


and require that the investigator choose candidate markers
to measure a priori. Although bulk transcriptomic profiling
using RNA sequencing provides a much more comprehen-
sive measure of organoid gene expression and has been
applied to kidney organoids (20), it cannot assign gene
expression to any particular cell type because it reflects
the integrated expression profile of all the cells within the
organoid.
By contrast, massively parallel, single-cell RNA sequenc-

ing (scRNA-seq) allows for the unbiased and comprehen-
sive gene expression profiling of thousands of single cells
in one experiment. It is high throughput, and requires no
prior knowledge over what cell types or markers might be
present. Organoids are complex structures composed of
multiple different cell types and scRNA-seq can assess
organoid cell composition and gene regulatory networks. It
can also reveal cell lineage relationships, which can be used

to improve differentiation protocols. In this review, we
highlight the ways in which scRNA-seq is being used to
improve the development and use of kidney organoids
for human kidney disease modeling, and predict future
applications of this transformative technology.

scRNA-seq: The Basics
Microfluidic technology enabled the development of

scRNA-seq technologies. At a basic level, scRNA-seq
consists of a microfluidic device containing three channels:
one for cell lysis buffer containing tiny beads coated with
oligonucleotides, one for physiologic saline containing the
cell suspension to be profiled, and one containing oil.
Precise pumps regulate the flow of all three channels
into the microfluidic chip. The lysis buffer with beads
flows in into the channel first, and then the second channel

A B

Figure 1. | Histology and immunofluorescence of kidney organoids generated by the Takasato protocol (12). (A) Periodic acid–Schiff stained
sections of human kidney (left) and kidney organoid (right). Original magnification, 3200 and 3600 for low and high magnification, re-
spectively. (B) Immunofluorescence stainingofmarkers for podocyte (WT1, red), proximal tubule (LTL,white), anddistal tubule (ECAD,green) in
a kidney organoid. Scale bar, 500mm. Images courtesy of Kohei Uchimura, with permission.

Figure 2. | Therapeutic potential of kidney organoids. Scheme illustrating the ways that kidney organoids can be used for patient-specific
disease modeling and drug screening.
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containing the cells flows into the first channel. By chance, a
cell and a bead will end up adjacent to each other within the
combined channel. The third channel containing the oil then
flows into the channel as well. When the flow rate is correct,
this results in the coencapsulation of the bead, cell, and lysis
buffer within a single microdroplet surrounded by oil, i.e., a
reverse emulsion.
Within the microdroplet, the lysis buffer dissolves the

cell membrane, releasing its mRNA. Recall that every
mRNA has a polyA tail, i.e., multiple AMP bases in series.
These bind to stretches of thymine oligonucleotides bound
to every bead. These oligonucleotides also contain a unique
DNA barcode that is unique to each bead, which is how a
particular mRNA can be traced back to the cell from which
it arose. Once the mRNA is bound to the bead, all the beads
are collected and the mRNA is reverse transcribed into
DNA, then amplified and fragmented. Finally, some adap-
tor oligonucleotides are ligated onto the ends of each DNA
molecule, and the whole group undergoes next-generation
sequencing (21).
A typical scRNA-seq experiment might profile 10,000

individual cells (although it would not be unusual to have a
100,000 cell output). Each cell will comprise perhaps 10,000
individual mRNA measurements from about 4000 dif-
ferent genes. As a result, data output from even a simple
experiment is massive: 10,000 cells with 10,000 measure-
ment each represents 100 million datapoints. The human
brain is not capable of analyzing such large datasets, but
a combination of modern processing power and bioinfor-
matic approaches, such as machine learning algorithms and
statistical inference, is ideally suited for detecting patterns
within these large datasets.

What Is in a Kidney Organoid?
Defining the kidney cell types present in kidney organoids,

and their state of differentiation, represents a challenge for
the field. Initial studies using different differentiation
protocols all confirmed the presence of the major neph-
ron cell types including podocyte, proximal tubule, loop
of Henle, and distal tubule. The percentage of collecting
duct was insignificant in these protocols and its differ-
entiation was substantially induced in a protocol devel-
oped by the Nishinakamura group (14). However, this
work was performed in mouse pluripotent cells, and
achieving robust ureteric bud differentiation in human
kidney organoids remains a challenge for the field. Endo-
thelial cells and fibroblasts were additionally present,
although all organoids lack leukocytes (and resident mac-
rophages in particular) even to this day (12–14). Confirming
the presence of these cell types required straightforward
but relatively laborious immunohistochemical studies as
well as measurement of mRNA for cell markers by PCR. The
relative abundance of these cell types, and variability
between apparently similar cell types within and between
organoids, has been largely undefined until recently. These
low-throughput assays are also limited in that markers and
genes to be measured must be chosen by the investigator.
scRNA-seq can comprehensively catalog cell types within
a sample without any prior knowledge of what cells might
be present, and so is completely unsupervised. The algo-
rithms that analyze the output of the experiment group cells

according to their overall transcriptional similarity. This
process is unbiased. A good example of why this unbiased
analysis is important is our own finding that nonkidney
cells, primarily neurons and muscle, are present in kidney
organoids derived using certain protocols (22). Because
human kidney does not contain these cell types, these
“off-target” cells represent differentiation that has gone
astray.
Two other findings were revealed by the early scRNA-

seq studies of kidney organoids. First, several key kidney
cell types are missing or underrepresented in the kidney
organoids, such as principal cells, intercalated cells, im-
mune cells, and glomerular endothelium (18,22,23). Sec-
ond, scRNA-seq revealed different cell states within the
same lineage. Such heterogeneity is undetectable in bulk
profiling studies and would be difficult to detect without
a priori knowledge of markers characterizing those cell
states. However, this can be easily detected by scRNA-seq.
For example, we have identified that there are actually
two proximal tubule states in the kidney organoids by
subclustering analysis: one mature and the other expressing
an immature signature, such as developmental genes and
proliferation markers (22). The same is true for podocytes
where three separate podocyte states were detected. The
Freedman group similarly identified both early and late
proximal tubule and podocyte clusters, using a separate
organoid protocol (18).

Kidney Organoids: Immature Cell States
Although the human kidney develops over the course of

about 200 days (24), kidney organoid protocols generally
last between 15 and 30 days. Thus, it should not be a
surprise that organoid cell types do not generally represent
fully mature adult kidney cell types. The Little group
performed bulk RNA sequencing of their organoids, re-
vealing that kidney organoids most closely resemble the
first trimester human fetal kidney (12). Taking a similar
approach but at single-cell resolution, we compared human
fetal, human adult, and kidney organoid cells by single-cell
transcriptomics. This allowed us to quantitatively assess
the degree to which organoid cell types are immature.
Our results confirmed that kidney organoid cell types are
indeed most similar transcriptionally to fetal kidney. As
an example, transcription factors determine cell identity,
and for podocytes and proximal tubule, we could only
detect approximately 20% of the transcription factor reper-
toire found in these adult cell types compared with the
respective organoid cells (22). Whether organoids from
other groups or using different protocols or sampled at
different time points might yield better results is not
known. Certainly continuing to improve differentiation
protocols remains a priority for the field. Figure 3 shows
that across four kidney cell types, organoid cell types do
not express the same degree of terminal differentiation
markers as adult cell types, but they do express fetal markers
and persist in expressing certain developmental genes.

Brain and Muscle Cells in the Kidney?
Several groups, including our own, have demonstrated

the existence of nonkidney cell types, including neurons,
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muscle cells, and melanocytes, in kidney organoids re-
gardless of the protocols used (22,23,25). Although this has
been observed in other areas such as the brain, these off-
target cells hamper kidney differentiation and compromise
the ability of kidney organoids to faithfully model the
human kidney. Here, scRNA-seq can be harnessed to both
improve kidney organoid differentiation and to eliminate
off-target cell types. Computational models for inferring
the lineage trajectory of cells during differentiation— also
called pseudotemporal ordering—allows investigators to
examine changes in expression of key regulators and
signaling pathways that drive cell fate decisions along a
particular cell lineage (26). By manipulating gene expres-
sion of these regulators and pathways, it is possible to fine-
tune the differentiation protocol to improve the outcome;
for example, by adding a particular growth factor at a
particular time.
In an effort to reduce unwanted off-target cells in kidney

organoids, we performed scRNA-seq over the time course
of organoid differentiation. We then inferred gene expres-
sion changes in each cell lineage during differentiation
using pseudotemporal ordering. This analysis revealed that
the neuron-specific growth factor Brain-derived neuro-
trophic factor (BDNF), and its receptor Tropomyosin

receptor kinase B (NTRK2) were exclusively expressed in
neurons present during kidney organoid differentiation.
We hypothesized that autocrine or paracrine BDNF-NTRK2
signaling might be promoting the growth of these off-target
neurons because BDNF is known to promote the survival
and proliferation of neurons during neurogenesis (27).
By simply adding a well characterized, small-molecule
inhibitor of NTRK2 during organoid differentiation, we
could reduce the number of off-target neurons present in
the organoids by 90%. Moreover, we also observed
increased differentiation of proximal tubule and podocytes,
suggesting that the presence of neurons was inhibiting
kidney differentiation (22). These results suggest that a
similar strategy can be applied broadly in the organoid
field to reduce off-target cell types.

How Has scRNA-seq Improved Our Understanding of
Kidney Organoid Biology?
Finally, scRNA-seq is an excellent tool to compare

different differentiation protocols or to validate a new
protocol. By comparing the cell types in the organoid
from two existing protocols, our scRNA-seq results dem-
onstrated that organoids generated from both protocols are

Figure 3. | Benchmarking cell-specific markers to kidney organoid cell types. Single-cell RNA sequencing data are from published datasets
derived fromkidneyorganoids (22), fetal kidney (44), andadult kidney (22).Datasetswere integrated andnormalizedusing Seurat3 (45).Marker
genes representing threecategories (mature, fetal, anddevelopmental)were selected from thedifferentially expressedgene list andvisualizedby
the ggplot2 R package.
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relatively similar, despite some variations seen in the cell-
type composition and maturation (22). In a similar fashion,
Czerniecki et al. (18) used scRNA-seq to demonstrate that
the kidney organoid generated by high-throughput screen-
ing contained the key nephron cell types. In amassive kidney
organoid scRNA-seq effort, Subramanian et al. performed
scRNA-seq on .400,000 cells derived from different kidney
organoids. They compared organoid batches, protocols, time
points, and starting cell lines, and showed that the most
variable cell type across conditions were the off-target cell
types. They also demonstrated that transplantation of
human kidney organoids under the mouse kidney capsule
significantly diminished these off-target cells (25).
Kidney organoids have also shown their value in

personalized medicine applications. The Freedman group
showed that podocalyxin mutant pluripotent stem cell lines
generate kidney organoids with defective junctional orga-
nization (28) and abnormal assembly of microvilli and
lateral spaces (29) in podocyte-like cells. They further
showed that PKD1 or PKD2 induces cyst formation from
kidney tubules, a phenotype mimicking human poly-
cystic kidney disease (28). Mutations in IFT140 have
been linked to nephronophthisis-related ciliopathies in
humans. After evaluating kidney organoids derived
from a patient with compound-heterozygous variants
in IFT140, the Little group found that organoids with the
same genotype fully recapitulated the phenotype of
nephronophthisis-related ciliopathy such as shortened,
club-shaped primary cilia (30). Gene correction of the
IFT140 gene using CRISPR/Cas9 rescued all these
defects (30). The Nishinakamura team established a
pluripotent stem cell line from a patient with an NPHS1
missense mutation. They demonstrated that the defect in
slit diaphragm formation in NPHS1 mutant podocytes
could be rescued by gene correction (through homolo-
gous recombination) (31).
Kidney organoids have been adapted for drug screening

studies; for example, the Little group used podocytes
derived from kidney organoid for drug toxicity screening.
They found that doxorubicin induced fragmentation of
glomeruli in a dose-dependent manner—a similar toxicity
observed in congenital nephrotic syndrome (19). The
Freedman group developed a high-throughput organoid
platform to test the efficacy of eight compounds on cyst
formation in PKD organoids and identified an unexpected
role of myosin pathway in polycystic kidney disease (18).
A very exciting new technology in the kidney organoid

field has been the development of protocols for growth of
primary kidney tubular epithelial organoids, termed “tu-
buloids.” In contrast to stem cell–derived kidney organo-
ids, these investigators dissociated adult human or mouse
kidney into tubular segments, and developed conditions
enabling growth of epithelial structures resembling cysts
that are highly polarized and contain fully differentiated,
functional epithelial cells. They can be passaged up to 20
times, and can even be generated from cells recovered from
human urine (32). They showed that human tubuloids can
be used to model BK virus infection, Wilms tumor growth,
and hereditary disease. How these epithelial cells differ
from those differentiated in kidney organoids remains an
open question, but the approach represents a significant
step forward for personalized medicine approaches.

What Are Future Applications of scRNA-seq for
Organoids?
The future for new single-cell transcriptomic approaches

to illuminate kidney organoid biology is bright. One
question of importance, both to developmental biologists
and pediatric nephrologists, is understanding cell lineage
relationships in development. What fetal cells give rise to
podocytes, for example? This not just academic. Most
genetic mutations that cause congenital abnormalities of
the kidney and urogenital tract act in cells that are present
only in development, and not in adults. Thus, we need to
understand how congenital abnormalities of the kidney
and urogenital tract mutations affect progenitor cell types
and lead to kidney developmental defects, to formulate
strategies to rescue these defects.
If understanding cellular lineage relationships during

nephrogenesis has clinical implications, then how can we
better define them in human kidney? Very sophisticated
methods for tracking cell fate in mice have been developed
over the past 15 years (33). These involve genetic manip-
ulations that cause marked cells to heritably express a
fluorescent protein, and cannot be applied to humans. We
understand lineage relationships in mouse kidney devel-
opment quite well, but in humans we know very little,
mostly because the genetic tools for tracking cell lineage
have been unavailable for human studies. However, this
type of genetic lineage analysis can be applied to human
pluripotent stem cells, and can be used to track the fate of
human progenitor cells during kidney organoid differen-
tiation. The Little laboratory has recently done just this (34).
They asked whether the self-renewing SIX21 progenitor
cells can give rise to nephron cell types during human
kidney organoid differentiation, a competency that was
demonstrated in mouse kidney nephrogenesis (35). They
demonstrated that the SIX2-expressing cells were able to
differentiate into proximal nephron segments and that they
did not contribute to the collecting duct lineage (34). This
result replicates what is known about Six21 cell potential in
mouse and provides a proof of principle for tracking cell
fate in human kidney organoids.
Recently, a new and versatile lineage tracing technique

using scRNA-seq has been developed by the Morris
laboratory (36). This technique, CellTagging, has been
successfully implemented to track lineage relationships
during direct conversion of fibroblasts to induced endo-
derm progenitors. The technique involves lentiviral ex-
pression of an 8 bp barcode unique to each cell, which can
be read out by scRNA-seq. With this technique, clonal
information can be captured by scRNA-seq and uncovered
by downstream scRNA-seq data analysis (36). Because
scRNA-seq also records the gene expression information of
each single cell, this cell-tagging technique enables simul-
taneous single-cell profiling of transcriptome and clonal
history (36). If such an approach could be applied to kidney
organoid differentiation, it would provide a detailed de-
velopmental map for all organoid cell types, not just a
single lineage, that to date has been lacking.
The lack of leukocytes in kidney organoids means that

we cannot study how the immune system regulates kidney
development or disease, and this is a current limitation.
However, researchers have successfully introduced leuko-
cytes in other organoid models and provide examples for
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how it might be done in kidney. For example, Dijkstra et al.
(37) showed that coculture of autologous tumor organoids
and PBMCs can enrich tumor-reactive T cells from patients
with colorectal cancer and lung cancer. In a separate study,
Neal et al. (38) reported that an air–liquid interface method
can generate patient-derived organoids with tumor epi-
thelia retaining native immune cells.
An international consortium called the Human Cell Atlas

seeks to create a comprehensive reference “atlas” of every
human cell type as the basis to understand human health,
and how changes in this atlas underlie disease (39).
Although this is a critically important effort, it is funda-
mentally a descriptive one. By contrast, human kidney
organoids offer the opportunity to perturb cellular process-
es to uncover regulatory mechanisms. Because it offers
such high information content, scRNA-seq is well suited to
be combined with perturbations to uncover the mecha-
nisms of cell differentiation, communication, and tissue
organization. Such efforts are already under way in other
fields. For example, Perturb-seq is a promising technique
that uses gene-editing technologies to inhibit expression of
one specific gene while simultaneously labeling that cell
with an expressed barcode (40,41). When scRNA-seq is
subsequently performed, it captures the expressed barcode
and the associated change of gene expression that is caused
by inhibiting that single gene. This approach could be
applied to screen thousands of different transcription
factors, to identify those critical ones that are required
for kidney cell differentiation.

Conclusion
These are exciting times in both basic and clinical kidney

investigation. We now have both recent, positive, phase
3 clinical trial results for diabetic nephropathy for the
first time in memory (42,43) and remarkably powerful
technologic advances like kidney organoids, tubuloids,
and scRNA-seq that promise to help us develop a more
predictive pipeline for therapeutic target identification,
toxicity prediction, disease modeling, leading to drug
development and randomized, clinical trial testing. Stay
tuned.
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