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Abstract N\
Introduction: Gout is a worldwide chronic disease generally caused by high serum levels of uric acid. Using whole exome |
sequencing, we aimed to explore genetic alterations in hereditary gout.

Patients’ concerns: There were 9 direct descendants diagnosed with gout in total in this family. The patients concerned about
the high incidence and inheritance of gout.

Diagnosis: The youngest propositus was diagnosed as gout in our hospital. Diagnoses of other patients in this family were made
on the foundation of history and clinical tests.

Interventions: Six direct descendants and 3 healthy spouses in 1 family were recruited in our study. Whole-exome sequencing
was conducted in all participants.

Outcomes: \Whole-exome sequencing and genetic analysis revealed 2 putative rare inherited deleterious variants, which were
detected only in direct descendants. Twelve gout and uric acid (UC)-related nucleotide sequence variants previously reported by
GWAS were detected among all subjects.

Conclusions: In the case of this family, the GWAS identified gout and UC-related nucleotide sequence variants may increase the
risk of developing gout, but penetrance was not complete. The rare sequence variants in low-density lipoprotein receptor-related
protein 1 (LRP1) and oncoprotein induced transcript 3 (OIT3) may have contributed to inheritance of gout within the 5 generations of
family members in this study.

Abbreviations: o2 M = a2-macroglobulin-protease complex, apoE = triglyceride-rich lipoprotein-derived apolipoprotein E,
CADD = combined annotation-dependent depletion, HDL-C = high-density lipoprotein cholesterol, IRB = insulin receptor B, LDL-R
= low-density lipoprotein receptor, LRP1 = low-density lipoprotein receptor-related protein 1, LZP = liver-specific zona pellucida
domain-containing protein, MetS = metabolic syndrome, OIT3 = oncoprotein induced transcript 3, PPRP = phosphoribosyl
pyrophosphate, SMCs = smooth muscle cells, SNP = single nucleotide polymorphisms, UC = uric acid.
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1. Introduction

Gout is a chronic metabolic disease characterized by elevated
level of uric acid in serum, together with acute inflammatory
arthritis caused by sedimentation of monosodium urate crystals
in joints and synovial tissue. The incidence of gout is generally 2
to 6 times higher in men than in women and increases with age,
reaching a plateau after the age of 70. Noticeably, more affluent
countries have a higher rate of gout compared with less affluent
ones.'!! In China the prevalence has been estimated to be 1.14%
in adults.”>®! Both non-hereditary and hereditary factors play a
role in the development of gout. Non-genetic risk factors include
age, sex, diet, and drugs. Genetic research has identified a number
of loci associated with gout and serum levels of uric acid (UC) in
the population.*”! Sequence variants of MUC1, SLC17A1,
GCKR, ABCG2, and SLC2A9 have all been associated with gout
and/or elevated serum UC, but heredity for gout remains
incompletely understood.

In this study, we analyzed the exome data of a family with a
pattern of inherited gout. The family members were screened for
both genetic risk loci and rare inherited sequence variants.
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Figure 1. Family pedigree and diagnosis of gout.

2. Case report

2.1. Subjects description

In total, there were 9 family members diagnosed with gout (Fig. 1). All
the patients met the 2015 diagnostic criteria for gout classification.!®!
Detailed information about clinical features were collected from
hospital records or by questionnaire and reviewed by experienced
physicians. All subjects gave their written consent to participate in
the study, and the study was approved by the ethics committee.
The first identified member with gout was I-1. The youngest
identified, V-1, was identified in our hospital. V-1 manifested gout
on left toes 4 years ago with blood uric acid level 417 umol/L, and
suffered iterative gout flare 1 to 2 times a year in the following 4
years. One year ago, this patient had pain and tenderness in his left
knee with blood uric acid 395 wmol/L. There has been no clear
distinction in diet among the family members. More detailed
information of all gout patients in this family is in Table 1.

2.2. DNA extraction and whole exome sequencing

EDTA anti-coagulated venous blood (5 mL) was collected from
each included subject. 250ng of genomic DNA from each

individual was sheared by Biorupter (Diagenode, Belgium) to
acquire 150-200bp fragments. Illumina Sequencing adaptors
were added to repaired DNA fragment ends (Fast Library Prep
Kit, iGeneTech, Beijing, China). After constructing the sequenc-
ing library, the whole exomes were captured with AIExome
Enrichment Kit V1 (iGeneTech, Beijing, China) and sequenced on
the NovaSeq Illumina platform (Illumina, San Diego, CA) with
150 base paired-end reads.

2.3. Detection of variant, GWAS loci, and susceptible
inherited rare variants

The Tllumina 150bp paired end reads was trimmed by fastp
(v0.19.4). Trimmed reads were mapped to human reference genome
(GRCh37/hg19) by BWA MEM (v0.7.17). Nucleotide sequence
variants were identified by following GATK (v4.0.10) best practice.
Twenty nine WES samples from the 1000 Genome Project were
genotyped together with the family data, so as to fulfill the
requirement of at least 30 samples in the VariantRecalibrator step.
Variant annotation was conducted by Annovar (Apr 16, 2018).
Information for the GWAS loci related to gout/uric acid was
obtained from the NHGRI GWAS catalog (Jan 29, 2019)

Clinical information of gout patients.

Patient Age Onset age Affected area Frequency Uric acid, pmol/L
-2 85 72 Right big toe with joint deformity Low 400

-3 82 61 Pain on right middle finger and right big toe Twice a year 450

-5 79 46 Pain on right big toe Once a year 320

-7 - 46 Pain on instep and toes Four times a year -

-9 72 48 Pain on big toe Low 320

V-6 58 56 Pain on left big toe Once a year 343

V-9 42 31 Pain on right instep Once a year 550

V-1 24 20 Pain on left heel and left knee Twice a year 395
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Figure 2. Detected GWAS loci and susceptible inherited rare variants in the family members. (A) Susceptible inherited rare variants; (B) GWAS loci related to both
uric acid and gout in East Asian population; (C) GWAS loci related to gout only in East Asian population; (D) GWAS loci related to uric acid only in East Asian
population; Rs ID of the variants are displayed on the left side; names of genes that each variant located in are displayed on the right side.

(Supplementary Table S1, http:/links.lww.com/MD/E374, geno-
mic coordinate in GRCh38). Only the loci with CI and Beta
information and from East Asian population data were
considered relevant.

Exome-wide SNPs and INDELSs were filtered in the following
analytical sequence under both recessive and dominant inherited
model (in-house python script): variants within intronic region or
synonymous function annotation; variants with 1000 genome
population frequency >0.5% or ExAC non-TCGA East Asian
population frequency >0.5%; SIFT score >0.5 or Polyphen2
HDIV score <0.5 or FATHMM score >0.

2.4. Whole-exome sequencing analysis

Considering the hereditary pattern for gout in the family, we
hypothesized that inheritance of genetic susceptibility contribut-
ed to gout in the III to V generation descendents. Six direct
descendants and 3 related spouses in total agreed to participate
in the whole-exome sequencing test: I1I-1, 1II-2, III-5, 1II-8, TII-9,
V-3, IV-4, IV-9, and V-1.

Firstly, we analyzed the genomic sequences for potentially
inherited polymorphisms or mutations that might exist only in
direct descendants but not spouses. Based upon the dominant
inherited phenotype model,’”! 4 missense variants that were
not previously reported to have association with gout or UC
were identified (Fig. 2A and Table 2). Among the 4 variants,
rs767716691 (T1376N)  within Irpl, 12q13.3, and
rs554643826 (T439S) within o0it3, 10922 have potential
associations with gout or UC.'®!! According to the gnomAD
database (r2.0.2), both variants were only found with low
frequency in an East Asian population as heterozygous alleles
(Table 2). CADD phred score indicated that the Irp1 and oit3
variants were in the top 1% of deleterious variants in the
human genome (Table 2): Irp1 was in the top 0.14% most
intolerant genes, and o0it3 was in the top 28.67% most
intolerant genes based on RVIS values (Table 2). It is possible
these 2 mutations of low-density lipoprotein receptor-related
protein 1 (LRP1) and oncoprotein induced transcript 3 (OIT3)
could contribute to the development of gout in the direct
descendants.

Inheritance of the A variants in Fig. 2 among the general East Asian population.

rs ID gnomAD EAS™ CADD phred score® Gene Gene RVIS'

1767716691 8/18866 (0.04%) 25.5 LRP1* —5.1286 (0.1466%)
1$554643826 16/17240 (0.09%) 28 oIrsé —0.4704 (28.6706%)
15142478636 46/18684 (0.2%) 18.23 ! —2.8532 (1.1926%)
15767327429 1/17234 (0.006%) 25.2 MSTNT —0.0594 (46.5885%)

“Variant frequency in the East Asian population from gnomAD database. In the format of allele count/total allele number (allele frequency).
" Residual Variation Intolerance Score based on the recently released EXAC v2 (release 2.0). In the format of score (percentile).

£LRP1: low-density lipoprotein receptor-related protein 1.
$0IT3: oncoprotein induced transcript 3.

IFTTN: titin.

I MSTN: myostatin.

# CADD: combined annotation-dependent depletion.
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We also analyzed GWAS identified gout and UC-related single
nucleotide polymorphisms (SNP) in the family members to check
for inheritance of previously identified gout and UC-related
polymorphisms. To account for genetic polymorphisms that
distinguish individuals in the East Asian population in general,
we focused on genetic loci that have been previously reported in
the East Asian population. Among 68 East Asian polymorphisms
associated with gout, 13 were covered by the exome enrichment
kit used in this study (see Supplementary Table S1, http://links.
lww.com/MD/E374). Twelve out of the 13 polymorphisms
were detected in the subjects (Fig. 2B-D). Ten variants that were
detected both in the direct descendants and the spouses, include
rs1260326, rs2231142, rs3733589, rs2285340, rs4072037,
rs1165196, rs6026578, rs3733590, rs625172, and rs4148152.
rs6911965 was detected in 2 of the direct descendants, and rs671
was detected in 1 of the spouses. Homozygous versus heterozy-
gous inheritance of East Asian gout and/or UC associated
SNP among family descendants and spouses are indicated in
Fig. 2.

3. Discussion

Gout and hyperuricemia are becoming an increasing heath
problem in both developed and developing countries.'!! It has
been identified that hyperuricemia is associated with metabolic
syndrome (MetS) such as hyperglycemia, hypertension, obesity,
and dyslipidemia. Hyperglycemia is a notable risk factor for
hyperuricemia, and insulin resistance may play a crucial role in
this process.'?! In addition, increased serum uric acid is
significantly correlated with hypertriglyceridemia and low
high-density lipoprotein cholesterol (HDL-C).[**! A conceivable
mechanism is that triglyceride synthesis strengthens the de novo
synthesis of ribose-5-phosphate to phosphoribosyl pyrophos-
phate (PPRP) via the NADP-NADPH pathway, which increases
the uric acid production.*!

We have analyzed the inheritance of gout in 5 generations
within 1 family. Whole-exome sequencing results suggest that
inherited genetic variation may be associated with gout in this
family. Two rare, highly detrimental variants, LRP1
(rs767716691) and OIT3(rs554643826) were detected in 6
direct descendants, although 1 of the 6 descendants (IV-3) has not
been diagnosed with gout. The absence of gout in the descendent
who inherited the genetic variants simply confirms the reality that
gout is a complex disease that may be influenced by many poorly
understood factors. The rare occurrence of the 2 sequence
variants associated with gout within a single family and the
inheritance pattern over 5 generations within that family provide
both support and potential insight about the relevance of LRP1
(rs767716691) and OIT3(rs554643826) to gout. Certainly these
results support further continued research about the role of LRP1
and OIT3 in gout susceptibility.

The LRP1 is a type I transmembrane protein belonging to the
low-density lipoprotein receptor (LDL-R) family. LRP1 is
capable of binding with >40 unrelated ligands, such as the
a2-macroglobulin-protease complex (a2M) and triglyceride-rich
lipoprotein-derived apolipoprotein E (apoE).I"*! LRP1 is also a
crucial regulator of intracellular cholesterol accumulation in
macrophages and smooth muscle cells (SMCs)®'”! and serves
to export redundant cholesterol out of the cell."®! In addition,
the endocytosis and intracellular transport of LRP1 plays a
predominant role in regulating the functions and activities of
other receptors and plasma membrane proteins that molecularly
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interact with LRP1.1"”! This multifunctional receptor is widely
expressed on many tissues and cells including liver, brain,
muscle, monocyte/macrophages, and fibroblasts.!*! LRP1 plays
a vital role in glycol-metabolism and lipoprotein metabolism,
and has been verified in relation to the features of MetS.?!-*?]
This receptor could regulate the insulin signaling and glucose
metabolism through interacting with insulin receptor B (IRB)
and modulating the level of glucose transporters, GLUT3 and
GLUT4. LRP1 deficiency reduced both GLUT3 and GLUT4
levels in neuronal cells and impaired brain insulin signaling.'*?!
As an endocytic receptor, LRP1 also has the capacity to regulate
lipid metabolism. This receptor enhances the uptake of TG-rich
lipoproteins in an insulin-dependent way through interaction
with apoE.**! Inactivation of LRP1 in liver resulted in a
significant HDL-cholesterol (HDL-C) decrease in serum,*’!
and previous studies indicate an indirect regulation of LRP1 in
HDL-C production.**! Given that increased level of serum UC
is substantially correlated with hypertriglyceridemia and low
HDL-C,''3 LRP1 gene may potentially regulate the concentra-
tion of serum UC and indirectly play a role in the development
of gout. The mechanism is considered to be functionally
associated with insulin-resistance and glucose/lipoprotein
metabolism."*

Other studies have provided evidence for the role that LRP1
plays in gout. LRP1 was reported to be a potential gene
genetically correlated with INHBC/INHBE locus./?®! Inhibins
and activins are members of the transforming growth factor
superfamily. Noticeably, INHBB/INHBC/INHBE and ACVR1B/
ACVRLI1 inhibin-activin encoding genes have been associated
with serum urate loci.””! Another intriguing study elucidated the
structural and functional relationship between LRP1 and LRP2,
which was associated with serum UC in a GWAS among East
Asians.!*8! All these findings suggest that LRP1 may affect the
progression of gout by regulating the expression of gout and UC-
related genes.

The oncoprotein induced transcript 3 (OIT3), also known as
liver-specific zona pellucida domain-containing protein (LZP),
generally functions as a secreted protein.?”*%1 OIT3 was
identified to be involved in renal uric acid excretion.'!!
Intriguingly, Yan et al™!! discovered that OIT3 null mice have
reduced serum uric acid and enhanced excretion of this
metabolite. So far there is no direct evidence elucidating the
effects of mutations in OIT3 in humans, but a mutation in an 8
cysteines conserved domain in LZP was associated with familial
juvenile hyperuricemia nephropathy.”!

As to the inheritance in the family of gout and UC associated
SNP previously identified by GWAS, no definitive inheritance
pattern was found. The 12 gout and UC-related SNP previously
identified by GWAS were inherited among the family members
but without obvious prevalence in the direct descendants with
gout. On the one hand, there is a natural limitation of the covered
region of the whole-exome enrichment kit, only 13 out of 68 loci
are captured (Supplementary Table S1, http:/links.lww.com/
MD/E374). In fact, in the 68 selected loci, 58 are within intronic,
UTR or intergenic regions (Supplementary Table S1, http:/links.
lww.com/MD/E374). Exome sequencing can only capture exonic
and part of intronic regions near exons. On the other hand,
GWAS comparison on such a small sample size would be futile.
The insight to be gained from this study of inheritance of gout
susceptibility is in the identification of 2 additional loci hereto
fore not discovered to be relevant in gout by GWAS that may
warrant future attention.


http://links.lww.com/MD/E374
http://links.lww.com/MD/E374
http://links.lww.com/MD/E374
http://links.lww.com/MD/E374
http://links.lww.com/MD/E374
http://links.lww.com/MD/E374

Yang et al. Medicine (2020) 99:25

Author contributions

Conceptualization: Yi Liu.

Data curation: Peiqing Yang, Jing Wang.
Formal analysis: Peiqing Yang, Xuenan Pi.
Investigation: Peiqing Yang, Xuenan Pi.
Methodology: Xuenan Pi.

Project administration: Gang Wang.
Software: Yan Xie, Dan Xie.

Supervision: Yi Liu.

Visualization: Peiqing Yang.

Writing — original draft: Peiqing Yang.
Writing — review & editing: Tony Marion.

References

[1] Kuo CF, Grainge M]J, Zhang W, et al. Global epidemiology of gout:
prevalence, incidence and risk factors. Nat Rev Rheumatol 2015;11:
649-62.

[2] YuKH, Kuo CF, Luo SF, et al. Risk of end-stage renal disease associated
with gout: a nationwide population study. Arthritis Res Ther 2012;14:
R83.

[3] So A. Epidemiology: gout-bad for the heart as well as the joint. Nat Rev
Rheumatol 2010;6:386-7.

[4] Nakayama A, Nakaoka H, Yamamoto K, et al. GWAS of clinically
defined gout and subtypes identifies multiple susceptibility loci that
include urate transporter genes. Ann Rheum Dis 2017;76:869-77.

[5] Dong Z, Zhou ], Jiang S, et al. Effects of multiple genetic loci on the
pathogenesis from serum urate to gout. Sci Rep 2017;7:43614.

[6] Lee J, Lee Y, Park B, et al. Genome-wide association analysis identifies
multiple loci associated with kidney disease-related traits in Korean
populations. PLoS One 2018;13:e0194044.

[7] Kanai M, Akiyama M, Takahashi A, et al. Genetic analysis of
quantitative traits in the Japanese population links cell types to complex
human diseases. Nat Genet 2018;50:390-400.

[8] Neogi T, Jansen TL, Dalbeth N, et al. 2015 Gout classification criteria: an
American College of Rheumatology/European League Against Rheuma-
tism collaborative initiative. Ann Rheumat Dis 2015;74:1789-98.

[9] Yang H, Wu C, Zhao S, et al. Identification and characterization of DSC,
a novel domain present in liver-specific LZP, uromodulin and
glycoprotein 2, mutated in familial juvenile hyperuricaemic nephropa-
thy. FEBS Lett 2004;578:236-8.

[10] Merriman T, Major T. Molecular Genetics of Hyperuricaemia and Gout.
2013;eLS, published online.

[11] Yan B, Zhang ZZ, Huang LY, et al. OIT3 deficiency impairs uric acid
reabsorption in renal tubule. FEBS Lett 2012;586:760-35.

[12] Yoo TW, Sung KC, Shin HS, et al. Relationship between serum uric acid
concentration and insulin resistance and metabolic syndrome. Circ |
2005;69:928-33.

www.md-journal.com

[13] Nejatinamini S, Ataie-Jafari A, Qorbani M, et al. Association between
serum uric acid level and metabolic syndrome components. ] Diabetes
Metab Disord 2015;14:70.

[14] Matsuura F, Yamashita S, Nakamura T, et al. Effect of visceral fat
accumulation on uric acid metabolism in male obese subjects: visceral fat
obesity is linked more closely to overproduction of uric acid than
subcutaneous fat obesity. Metabolism 1998;47:929-33.

[15] Strickland DK, Gonias SL, Argraves WS. Diverse roles for the LDL
receptor family. Trends Endocrinol Metab 2002;13:66-74.

[16] Boucher P, Gotthardt M, Li WP, et al. LRP: role in vascular wall integrity
and protection from atherosclerosis. Science 2003;300:329-32.

[17] Lillis AP, Muratoglu SC, Au DT, et al. LDL Receptor-Related Protein-1
(LRP1) regulates cholesterol accumulation in macrophages. PLoS One
2015;10:¢0128903.

[18] Xian X, Ding Y, Dieckmann M, et al. LRP1 integrates murine
macrophage cholesterol homeostasis and inflammatory responses in
atherosclerosis. Elife 2017;6:

[19] Boucher P, Herz J. Signaling through LRP1: protection from
atherosclerosis and beyond. Biochem Pharmacol 2011;81:1-5.

[20] Gonias SL, Campana WM. LDL receptor-related protein-1: a regulator
of inflammation in atherosclerosis, cancer, and injury to the nervous
system. Am ] Pathol 2014;184:18-27.

[21] Actis Dato V, Chiabrando GA. The role of low-density lipoprotein
receptor-related protein 1 in lipid metabolism, glucose homeostasis and
inflammation. Int | Mol Sci 2018;19:1780.

[22] Vucinic N, Stokic E, Djan I, et al. The LRP1 Gene polymorphism is
associated with increased risk of metabolic syndrome prevalence in the
Serbian Population. Balkan ] Med Genet 2017;20:51-8.

[23] LiuCC,Hu], Tsai CW,etal. Neuronal LRP1 regulates glucose metabolism
and insulin signaling in the brain. ] Neurosci 2015;35:5851-9.

[24] Kim HJ, Moon JH, Kim HM, et al. The hypolipidemic effect of cilostazol
can be mediated by regulation of hepatic low-density lipoprotein receptor-
related protein 1 (LRP1) expression. Metabolism 2014;63:112-9.

[25] Basford JE, Wancata L, Hofmann SM, et al. Hepatic deficiency of low
density lipoprotein receptor-related protein-1 reduces high density
lipoprotein secretion and plasma levels in mice. ] Biol Chem
2011;286:13079-87.

[26] Pieper-Furst U, Lammert F. Low-density lipoprotein receptors in liver:
old acquaintances and a newcomer. Biochim Biophys Acta 2013;1831:
1191-8.

[27] Kottgen A, Albrecht E, Teumer A, et al. Genome-wide association
analyses identify 18 new loci associated with serum urate concentrations.
Nat Genet 2013;45:145-54.

[28] Kamatani Y, Matsuda K, Okada Y, et al. Genome-wide association study
of hematological and biochemical traits in a Japanese population. Nat
Genet 2010;42:210-S5.

[29] Xu ZG, Du JJ, Zhang X, et al. A novel liver-specific zona pellucida
domain containing protein that is expressed rarely in hepatocellular
carcinoma. Hepatology 2003;38:735-44.

[30] Xu ZG, Du JJ, Cui SJ, et al. Identification of LZP gene from Mus
musculus and Rattus norvegicus coding for a novel liver-specific ZP
domain-containing secretory protein. DNA Seq 2004;15:81-7.


http://www.md-journal.com

	Gout inheritance in an extended Chinese family analyzed by whole-exome sequencing
	1 Introduction
	2 Case report
	2.1 Subjects description
	2.2 DNA extraction and whole exome sequencing
	2.3 Detection of variant, GWAS loci, and susceptible inherited rare variants
	2.4 Whole-exome sequencing analysis

	3 Discussion
	Author contributions
	References


