIO). The assay employed a
quantitative sandwich enzyme immunoassay technique. Briefly, an antibody specific for human MCSU was
pre-coated onto a microplate. Standards and samples were pipetted into the microplate wells, and any
human MCSU present was bound by the immobilized antibodies. After washing away unbound substances,
a biotin-conjugated antibody specific for human MCSU was added. After a second wash, avidin-conjugated
horseradish peroxidase (HRP) was added. Following another wash to remove unbound avidin enzyme
reagents, a substrate solution was added, and a color change indicated the amount of human MCSU that
had bound. Finally, the color change reaction was stopped, and the optical density of each well was detected
within 5 minutes by using a microplate reader at 450 nm.

Xanthine/hypoxanthine Concentration Test

The concentration of xanthine/hypoxanthine was determined by using a xanthine/hypoxanthine
assay kit (ab 155900, Abcam). Xanthine/hypoxanthine was specifically oxidized by a xanthine enzyme mix
provided in the kit to form an intermediate, which then reacted with a developer and a probe to form a
product that was measured colorimetrically (A=570 nm).

Enzyme Activity Test

The activity of XOD was determined using a colorimetric XOD activity assay kit from BioVision. In
this assay, XOD oxidized xanthine to hydrogen peroxide (H,0,) which reacted stoichiometrically with the
OxiRED™ Probe to generate a color (at A = 570 nm). Because the resulting color intensity is proportional
to the XOD content, the XOD activity can be accurately measured. XDH activity was determined from the
following reaction: xanthine + NAD* + H,0 < uricacid + NADH + H*. We then detected the abundance of uric
acid and NADH to determine the activity of XDH. The uric acid content was examined in the biochemistry
department at our hospital, and the NADH content was measured colorimetrically (A = 340 nm).

Cell Study

Because purine metabolism and uric acid formation occur in the liver, we verified the in vitro mechanism
ofthe pathogenic gene by culturing LO2 cells in vitro and suppressing the expression of the human MCSU gene
by using small interfering RNA (siRNA). The inhibition efficiency was measured with real-time quantitative
reverse transcription polymerase chain reaction (QRT-PCR). After inhibition, proteins were extracted from
the cells (the concentrations of the protein were set to unity), and the culture supernatants from the cells
with the inhibited human MCSU and from the negative and normal control groups were collected. The MCSU,
xanthine /hypoxanthine, and uric acid concentrations, and the activity of XDH/XOD, were determined by the
same methods described above.

Results

Genetic Analyses
Data from whole-exome sequencing (WES) were matched and analyzed, and the sites of
variation were verified using the SANGE method. The result of WES showed that a nonsense
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Fig. 1. Whole-exome sequencing was performed by Beijing GGT Co. The results showed a point mutation of
CGA (Arg) to TGA (Ter) at codon 419 of the human MCSU gene.
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Fig. 2. The serum concentrations of human MCSU
were determined by ELISA (CUSABIO). The human
MCSU serum level of the test patient ( LYG )was com-
pared to that of the control group (n=10). The MCSU
level of LYG was significantly lower than that of the
control group (p < 0.01).

Fig. 3. The urine and serum levels of xanthine/
hypoxanthine were determined by a xanthine/hy-
poxanthine assay kit (ab 155900). The urine and se-
rum levels of LYG were compared with those of the
control group (n = 10). The urine and serum levels of
LYG were both significantly higher than those of the

control group (p < 0.01).

heterozygous mutation of CGA (Arg) to TGA (Ter) was present at codon 419 in the human
MCSU gene (Fig. 1).

In vivo Study

Serum concentration of human MCSU. To confirm the mutation in the MCSU gene, we
first analyzed the MCSU serum concentrations of the special patient and the control group
using ELISA. The MCSU expression of the patient was significantly lower than that of the
control group (Fig. 2). Interestingly, the patient still had a level of human MCSU, which may
be attributed to the heterozygous mutation of the MCSU gene. However, by comparing the
histograms, we confirmed that the mutation in the MCSU gene resulted in human MCSU
dysfunction.

Serum and urine concentrations of xanthine/hypoxanthine. To identify whether the
patient was suffering from xanthinuria, we measured the serum and urine xanthine/
hypoxanthine levels. The xanthine/hypoxanthine levels of the patient were much higher
than those of the control group (Fig. 3). This result suggested that the patient was suffering
from xanthinuria and that it was likely associated with human MCSU mutation.

Serum XOD and XDH activity levels. We measured the activity levels of XOD and XDH,
which catalyze the metabolism of hypoxanthine to xanthine and xanthine to uric acid. The
XOR serum activity in the patient was markedly lower than that in the control group (Fig. 4).
This finding indicated the patient suffered from severe hypouricemia due to the mutation in
the human MCSU gene.
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Fig. 4. Serum XOD activity was determined with a XOD activity colorimetric assay kit from BioVision, and
serum XDH activity was also determined. The XOD and XDH serum activities were compared with those of
the control group (n = 10). The XOD and XDH serum activity levels of LYG could not be detected; both were
significantly lower than those of the control group ( p <0.001).
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In vitro Study

Quantitative RT-PCR examination of the MCSU inhibition efficiency of the L0O2 cell. To
verify the function of the pathogenic gene in vitro, we suppressed the expression of the
human MCSU gene in the LO2 cell line with interfering RNA (RNAi). The inhibition efficiency
was measured by qRT-PCR and was compared with the normal and negative controls. This
experiment showed that MCSU gene expression was approximately 75% inhibited (Fig. 5).
This strategy established a successful in vitro cell model of human MCSU gene mutation.

Uric acid and human MCSU concentrations among cellular proteins and in culture
supernatants. To confirm the effects of the dysfunctional MCSU gene, we measured the
concentrations of uric acid and human MCSU in supernatants and cell pellets using the
same methods described earlier. The MCSU expressions of both the cellular proteins and
culture supernatants were significantly lower than that of the control group (Fig. 6), and
they suggested that the MCSU RNAI in the L02 cells achieved the same effect as the mutation
in the patient.

Xanthine/hypoxanthine concentration, XOD and XDH activity among cellular proteins
and in culture supernatants. Finally, we measured xanthine/hypoxanthine concentrations
and XOR and XDH activities (Fig. 7). No xanthine/hypoxanthine was detected in the cell
protein pellets or supernatants of the normal and control groups. However, the xanthine/
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Fig. 6. The concentrations of uric acid (UA) and human MCSU were detected. A and B show the UA levels
in the cellular protein and in the culture supernatant, respectively, of the siMCSU-treated LO2 cell line as
compared with the normal (n = 10) and control groups (n = 10). The UA levels in the cellular protein and in
the culture supernatant of the siMCSU-treated L02 cell line were both significantly lower than those in the
normal and control groups. C and D show the human MCSU levels in the cellular protein and in the culture
supernatant, respectively, of the siMCSU-treated LO2 cell line as compared with the normal (n = 10) and
control groups (n = 10). The human MCSU levels in the cellular protein and in the culture supernatant in
the siMCSU-treated LO02 cell line were both significantly lower than those in the normal and control groups.

hypoxanthine levels in both the cell protein pellets and supernatants of cells subjected to
MCSU RNAi were extremely high. No XOD or XDH activities were detected in the cell protein
pellets or supernatants of the cells subjected to MCSU RNAI. Thus, the effect that human
MCSU gene mutation had on MCSU function and hence on hypouricemia and xanthinuria was
verified using in vivo and vitro studies.

Discussion

In this study, we identified a rare monogenic mutation in a hypouricemia patient by
using next-generation sequencing, and we determined that the mutation was a heterozygous
nonsense mutation of CGA (Arg) to TGA (Ter) at codon 419 in the human MCSU gene (i.e.,
the pathogenic type Il xanthinuria gene) [10]. To verify the pathogenic mechanism of this
gene, we performed a series of in vivo and in vitro examinations, which suggested that the
mutation of the human MCSU gene played an important role in the hypouricemia and type I1
xanthinuria of the patient.
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siMCSU-treated cells; the activity level was thus significantly lower than those of the normal and control
groups. E and F show the XDH activity levels in the cellular protein and in the culture supernatant, respecti-
vely, of the siMCSU-treated LO2 cell line as compared with the normal (n = 10) and control groups (n = 10).
No XDH activity could be detected in the cellular protein or culture supernatant of the siMCSU-treated cells;
the activity level was significantly lower than those of the normal and control groups.

Molybdenum cofactor (Moco) is a low-molecular-weight pterin derivative and can
endow activity to molybdenum (Mo), which is essential for important cellular processes [21,
22]. Moco is at the catalytic center of a class of molybdoenzymes. Oxo-transfer reactions,
such as the hydroxylation of substrates, are catalyzed at the molybdenum center. The
human MCSU gene encodes a two-domain protein that catalyzes the sulfuration of Moco
in the enzymes of the XO family and is responsible for the activation of XOR and AOX [10].
Deficiency in human MCSU results in the simultaneous loss of XOR and AOX activities [5].
XDH and XOD are enzymes that are involved in the metabolism of purines and pyrimidines
in various organisms [23]. XDH and XOD can be interconverted in some particular cases

[23]. Hereafter, we will use the term XOR (xanthine oxidoreductase) to refer to both forms of
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the enzyme. XOR is the enzyme that catalyzes the metabolism of hypoxanthine to xanthine
and xanthine to uric acid. Therefore, inactivation of XOR results in hypouricemia and
xanthinuria. Studies with similarity to the present study have been performed [11, 12, 14].
In 2001, Ichida reported 2 cases of type Il xanthinuria in which the patients carried the same
mutation in the MCSU gene as the patient in the present study. These patients all showed
nonsense substitutions from CGA (Arg) to TGA (Ter) at codon 419 in the MCSU gene [11].
Yamamoto reported a case with a point mutation from G to C in exon 2 of the human MCSU
gene [12]. We used next-generation sequencing instead of direct sequencing, thus yielding
more comprehensive and accurate results [24]. In previous studies, the activity of XDH was
measured by HPLC [11, 12], which was complicated and time-consuming. Here, we have
developed a new method that permits simpler and more rapid measurement.

Previous studies have also reported diseases associated with type Il xanthinuria. These
diseases often result in hematuria or renal colic but rarely in acute renal failure or chronic
complications related to urolithiasis [9]. Xanthine deposition could also cause muscle pains
[14]. A case of hereditary type Il xanthinuria in a child led to mental delay and autism, cortical
renal cysts, osteopenia, hair and tooth defects, and a range of behavioral symptoms [13].
Approximately half of the symptoms affecting development were caused by the deposition
of xanthine in the urinary tract [25]. However, the patient in our study did not show any of
these symptoms, a difference that may be partly attributed to the heterozygous mutation.
Another study reported a bovine type Il xanthinuria that was associated with a deletion
mutation at tyrosine 257 in MCSU [10].

To further verify the function of the mutation, we also performed in vitro experiments.
Because purine metabolism and uric acid formation occur in the liver, we established an
in vitro cell model with the L02 human hepatic cell line by using RNAi. Supernatants and
cell protein pellets were collected and examined as in the in vivo experiments. The in
vitro results were consistent with those in vivo. Therefore, the dysfunction of the MCSU
enzyme may be responsible for hypouricemia and xanthinuria. Next-generation sequencing
and comparable in vitro experiments were not performed in any of the previous studies.
Studies of molybdenum cofactor deficiency (MoCD) made use of knockout mice to study the
molecular basis and treatment of human MoCD [26, 27]. To confirm our hypothesis, we next
intend to establish animal models, namely homozygous MCSU~/~ and heterozygous MCSU/*
mice. The MCSU gene may be selected as a novel potential treatment target for refractory
hyperuricemia and gout. Patients with these diseases often require a combined therapy of
drugs and pegloticase [28-30], which sometimes has serious adverse side effects that include
anaphylactic reactions, skin infections, thrombocytopenia and severe cardiac issues [31].
However, the role of AOX is not clear. It may be risky to suppress AOX activity due to its role
in phase I drug metabolism. Therefore, further study of AOX and the human MCSU gene is
warranted.
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