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Introduction: The excretion and absorption of uric acid (UA) by the kidneys helps
regulate serum UA levels. GLUT9, encoded by SLC2A9, is mainly expressed in the
renal tubules responsible for UA absorption. SLC2A9 polymorphisms are
associated with different serum UA levels. However, the lack of proper in vitro
models has stalled research on the mechanisms of single nucleotide
polymorphisms (SNPs) that affect UA metabolism in human urate transporters.

Methods: In this study, we constructed a gene-edited human embryonic stem
cells-9 (ESC-H9) derived kidney organoid bearing rs16890979, an SLC2A9
missense mutation with undetermined associations with hyperuricemia or
hypouricemia. Kidney organoids derived from ESC-H9 with genetical
overexpression (OE) and low expression (shRNA) of SLC2A9 to serve as
controls to study the function of SLC2A9. The function of rs16890979 on UA
metabolism was evaluated after placing the organoids to urate-containing
medium and following histopathological analysis.

Results: The kidney organoids with heterozygous or homozygous
rs16890979 mutations showed normal SLC2A9 expression levels and
histological distribution, phenotypically similar to the wild-type controls.
However, reduced absorption of UA by the kidney organoids with
rs16890979 mutants was observed. This finding together with the observation
that UA absorption is increased in organoids with SLC2A9 overexpression and
decreased in those with SLC2A9 knockdown, suggest that GLUTO is responsible
for UA absorption, and the rs16890979 SNP may compromise this functionality.
Moreover, epithelial-mesenchymal transition (EMT) was detected in organoids

Abbreviations: ANOVA, One-way analysis of variance; DMEM, Dulbecco’s modified Eagle’s medium; EMT,
Epithelial-mesenchymal transition; ESCs, Embryonic stem cells; GWAS, Genome-wide association study;
gRNA, Guide RNAs; HUA, Hyperuricemia; SNPs, Single nucleotide polymorphisms; OE, Overexpression;
shRNA, short hairpin RNA; EBs, Embryoid bodies; RT, Room temperature; TEM, Transmission electron
microscopy; UA, Uric acid
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The excretion and absorption of uric acid (UA) by the kidneys helps regulate serum UA levels. GLUT9, encoded by SLC2A9, its polymorphisms are
associated with serum UA levels. However, there is still a lack of ideal cellular and animal models to study the impact of single nucleotide polymorphisms
in human urate transporters on UA metabolism. Here we constructed a gene-edited embryonic stem cell-derived kidney organoid bearing rs16890979,
an SLC2A9 missense mutation which affects serum UA levels. We found that the kidney organoids with rs16890979 mutants showed reduced
absorption of UA. This finding together with the observation that UA absorption is increased in organoids with SLC2A9 overexpression and decreased in
those with SLC2A9 knockdown, suggesting that SLC2A9 is responsible for UA absorption, and the rs16890979 may compromise this functionality.
Moreover, we detected epithelial-mesenchymal transition in the organoids when placed them into urate-containing medium for 24 h; this may represent
the cytobiological mechanism explaining the pathological features in hyperuricosuria-related renal injury. Therefore, our results prove the value of the
kidney organoid model in the study of the function of SNPs on UA metabolism.

1 Introduction

Uric acid (UA) metabolism abnormalities, including UA under-

after UA treatment, especially in the kidney organoid carrying GLUT9°F, suggesting
the cytobiological mechanism explaining the pathological features in
hyperuricosuria-related renal injury.

Discussion: This study showing the transitional value of kidney organoid modeling
the function of SNPs on UA metabolism. With a defined genetic background and a
confirmed UA absorption function should be useful for studies on renal histological,
cellular, and molecular mechanisms with this organoid model.

KEYWORDS

uric acid, SLC2A9/GLUT9, kidney organoids, CRISPR/Cas9, hyperuricemia, hypouricemia

2021). One of the pathological features of HUA induced renal injury
is the occurrence of EMT in the kidneys, which later contributes to
renal fibrosis (Balakumar et al., 2020). Studies have shown that HUA

excretion or under-absorption by the kidneys are the main cause of
hyperuricemia (HUA) and hypouricemia, respectively; and, they
lead to a variety of renal-related diseases such as gout or exercise-
induced acute kidney injury (Chiba et al., 2014; Takahashi et al.,
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might trigger EMT by activating signaling pathways such as
NRLP3 and NFkB (Liu et al, 2015; Dalbeth et al, 2021; Wu
et al,, 2023). UA within the primary urine is reabsorbed into the
proximal convoluted tubule cells through reabsorption transporters
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that include URAT1 (SLC22A12) and GLUTY (SLC2A9) (Anzai
et al., 2008; Vitart et al., 2008). GLUT9 is mainly expressed in the
kidneys, liver, and chondrocytes, and its initially discovered function
was as a glucose transporter (Phay et al,, 2000; Mobasheri et al.,
2013). GLUT9 has two splice variants, GLUT9a and GLUT9b
(GLUT9DeltaN). GLUT9a localizes
basolateral surface and GLUT9b on apical surface of the

predominantly on the

epithelium of renal tubes (Augustin et al, 2004; Doblado and
Moley, 2009). These two variants synergistically recycle UA from
the primary urine into the blood system. Genetic polymorphisms
affecting renal UA metabolism, mainly single nucleotide
polymorphisms (SNPs) in urate transporters, have been described
(Kottgen et al., 2013; Tin et al,, 2019). For example, a genome-wide
association study (GWAS) and candidate gene analyses suggested
that serum UA levels are associated with SNPs within the SLC2A9
gene (Matsuo et al., 2008; Dinour et al., 2010; Dinour et al,, 2011).
The variation within disease associations also extends to the link
between GLUT9 SNPs and gout (Hollis-Moffatt et al, 2009).
However, GWAS are retrospective in nature and may detect risk
gene variants, but not necessarily causal genes responsible for
underlying genetic variations in serum UA levels (Tin et al,
2019). Indeed, many factors other than specific SNPs including
ethnicity, sex, and comorbidities (Doring et al., 2008) may affect
SLC2A9 functions, leading to variations in serum UA levels. There
are reports on the effects of uric acid transporters (such as URAT1)
on UA absorption (Li et al., 2019). However, the appropriate cell or
animal models for study the urate transporter SNP mechanisms
affecting UA metabolism in humans are still lacking. In addition,
this gap in the relevant human genetic background knowledge has
slowed drug development advancements (Keenan, 2020; Halperin
Kuhns and Woodward, 2021).

The rapid progress in kidney organoid development has resulted
in a model able to simulate major kidney functions. For example, the
expression of renal-associated UA transporters (including GLUT9)
among other compositional and functional proteins was validated in
a human pluripotent stem cell-derived kidney organoid model (Wu
etal,, 2018), offering the possibility of studying the effects of SLC2A9
SNPs on UA absorption in vitro. However, kidney organoids with
manipulated SNPs for UA metabolism study are not yet available.

For this study, we established kidney organoids from human
embryonic stem cells-9 (ESC-H9) with heterozygous (H9-
SLC2 AgmoneallelieMT) or homozygous (H9-SLC2AQilIelicMTy
1516890979 SNPs using the CRISPR/Cas9 technique. rs16890979 is a
well-documented missense single-base G to A mutation in exon 8 of
SLC2A09, leading to the replacement of the valine for an isoleucine in
position 282 for GLUT9a and 253 for GLUT9b, respectively. As
mentioned above, a GWAS indicated that rs16890979 is associated
with UA metabolism (McArdle et al., 2008; Parsa et al., 2012). However,
shown that 1516890979 with  either
hyperuricemia or hypouricemia depending on ethnic and geographic
variations (Dehghan et al., 2008; McArdle et al., 2008; Meng et al., 2015;
Cho et al., 2020). Thus, the exact significance of rs16890979 needs an in-
depth cytobiological clarification. We applied gene editing and
developmental biology techniques to assess the effect of
1rs16890979 on UA absorption in human kidney organoids with a

reports have correlates

defined genetic background. Our proof-of-concept experimental
approach may become a paradigm to study the biological function
of SNPs on UA metabolism.

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1268226

2 Methods

2.1 Cell culture, self-renewal, and cell
growth assays

Human H9 embryonic stem cell line cell (hESC, H9) (the 11th
passage) was provided by Professor Yang Xu from the Center for
Regenerative and Translational Medicine of our Affiliation (Liu et al,
2019). In theory, ESC has a pluripotent differentiation ability. Here, we
referred to the method in reference (Morizane et al., 2015) and selected
HO cells for research. We cultured H9 on mouse embryonic fibroblast
feeder layers in knockout Dulbecco’s modified Eagle’s medium
(DMEM;  Life Carlsbad, CA, United States)
supplemented with 20% knockout serum replacement (Invitrogen,
Carlsbad, CA, United States), 1% PenStrep (Invitrogen, Carlsbad,
CA), 1% Glutamax (Invitrogen, Carlsbad, CA), 1% nonessential
amino acids (Invitrogen, Carlsbad, CA, United States), 10 ng/mL
bFGF, and 55 uM fS-mercaptoethanol. For the feeder-free culture of
hESCs, we maintained the hESCs on Matrigel-coated plates in
mTeSR1 medium (Stem Cell Technologies, Vancouver, BC,
Canada). Typical morphology for the cultured hESC through like
the dense cell clones with smooth edges was confirmed, and
pluripotency markers like TRA-1-81 and OCT4 were detected by
immunofluorescence staining. We cultured HEK293T cells in
DMEM (Gibco, Carlsbad, CA, United States) medium supplemented
with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, United States),
and 1% PenStrep (Invitrogen, Carlsbad, CA, United States). All cells
were cultured in a 37°C incubator with 5% CO,.

Technologies,

2.2 Plasmids construction

We achieved precise gene targeting homologous recombination
using a CRISPR/Cas9 nickase in hESC-H9 cells with a long DNA donor
template. Several guide RNAs (gRNA) of 200-400 bp containing the
mutation site were ligated into Cas9-P2A (addgene, #99248) plasmids.
We verified the cutting efficiency of gRNAs using a T7EI enzyme (NEB,
#E3321) and we chose the gRNA (sequence GCCACAAACTCTATG
CTGTTAGG) with the best cutting efficiency to design the repair
template. The position of the gRNA was in the intron downstream of
the exon 8 of GLUT9 (encoding both GLUT9a and GLUT9b; the
plasmid map was shown in Figure 2C), with a distance of 110 bp from
the exon 8 to avoid alteration of the sequence in the exon. Therefore,
gene editing did not affect the transcriptional regulation of the exon 8.
To construct the wild type repair template, we amplified the upstream
481-bp fragment containing the mutation point and the downstream
202-bp fragment of the repair template by PCR using DNA from H9 as
a template. Table 1 lists the PCR primers used. We used NotI (NEB,
R3189L) and EcoRI (NEB, R3101L) restriction enzymes to linearize the
double-cut pBluescriptKS plasmid (addgene, #104475); and, after
separating the resulting DNA bands after electrophoresis in 1% EB
gel, we extracted a ~2900-bp fragment. Next, we also digested the
upstream 481-bp fragment using NotI and EcoRI and ligated it to
pBluescriptKS using T4 ligase to obtain upstream-pBluescriptKSs, and
we digested the upstream-pBluescriptKS and the downstream 202-bp
fragment using Xhol (NEB, R0146L) and Kpnl (NEB, R3142L) and
ligated the fragments with T4 ligase (Promega, M1794). After that, we
amplified the same fragments using primers with mutated bases
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TABLE 1 Primer list for plasmids constructed.

10.3389/fcell.2023.1268226

Primers for plasmid construction (F: Forward (5'to 3'), R: Reverse (5'to 3'))

SLC2A9-uparm-F

atagcggccgc TAAACAAGGGCTTTGGACT (Notl)

SLC2A9-downarm-R

SLC2A9-downarm-F

ccggaattcAACAGCATAGAGTTTGTGGC (EcoRI)

ccgetcgagAGGTAACCATGTAACTTG (Xhol)

SLC2A9-downarm-R
SLC2A9-SNP-Seq-F
SLC2A9-SNP-Seq-R TGAACCTGGGCGTCTGG

SLC2A9-OE-F

TGCTCTGCCTTGCGTTGC

cggggtaccCTTCTGACTTCCTAATATC (Kpnl)

ccectctagaATGAAGCTCAGTAAAAAGGACCG (Xbal)

SLC2A9-OE-R
SLC2A9-shRNA-F

SLC2A9-shRNA-R

(Forward 5'- CGTTCTTGGGTAAAGCAGAC a TTTCCCAAGAGG
TAGAGGAG -3’ and Reverse 5'- CTCCTCTACCTCTTGGGAAA t
GTCTGCTTTACCCAAGAACG -3') by PCR using high fidelity
enzyme, followed by Dpnl (NEB, R0176S) digestion to remove the
methylated plasmid, and proceeded to the transformations into DH5a
cells. We selected reaction clones after sequencing. For the construction
of the SLC2A9-overexpression plasmid, we performed gene cloning and
PCR amplification of SLC2A9-mRNA from H9-Cell genomic DNA
using the primers listed in Table 1. The SLC2A9-mRNA downstream
fragment was inserted after the CMV promoter into a pLenti vector
(pLenti-CMV-GFP-Puro, addgene-17448) using the Xbal (NEB,
R0145L) and Sall (NEB, R3138L) restriction enzyme sites. For the
construction of the SLC2A9-shRNA plasmid for SLC2A9-
downregulation, we selected the target sequence GGACGTTAATTG
TGAAGATGA and digested the primers (Table 1) and the pLKO.1
vector using the restriction enzymes Agel (NEB, R3552L) and EcoRI
and ligated them using T4 ligase. All the plasmids were transformed it
into DH5a cells, cultured on Luria-Bertani medium with ampicillin and
then sequenced. We selected a clone with the correct sequence to
amplify and extract the fragments for the following experiments. Table
1 lists the primer sequences used.

2.3 Lentivirus production and cell
transfection

We generated lentiviral SLC2A9 overexpression (OE) and shRNA
vectors by inserting the SLC2A9 coding sequence or small interfering
RNA sequence downstream of the pLenti CMV-GFP-Puro or
pLKO.1 promoter. The scramble control vectors, OE or shRNA
vector were separately cotransfected with psPAX2 and pMD2. G
plasmids (Addgene, Watertown, MA, United States) into
HEK293T cells using a lipofectamine 3,000 reagent (Thermo Fisher,
L3000008). Forty-8 hours after the transfections, we collected the
supernatants and used a Lenti-X concentrator (Clontech, Mountain
View, CA, United States) to isolate the viruses. We then transfected
H9 cells with either scramble or SLC2A9 shRNA lentivirus particles and
selected colonies growing onto 0.5 ug/mL puromycin plates.

To construct hESCs with SLC2A9 point mutations, we transfected
gRNA-Cas9-P2A and template at a molar ratio of 1:3 into H9 cells using

Frontiers in Cell and Developmental Biology

cceegtcgacTTAAGGCCTTCCATTTATCTTA (Sall)
ccggGGACGTTAATTGTGAAGATGACctcgagTCATCTTCACAATTAACGTCCtttttttg

aattcaaaaaaaGGACGTTAATTGTGAAGATGActcgagTCATCTTCACAATTAACGTCC

a LONZA-4D cell nuclear electrotransfection apparatus with the
P3 Primary Cell 4D-Nucleofector X CB-150 kit. We picked positive
single clones of H9 cells after puromycin selection, and we verified the
clone sequences by PCR. The Cre/Lox (pDZ416 loxP-Kan-loxP,
addgene #45163) plasmid was then transfected to remove the
fragment of Loxp-puro-loxp, and we verified the correct clone by
Sanger sequencing. The gene editing did not alter the sequence of
the eighth exon of GLUT9. After editing, both variants, GLUT9a and
GLUTO9Db, presented an isoleucinein stead of the valine. H9 cells with the
verified mutation sites of homozygous and heterozygous HO-
GLUT9™*¥%7  were termed H9-GLUT9mdieMI  and  H9-
GLUTORIEMT | regpectively.

2.4 Organoid formation

Prior to differentiation, we cultured H9 hESCs in 6-cm
diameter plates with medium to reach approximately 80%
confluence. On day 0, cells were dissociated with 1 mg/mL of
Dispase II (Gibco, 17105041), centrifuged, and resuspended in
BPEL (BSA poly (vinyl alcohol) essential lipids) medium
supplemented with 3.3 mM Y27632 (Sigma-Aldrich, 129830-
38-2), 8uM CHIR99021 (Sigma-Aldrich, SML1046), and
(Gibco, 21985023). The cell
suspensions were subsequently cultured in 6-well ultra-low

I mM ff-mercaptoethanol

concentration attachment plates (Corning, NY, United States).
On day 2, we replaced half of the medium with BPEL with
CHIR99021 (8 uM). On day 3, embryoid bodies (EBs) were
formed. After that, the EBs were transferred into phase II
medium (IMDM and Ham’s F-12 nutrient mixture) with half-
volume medium replacements every 2 days for a total 14 days of
differentiation, as described (Przepiorski et al., 2018).

2.5 UA medium configuration and
UA detection

The components of the UA medium used were based on the
STEMdiff™ Kidney Organoid Kit (STEMCELL# 05160) and 1,000 pM
urate (Shanghai Yuanye Bio-Technology, China). We determined the
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TABLE 2 Related to mRNA expression test, Primer list for qRT-PCR.

10.3389/fcell.2023.1268226

Gene Forward (5'to 3') Reverse (5'to 3')

GAPDH CGGAGTCAACGGATTTGGTC GACAAGCTTCCCGTTCTCAG
SLCI2A1 AGTGCCCAGTAATACCAATCGC GCCTAAAGCTGATTCTGAGTCTT
NPHS!I AGTGTGGCTAAGGGATTACCC TCACCGTGAATGTTCTGTTCC
GATA3 GCCCCTCATTAAGCCCAAG TTGTGGTGGTCTGACAGTTCG
LRP2 AAATTGAGCACAGCACCTTTGA TCTGCTTTCCTGACTCGAATAATG
CALBI TCCAGGGAATCAAAATGTGTGG GCACAGATCCTTCAGTAAAGCA

urate concentrations to use by searching the literature for in vitro studies
(Yan et al, 2019). We selected kidney organoids of similar size to
minimize within/between-group errors. After 1, 2, 3, or 24 h of UA
treatment, the organoids were gently rinsed with ice-cold PBS rapidly.
To enhance the sensitively of the test, we resuspended five organoids
grown under the same condition in 100 uL of ice-cold PBS and obtained
a homogeneous sample by ultrasonication for 30s. The lysate was
centrifuged at 12,000xg and 4°C for 5 min and the supernatant was
collected for UA detection. Five UL of supernatant were added to 300 pL
of buffer containing 50 mM Tris (pH 7.5, Sigma-Aldrich) and 1 mM
sodium phosphate (Wako Pure Chemical Industries). We determined
UA levels in the kidney organoids using a uricase method (Uric acid
C-test Wako, Wako Pure Chemical Industries) (Adachi et al., 2017).

2.6 Homologous modeling and molecular
docking of homo SLC2A9 (GLUT9)

For the homologous modeling of human SLC2A9 (GLUTY)
protein. The structures of wild type and mutated human SLC2A9
(GLUTY) proteins were constructed by homologous modeling on
the SWISS-MODEL (Waterhouse et al.,, 2018). The template for
GLUT9a (NP_064425.2) and its mutant is PDB: 4YBQ, with
of 4528% and 86.11%,
obtained structure was tested using
Ramachandran plot. In the structure of GLUT9a"“" and
GLUT9a™'**%7°  the proportions located of y-¢ in the Allowed,
Marginal, and Disallowed regions are 98.2%, 1.5%, and 0.2%,

sequence identity and coverage

respectively.  The

respectively, indicating that the structures obtained through
homologous modeling are basically reasonable. The template for
GLUT9b (NP_001001290.1) and its mutant is PDB: 4YBQ, with
sequence identity and coverage of 44.82% and 93.84%, respectively.
The obtained structure was tested using Ramachandran plot. In the
structure of GLUT9bY" and GLUT9b™'***7, the proportions
located of y-¢ in the Allowed, Marginal, and Disallowed regions
are 99.8%, 0.2%, and 0.0%, respectively.

Then we performed molecular docking detection between UA
(PubChem CID: 1175) molecules and GLUT9s. The docking
between UA and GLUT9 was performed using AutoDock 4.2.6
(Morris et al, 2009). The binding site of GLUT9a"" and
GLUT92™'%%7 structure was defined as a cube centered on
VAL282 or ILE282 with a side length of 30 A; while the binding
site of GLUT9bY" and GLUT9b™'**7 structure was defined as a
cube centered on VAL253 or ILE253 with a side length of 30 A. The

Frontiers in Cell and Developmental Biology

conformational optimization algorithm adopts Lamarck’s genetic
algorithm and its default parameters.

2.7 Immunofluorescence

The H9 cells or kidney organoids were fixed with
(4%) in PBS for
temperature (RT). The organoids were dehydrated with
sucrose (30% w/v in PBS) overnight at 4°C, embedded in
optimal  cutting temperature compound (Tissue-Tek,
Torrance, CA, United States), and sliced into 10-pm thick
sections using a cryostate. For immunofluorescence staining,

paraformaldehyde 30 min at room

we washed cells or sections three times with PBS (5 min each
time), then incubated them in blocking buffer (5% BSA and 0.2%
Triton X-100 in PBS) for 2 h at RT. After blocking, the sections
were incubated with primary antibodies at 4°C overnight. The
primary antibodies and their dilutions were the following: TRA-
1-81 (MAB4381, Sigma-aldrich, 1:200), OCT4 (611202, BD
Pharmingen, 1:200), NPHS1 (AF4269-SP, R&D systems, 1:
200), CD31 (555444, BD, 1:200), LRP2 (ab76969, Abcam, 1:
200), UMOD (SAB1400296-50UG, Sigma, 1:200), GATA3
(MAB6330, R&D, 1:200), SLC2A9 (Invitrogen, PA5-22960),
LTL (Vector Labs, FL-1321), and MEIS1/2/3 (39796, Active
Motif, 1:200). After washing the sections in PBS for 3 times,
we incubated them with Alexa-Fluor conjugated secondary
antibodies (Invitrogen) for 1h at RT. The nuclei were
counterstained with DAPI for 10 min. Slides were sealed with
80% glycerol, and we obtained images using a Zeiss LSM
710 confocal microscope equipped with ZEN software (ZEN
2011; Oberkochen, Germany).

2.8 Quantitative RT-PCR (qRT-PCR)

We extracted total RNA from cells/organoids using the
RNeasy Plus Kit (Qiagen) according to the manufacturer’s
instructions. For qRT-PCR analysis, we generated cDNA
using a High Capacity ¢cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) and performed qRT-PCR using the
iTaq universal SYBR Green (Bio-Rad) on a CFX-96 Real-Time
PCR Detection System (Bio-Rad). All data were normalized
according to the GAPDH expression levels. Table 2 lists all
the primers used.
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FIGURE 1

Construction and characterization of kidney organoids. (A) Schematic diagram showing the stepwise induction of kidney organoids from H9 ESCs.

(B) Morphology of H9 cells before organoid induction (day 0), H9-derived embryoid bodies, and cell assemblies/organoids at days 8 and 14 after

induction, respectively. (C) Representative colonies of passage-30 H9 cells with immunostaining for the pluripotency-associated markers TRA-1-81 and

OCT4 (scale bar = 20 um). (D) H&E staining showing tubular profiles and multiple morphologies of cell assemblies within organoids sectioned at day

14. (E) Immunostaining of renal cell markers CDH1, MEIS1/2/3, LTL, NPHS1, LRP2, GATA3, UMOD, and CD31 (Scale bar = 20 pym, x40 oil objective). (F)

Temporal expressions of SLC12A1, NPSH1, GATA3, LRP2, and CD31 analyzed by gRT-PCR at days O, 3, 8, and 14 (n = 3, *p < 0.05, ***p < 0.001). (G, H)
(Continued)
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FIGURE 1 (Continued)
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Transmission electron microscopy showing podocyte-like cells (p) and proximal tubular epithelium-like cells (te) within the organoids at day 14.
Note the foot processes (fp) anchored to the basement membrane-like profile (bm) and the oriented brush-like border (bb) (G: Scale = 2 um; (H) Scale =

500 nm). (I) Schematic representation of kidney organoids (day 14).

2.9 Western blotting

We harvested kidney organoids in Pierce RIPA (Thermo-Fisher
Scientific) buffer with 1% protease and 1% phosphatase inhibitors
(Thermo-Fisher Scientific). The samples were sonicated for 1 min
and then centrifuged at full speed for 10 min at 4°C. Cell sediments
were discarded. We calculated protein concentrations using Pierce BCA
Protein assays (Thermo-Fisher Scientific) and a BioTech plate reader
per manufacturer instructions. We added 4 x loading buffer (Takara-
9173) to each sample and boiled them at 100°C for 5 min. Proteins were
transferred to PVDF membranes (Bio-Rad) and further incubated with
the appropriate antibodies (SLC2A9, Invitrogen, PA5-22960; Vimentin,
Abcam, ab92547; E-Cadherin, Abcam, ab231303; GAPDH, CST,
#5174). We used Immobilon Western Chemiluminescent HRP
Substrate (Millipore) for protein detection.

2.10 Electron microscopy

We fixed the organoids in 2.5% glutaraldehyde solution (Ala Aesar,
A17876), then rinsed them with 0.1 M phosphate buffer (Sigma, P3813)
before fixing them with 1% OsO, (TED PELLA, 18456), rinsing them
with 0.1 M phosphate buffer at 4°C, dehydrating them with ethanol, and
embedding them in epoxy resin. We cut ultra-thin sections (50-70 nm)
using ultrathin slicer (Leica UC-7) and stained them with uranyl acetate
and lead citrate. The sections were then imaged using a transmission
electron microscope (Japan Electron Optics Laboratory, JEM-1400)
with acquiring image software (RADIUS ALL 2.2).

2.11 Statistical analysis

We performed all statistical analyses using GraphPad Prism
(GraphPad Software, La Jolla, CA, United States). We used Student’s
t-test for comparisons between two groups and applied an F-test to
evaluate variance homogeneity. For comparisons between multiple
groups, we used one-way analysis of variance (ANOVA) or two-way
ANOVA. The figure legends include the sample size n). Independent
studies were repeated at least 3 times. * indicates a p < 0.05; ** indicates a
p <0.01; ** indicates a p < 0.001; ns indicates no statistical significance.
Error bars represent mean + SD.

3 Results

3.1 Kidney organoids derived from
H9 human embryonic stem cells

We followed the three steps in the published protocol
(Przepiorski et al., 2018) to promote differentiation of ESCs into
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a kidney organoid (Figure 1A) as detailed in the Methods section.
We cultured the EBs derived from H9 iPSCs in “phase II” medium,
and allowed the number of colonies to increase gradually from day
3 to day 8. On day 14, we observed the first discernible tubular
profiles within the spheres (Figure 1B). The size of the kidney
organoid was approximately 300um in diameter. The
homogeneous pluripotency-associated markers (OCT4 and TRA-
1-81) were expressed in the H9 colonies at passage 30 (Figure 1C),
before organoid induction. However, the visible morphological
diversity, such as discernible glomeruli and tubules, of the tissues
(by H&E staining) appeared after 14 days of induction (Figure 1D).
The phenotypic characterization of organoid cells suggested the
formation of nephrons, the structural and functional units of the
kidney, with distal end tubular (CDH1"), renal mesenchymal
(MEIS1/2/3%), proximal tubule (LTL*), glomerulus foot
(NPHS1"), proximal absorptive epithelial (LRP2"), collecting duct
(GATA3), thick ascending limb (UMOD), and endothelial (CD31")
cells (Figure 1E). In addition, we observed a gradual increment in the
expression of renal genes, including SLCI2A1, NPSHI, GATA3,
LRP2, and CD3I by qRT-PCR during the first 2 weeks after the
differentiation induction (Figure 1F), among these genes, the
expression of LRP2 reached its peak on the day8 and remained
stable on the dayl4, indicative of a temporal maturation pattern of
the kidney organoids. Moreover, we observed the ultrastructure of
the organoids under transmission electron microscopy (TEM) and
found distinctive podocyte-like cells with multiple foot processes
anchoring to the basement membrane-like profiles and proximal
epithelium-like cells with oriented brush-like protrusions (Figures
1G, H). These results confirm the successful establishment of kidney
organoids resembling functional kidney tissue cells. These data
collectively displayed that the organoid derived from hESC
exhibited structural similarity to the actual kidney, including
interstitial cells, and

glomeruli, renal tubules,

ducts. (Figure 1I).

collecting

3.2 Development of

SLC2A9 rs16890979 mutation,
overexpression, and knockdown
H9 cell lines

To study the function of SLC2A9 rs16890079, we developed
human H9 ESCs lines with SLC2A9 rs16890979 mutations,
overexpression, or knockdown (Figure 2A). According to the
data on the National Library of Medicine database, the incidence
of the rs16890979 SNP in SLC2A9 is approximately 2.3% worldwide
(Figure 2B). We used the CRISPR/Cas9 gene homology repair
technique (Rong et al, 2014) to insert a point mutation in the
wild type ESC-H9 cell line (HOVT) by site-editing SLC2A9 to
SNP  rs16890979, a

generate  the heterozygous  H9-
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FIGURE 2

Development of GLUT9™6890979 GLUT9, and GLUT9*"" H9 cell lines. (A) Schematic diagram showing the wildtype and genetically manipulated H9 cell

lines used in this study. (B) Global frequencies and distribution of the SLC2A9 rs16890979 polymorphism according to the National Library of Medicine database.
(C) Schematic diagram for the CRISPR/Cas9 homologous gene repair template we used. (D) Sequencing of wild-type and gene-edited SLC2A9. (E) Schematic
diagram of the lentivirus plasmid to overexpress SLC2A9. (F) Schematic diagram of the shRNA lentivirus plasmid for targeting SLC2A9. (G) SLC2A9 mRNA
expression in each HI cell line assessed by gRT-PCR. (H, 1) SLC2A9 protein expression in each HI cell line assessed by Western blotting.

GLUT9merollelieMT Jine, and a homozygous H9-GLUT9"*!<“MT Jine.  the successful site-directed mutation changing G to A on exon 8 of
Figure 2C shows the positions of the guide RNA (gRNA) and repair ~ the SLC2A9 gene using Sanger sequencing (Figure 2D). As shown in
template in the gene homologous repair plasmid map. We verified  the technique roadmap (Figures 2E, F), we developed stable H9 cell lines
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FIGURE 3

Phenotypic characterization of kidney organoids derived from HOWT, H9-GLUTQmMenealeieMT '[9 - GLUTIPR!IIMT H9-GLUT9®F, H9-GLUT9s"RNA H9-
pLenit®, and H9-pLKO.1%". (A) Similar SLC2A9 mRNA expressions among kidney organoids derived from each H9 cell line (n = 3, n. s not significant). (B)
Immunofluorescence staining showing kidney tissue markers, including NPHS1, CD31, LPR2, GATA3, CDH1, MES1/2/3, UMOD, LTL, and

SLC2A9 expressed in kidney organoids derived from each H9 cell line. Note the co-localization of GLUT9 and LTL in the tubular profiles. Scale bars,

20 pm; x40 oil objective; DAPI, green fluorescence, and red fluorescence were excited by laser pulses of 350 nm, 488 nm and 555 nm, respectively. (C)
FACS showing approximate proportions of NPHS1 or CDH1 immuno-positive cells within kidney organoids derived from each H9 cell line

overexpressing (H9-GLUT9F) or knocking down (GLUT9*"™A) the  of the SLC2A9 gene. In addition, we performed qRT-PCR and
SLC2A9 gene, together with their corresponding empty vector controls ~ Western blots to identify the SLC2A9 gene expression profile in
(H9-pLenit™ and H9-pLKO.1*V) (Figure 2A) to elucidate the function  each cell line. Our results show that the SLC2A9 gene mRNA and
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FIGURE 4

The rs16890979 SNP reduces the absorption of UA by kidney organoids. (A) A schematic diagram showing the procedures for the detection uric acid

in kidney organoid. (B) Time lapse detection of UA concentrationin GLUT9"T kidney organoid after exposure to different dose of urate in culture medium.
(C—F) UA concentrations retained in kidney organoids cultured in medium containing 1 mM urate for 1, 2, 3,and 24 h (n = 3, *p < 0.05, **p < 0.005, n. s not
significant).

protein were significantly upregulated in GLUT9°® and and pLKO.1®V) (Figures 2G-I). All of the above-mentioned
downregulated in GLUT9*"*™* relative to their counterparts H9 cell lines presented normal ESC phenotypes (data
(i.e., GLUTWT, GLUT9merealielieMT = GLUTYPRIieMT " pLenit®y,  not shown).
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FIGURE 5

Hyperuricosuria induces EMT in kidney organoids. (A, B) Masson staining showing the lager blue areas of 24-h kidney organoids compared
with those in 1-h kidney organoids (Scale bars, 50 um; x20 objective). (C) The quantitative Masson staining data show significant differences (n =
3, *p < 0.05, **p < 0.01). (D) The fibrosis extents in the kidney organoids of different experimental groups at 1 h were similar (n.s., not significantly).
(E) At 24 h, the fibrosis extentin GLUT®® kidney organoids was significantly higher than those in GLUT9®"2!elicMT and GLUT9*"*N* organoids (n =
3, *p < 0.05; n. s., not significantly). (F) Western blot data showing that the expression of vimentin was higher and that of E-cadherin lower after
24 hthan those after 1 h (G—-L) Western blot (WB) quantitative data showing statistically significant differences (n = 3, *p < 0.05, **p < 0.01, ***p <

0.001, n. s., not significantly).
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3.3 Phenotypic characteristics of kidney
organoids derived from GLUTQ 16890979,
GLUT 9°, and GLUT 9s"RNA H9 ESCs under
normal culture conditions

We induced all H9 cell lines, including H9-GLUTY", H9-
GLUT9monoalle1icMT) H9_GLUT9biallelicMT’ H9—GLUT9OE, H9-
GLUT9*"™A H9-pLenit®V, and H9-pLKO.1*V to form kidney
organoids using the method mentioned. After 14 days of
differentiation, we detected the mRNA expressions of kidney
tissue-specific genes, including SLC12A1, NPHSI, GATA3, LRP2,
and CD3I by qRT-PCR. We found similar mRNA expression
levels among the organoids derived from different cell lines
(Figure 3A). In addition, immunostaining showed that all H9-
derived organoids expressed representative renal markers
including NPHS1, CD31, LRP2, GATA3, UMOD, and LTL
(Figure 3B).
glomerular morphology further validated the tissue structure

The expression of markers of tubular or

within the organoids. Notably, we observed the co-localization
of GLUTY and LTL suggesting that GLUT9 was mainly expressed
in the basolateral membranes of proximal tubules, as published
(Augustin et al., 2004). Additionally, we were able to discern
increasing and decreasing GLUT9 fluorescence intensities in the
organoids of H9-SLC2A9°" and H9-SLC2A9"*N4, respectively
3B),

overexpression

(Figure suggesting the correct functioning of our
RNA

organoid induction. We performed FACS to assess the ratio of

or interference systems following
selected types of cells within the organoids derived from different
H9 The of the
NPHS1 marker for immunolabeling of foot cells ranged
between 13.8% and 18.8%, and that of the CDH1 marker for
distal end tubule cells ranged between 28.7% and 33.7% in

organoids with different H9 origins (Figure 3C). Thus, our

cell lines. proportion representative

results suggest that there were no significant phenotypic
differences in the organoids derived from different H9 cell
lines under normal culture conditions.

3.4 rs16890979 SNP reduces the absorption
of UA in kidney organoids

To investigate UA uptake by kidney organoids, we firstly
established the baseline of UA absorption efficiency using
GLUT9"" kidney organoid. The results showed that when the
kidney organoids were placed in UA medium (Figure 4A), the
UA level within the kidney organoids rapidly peaked at around
20min after exposure, followed by a putative excretion of UA lasting
for at least 30min. The UA level in the kidney organoids raised again
at 50min and reached a plateau at around 2 h after exposure. At this
time point the UA in the kidney organoids might have almost
reached electro-chemical equilibrium (Figure 4B). Then we added
1 mM of urate into the culture system to mimic the UA level in the
primary urine. We harvested, rinsed, and homogenized the
organoids after incubation in UA medium for 1, 2, 3, and 24h
and calculated the UA amounts retained within the organoids. At
these four time points, the UA concentration in the kidney
organoids increased gradually, and the rate of UA uptake varied
between clones (Figures 4C-F). Our results show that after
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incubation in urate medium for 1h, the UA content within the
organoids derived from H9-GLUT9™eroalelieMT g GLUTYPRIeleMT)
and H9-GLUT9*™™* cell lines was lower than the contents in the
rest of the cell lines (Figure 4C), suggesting that the rs16890979 SNP
affects the cellular absorption of UA in a fashion similar to SLC2A9
knockdown. By contrast, the UA retained increased significantly in
the organoids with upregulated SLC2A9 expression (H9-GLUT9°F)
(Figure 4C). After incubating the organoids for 2h in the UA
medium (Figure 4D), the UA content within the organoids from
each cell line was higher than that in their counterparts following 1 h
of UA treatment (Supplementary Table S1). Notably, the UA
content within organoids derived from H9-GLUT9™eoleieMT and
H9-GLUTY"™'MT jncreased to levels similar to those within the
organoids derived from H9-GLUT9"" or H9-GLUT9°¥, indicating
that UA absorption may reach a plateau after incubation in UA for
2 h. However, the retained UA within the organoids derived from
H9-GLUT9*"™™ 4 was still significantly lower than that in the
organoids from H9-GLUT9®E. After 3 h, the UA concentration in
kidney organoids in each experimental group did not increase
further. We estimate that the maximum capacity for UA
retention within the kidney organoids developed in this study
was approximately 150 umol/L because we found no further UA
elevations during the period spanning hours 3 to 24 (Figures 4E, F).
We attempted to use molecular docking to predict the impact of
rs16890979 on the protein structure of GLUT9 and the binding
ability of GLUTY to UA. The Laplace plot of protein structure and
the overlap plot of PDB format are shown in Supplementary Figure
SIA (GLUT9a) and Supplementary Figure SIB (GLUT9b). The
results showed that the rs16890979 SNP had little effect on the
structure of GLUT9 protein. The molecular docking results showed
a slight decrease in the affinity between the GLUT9™'***”” and UA
compared to the GLUTOW" (Supplementary Figure S2). The
minimum binding energies between UA and
GLUT9 was —5.65kcal/mol to GLUT9a"?, —5.63 kcal/mol to
GLUT9a"™'¥%7% (Supplementary Figure S2A, B), —5.69 kcal/mol
to  GLUT9™" and -531kcal/mol to GLUT9b™ %7
(Supplementary Figure S2C, D). The impact of rs16890979 SNP
on the structure of GLUT9 protein and UA binding ability was
minimal, indicating that there might be multiple mechanisms by
which SNP affects the absorption of UA by kidney organoid.

3.5 rs16890979 does not confer additional
resilience to environmental UA-induced
EMT in kidney organoids

To study the effect of UA exposure on the kidney organoid
phenotypes, we carried out Masson stainings to visualize collagen
deposition within the treated organoids. Our results showed
convergent upregulation of blue-stained areas in all organoids
after 24 h of exposure to 1 mM urate in comparison with the
relatively negligible blue-stained areas in organoids after only 1 h
of exposure (Figures 5A-E; Supplementary Table S2), indicating
collagen fibril production induction, a sign of epithelial-
mesenchymal transition (EMT). The masson staining showed
that at 24 h, the blue area is mainly presented at the renal
tubular brush border (Figure 5B). It suggested that collagen
fibrils may first occur at the brush like border of renal tubular
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cells. Gene editing resulted in the alteration of amino acid for both
GLUT9a and GLUT9b. Theoretically both influx and efflux of UA
by the tubular epithelium may be affected. However, due to the lack
of blood supply to cargo the efflux UA in kidney organoid, whether
the efflux may function properly is questionable. The Masson data
showed EMT occurred in renal tubes, which might suggest the
possibility of impairment secondary to accumulation of UA within
the tubular epithelium (Figures 5A, B). However, at current stage it
would be difficult to ascertain tissue distribution of absorbed UA
within the organoid. We extracted the total protein of kidney
organoids and analyzed the expression of the EMT-specific
proteins vimentin and E-cadherin by Western blotting to confirm
that the exposure to UA in the medium causes EMT in kidney
organoids, and our results showed that after culture in UA medium
for 24 h, the concentrations of UA in the kidney organoids of each
experimental group increased, while the expressions of vimentin
increased gradually and of E-cadherin decreased gradually, signaling
EMTs (Figure 5F). Those statistically significant differences in the
protein levels (Figures 5G-L; Supplementary Tables S3, S4) support
our finding that continuous high UA stimulation leads to EMT in
kidney organoids, a result consistent with the pathological
characteristics seen in clinical hyperuricemic nephropathy.
However, although rs16890979 reduced UA uptake in the kidney
organoids, EMT still occurred within the parenchyma, and we found
similar collagenous deposition and EMT-related protein expression
levels in wildtype and SNP-containing organoids (Figures 5E,I and
L; Supplementary Tables S3, S4).

4 Discussion

UA absorption in the proximal tube is a main factor for UA
SLC2A9
chromosome 4 P15 3-pl6, it contains 13 exons and encodes both
long and short types of GLUT9 (Phay et al., 2000; Augustin et al., 2004;
Luscher et al,, 2019) in charge of the transportation of UA from the
primary urine into the renal tubular epithelial cells and eventually into
the blood (Hattersley et al, 2008; Torres et al, 2014). GLUT9 is
expressed at the topical and basolateral membrane of the proximal
tubes (Luscher et al,, 2019). GLUT9D is responsible for absorbing UA
from the renal tubular lumen into renal tubular cells, while GLUT9a is
responsible for transporting UA from the renal tubular cells to the renal

metabolism homeostasis in  humans. is located on

interstitium or blood system. Thus completing the reabsorption process
of UA. SLC2A9 causes various independent pathogenic genetic effects,
and its gene polymorphisms affect serum UA levels (Tu et al., 2010; Rule
etal, 2011). Studies have reported that the rs16890979 SNP is associated
with serum UA levels (Parsa et al, 2012; Torres and Puig, 2018).
However, this same SNP has been reported to cause hyperuricemia
(Cho et al.,, 2020); and hypouricemia (Dehghan et al., 2008; Hurba et al.,
2014; Lee et al, 2018) depending on the geographical location and
ethnicity of the population studied. Therefore, whether rs16890979 is a
risk factor or an attenuator for hyperuricemia has been unclear.

We demonstrated that rs16890979 reduces UA absorption in
human kidney organoids with defined genetic backgrounds and
phenotypic Although the
molecular mechanisms remain obscure, we believe we were able

appropriate characteristics. exact

to develop the first primary renal hypouricemia organoid model to
address fundamental questions about the function of rs16890979 in
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human kidneys. Therefore, our study serves as a proof of concept for
developing organoid-based solutions to determine the function of
different SNPs on UA metabolism.

Indeed, the rapid development of kidney organoid technologies has
led to reliable in vitro 3-dimensional models to simulate the
physiological and pathological features of the human kidney
(Nishinakamura, 2019) with resolutions at transcriptome (Low
et al,, 2019) and metabolome (Wang et al, 2021) levels. However,
to the best of our knowledge no other study had applied an organoid
model with defined genetic background to the study of UA metabolism
before. We discovered the function of rs16890979 on UA metabolism
in kidney organoids generated after a site-directed mutation of human
H9 ESC line cells using CRISPR/Cas9 gene homology repair
technology. We found kidney organoids with SNPs that
downregulate UA absorption, in particular a homozygous G to A
mutation, simulating the pathophysiology observed in patients with
homozygous mutations, who present more severe hypouricemia than
patients with heterozygous mutations (Parsa et al., 2012; Kanbay et al,,
2022). This observation also agrees with the results of GWAS studies
suggesting that this SNP causes hypouricemia in European populations
(Dehghan et al, 2008; Lee et al, 2018). However, this finding
contradicts the results of a Korean GWAS study showing that the
same SNP may cause hyperuricemia (Cho et al., 2020). To address the
function of GLUT9 in the kidney, we established organoids
overexpressing or downregulating SLC2A9 to conduct experiments,
and our results support the idea that GLUT9 is responsible for UA
absorption. Therefore, regardless of the genetic background of kidney
organoids, we believe that rs16890979 may result in abnormal UA
reabsorption causing renal hypouricemia in patients. GLUT9 is
expressed in the liver (UA production) and intestines (UA
excretion) (Ruiz et al., 2018), but our kidney organoid model offers
only renal UA metabolism insights. Studies are needed to clarify the
cause of the different observed functions of rs16890979 among
individuals of different ethnicities. Fused organoids or multiple-
organoid-on-chip technologies based on our model may help the
study of the combined effects of rs16890979 in kidney with liver
and/or intestines. Furthermore, it is worthy to note that we have
discovered the discrepancy between the biological effect observed in
kidney organoid and homology modeling regarding the binding of
GLUTY and UA. The mild changes in UA affinity alteration between
the SNP and wildtype as assessed by a computer simulation of
molecular docking may suggest the possible existence of ancillary
proteins or protein networks to chaperone GLUT9 in UA
transportation. For examples, LAPTM4b, a binding partner for the
Leu transporter, recruits LAT1-4F2hc (SLC7A5-SLAC3A2), leading to
the uptake of Leu into lysosomes (Milkereit et al., 2015). By binding
with a subunit of multiple amino acid transporters 4F2hc, the
endocrine protein Girdin participates in the regulation of leucine
entry into lysosome (Guan et al, 2018). Another example is the
discovery of mutation in cysteine transporter subunits (b**AT-
rBAT, SLC3AI1-SLC7A9) regulating
Symptomatic (cystinuria) or asymptomatic phenotypes are decided
by the particular combination of heterozygosity/homozygosity across
subunits (Calonge et al, 1994; Rajan et al, 1999). The disease is
inherited kidney stones or cystinuria (Fotiadis et al, 2013).

in cysteine  metabolism.

Additionally, the formation of large membrane complexes in the
intestinal/renal epithelial transporters B°AT1 and B°AT3 and
IMINO (SLC6AI19, 18, and 20, respectively) and their complex
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interactions with the ancillary proteins ACE2 and collectrin in the small
intestine and kidney, respectively participate in the etiology of Hartnup
disorder (Kowalczuk et al., 2008; Camargo et al.,, 2009; Fairweather
et al,, 2012; Fairweather et al,, 2015). These data taken together suggest
the complexity in UA transportation, and the related ancillary proteins
for GLUT9 are yet to be discovered. Nonetheless, kidney organoids
established in this study may provide an alternative platform to reveal
the functional interactions between GLUT9 with other possible
ancillary proteins or protein networks.

Abnormal GLUT9 UA reabsorption leads to clinical complications
including hyperuricourine-related renal calculi formation and exercise-
induced acute renal failure (Nakayama et al, 2019). Thus, studying
cytobiological changes in kidney organoids immersed in high UA
media is important. Hyperuricosuria is usually difined as a UA GFR
concentration higher than 0.56 mg/dL (approximately 0.03 mM GFR)
(Saneian et al,, 2022), the exact concentrations within the renal tubes
and parenchyma remain unknown. It is considered that a serum UA
concentration exceed of 6 mg/dL (360pM, 0.36 mM) is defined as HUA,
while a serum UA concentration of 1 mM is relatively rare in the human
body (Pascart and Lioté, 2018). The concentrations of UA applied
in vitro to mimic hyperuricosuria conditions have usually been set at
approximately the 1 mM (Liu et al, 2022; Shi et al,, 2023) to 3 mM
(Ding et al., 2022) levels. In this study, we found pronounced tissue
impairment, presenting as increased renal fibrosis and EMT-related
molecule upregulation, in organoids exposed to 1 mM UA for 24 h,
demonstrating the vulnerability of the organoids to the UA challenge.
However, despite the decreased UA absorption of organoids from H9-
GLUT9mereldhieMT and H9-GLUTY ™M™ their proximal tubular cells
still presented UA-related impairment after exposure for 24 h. This may
indicate the cellular target to study the mechanism of hyperuricosuria-
related renal pathology. However, future studies may still need to use
our organoid model to explore the exact molecular alteration in putative
tissue cells to elucidate the mechanisms at play during hyperuricosuria-
related renal pathologies, such as exercise-induced acute kidney injury
(Miyamoto et al., 2022). Although we have confirmed that GLUT9 was
mainly expressed in renal tubules of kidney organoids by
immunofluorescence, it remains to be validated that the localization
of GLUT9a and GLUT9b in organoid may be the same as they are in
physiologic kidneys since the tissue disruption is relatively disorganized
in the organoids. It is therefore desirable to design targeted probes to
verify the tissue and cellular location of GLUT9a and GLUT9b (Kalsi
et al,, 2008; Fairweather et al., 2012). Additionally, the application of
autoradiography such as ["*C]-UA would be helpful to validate the exact
cellular absorption and tissue distribution of UA by GLUTY in the
kidney organoids. Indeed, combination of advanced methodology may
help to improve technical limitations of current kidney organoids and
offer more insights to dissect kidney functions.

5 Conclusion

In conclusion, we developed a gene-editing kidney organoid
protocol to study UA metabolism, and we showed that both
heterozygous and homozygous rs16890979 SNP mutations led to
reduced UA absorption. Our results from molecular, cellular, and
organ levels support the correlation between this SNP and the renal
hypouricemia observed in the clinic. Thus, our organoid model,
based on the principle of synthetic biology (Trentesaux et al., 2023),
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may provide a valuable platform to further explore the function of
SNPs and to assess the therapeutic effects of interventions against
primary hypouricemia.
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