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ABSTRACT

A critical event during kidney organogenesis is the differentiation of podocytes, specialized epi-
thelial cells that filter blood plasma to form urine. Podocytes derived from human pluripotent
stem cells (hPSC-podocytes) have recently been generated in nephron-like kidney organoids, but
the developmental stage of these cells and their capacity to reveal disease mechanisms remains
unclear. Here, we show that hPSC-podocytes phenocopy mammalian podocytes at the capillary
loop stage (CLS), recapitulating key features of ultrastructure, gene expression, and mutant phe-
notype. hPSC-podocytes in vitro progressively establish junction-rich basal membranes (neph-
rin*podocin*Z0-1*) and microvillus-rich apical membranes (podocalyxin®*), similar to CLS
podocytes in vivo. Ultrastructural, biophysical, and transcriptomic analysis of podocalyxin-knock-
out hPSCs and derived podocytes, generated using CRISPR/Cas9, reveals defects in the assembly
of microvilli and lateral spaces between developing podocytes, resulting in failed junctional
migration. These defects are phenocopied in CLS glomeruli of podocalyxin-deficient mice, which
cannot produce urine, thereby demonstrating that podocalyxin has a conserved and essential
role in mammalian podocyte maturation. Defining the maturity of hPSC-podocytes and their
capacity to reveal and recapitulate pathophysiological mechanisms establishes a powerful
framework for studying human kidney disease and regeneration. STEM CELLS 2017; 00:000-000

SIGNIFICANCE STATEMENT

Human pluripotent stem cells (hPSCs) have recently been differentiated into complex kidney orga-
noids. Generation of podocytes—the filtering cells of the kidney—in these organoids is of great
interest, because podocytes are highly specialized cells that regenerate poorly in vivo and are
challenging to culture using conventional methods. However, hPSC-podocytes differ from cultured
podocytes in appearance and gene expression, and it is important to determine the developmen-
tal stage of hPSC-podocytes and their ability to recapitulate disease phenotypes. In this study, we
address these questions by comparing hPSC-podocytes to developing podocytes in human and
mouse kidneys. We demonstrate that hPSC-podocytes mimic developing podocytes in vivo at the
capillary loop stage of glomerular maturation, both structurally and in disease phenotype, provid-
ing new insight into the genetic mechanisms of podocyte specialization. This establishes a power-
ful new tool for genetic studies of human podocyte development and disease.

transplant is required to sustain life. These
treatments are of limited availability and effi-
cacy, prompting interest in new therapeutic
strategies based on the expansion of nephron
progenitor cell populations that arise during
kidney development [1-5], with the ultimate
goal of generating new kidney tissues for
transplantation [6-9].

INTRODUCTION

Humans are born with a fixed number of kid-
ney subunits, called nephrons. Progressive and
irreversible reduction in nephron number
causes end-stage renal disease, affecting two
million people worldwide, in which kidney
function fails, and either dialysis or kidney
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Podocyte Development and Disease in Organoids

Human pluripotent stem cells, or hPSCs, are both self-
renewing and pluripotent, providing a renewable source of diverse
cells and tissues for laboratory studies and regeneration [10, 11].
hPSCs include both embryonic stem cells (ESCs) derived from
embryos and induced pluripotent stem cells (iPSCs) reprog-
rammed from adult cells. Recently, multiple groups have published
protocols describing the generation of kidney tissues from hPSCs
[3-5]. In these protocols, hPSCs differentiate stepwise, first into
primitive streak mesendoderm, subsequently into nephron pro-
genitor cells expressing sine oculis-related 2 (5/X2), and finally into
organoids containing segments of distal tubules, proximal tubules,
and podocytes [3-5, 12—14]. This provides a new resource for
modeling human kidney disease and regeneration.

The generation of hPSC-derived podocytes (hPSC-podo-
cytes) in these cultures is particularly interesting because pri-
mary podocytes are highly specialized, terminally differentiated
epithelial cells that have been challenging to study in vitro or
regenerate in vivo [15-17]. Mature podocytes have elaborate
basal membrane extensions (foot processes), which are linked
together by specialized junctions (slit diaphragms), and interdig-
itate around glomerular capillaries to form a sieve-like filter for
the blood [18-20]. Failure to properly form or maintain these
structures results in defective urine production, which can be
fatal [21-23]. hPSC-podocytes express several markers associ-
ated with podocytes, such as WT1, podocalyxin, synaptopodin,
and nephrin, suggesting that these cells may be useful for dis-
ease modeling experiments and possibly cell therapy [4, 5, 24].

To establish the validity of this new system and advance the
field, it is important to determine the developmental stage of
hPSC-podocytes and their ability to phenocopy genetic disease.
Microarray datasets of purified hPSC-podocytes show significant
overlap with published mouse and human datasets, but the top
genes do not cluster clearly with kidney tissues [24]. The
rounded, tightly clustered appearance of hPSC-podocytes also
differs markedly from that of cultured podocytes, which adopt a
flat, enlarged morphology with irregular edges [15]. hPSC-
podocytes can form extensions from their basal plasma mem-
branes, suggested to represent “primary” or “secondary” foot
processes, but it is not clear whether they possess definitive,
interdigitating, tertiary foot processes typical of mature podo-
cytes in vivo [4, 13, 24]. Gene-edited hPSCs lacking podocalyxin
(PODXL_/_) exhibit defects in junctional organization and podo-
cyte adhesion, providing the first evidence that hPSC-podocytes
have potential to model disease [5]. However, ultrastructural
analysis of these hPSC-podocytes has not been performed, and
the mechanisms underlying these defects and their relevance to
podocyte development in vivo are not yet clear.

To address these gaps, we perform here a detailed, quan-
titative comparison of hPSC-podocytes with developing podo-
cytes in vivo, including PODXL™™ mutants and mouse models.
This work demonstrates that hPSC-podocytes resemble podo-
cytes in vivo at the capillary loop stage (CLS) of glomerular
development, and reveal a new role for podocalyxin-induced
microvilli in this critical stage of differentiation.

MATERIALS AND METHODS

Kidney Organoid Differentiation and Fixation

Cell lines included WAOQ9 ESCs (WiCell, Madison, WI, http://
www.wicell.org; female), WTC11 iPSCs (Gladstone Institute;
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male), and NPHS1-GFP 201B7 iPSCs (Kumamoto University;
female). Passages used were between 30 and 60. Kidney orga-
noid differentiation was performed as described previously
[5]. hPSCs were plated at a density of 45,000 cells per well in
mTeSR1 (STEMCELL Technologies, Vancouver, Canada, http://
www.stemcell.com) + 10 pM  Y27632 (LC Laboratories,
Woburn, MA, http://www.lclabs.com) on glass plates (LabTek)
coated with 3% GelTrex (ThermoFisher Scientific) (day —3),
which was changed to 1.5% GelTrex in mTeSR1 (day —2),
mTeSR1 (day —1), RPMI (ThermoFisher Scientific, Waltham,
MA, http://www.thermofisher.com) + 12 M CHIR99021 (Toc-
ris, Bristol, UK, http://www.tocris.com) (day 0), RPMI + B27
supplement (ThermoFisher Scientific) (day 1.5), and fed every
2-3 days to promote kidney organoid differentiation. Organo-
ids were fixed on day 18, unless otherwise noted. To fix, an
equal volume of phosphate-buffered saline (PBS) (Thermo-
Fisher Scientific) + 8% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, http://www.emsdiasum.com) was
added to the media for 15 minutes, and the sample was sub-
sequently washed three times with PBS. Kidneys (days 60—
120) were obtained from the Laboratory of Developmental
Biology (University of Washington) with informed consent and
approval of the institutional review board. To generate cryo-
sections, halved kidneys were fixed in PBS + 4% paraformalde-
hyde for 1 hour, incubated overnight in 30% sucrose (Sigma,
St. Louis, MO, http://www.sigmaaldrich.com) in water,
mounted in Tissue-Tek (Sakura, Torrance, CA, http://www.
sakuraus.com), and flash frozen with liquid nitrogen. For par-
affin sections, tissues were fixed overnight with methacarn:
60% absolute methanol, 30% chloroform, 10% glacial acetic
acid (Sigma), and subsequently paraffin-embedded. Paraffin
tissue sections were deparaffinized with three 2-minute
washes in xylene, followed by 100%, 85%, and 70% ethanol,
and heated in citrate buffer pH 6.0 (Sigma) in a pressure
cooker (Instant Pot IPDUO60, Amazon, Seattle, WA, http://
www.amazon.com) for 3 minutes before immunostaining.

Immunofluorescence

For immunofluorescence, fixed organoid cultures or tissue sec-
tions were blocked in 5% donkey serum (Millipore, Billerica,
MA, http://www.emdmillipore.com) + 0.3% Triton-X-100/PBS,
incubated overnight in 3% bovine serum albumin (Sig-
ma) + PBS with primary antibodies, washed, incubated with
Alexa-Fluor secondary antibodies (ThermoFisher Scientific),
washed, and stained with 4’,6-diamidino-2-phenylindole or
mounted in Vectashield H-1000. Labels included fluorescent-
labeled Lotus tetragonolobus lectin (LTL) (Vector Labs, Burlin-
game, CA, http://www.vectorlabs.com, FL-1321, 1:500 dilu-
tion) and primary antibodies targeting ZO-1 (ThermoFisher
Scientific 339100, 1:100), hPODXL (R&D, Minneapolis, MN,
http://www.rndsystems.com, AF1658, 1:500), SYNPO (Santa
Cruz, Dallas, TX, http://www.scbt.com, sc-21537, 1:100),
NPHS1 (R&D AF4269, 1:500), NPHS2 (Abcam, Cambridge, UK,
http://www.abcam.com, ab50339, 1:300), PAX2 (Abnova, Tai-
wan, http://www.abnova.com H00005076-M01, 1:100), PAX8
(Proteintech, Rosemont, IL, http://www.ptglab.com, 10336-1-
AP, 1:300), and WT1 (Santa Cruz sc-192, 1:100). For PAX2,
PAX8, and WT1, paraffin sections were used to determine
localization patterns in vivo. Some cytoplasmic staining of
these transcription factors was also observed, which was likely
an artifact. Antibodies for PAX2 and PAX8 may show some
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cross-reactivity. Images are representative of stainings from
three or more separate experiments.

Electron Microscopy

Kidney organoid cultures were fixed in PBS + 4% paraformalde-
hyde for 5 minutes, collected by scraping, pelleted at 300g, and
resuspended in EM fix: 0.15 M sodium cacodylate trihydrate
(Sigma) dissolved in water (pH 7.3) containing 4% formaldehyde
and 2% glutaraldehyde (Electron Microscopy Sciences). Kidney tis-
sues (1 mm diameter) were placed directly into electron micros-
copy (EM) fix. Samples were post-fixed with osmium tetroxide
solution (Sigma), dehydrated in serial ethanol dilutions (Sigma),
and embedded in epoxy resin. Ultrathin sections (80 nm) were
mounted on 200 mesh copper grids, stained with uranyl acetate
and lead citrate (Electron Microscopy Sciences), and imaged with
JEOL JEM-1010 and FEl Tecnai G2 Spirit transmission electron
microscope (TEM). Images were representative of at least two
kidneys containing numerous glomeruli per condition.

Image Quantification and Statistical Analysis

Line scans of equivalent length were drawn basal to apical
through representative cells and the raw fluorescence intensity
values were averaged for each point along the line scan. For TEM
images, microvillus density was measured for cells that had a
clear apico-lateral surface by counting microvilli along this sur-
face and dividing by its perimeter, without analyzing the base-
ment membrane or foot processes. Cell separation was
measured between two cell bodies that were directly adjacent to
each other with nothing in-between by drawing a line between
their two lateral membranes at a site of approximately median
separation between the two cells’ midlines. Foot processes were
defined as continuous membrane events proximal to the glomer-
ular basement membrane (GBM) on the side of the Bowman’s
space, which were separated by a slit diaphragm. The number of
foot processes was counted and normalized to the length of the
adjacent GBM. Statistical analysis was performed using a two-
tailed t test for samples with unequal variance (heteroscedastic)
between the wild-type and mutant cohorts.

Generation of Podocalyxin Mutants

Gene-edited PODXL™~ hPSCs and isogenic control lines were
generated from WAQ9 hESCs [5]. Strains were backcrossed onto
a C57BI/6 background for at least eight generations (F8). Germ-
line PodxI-null mice (Podx/'/_) and wild type (WT) (+/+) control
embryos were generated by intercrossing Podx!™’~ mice [21].
The “floxed” Podx/ mouse strain (Podxlﬂ/ﬂ) was generated as
described [25]. For the Podxl.Cdh5Cre strain, Podx¥ " Cre™™
sires were crossed with Podx/"/cre*/* dams to generate pups
with  Podxtcre™™  (“Het”) or Podxf”"Cre*’* genotypes
(“KO"). For the Podxl.TekCre strain, Podx!ficre™~ sires were
crossed with Podx!™/~Cre”” dams to generate pups with the fol-
lowing genotypes: Podx!"* cret/~ (“Het”), Podx"~cre™’~
(“KO”), Podxt” " Cre”~ (“WT”), and Podx!”~Cre”~ (“WT”). Experi-
ments using strains with conditional “floxed” alleles were per-
formed using mice with Cre+ genotypes only (i.e., “Het” and
“KO” genotypes) to control for potential Cre-expression effects.

Optical Tweezers

Confluent hPSCs in a 35-mm dish were washed briefly with PBS
and then cultured in Versene for 6 minutes and 30 seconds in the
incubator, which was carefully aspirated from the edge of the well
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without detaching cells. One milliliter of mTeSR1 + 10 uM Y27632
was added, triturated to detach cells, passed through a 40-pm fil-
ter, counted, and diluted to 2.3 X 10* cells per milliliter in 3 ml
mTeSR1 +6 puM Y27632 + 20 pl HEPES, and cells were trans-
ported on wet ice to the optical tweezers setup. Cells in solution
were added into a 60-mm sterilized petri dish under an AXIO
Imager D1m microscope (Zeiss, Oberkochen, Germany, http://
www.zeiss.com). A 1064 nm Nd:YVO, near-infrared laser and 50X
objective lens (N.A. = 0.55) were used to manipulate pairs of cells
to the middle of the dish by optical tweezers, to avoid cell adhe-
sion to the chamber surface. The pair of cells was placed as close
as ~5 um [26]. The laser was aimed in-between the two cells and
activated at an intensity of 0.67 mW/um2 to attract them inwards.
The distance between the two cells was measured when motion
ceased. Experiments in which the cells became stuck to each
other or to the chamber surface were excluded from the analysis.

RNA Sequencing and Analysis

RNA was prepared from isogenic sets of hPSCs using the RNEasy
Mini Kit (Qiagen, Hilden, Germany, http://www.qgiagen.com),
checked for high integrity on an Agilent Bioanalyzer, and pre-
pared using the TruSeq stranded mRNA library kit (lllumina, San
Diego, CA, http://www.illumina.com). Samples were sequenced
on an lllumina NextSeq500 75 X 75 paired end high output run
and aligned to hgl9 reference sequence. DESeq was used for
differential gene expression analysis [27]. Two models were
built. The null model assumed gene expression variation was
purely due to experimental batches; the full model included
mutant versus control as an additional predictor. A gene was
identified as significant when the full model fit was better (Ben-
jamini-Hochberg FDR < 0.1). topGO R package was used for
Gene Ontology enrichment analysis [28]. Ingenuity Pathway
Analysis (Qiagen) was used to identify top upstream regulators.
RNA-seq samples were deposited in the Gene Expression Omni-
bus (NCBI) under accession number (GSE103547).

Electrostatic Force Calculation

Distance between cells “N” and cell radius “r” were calculated
empirically by averaging TEM measurements. The isoelectric
point (pl) of human podocalyxin was approximated by summing
the logarithmic acid dissociation constant (pKa) values of the
residues of the primary sequence. The number of sialic acids per
podocalyxin molecule was estimated based on the literature
[29]. Electrostatic force generated by podocalyxin was calculated
assuming direct interference between perfectly opposite micro-
villi with 10 podocalyxin molecules per microvillus and did not
include electrostatic contribution from neighboring microvilli
which would account for a small increase in force (~10% in two
dimensions). As different microvillus arrangements and neigh-
boring charges would increase electrostatic interference, our
force calculation is likely to be an underestimate. Application of
Gauss’ law yielded the same value as Coulomb’s law.

RESULTS

hPSC-Podocytes Express Markers of CLS Podocytes

We used an adherent culture protocol to differentiate hPSCs into
kidney organoids [5], in which proximal tubules and hPSC-
podocytes could be distinguished using LTL and podocalyxin,
respectively (Fig. 1A; Supporting Information Fig. S1A, S1B).
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Figure 1. Marker localization in human pluripotent stem cell-podocytes and capillary loop stage podocytes. (A): Representative wide-
field fluorescence image of kidney organoids showing tubule (Lotus tetragonolobus lectin) and podocyte (podocalyxin [PODXL]) popula-
tions co-localized with the tight junction protein ZO-1. Zoom shows dashed white-boxed region where a tubule forms a junction with a
cluster of podocytes. Arrowhead indicates tubule-like cells bordering the podocyte cluster. (B): NPHS1-GFP organoids on days 12 and 15
of differentiation. Red channel is included as a negative control for autofluorescence. (C): Representative confocal optical sections and
(D) averaged raw fluorescence intensities in line scans drawn through podocytes, showing co-localization of podocin (NPHS2) with neph-
rin (NPHS1) or (E, F) with PODXL in human glomeruli and kidney organoids. Zoom of boxed regions are shown at right for the merged
images. White-dashed arrows demonstrate how line scans were drawn. Line scans are 24 um through individual cells (n =10, *£SEM).
(G): Representative confocal images of kidney tissues (left) or human kidney organoids (right) showing co-localization of nephrin with
antibodies raised against PAX2 and (H) PAX8. Arrowheads indicate PAX2 or PAX8 co-localization with nephrin at the edge of the podo-
cyte cluster. Scale bars =100 pm. Abbreviations: bpp, bits per pixel (raw intensities); CLS, capillary loop stage; GFP, green fluorescent
protein; hPSC, human pluripotent stem cell; Podo, podocytes; RFP, red fluorescent protein; SSB, S-shaped body; Tub, tubules.

Tubule-like cells bordering and encapsulating podocyte clusters aggregates of SIX2™ nephron progenitor cells after 2-3 weeks in
did not express podocalyxin, but also exhibited weaker LTL binding culture, concomitant with an upregulation of WT1, consistent
affinity compared with the proximal tubule (Fig. 1A). Time course with our previous characterization of this differentiation pathway
analyses confirmed that tubules and podocytes arose from (Supporting Information Fig. S1C, S1D). In lineage reporter hPSCs
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[24], green fluorescent protein (GFP) was expressed from the
nephrin (NPHS1) locus in hPSC-podocytes (Fig. 1B).

To determine the developmental stage of hPSC-podocytes,
we directly compared gene expression and localization between
kidney organoids in vitro and kidney organs. During organogene-
sis, podocytes first become detectable in primitive nephrons
called S-shaped bodies (SSBs), and subsequently mature in CLS
glomeruli [18]. We identified SSBs and CLS glomeruli in tissue
sections from human kidneys and assessed these for expression
and localization of nephrin and podocin (NPHS2), components
of the slit diaphragm [22, 23]. Nephrin was expressed in podo-
cytes of both SSBs and CLS glomeruli, whereas podocin was
restricted to CLS glomeruli (Fig. 1C). Both proteins strongly co-
localized at the GBM and were absent in neighboring tubular
cells (Fig. 1C, 1D). In kidney organoids, nephrin and podocin
were enriched in linear, basement membrane-like tracks at the
basal side of hPSC-podocytes (Fig. 1C). Quantification of inten-
sity peaks for nephrin and podocin revealed that they over-
lapped in hPSC-podocytes, similar to their patterns in vivo in CLS
podocytes (Fig. 1D).

Podocalyxin is a heavily sialylated member of the CD34 pro-
tein family that is highly expressed in podocytes in vivo and in
hPSC-podocytes [5, 21, 29]. In primary tissue sections from SSBs
and CLS glomeruli, podocalyxin localized exclusively to the apical
surface of podocytes, contrasting with the basement membrane
localization of nephrin and podocin (Fig. 1E). Similarly, in kidney
organoids, podocalyxin localized to the apical cell surface of
hPSC-podocytes (Fig. 1E). In both hPSC-podocytes and CLS podo-
cytes, the intensity peaks of podocalyxin and podocin did not
overlap and were found on opposite sides of the cell (Fig. 1F).

The transcription factors paired box 2 (PAX2) and PAX8 are
downregulated during podocyte specification, whereas WT1 is
upregulated and linked to nephrin expression [30-33]. Previ-
ously, in RT-PCR analyses of whole kidney organoid cultures,
PAX2 and WT1 were found to be co-expressed, raising the
question of whether PAX genes were appropriately downregu-
lated in hPSC-podocytes [5]. To distinguish between tubular
and podocyte PAX gene expression, we performed immunoflu-
orescence analysis. In both SSBs and CLS glomeruli, PAX2 and
PAX8 exhibited similar staining patterns, with bright nuclear
immunofluorescence in tubules (Fig. 1G, 1H). PAX2 and PAX8
immunofluorescence was absent in the nuclei of nephrin®
podocytes at both stages, although co-localization with nephrin
was occasionally observed at the outer edges of podocyte clus-
ters, where they bordered tubules (Fig. 1G, 1H). Similarly, in
kidney organoids, tubular cells expressed PAX2 and PAX8 in
nuclei, while neighboring hPSC-podocytes downregulated these
genes except where bordering tubules (Fig. 1G, 1H). Thus, sus-
tained expression of PAX genes in whole organoid cultures
reflected upregulation by tubular cells, not hPSC-podocytes.
Conversely, WT1 was specifically expressed in the nuclei of
nephrin™ cells in both human kidneys and human kidney orga-
noids (Fig. 2A, 2B; Supporting Information Fig. S1D). Nephrin
and WT1 were specific to the podocytes in organoids and were
not expressed in neighboring tubules (Fig. 2B). Collectively,
these data indicated that marker expression and localization in
hPSC-podocytes resembles CLS podocytes in vivo.

Junctions Migrate Basally in hPSC-Podocytes

An unusual feature of podocyte maturation is the migration
of tight junction components, such as ZO-1, from the apical
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to the basement membrane [18-20]. We first confirmed this
localization pattern in human kidneys. In SSBs, immature
podocytes could be identified based on their low, but detect-
able, co-expression of nephrin and WT1 (Fig. 2A). ZO-1 local-
ized to the sub-apical plasma membrane of these cells, similar
to its expression in the tubule (Fig. 2A). In CLS glomeruli,
however, ZO-1 localization switched from the apical to the
basement membrane (Fig. 2A; Supporting Information Fig.
S2A). Line scan quantification confirmed this relocation of the
Z0O-1 intensity peak from apical to basal, with an average
migrational distance of approximately 10 um (Fig. 2A).

In kidney organoids, we identified a population of columnar,
WT1-positive, polarized epithelial cells with low but detectable
nephrin expression (nephrin'® WT1* Z01") that formed a contin-
uous epithelium with clusters of hPSC-podocytes expressing the
same markers with higher nephrin levels (Fig. 2B). Along this lin-
ear continuum, ZO-1 localization gradually migrated from the api-
cal surface of nephrin' cells to the basal surface of nephrin™
cells (Fig. 2B; Supporting Information Fig. S2B). Basal localization
of ZO-1 was strongly enriched within the nephrin™ portion of the
epithelium, corresponding to a rounded rather than columnar
epithelial morphology (Fig. 2B; Supporting Information Fig. S2B).
Line scan analysis revealed the overall migrational distance of
Z0-1 to be approximately 12 um within this epithelium (Fig. 2B).
We further examined junctional organization during the time
course of podocyte differentiation. Young hPSC-podocytes (day
11 of differentiation) formed epithelial layers one single cell in
thickness, with a characteristic ellipsoid morphology. ZO-1 local-
ized to lateral and sub-apical foci in these cells, whereas the slit
diaphragm marker synaptopodin (SYNPO) was enriched at the
basement membrane (Supporting Information Fig. S2C). At later
time points (day 18 and onwards), podocytes formed paired
layers whose basement membranes were connected by zipper-
like tracks containing both synaptopodin and ZO-1 (Supporting
Information Fig. S2C). These findings suggested that apical-to-
basal migration of ZO-1 is recapitulated during the maturation of
hPSC-podocytes in vitro, resulting in their self-organization into
conjoined layers at later stages of differentiation.

Ultrastructure of hPSC-Podocytes in Kidney Organoids

We further analyzed these structures by TEM to determine
their cellular ultrastructure at day 18, a time point at which
hPSC-podocytes adopted a mature appearance by immunoflu-
orescence. In organoid cultures, tubular cells exhibited a
columnar morphology and made direct contacts along their
lateral plasma membranes to form a smooth-edged epithe-
lium (Fig. 3A). Tight junctions formed between these cells at
their sub-apical surface, adjacent to the tubular lumen (Fig.
3A). In contrast to the columnar morphology of the tubules,
hPSC-podocytes formed clustered aggregates of rounded cells
containing prominent nuclei with scant cytoplasm, and were
readily detected by their distinct morphology (Fig. 3A).

Within these aggregates, hPSC-podocytes were arranged
intermittently along basement membrane-like tracks (Fig. 3A).
Neighboring hPSC-podocytes did not form close contacts
between their lateral plasma membranes. Rather, numerous
microvilli projected outwards from the lateral membranes, filling
the spaces between cells (Fig. 3A). A stalk-like cell body contain-
ing mitochondrial cristae and organelles connected each cell to
the basement membrane, where junction-like structures were
observed at points of cell-cell contact (Fig. 3A). Basal to these
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Figure 2. Junctions migrate basally during maturation of human pluripotent stem cell-podocytes and capillary loop stage podocytes. (A):
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tion in developing human kidneys and (B) human kidney organoids. Zoom of boxed regions without WT1 channel (human kidneys), or with-
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junctions, hPSC-podocytes extended membranous processes,
but robust interdigitating foot processes were not observed
(Supporting Information Fig. S3A).

These findings were compared with TEM of human kid-
neys. As podocytes matured into CLS glomeruli, microvilli
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appeared between them in intercellular spaces (Fig. 3B). CLS
podocytes bore a striking resemblance to hPSC-podocytes,
with apical nuclei, apical and lateral microvilli, scant cytoplasm,
and a common basement membrane (Fig. 3A, 3B). Similar cel-
lular architectures were also observed in prenatal mouse
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A HUMAN KIDNEY ORGANOIDS

hPSC
tubules

maturing
CLs

Figure 3. The ultrastructure of human pluripotent stem cell (hPSC)-podocytes resembles capillary loop stage (CLS) podocytes in vivo.
(A): Representative transmission electron microscopic images of tubules and podocytes in human kidney organoids. Arrows indicate
tubule-like cells bordering the podocyte aggregate. (B): Developing glomeruli at different stages in human kidneys. Note similarity
between maturing CLS podocytes and hPSC-podocytes at highest magnification. Scale bars =10 pum. Abbreviations: CLS, capillary loop
stage; hPSC, human pluripotent stem cell; J, junctions; L, lumen; m, microvilli; Podo, podocytes; Tub, tubules.

kidneys, which contained immature glomeruli (Supporting
Information Fig. S3B). In contrast to these, podocytes from
adult mice exhibited distinctive, interdigitating foot processes
and slit diaphragms (Supporting Information Fig. S3C).

Podocalyxin Regulates Microvillus Formation and Cell
Spacing in Podocytes

To complement descriptive studies, we investigated whether
hPSC-podocytes could provide new insights into the genetic

www.StemCells.com

mechanisms of CLS podocyte maturation. We therefore per-
formed ultrastructural analysis on hPSC-podocytes derived from
PODXL™" hPSCs, which exhibit defects in junctional organization
by confocal microscopy but have not previously been examined
with TEM [5]. Surprisingly, ultrastructural analyses using TEM
revealed that PODXL™~ hPSC-podocytes exhibited a near-total
lack of microvilli, compared with non-mutant controls (Fig. 4A).
This reduction in microvilli was accompanied by a reduction in
the lateral spaces between adjacent PODXL™~ hPSC-podocytes,
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Figure 4. Podocalyxin regulates microvillus formation and cell spacing in human pluripotent stem cell (hPSC)-podocytes. (A): Represen-

tative transmission electron microscopic (TEM) images of control and PODXL™~ hPSC-podocytes. Progressive zooms are shown for boxed
regions in TEM images. (B): Counts of microvillus number in PODXL™~ hPSC-podocytes, compared with non-mutant controls. Each point
represents a single podocyte (n =3 experiments). (C): Quantification of separation distance between cell lateral membranes in these
hPSC-podocytes, with associated p values. (D): Confocal section showing podocalyxin co-localization with filamentous actin at high mag-
nification. Arrowhead highlights podocalyxin concentration between adjacent hPSC-podocytes. Boxed area is shown in zoom and high-

lights microvilli. Scale bars = 10 pm. Abbreviations: J, junctions; m, microvilli.

and, correspondingly, an increase in the formation of lateral
cell—cell junctions, which were rarely observed in control hPSC-
podocytes of identical genetic background (Fig. 4A). Quantifica-
tion of these phenotypes revealed the changes in microvillus
number and lateral cell-to-cell distance to be approximately 10-
fold and fivefold in magnitude, respectively (Fig. 4B, 4C). Confo-
cal imaging of hPSC-podocytes further revealed that apical
microvilli in hPSC-podocytes contained podocalyxin (Fig. 4D).
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Our observation that podocalyxin was required for podo-
cyte microvillus formation was a novel finding, which was not
previously described in podocalyxin-deficient (Podxl'/_) mice
[21]. To validate hPSC-podocytes as a genetic model of CLS
development, it was therefore important to determine
whether this phenotype observed in human podocytes in
vitro was also true of CLS podocytes in vivo. To investigate
the role of podocalyxin in vivo, we generated new Podx/”~
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Podocalyxin regulates microvillus formation and cell spacing in mouse podocytes. (A): Schematic representation of knockout

mouse generation and analysis. (B): Transmission electron microscopic images of podocytes from PodxI”~ prenatal mice (E18.5) or age-
matched littermate controls. Images from two representative experiments are shown. Zoom is shown to the right for dashed boxed
regions. (C): Quantification of microvillus number and (D) cell separation in PodxI™~ podocytes and littermate controls, with associated
p values. Each point represents a single podocyte (n =4 control and 5 PodxI”~ mice, =SD). Scale bars =5 um. Abbreviation: J, junc-

tions; m, microvilli; TEM, transmission electron microscopy.

mice and analyzed microvillus formation in the glomeruli of
these animals. As Podx/”~ mice die of anuria shortly after
birth [21], prenatal mice (E18.5) were examined (Fig. 5A).
TEM analyses of glomeruli in PodxI™~ mice showed a drastic
decrease in the ability of podocytes to form microvilli, com-
pared with littermate controls (Fig. 5B, 5C). Spacing between
adjacent PodxI™~ podocytes was likewise greatly decreased
(Fig. 5B, 5D). Podx/”~ mouse podocytes in vivo therefore
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phenocopied PODXL™~ hPSC-podocytes in vitro, demonstrating
that hPSC podocytes could reveal genetic mechanisms of CLS
maturation.

In addition to podocytes, podocalyxin is also expressed in
endothelial cells (ECs), where it can affect vascular permeabil-
ity [25, 34]. To determine the effect of podocalyxin on glomer-
ular ECs, we generated mice lacking podocalyxin specifically in
the vasculature. Using two different lineage reporters, these
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Figure 6. Loss of podocalyxin from endothelial cells does not significantly affect the morphology of glomerular endothelial cells or

podocytes. (A): Transmission electron micrographs of glomerular endothelial cells (Endo) and podocytes (Podo) in Cdh5-driven podoca-
lyxin knockout mice compared with controls. (B): Quantification of microvillus formation (microvilli per unit length of apico-lateral mem-
brane) and foot process frequency (continuous membrane events separated by a slit diaphragm per unit length of basement
membrane) in podocytes from Cdh5-Cre mice. Error bars, mean * SD. (C): Representative wide-field immunofluorescence images of
podocalyxin expression in kidney organoids containing endothelial cells (CD31) and proximal tubules (Lotus tetragonolobus lectin). Zoom
shows close-up of white-dashed boxed region. Arrows indicated faint podocalyxin staining in endothelial cells, relative to the underlying
layer of podocytes. Scale bars =5 um (A) or 100 pm (C). Abbreviations: EC, endothelial cell; f, Fenestrae; fp, foot process; FPs, foot pro-

cesses; GBM, glomerular basement membrane; KO, knockout; mv, microvillus; Pod, podocyte.

mice were healthy and viable with no obvious phenotype
unless vascular leak was induced [25]. We detected no differ-
ence in the morphology of glomerular ECs or podocytes by
TEM (Fig. 6A; Supporting Information Fig. S4A, S4B). Quantita-
tive analysis revealed no differences in podocyte microvillus
or foot process formation (Fig. 6B; Supporting Information Fig.
S4C, S4D). In human kidney organoids, hPSC-podocytes were
not identified solely on the basis of podocalyxin expression,
but rather as tightly clustered, rounded cells that co-
expressed synaptopodin, nephrin, podocin, and podocalyxin,
at much higher levels than any other cells in the organoid or
surrounding cells in the culture. hPSC-derived ECs also arose
within kidney organoid cultures, as reported previously, but
could be readily distinguished from hPSC-podocytes based on
the expression of specific markers such as CD31, and by their
chain-like networks, which extended beyond the organoid into
the surrounding stroma [5]. Podocalyxin expression in hPSC-
ECs was dramatically lower than in neighboring hPSC-
podocytes, consistent with our previous report (Fig. 6C) [5].
Collectively, these data suggested that the kidney defects we
observed in podocalyxin mutants were due to podocalyxin
loss in podocytes, rather than in ECs.

The finding that podocalyxin induced microvillus formation,
and localized to these microvilli, suggested that it might pro-
mote cell separation by establishing an anti-adhesive surface.
To test this, we performed experiments using optical tweezers
[26]. As hPSC-podocytes are terminally differentiated cells that
cannot be readily purified or expanded, these experiments
were performed on undifferentiated hPSCs, which strongly
express podocalyxin. Control or PODXL™~ hPSCs were first dis-
sociated to disrupt cell junctions, and were subsequently
trapped in pairs using a laser to determine their minimum
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separation distance (Fig. 7A). Under controlled laser power,
PODXL™~ hPSCs consistently exhibited cell separation distances
~50% lower than control hPSCs (Fig. 7B). As this anti-adhesive
effect occurred within a time frame of seconds and in the
absence of pre-formed junctions, it suggested that steric or
electrostatic alterations in membrane surface composition were
responsible.

We further performed global gene analysis (RNA-Seq) to
identify differentially expressed genes and pathways in
PODXL™~ and control hPSCs. The top gene ontology terms
enriched in PODXL™~ hPSCs were related to positive regula-
tion of cell-cell adhesion (Fig. 7C). Podocalyxin itself was
among the top differentially expressed genes (Fig. 7D). In
addition to podocalyxin itself, this analysis suggested the pos-
sible involvement of additional factors, including ZFP28 and
OLIG2, and upstream regulators, such as HNF1A and OTX2,
not previously associated with podocalyxin (Fig. 7D, 7E). Inter-
estingly, among the top upstream regulators was CLIC4, an
intracellular chloride channel that is required for microvillus
assembly in retinal pigmented epithelial cells, where it associ-
ates with ezrin and the actin cytoskeleton (Fig. 7E) [35]. A
close homolog, CLIC5, is strongly expressed in podocytes and
is associated with microvilli and podocalyxin [36]. Collectively,
these unbiased experiments suggested critical roles for podo-
calyxin in regulating cell adhesion and microvillus formation,
likely through both direct and indirect pathways.

DiscussioN

Podocytes have been challenging to study in culture systems,
due to their tendency to dedifferentiate and limited prolifera-
tive capacity [15-17]. hPSC-podocytes arise naturally in kidney
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organoids in large clusters are therefore an attractive candidate
for in vitro studies [3-5, 24]. Although hPSC-podocytes can be
clearly discerned within organoids, their appearance and gene
expression patterns are different from those of cultured primary
and immortalized podocytes [15, 24]. A detailed comparison of
hPSC-podocytes to developing podocytes in vivo has not previ-
ously been performed, which has made it difficult to determine
the developmental stage of these cells and their use in disease
modeling and kidney regeneration. Our findings, which directly
compare kidney organoids to mouse and human podocytes in
tissue sections, reveal that hPSC-podocytes attain a differentia-
tion state and specialized cytoskeletal architecture in cell cul-
ture that resembles CLS podocytes in vivo. Gene-edited hPSC-
podocytes further reveal ultrastructural defects, which can be
recapitulated in transgenic mouse embryos at this stage of
development. Thus, perceived differences between organoid
hPSC-podocytes and primary podocytes reflect differences in
developmental stage or isolation conditions, rather than cell
type. Interestingly, our analysis also suggests the presence of
transitional cells in-between the podocyte and proximal tubular
compartments, which express a distinct combination of markers
(PAX2 " PAX8 T LTL'°PODXL"). The precise identity of these cells is
an interesting topic for further investigation.

How podocytes establish their specialized architecture dur-
ing CLS podocyte maturation is not clear from studies in vivo.

www.StemCells.com

Our TEM analysis reveals for the first time that endogenous
podocalyxin is required for efficient microvillus formation in
podocytes, both in humans and in mice. Our experiments
using optical tweezers further indicate that podocalyxin
directly affects the adhesiveness of adjacent cell surfaces in a
rapid, context-independent manner. Collectively, these findings
suggest a model in which podocalyxin directly induces apical-
to-basal junctional migration (Fig. 7F). Podocalyxin localizes to
the apical and lateral cell membranes of podocytes, where it
induces the localized formation of microvilli via the actin-
binding protein ezrin [37, 38]. The strong negative charge on
podocalyxin [29] promotes electrostatic repulsion between
microvilli on adjacent cells (Fig. 7G). Application of Coulomb’s
law, together with empirical data from Figure 4 and the litera-
ture, reveals that for two cells separated by 0.73 pum, the
electrostatic force generated by podocalyxin is ~1 nanonew-
ton, and reaches ~13 nanonewtons at a distance of 0.2 um
which is typical of PODXL™~ hPSC-podocytes (Fig. 7H, 71).
These forces are sufficiently strong to repel and separate adja-
cent cellular membranes from their adhesive interactions [39,
40]. The separation of lateral membranes induces the regional
dissolution of cell—cell junctions, which are limited to remain-
ing points of cell-cell contact at the basal membrane. In podo-
calyxin mutants, repulsion between adjacent membranes is
greatly reduced, preventing them from separating and leading
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to retention of junctions along their interface and blocked fil-
tration of urine into tubules (Fig. 7F). This model provides
novel insight into how junctions are restricted to the basal
membranes of podocytes, a critical first step in foot process
formation. Anti-podocalyxin antibodies developed for use in
cancer and hPSC provide a possible tool for drug delivery or
purification of podocytes for therapeutic purposes [41, 42].

A key question is whether kidney organoids and hPSC-
podocytes in vitro can accurately phenocopy disease states in
vivo. Our study suggests that loss-of-function mutations in
human PODXL would likely cause embryonic or perinatal lethal-
ity, similar to mice [21]. This might explain why the incidence of
podocalyxin mutations in living patients with kidney disease is
relatively low [43]. In this regard, our collaborators (laboratories
of Drs. Murim Choi and Hae Il Cheong at the Seoul National
University College of Medicine, Seoul, Republic of South Korea)
recently identified a human neonatal patient with two loss-of-
function mutations in PODXL—each allele inherited from het-
erozygous parents. The patient, who unfortunately died at
infancy (~ 4 months), presented with severe nephrotic syn-
drome and omphalocele—characteristics similar to the major
defects detected in Podx/-deficient mice (Kang et al., manu-
script submitted for publication). Thus, both genetic data from
patients and our culture assays suggest a highly conserved func-
tion for PODXL in mammalian development.

Our findings demonstrate that hPSC-podocytes in vitro
complete the process of junctional migration but do not go
on to form bona fide foot processes with tertiary interdigita-
tions. Additional factors are therefore required for podocyte
maturation. In this regard, it is striking that hPSC-podocytes
form epithelial bilayers that are fused together at their base-
ment membranes. To establish a GBM, one of these podocyte
layers must be replaced with a layer of ECs, which may be a
key missing factor. Although kidney organoids contain ECs,
they are relatively low in abundance, and may lack specialized
characteristics required for proper pairing with hPSC-
podocytes, such as specific laminin isoform expression [44].
Therefore, an important future direction is to carefully charac-
terize this hPSC-EC compartment and identify ways to further
enhance and specialize it to better mimic developing capillary
loops in vivo.

CONCLUSION

In conclusion, comparative analysis of hPSC-podocytes in vitro
and developing CLS podocytes in vivo indicates that these are
highly similar cell types. Gene-edited hPSC-podocytes reveal

mechanisms of glomerular development at this stage, which
are further validated in knockout mice. The accessibility of
hPSC-podocytes to experimental manipulation and imaging
establishes an attractive model for deciphering the regulatory
cues that guide podocyte specialization, with future potential
for glomerular regeneration.
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