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HNF1A binds and regulates the expression of SLC51B to
facilitate the uptake of estrone sulfate in human renal proximal
tubule epithelial cells
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Renal defects in maturity onset diabetes of the young 3 (MODY3) patients and Hnf1a-/- mice suggest an involvement of HNF1A in
kidney development and/or its function. Although numerous studies have leveraged on Hnf1α-/- mice to infer some transcriptional
targets and function of HNF1A in mouse kidneys, species-specific differences obviate a straightforward extrapolation of findings to
the human kidney. Additionally, genome-wide targets of HNF1A in human kidney cells have yet to be identified. Here, we leveraged
on human in vitro kidney cell models to characterize the expression profile of HNF1A during renal differentiation and in adult
kidney cells. We found HNF1A to be increasingly expressed during renal differentiation, with peak expression on day 28 in the
proximal tubule cells. HNF1A ChIP-Sequencing (ChIP-Seq) performed on human pluripotent stem cell (hPSC)-derived kidney
organoids identified its genome-wide putative targets. Together with a qPCR screen, we found HNF1A to activate the expression of
SLC51B, CD24, and RNF186 genes. Importantly, HNF1A-depleted human renal proximal tubule epithelial cells (RPTECs) and MODY3
human induced pluripotent stem cell (hiPSC)-derived kidney organoids expressed lower levels of SLC51B. SLC51B-mediated estrone
sulfate (E1S) uptake in proximal tubule cells was abrogated in these HNF1A-deficient cells. MODY3 patients also exhibit significantly
higher excretion of urinary E1S. Overall, we report that SLC51B is a target of HNF1A responsible for E1S uptake in human proximal
tubule cells. As E1S serves as the main storage form of nephroprotective estradiol in the human body, lowered E1S uptake and
increased E1S excretion may reduce the availability of nephroprotective estradiol in the kidneys, contributing to the development
of renal disease in MODY3 patients.
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INTRODUCTION
The hepatocyte nuclear factor 1 A (HNF1A) is a transcriptional
activator predominantly expressed in the pancreas, liver and
kidneys [1, 2], with cell type-specific functions. In the pancreas,
HNF1A modulates insulin secretion in the pancreatic β-cells [3].
Heterozygous HNF1A mutation are known to cause maturity onset
diabetes of the young 3 (MODY3) [4, 5]. Within the liver, Hnf1a
orchestrates bile acid and plasma cholesterol metabolism in
hepatocytes [6], as evidenced by the onset of hypercholester-
olemia in Hnf1a-/- mice [7]. In the kidney, loss of Hnf1a impairs
renal proximal tubule reabsorption, leading to renal Fanconi
syndrome [7, 8]. Together, these studies indicate that Hnf1a plays
important and distinct physiological functions in the pancreas,
liver and kidney.
To date, there have been efforts to uncover the transcriptional

targets of HNF1A, albeit mainly in the pancreas and the liver
[5, 9–14]. In pancreatic β-cells, HNF1A regulates the expression of

genes involved in glucose metabolism and transport [9, 14] and
the human insulin gene [10]. In the liver, HNF1A regulates the
expression of glucose-6-phosphatase, which is important for
gluconeogenesis [11]. Two studies have since used chromatin
immunoprecipitation (ChIP) coupled with microarray (ChIP-on-
chip) assays to unveil the transcriptional regulatory network
downstream of HNF1A in the pancreas and liver based on HNF1A-
bound targets [12, 13]. However, the genome-wide transcriptional
targets of HNF1A in human kidney cells remain poorly
understood.
Existing studies pertaining to Hnf1a in the kidney relied heavily

on the use of rodent models. Hnf1α-/- mice exhibit reduced
expression of several renal transporter genes including the low
affinity/high capacity glucose cotransporter Sglt2 [15], the
endocytic receptors Lrp2 and Cubn [8], and the organic anion
transporters Oat1/Oat2/Oat3 [16]. Notably, many of these HNF1A
target genes are expressed in the proximal tubule cells, congruent
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with the decline in proximal tubule function observed in Hnf1a-/-

mice [7, 8].
While there are relatively fewer studies documenting the role of

HNF1A in the human kidney, MODY3 patients are reported to
have a higher incidence of developing diabetic nephropathy
[17, 18]. Furthermore, similar to the Hnf1a-/- rodents, MODY3
patients tend to exhibit reduced renal threshold for glucose
[15, 19]. However, unlike MODY3 patients who have a hetero-
zygous HNF1A gene mutation, Hnf1a heterozygous (Hnf1a+/-)
knockout mice do not exhibit renal defects [20]. To this end, it is
widely recognized that species-specific differences between mice
and humans can limit the applicability of pre-clinical studies
performed on rodent models to the human setting [21]. Hence,
this underscores the need to study the role and transcriptional
targets of HNF1A in human kidney cell models.
Here, we used human pluripotent stem cell (hPSC)-derived

kidney organoids, human primary renal proximal tubule epithelial
cells (RPTECs) and human embryonic kidney 293 (HEK293AD) cells
to investigate the direct transcriptional targets of HNF1A in human
kidney cells. We examined the expression profile of HNF1A during
the renal differentiation of hPSCs and demonstrated that HNF1A is
expressed mainly in the proximal tubule cells. By performing ChIP-
Seq on the hPSC-derived kidney organoids, we report the first
effort at mapping out the genome-wide occupancy of HNF1A
protein in human kidney cells. A targeted qRT-PCR screen was
used to identify several novel direct transcriptional targets of
HNF1A that are expressed in the proximal tubule cells. Amongst
these, SLC51B, a member of the human solute carrier family known
to mediate the transportation of estrone sulfate (E1S; the main
storage form of estradiol in the human body [22]) across the
basolateral membrane of proximal tubule epithelial cells, was
selected for further study. Importantly, RPTECs depleted of HNF1A
and MODY3 hiPSC-derived kidney organoids exhibit diminished
ability to take up E1S, suggesting a dwindling pool of available
estradiol in MODY3 patients harboring loss-of-function HNF1A
gene mutations. Consistent with this, we found that excretion of
urinary E1S was significantly elevated in MODY3 patients
harboring HNF1A loss-of-function mutations. Decreased nephro-
protective estradiol [23–25] may partly account for the heightened
predisposition of MODY3 patients to develop renal complications.
Altogether, our study identified SLC51B as a novel target of HNF1A
in human kidney cells. Loss of HNF1A results in reduced SLC51B
expression and subsequently E1S uptake in renal proximal tubule
cells, that may lead to decreased renal protection. Modulation of
E1S uptake in human kidney cells may be explored to mitigate
HNF1A loss-of-function effects that can possibly contribute to
renal deficiencies.

METHODS
Cell culture
The use of donor-derived hiPSCs is approved under A*STAR IRB 2020-096.
Informed consent has been obtained. hPSCs were cultured in TeSRTM-E8TM

or mTeSRTM1 (STEMCELL Technologies). RPTEC (ATCC, USA) was cultured in
RenaEpi Growth Medium (Cell Applications, San Diego). HEK293AD was
maintained in DMEM high glucose (HYCLONE), 10% fetal bovine serum
(HYCLONE) and 1% MEM non-essential amino acids (Gibco). Cell lines were
passaged using 0.25% Trypsin (Pan-Biotec). All cells were routinely tested
to be free from mycoplasma using the MycoAlertTM PLUS Mycoplasma
Detection Kit (Lonza Bioscience).

Human subjects and kidney sections
Human adult kidney cryosections were procured from the National Disease
Research Interchange (NDRI). Urine samples were collected from Khoo
Teck Puat Hospital. The subjects gave informed consent, and the samples
were anonymised. The use of these samples was approved by the NHG
DSRB 2013/01068.

Kidney differentiation
hPSC colonies were handpicked into 10 cm plates pre-coated with 0.1%
gelatin and MEF media. Once confluent, the hPSC colonies were
dissociated with TrypLE (ThermoFisher, USA) and passed through a
40μm filter to obtain single cells. 200,000 cells were seeded into each well
of a 6 well plate containing 2ml of mTeSR1 per well (Stem Cell
Technologies, Canada). The attachment efficiency of the cells was
enhanced via the addition of Rho-associated, coiled-coil containing protein
kinase (ROCK) inhibitor, Y-27632 (1:1000) (Stem Cell Technologies, Canada).
hPSCs were subsequently differentiated into kidney organoids following
the 28-day kidney differentiation protocol developed by Morizane and
colleagues with minimal modifications using AdvRPMI1640 (Sigma,
#12633-012) as the basal media [26].
On Day 0 (start of differentiation), hPSCs were cultured in 2ml

AdvRPMI1640+ 8 μM CHIR99021+ 10 μM Noggin (Stem Cell Technolo-
gies, Canada). The same culture media was refreshed 2 days after the start
of differentiation on Day 2. On Day 4, cells were cultured in 3ml
AdvRPMI1640 + 10 ng/ml Activin A (Stem Cell Technologies, Canada). On
Day 7, cells were cultured in 2ml AdvRPMI1640+ 10 ng/ml FGF9 (Stem
Cell Technologies, Canada). On Day 9, cells were dissociated into single
cells using TrypLE and seeded into round bottom low attachment 96 well
plates (Corning, USA) at a seeding density of 100,000 cells per well. Each
kidney organoid was cultured in 200 μl AdvRPMI1640+ 3 μM
CHIR99021+ 10 ng/ml FGF9 (Stem Cell Technologies, Canda). On Day 11,
cells were cultured in 200 μl AdvRPMI1640+ 10 ng/ml FGF9. Thereafter,
the kidney organoids were cultured in 200 μl of basal AdvRPMI1640 media,
with a fresh change of media every other day till Day 28.
Cells or organoids at the five time points: Days 0, 9, 14, 21 and 28 were

harvested in triplicates for analyses. At time points Days 0 and 9, cells from
1 well of a 6-well plate were harvested as technical replicates. At time
points Days 14, 21 and 28, each replicate consisted of minimally eight
organoids.

RT-qPCR analysis
RNA was harvested using the Nucleospin® RNA kit (Macherey-Nagel).
Reverse transcription was performed using the High-Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific). Quantitative polymer-
ase chain reaction (qPCR) was performed using iTaq™ Universal SYBR®
Green Supermix (BIO-RAD) with primers listed in Table S3.

Chromatin Immunoprecipitation (ChIP)
ChIP was performed following our published protocol [27]. Approximately
48–60 kidney organoids were dissociated into smaller cell clumps via
incubation with TrypLE (Invitrogen, USA) for 3 min after washing twice with
1xPBS. Thereafter, the cells were cross-linked with 3.3 mg/ml of dimethyl
3,3'-dithiobispropionimidate (DTBP, SIGMA) and 1mg/ml of 3,3'-dithiodi-
propionic acid (DSP, SIGMA) for 15min at room temperature before
another round of cross-linking with 1% formaldehyde for 15min at room
temperature. 0.125 M glycine was added to the cells to quench the
crosslinking reaction. Ice-cold cell lysis buffer comprising 10mM Tris-Hcl
pH 8, 10 mM NaCl and 0.2% NP-40 was added to lyse the cells. Nuclear lysis
was then performed using the nuclear lysis buffer comprising of 50mM
Tris-HCl pH 8, 10mM EDTA and 1% SDS. Protease inhibitors: 0.1 mM
leupeptinhemisulfate, 1 µM pepstatin and 1mM phenylmethylsulfonyl
fluoride were added to the respective lysis buffers fresh prior to lysis. The
nuclear lysates were then diluted in IP dilution buffer comprising 20mM
Tris-HCl pH 8, 2 mM EDTA, 150mM NaCl, 0.01% SDS and 1% Triton X-100.
Next, sonication was performed on the Misonix Q500 sonicator (QSonica)
for 12 cycles using the following settings: 30 s on/45 s off, 30% power. The
sonicated lysate was then pre-cleared using 10 µg of rabbit IgG and
protein A/G agarose beads for 3 h at 4 °C before immunoprecipitation.
After pre-clearing, 10% (by volume) of the lysate were collected as input
for downstream analysis. The remaining lysates were split equally into two
portions and incubated with either 10 µg HNF1A antibody (ab96777) or
10 µg rabbit IgG (SantaCruz) overnight at 4 °C. Following, the samples were
washed twice with IP wash buffer and Tris-EDTA buffer before the
immunoprecipitated genomic DNA (gDNA) was eluted. Elution of gDNA
was achieved via incubation with the IP elution buffer comprising of
100mM NaHCO3, 1% SDS, 100mM DTT. After elution, the samples were
treated with RNaseA + 5 M NaCl and Proteinase K to initiate reverse
crosslinking and to obtain the immunoprecipitated gDNA. Lastly, HNF1A-
bound gDNA was extracted using the phenol/chloroform method.
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ChIP-Seq library preparation and analysis
Library preparation was done using NEB# E7645 NEBNext Ultra II DNA
Library Prep Kit for Illumina®. NEXTSEQ High Output was performed using
the Illumina NEXTSEQ 500 Sequencers with the Illumina® Reagent v2 (75
cycle kit) Kit. Sequencing adapters were trimmed using BBDuk from the
BBMap toolkit (https://sourceforge.net/projects/bbmap). Trimmed reads
were aligned to GRCh38 with Bowtie2 and reads non-uniquely mapped
were discarded. Filtering of unmapped and duplicate aligned reads were
performed using samtools and sambamba. Peaks were called using MACS2
version 2 2.7.1 against input control library with default q-value (minimum
FDR) cut-off of 0.05. Motif enrichment analysis was performed using the
HOMER suite of programs [28]. For the generation of average plot and
heatmap, the deepTools package [29] was used to calculate scores based
on the read density values of mapped reads. Data reported in this paper
were deposited into Gene Expression Omnibus (GEO) accessible via
accession number GSE196273.

Profiling expression pattern of genes in kidney organoids
To characterize the expression pattern of genes, we leveraged on a
published scRNA-Seq dataset performed on D26 kidney organoids
generated using Morizane’s protocol (GEO: GSM3320185).
Using the expression dot plots at Kidney Integrative Transcriptomics

(http://humphreyslab.com/SingleCell/displaycharts.php), we manually
scrutinized the expression profile of target genes and categorized them
based on their expression pattern. In this analysis, a gene is considered
predominantly expressed when it fulfils two criteria. Firstly, the expression
of the gene must be confined to either the tubular epithelial cells (PT1/
PT2/LH), mesenchymal cells (M1/M2/M3) or podocytes (P1/P2/P3). Gene
expression in the neuronal (N1/N2/N3) and muscle (MU) clusters were
disregarded as these cell types are part of the off-target population.
Secondly, the average gene expression as visualized from the dot plot
must be greater than or equal to a normalized score of 1 in the cell cluster
where it is predominantly expressed. A consolidated summary of the
genes that are predominantly expressed at each of the cell clusters is
documented in Table S2.

Transfection of cells
Transfection was performed using LipofectamineTM 2000 (ThermoFisher,
USA) following manufacturer’s protocol. 2 μg of plasmids were used for
overexpression experiments. Primers used to generate shHNF1A constructs
are listed in Table S3.

Immunofluorescence staining
Cryo-sectioning of kidney organoids was performed by the Advanced
Molecular Pathology Laboratory (AMPL), A*STAR using the tissue-tek OCT
compound. The cryo-embedded cells were sectioned and mounted onto
glass slides and stored at −80 °C.
Cells were fixed with 4% paraformaldehyde (Wako, Japan), permeabilized

with 0.025% Triton X-100 and blocked with PBS containing 10% donkey
serum (Merck, USA) for 1 h at 4 °C. After blocking, the cells were co-stained
with primary antibodies overnight at 4 °C. Secondary antibodies were
added and incubated at 4 °C for 1 h before staining with 4',6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, US) (1:5000) for 20min. Imaging was
done using the Olympus FluoView FV1000 confocal microscope or Opera
Phenix® Plus High-Content Screening System (Perkin Elmer).
For quantification of fluorescence intensity, whole images correspond-

ing to the appropriate fluorescence channel were subjected to the
‘Measurement’ function under the ‘Analyze’ tab of ImageJ. The raw values
obtained were divided by the values for DAPI intensity to obtain
normalized readings. These normalized readings were then used to plot
the bar graphs and for subsequent statistical testing. For single cell
analysis, the Columbus Image Data Storage and Analysis System was
adopted to segment cells and quantify fluorescence intensity of SLC51B. At
least two representative images were captured for each condition studied
in each independent experiment.

Immunoblotting
Cells were lysed with the Mammalian Protein Extraction Reagent (M-PER,
Thermo Scientific) in the presence of protease and phosphatase inhibitors
2/3 (Sigma). Protein was quantified using the BCA assay (Thermo
Scientific). Immunoblotting was performed as previously described [30]
using antibodies detailed in Table S4.

Lentiviral-mediated knockdown of HNF1A
pLKO.1-shHNF1A plasmids were packaged into lentiviruses by transfecting
HEK293FT cells with pLKO.1-shHNF1A and expression plasmids encoding
for rev, VSV-g and gag-pol proteins. Lentiviral particles were collected and
concentrated via ultracentrifugation at 23,000 rpm for 90min at 4 °C. Virus
titer was quantified using the Lenti-X p24 Rapid Titer Kit (TakaraBio).
For viral transduction, RPTECs were plated at 250,000 or 500,000 cells for

the harvesting of RNA or protein respectively. One day after seeding,
RPTECs were transduced with pLKO.1-shHNF1A lentivirus together with
10 μg/ml polybrene (Millipore) for 24 h. RNA and protein were harvested
48 h after transduction.

E1S ELISA assays
250,000 RPTECs were transduced with lentiviruses for 72 h prior to
treatment with 400 μg/ml E1S (Sigma, E9145). 16–24 kidney organoids
were collected into a 15ml falcon tube and treated with 400 μg/ml E1S.
Treatment was performed in respective culture media at 37 °C. To quantify
remaining E1S, culture media were collected at timepoints: 5, 10, 15 and
60min after treatment. ELISA was performed using the competitive E1S
ELISA kit (Sigma, # EIA17E3S). Total protein was harvested using M-PER and
quantified via BCA assay. E1S uptake was calculated using the following
formula:

400μg=mL� concentration of E1S left in supernatantð Þ
Total protein μg=mLð Þ

For quantification of E1S in urine samples, E1S levels were normalized to
total urinary creatinine content as measured using a creatinine urinary
detection kit (Sigma, EIACUN) according to manufacturer’s protocol.

Statistical analyses
All data were presented as mean ± SEM unless otherwise stated. For
statistical testing, unpaired t-tests were performed for analyses involving
only two independent groups, while one- or two-way ANOVA followed
by Tukey’s multiple comparison test were performed for analyses
involving three or more groups. F-test was performed for each dataset to
test for normality. Each dot in a bar graph is representative of data
obtained from one cell line in an independent experiment. For hPSC
related experiments, two WT-hPSC lines (H9 and iAgb) were used, and
three independent cell lines were derived from each of the two MODY3
patients recruited. Each independent experiment involving MODY3-
hPSCs is comprised of eight cell lines: two WT hiPSCs (H9/iAgb), three
iP001 hiPSCs and three iP002 hiPSCs. * represents a p-value of <0.05, ** a
p-value of <0.01 and *** a p-value of <0.001. All graphs were generated
using either the GraphPad Prism 8 software or ggplot2 package on R. No
statistical methods were used to pre-determine sample sizes in our
in vitro experiments. Based on means and standard deviations from
previous studies with MODY3 patients on urinary CC16 excretion8, a
power analysis (set at 80%) revealed that <6 human subjects reliably
distinguish mutant and control populations for >30% change in urinary
metabolite secretion (p < 0.05). Hence, we recruited at least six subjects
for each study group in this study.

RESULTS
HNF1A is majorly expressed in human renal proximal tubule
epithelial cells
We first examined the expression profile of HNF1A during kidney
differentiation using an established protocol [31] on two wild-type
(WT) hPSC lines (Fig. 1A). Consistent with previous literature [31],
qRT-PCR analyses revealed that the transcript expression of renal
vesicle markers LHX1/PAX8 increased significantly as differentia-
tion progressed (Fig. 1B), with >80% of the cells being LHX1+ or
PAX8+ by day 14 (Fig. 1C). Thereafter, we evaluated the transcript
expression of HNF1A and AQP1, a proximal tubule marker, during
differentiation. Notably, both HNF1A and AQP1 expression
increased steadily and peaked by the end of kidney differentiation
on D28 (Fig. 1D). Flow cytometry experiments then demonstrated
that D28 organoids expressed HNF1A and AQP1 proteins (Fig. 1E),
with majority of AQP1+ cells co-expressing HNF1A (Fig. 1F).
Subsequent immunofluorescence staining on D28 organoid
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cryosections further confirmed the co-expression of HNF1A and
proximal tubule markers AQP1/LTL (Fig. 1G).
To examine the expression pattern of HNF1A in human kidney

organoids, we leveraged on a publicly-available single-cell RNA-

Seq dataset [32]. Single-cell analyses revealed that HNF1A is
expressed mainly in cells whose transcriptome mimicked that of
the proximal tubules (PT1/PT2) (Fig. 1H). Additionally, single-
nuclear transcriptomic studies performed on healthy adult human
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kidney tissue [32, 33] also revealed HNF1A to be largely confined
to the proximal tubule epithelial cells (Fig. S1A, B). To validate this
finding, we performed immunofluorescence staining on the
cryosections of three healthy human kidneys and demonstrated
that HNF1A is mainly expressed in regions where AQP1 is
detected (Fig. S1C); similar to what was observed in our D28
organoids (Fig. 1F, G). Collectively, these results suggest that
HNF1A is increasingly expressed during human kidney differentia-
tion, with majority of its expression in the hPSC-derived renal
proximal tubule cells and in adult human kidney cells.

ChIP-Seq and targeted qRT-PCR reveal putative HNF1A target
genes in human kidney cells
To investigate the transcriptional targets of HNF1A in the human
kidney, we next performed ChIP-Seq on D28 kidney organoids
where HNF1A protein could be robustly detected (Fig. 1F, G). ChIP-
Seq analysis revealed an enrichment of gene promoters (±3 kb
from TSS, comprising 36.14% of all significantly called peaks) that
are bound by HNF1A (Fig. 2A). Analysis of the HNF1A binding
profile revealed an increased binding frequency at the proximal
promoter of genes, as is expected of ChIP-Seq performed on
transcription factors (Fig. 2B, C). Altogether, 16,310 HNF1A-bound
genomic loci were identified based upon a cut-off FDR score of
<0.05 (Table S1).
To ascertain that these enriched peaks are not the result of poor

antibody specificity, we validated that the HNF1A antibody
(ab96777) used is suitable for ChIP according to guidelines from
the ENCODE consortia [34]. To achieve this, we performed
immunoblotting and immunofluorescence experiments on
HEK293AD cells which has low endogenous HNF1A expression.
Minimal non-specific signal was observed in HEK293AD cells
transfected with the pCDH-GFP empty vector (Fig. S2A, B).
Following the ectopic overexpression (OE) of a FLAG-tagged
HNF1A construct, a specific band corresponding to the predicted
molecular weight of HNF1A (~67 kDa) could be detected (Fig.
S2A). Moreover, a clear immunofluorescence signal that co-
localizes with FLAG in the nucleus could be observed (Fig. S2B).
Additionally, our laboratory has previously utilized this antibody to
perform ChIP-Seq on hPSC-derived islet-like cells and was able to
identify the HNF1A binding motif ‘TTAAT’ as the top enriched
motif [5]. Similarly, we were able to detect the ‘TTAAT’ motif
following motif enrichment analysis on our D28 kidney organoid
ChIP-Seq dataset, albeit not the top enriched motif (Fig. S2C).
Together, these data confirmed that the HNF1A (ab96777)
antibody used is suitable for HNF1A ChIP experiments.
Next, we focused on the 3797 genomic loci that were mapped to

within ±1 kb of promoter-TSS of 2800 unique genes as putative
HNF1A targets (Table S1). Given that HNF1A expression is confined
mainly to the proximal tubule-like cells (Fig. 1H), we reasoned that its
direct transcriptional targets are likely to adopt a similar expression

pattern. Hence, we evaluated the expression pattern of the 2800
putative targets using the aforementioned scRNA-Seq dataset to
arrive at a list of candidate genes. Clustering of end-stage kidney
organoids revealed three main cell clusters of the renal lineage,
henceforth referred to as [1] tubular epithelial cells (PT1/PT2/LH), [2]
mesenchymal cells (M1/M2/M3) and [3] podocytes (P1/P2/P3) [32]
(Fig. 2D). Amongst the 2800 putative targets, 141 candidate genes
were found to be expressed predominantly in one of the three renal
cell types (Fig. 2D and Table S2). Importantly, 98 out of the 141
(~69.5%) cell type-enriched candidate genes were expressed
predominantly in the tubular epithelial cells (Fig. 2D), similar to
the expression pattern of HNF1A, suggesting that these genes could
be direct transcriptional targets of HNF1A in the human kidney.
We next performed a targeted qPCR screen to evaluate the

expression levels of these candidate genes following the OE of WT-
HNF1A or two HNF1A mutants that cause MODY3–H126D [5] and
P291fsInsC [9, 35] in HEK293AD cells (Fig. S3A, B). P291fsInsC is the
most common form of HNF1A mutation that has been implicated
with MODY3 [35], while H126D has been previously characterized as
a loss-of-function HNF1A variant [5]. Consistent with the expected
loss-of-function effects of MODY3 variants, we saw that the OE of WT
but not the two HNF1A mutants resulted in a significant upregulation
of three known target genes of HNF1A, namely: HNF4A [36], UGT2B4
[5, 13] and OAT3 [37] (Fig. S3C). These three known target genes
share similar expression pattern as HNF1A and are predominantly
expressed in the renal tubular epithelial cells (Fig. S3D).
Having confidence that this was a feasible approach to detect

target genes of HNF1A, we next performed a qRT-PCR screen on
49 of the 98 putative gene targets identified (Fig. 2E). Based upon
a fold-change cut-off >3 for WT-HNF1A and 0.5 <FC < 2.0 for
HNF1A mutant overexpression, we uncovered three new target
genes: SLC51B, CD24 and RNF186 that are upregulated by WT-
HNF1A but not the two MODY3 mutants (Fig. 2F). The expression
pattern of these genes is confined mainly to the tubular epithelial
cells, similar to that for HNF1A (Fig. 1H and S3E). Visualization of
the HNF1A ChIP-Seq peaks further confirmed an enrichment of
reads mapped to the proximal promoter of these genes (Fig. 2G
and S2D). Together, these findings demonstrated SLC51B, CD24
and RNF186 as novel direct transcriptional targets of HNF1A in
human renal proximal tubule cells.

SLC51B expression is decreased in HNF1A mutant and
knocked-down human kidney cells
Among the three direct transcriptional targets uncovered, SLC51B
has the strongest link with kidney function, having been
implicated with the transportation of conjugated steroids across
the basolateral membrane of renal epithelial cells [38]. We first
performed ChIP-qPCR to confirm the binding of HNF1A onto the
proximal promoter of SLC51B (Fig. 3A). Next, we interrogated
whether SLC51B protein is differentially regulated by WT-HNF1A

Fig. 1 HNF1A is expressed during kidney differentiation and is majorly expressed in the proximal tubules of kidney organoids.
A Schematic depicting the kidney differentiation protocol adopted to generate end-stage kidney organoids. hPSC: human pluripotent stem
cells. LPS: late primitive streak. MM: metanephric mesenchyme. B Relative mRNA expression levels of the various renal vesicle markers (LHX1,
PAX8) at the different time points of kidney differentiation (D0, D9, D14). Error bar represents ± SEM. N= 3 experiments have been performed.
*p-value < 0.05. C Flow cytometry experiments evaluating the percentage of cells expressing LHX1 or PAX8 at the protein level during D14 of
kidney differentiation. Comparison is done relative to an unstained and secondary antibody control. Each dot represents data obtained from
one independent cell line during one renal differentiation experiment. D Relative mRNA expression level of HNF1A and AQP1 (proximal tubule
marker) at the different time points of kidney differentiation (D0, D9, D14, D21, D28). Each dot represents data from one cell line from one
independent experiment. Error bar represents ±SEM. *p-value < 0.05. E Flow cytometry analysis of HNF1A and AQP1 expression at D28 kidney
differentiation. Plot depicts the results obtained from one representative experiment. Bar graph represents the consolidated results across
four experiments. Error bar represents ± SEM. F Flow cytometry analysis of HNF1A and AQP1 co-expressing cells at D28 of kidney
differentiation. Plot depicts the results obtained from one representative experiment. Bar graph represents the consolidated results across
four experiments. Error bar represents ±SEM. G Immunofluorescence staining of HNF1A, AQP1 and LTL on D28 kidney organoids. N= 3
independent experiments have been performed. Scale bar represents 100 µm. H Dot plot depicting the gene expression level of HNF1A in the
various cell clusters found in kidney organoids generated using Morizane protocol. Data is extracted from http://humphreyslab.com/
SingleCell/ using publicly available dataset published by Wu et al. [32].
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Fig. 2 ChIP-Seq and targeted qPCR screen reveals direct gene targets of HNF1A in human kidney cells. A Pie chart depicting the
enrichment profiles of HNF1A ChIP-Seq performed on D28 kidney organoids derived from WT-hPSCs. B Density plot and (C) heatmap
summarizing the peak count frequency of HNF1A-bound regions that are ±10 kb from the transcriptional start site (TSS). D Schematic
illustration depicting the strategy adopted to classify and shortlist putative target genes from our ChIP-Seq analysis for the targeted qPCR
screen. Only genes whose promoter region (defined as ±1 kb from TSS) were found to be bound by HNF1A were considered. E Heatmap
depicting the results from our targeted qRT-PCR screen performed on HEK293AD cells overexpressing either WT-HNF1A or the HNF1A
mutants. Colors in the heatmap represents the relative expression level in terms of fold-change (calculated by 2-ΔΔCt) in the respective
conditions as compared to GFP (empty vector transfected) control. F qRT-PCR analysis of SLC51B, CD24 and RNF186 in HEK293AD cells
overexpressing either WT-HNF1A, HNF1A H126D or HNF1A P291fsInsC. Each dot represents data from one independent experiment. Error bar
represents ±SEM. *p-value < 0.05, **p-value < 0.01. G ChIP-Seq profile of the significantly called peak along the SLC51B gene locus. Regions
whereby the enrichment is significantly called is denoted in the highlighted box along with the corresponding genomic coordinate labeled.
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Fig. 3 WT-HNF1A regulates the expression level of SLC51B in kidney cells. A ChIP-qPCR analysis of HNF1A binding onto the SLC51B
promoter region in kidney cells. N= 3 independent experiments have been performed. B Immunofluorescence staining for SLC51B (red), GFP
(green) and DAPI (blue) in HEK293AD cells overexpressing either WT-HNF1A or HNF1A mutants. Scale bar represents 20 µm. C Quantification
of immunofluorescence data from HEK293AD cells overexpressing either WT-HNF1A or HNF1A mutants using Perkin Elmer’s Columbus image
analysis system. Each dot represents fluorescence intensity of SLC51B in one GFP+ cell. Error bar represents ±SEM. *p-value < 0.05. D Family
tree of the MODY3 patients recruited in this study. Black arrow indicates the patients recruited in this study. E Relative mRNA expression levels
of SLC51B in MODY3 vs WT kidney organoids. Each dot represents data from one cell line from one independent experiment. Error bar
represents ±SEM. *p-value < 0.05. F Immunofluorescence staining for SLC51B and DAPI in D28 MODY3 or WT kidney organoids. Scale bar
represents 100 µm. G Quantification of fluorescent intensity of D28 MODY3 vs WT kidney organoids using ImageJ. Error bar represents ±SEM.
*p-value < 0.05. H Relative mRNA expression levels of HNF1A in RPTEC cells transduced with either pLKO.1-shSCR or pLKO.1-shHNF1A construct.
Error bar represents ±SEM. *p-value < 0.05. I Western blotting of HNF1A and SLC51B expression levels in shSCR and shHNF1A RPTEC cells.
J Relative mRNA expression levels of SLC51B in RPTEC cells transduced with either pLKO.1-shSCR or pLKO.1-shHNF1A construct. Error bar
represents ± SEM. *p-value < 0.05.
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and the two MODY3 HNF1A mutants. Consistent with qRT-PCR,
immunofluorescence staining of HEK293AD cells revealed that
HNF1A H126D and P291fsInsC exhibited diminished ability to
upregulate SLC51B protein as compared to WT-HNF1A (Fig. 3B, C).
We then leveraged on hiPSCs (iP001 and iP002) derived from

two MODY3 female siblings harboring the HNF1A+/H126D mutation
[5] (Fig. 3D). Notably, the mother of these two siblings was
diagnosed with diabetic nephropathy [39, 40]. MODY3 hiPSC-
derived kidney organoids did not differ morphologically from WT
kidney organoids (Fig. S4A). Additionally, the transcript expression
of renal genes such as OSR1 (mesodermal marker), PAX8 (renal
vesicle marker), AQP1 (proximal tubule marker) and HNF1A were
comparable to WT organoids throughout differentiation and at
D28 (Fig. S4B), indicating that the HNF1A+/H126D mutation does not
affect the propensity of hPSCs to differentiate into kidney
organoids. Importantly, MODY3 hiPSC-derived kidney organoids
exhibited diminished ability to upregulate SLC51B gene expression
during differentiation (Fig. 3E), resulting in lowered SLC51B
protein expression (Fig. 3F, G). To confirm that SLC51B is directly
regulated by HNF1A in the renal proximal tubule cells, we knocked
down HNF1A in the human primary renal proximal tubule
epithelial cells (RPTECs) via lentiviral transduction (Fig. 3H, I).
Knockdown of HNF1A resulted in a significant decrease in the
transcript and protein expression of SLC51B (Fig. 3I, J). Together,
these findings established SLC51B as a direct transcriptional target
of HNF1A in the human proximal tubule cells.

HNF1A depletion in proximal tubule cells results in defective
reabsorption of estrone sulfate (E1S)
SLC51B acts in concert with SLC51A to form the OSTα–OSTβ
heterodimer transporter complex [38]. Importantly, Slc51a-/- mice
display altered disposition of estrone sulfate (E1S) in the kidneys [41].
To evaluate whether the depletion of HNF1A in RPTECs is sufficient
to impede the reabsorption of E1S into the proximal tubules, we
treated shHNF1A RPTECs with 400 µg/ml of E1S over a time course
up to 60min (Fig. 4A). ELISA assays showed that E1S is increasingly
depleted in the culture media of WT-RPTECs overtime, indicating that
the WT-RPTECs were able to uptake E1S (Fig. 4B). Vitally, the
depletion of HNF1A resulted in a significant reduction in E1S that can
be reabsorbed into the RPTECs at 60min (Fig. 4C, D). To then
elucidate whether MODY3 patients with HNF1A mutation also
present defects in the uptake of E1S at the proximal tubules, we
performed the same assay on D28 kidney organoids derived from
either WT or MODY3 HNF1A+/H126D hPSCs (Fig. 4E). Our results
confirmed that MODY3 kidney organoids have diminished ability to
uptake E1S (Fig. 4F, G). We next evaluated whether the loss of SLC51B
in MODY3 patients results in an increase in urinary E1S excreted. To
do so, we collected urine samples from eight Singaporean non-
diabetes (healthy), eight diabetes (non-MODY3) and seven MODY3
patients (Fig. 4H and Table S5). Recruitment was restricted to female
participants who were not receiving hormonal therapy and were
below the age of 40 as E1S levels were previously reported to vary
under such conditions [42]. Consistent with our hypothesis, urinary
E1S was significantly higher in the MODY3 group as compared to
both non-diabetes and non-MODY3 diabetes patients (Fig. 4I),
confirming that more E1S is excreted from the kidneys of MODY3
patients harboring HNF1A loss-of-function mutations.

DISCUSSION
MODY3 patients with heterozygous HNF1A gene mutations tend
to manifest renal complications such as diabetic nephropathy, and
a reduced renal threshold for glucose, amino acids and proteins [8,
19, 43]. However, besides these clinical reports, little is known
about the role and transcriptional targets of HNF1A in the human
kidney. In this study, we leveraged upon several human kidney
cell models to reveal the biological role and transcriptional targets
of HNF1A in human kidney cells.

HNF1A expression was found to be upregulated during human
kidney differentiation and also abundantly expressed in adult
human kidney cells. In particular, a combination of scRNA-Seq,
flow cytometry and immunostaining analyses confirmed that
HNF1A is predominantly expressed in human renal epithelial cells
that co-express the proximal tubule markers AQP1/LTL, consistent
with the expression pattern of Hnf1a in mouse kidney [44].
Additionally, our ChIP-Seq analyses revealed that a majority of
HNF1A-bound promoters (~69.5%) belonged to genes which were
predominantly expressed in proximal tubule epithelial cells. This
supports the role of HNF1A in contributing to a decline in renal
proximal tubule function [8, 15, 19] when its expression is
perturbed or lost.
Based on our targeted qRT-PCR screen involving WT and two

MODY3 HNF1A mutants, we identified three credible HNF1A
transcriptional targets predominantly expressed in renal tubule
epithelial cells: SLC51B, CD24 and RNF186. To the best of our
knowledge, these three target genes have not been previously
identified as bound targets of HNF1A. CD24 was previously
reported to be upregulated in proximal tubule epithelia upon
injury [45]. It was proposed that the induction of CD24, along with
vimentin/CD133/kidney-injury-molecule-1, is a key characteristic
of dedifferentiated epithelial cells that directly participates in
proximal tubule repair [46]. Whether the elevation of CD24
expression is essential for renal tubule repair remains unknown
[47]. As HNF1A mutant renal proximal tubule cells are likely to
have decreased CD24 expression, it may be interesting to
investigate whether MODY3 patients retain the ability to undergo
tubular repair upon renal injury. Separately, RNF186 is a E3 ring-
finger ligase that regulates ER stress-regulated apoptosis [48].
Single nucleotide polymorphisms (SNPs) at the RNF186 locus
(p.R179X) have been directly linked to elevated serum creatinine
levels and chronic kidney disease in a genome-wide association
study conducted on Icelandic individuals [49], and RNF186 R179X
has been characterized as a loss-of-function mutation [50]. These
studies imply that the loss of functional RNF186 at the systemic
level may predispose individuals to chronic kidney diseases,
although it is unknown whether the loss of RNF186 in the
proximal tubules can abrogate kidney function.
SLC51B acts in concert with SLC51A to form a heterodimer

transporter complex [38]. Similar to HNF1A, both SLC51A and
SLC51B were found to be expressed in the liver, intestines, and
kidneys [51]. Whether HNF1A mediates the expression of
SLC51B in the liver and intestines remains to be validated.
Slc51a-/- mice display increased urinary excretion of conjugated
steroids such as E1S, indicating that the OSTα–OSTβ complex
plays an essential role in transporting conjugated steroids across
the basolateral membrane of renal epithelial cells [41]. More-
over, ectopic overexpression of Slc51a and Slc51b is sufficient to
induce E1S uptake in xenopus oocytes [52]. In our study, we
established that HNF1A directly binds to the proximal promoter
of SLC51B and activates its gene expression. The loss of HNF1A
in RPTECs and MODY3 hiPSC-derived kidney organoids resulted
in decreased SLC51B expression that accounted for reduced
ability to uptake E1S, thus leading to increased urinary E1S
excretion from the kidneys.
Physiologically, E1S is formed from the conjugation of estrogen

with sulfuric acid and acts as the main source of estrogen storage
in the human body [53]. Hence, an impeded ability to reabsorb
E1S, leading to increased urinary E1S excretion, may account for a
dwindling pool of estrogen available. In this regard, estrogen is
known to play nephroprotective roles in the kidney and the
administration of estradiol-17β is able to reverse renal injury in
various rodent models, including in db/db mice [25], Alb/TGF-
beta1 transgenic mice [23], ICER-transgenic male mice [54], and in
STZ-induced rats [24]. Thus, the reduced ability to reabsorb E1S
may possibly diminish nephroprotection by estrogen and
estradiol, in patients with HNF1A gene mutations.
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MODY3 patients have a higher tendency to develop diabetic
nephropathy [17, 55]. However, it remains poorly understood
whether renal dysfunction in MODY3 patients occurs primarily due
to prolonged exposure to hyperglycemia or the direct effects of

HNF1A mutation contributing to renal dysfunction. A recent study
has reported that MODY3 patients exhibit reduced ability to drive
endocytosis at the proximal tubules, owning to a decreased
expression of megalin and cubulin at the epithelial cells, leading
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to proteinuria [8]. Here, we demonstrate that the loss and/or
mutation in HNF1A reduced the ability of proximal tubule cells to
reabsorb E1S due to a decreased expression of SLC51B protein.
Overall, our study provided new insights into the role and

transcriptional targets of HNF1A in various human kidney cell
models. We demonstrate that the loss of HNF1A expression can
have a direct impact on human renal proximal tubule function,
leading to an increased urinary excretion of nephroprotective E1S.
Moving forward, it would be of interest to investigate whether
modulation of E1S uptake and/or administration of estradiol may
be utilized to mitigate renal deficiencies that arise as a result of
HNF1A loss-of-function effects in MODY3 patients.

Significance statement
Heterozygous mutation(s) in HNF1A gene results in maturity onset
diabetes of the young 3 (MODY3). These patients have a higher
incidence of renal complications. However, the role of HNF1A in
human kidney cells remain unclear. Here, we demonstrate that the
loss and/or mutation of HNF1A in human renal proximal
tubule epithelial cells resulted in decreased SLC51B-mediated
estrone sulfate (E1S) uptake. As E1S is the main source of
nephroprotective estradiol in humans, decreased E1S uptake may
partly account for renal deficiencies in patients with HNF1A gene
mutations. Hence, modulation of E1S uptake may be explored to
mitigate HNF1A loss-of-function effects that can contribute to
renal deficiencies.

DATA AVAILABILITY
The data supporting the findings of this study are openly available in GEO repository
under ID: GSE196273.
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