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ABSTRACT

Background During mammalian kidney development, nephron progenitors undergo a mesenchymal-
to-epithelial transition and eventually differentiate into the various tubular segments of the nephron.
Recently, Drop-seq single-cell RNA sequencing technology for measuring gene expression from thousands
of individual cells identified the different cell types in the developing kidney. However, that analysis did not
include the additional layer of heterogeneity that alternative mRNA splicing creates.

Methods Full transcript length single-cell RNA sequencing characterized the transcriptomes of 544 indi-
vidual cells from mouse embryonic kidneys.

Results Gene expression levels measured with full transcript length single-cell RNA sequencing identified
each cell type. Further analysis comprehensively characterized splice isoform switching during the tran-
sition between mesenchymal and epithelial cellular states, which is a key transitional process in kidney
development. The study also identified several putative splicing regulators, including the genes Esrp1/2
and Rbfox1/2.

Conclusions Discovery of the sets of genes that are alternatively spliced as the fetal kidney mesenchyme
differentiates into tubular epithelium will improve our understanding of the molecular mechanisms that
drive kidney development.

JASN 31: 2278-2291, 2020. doi: https://doi.org/10.1681/ASN.2019080770

Kidney development is a complex process that in-
volves multiple interacting cell types.!=> It starts at
the embryonic stage and continues from week 5 to
week 36 of gestation in humans and from embry-
onic day (E) 10.5 to approximately day 3 after birth
in mice. The process is initiated by signaling inter-
actions between two lineages originating from the
intermediate mesoderm: the ureteric duct and the
metanephric mesenchyme (Figure S1 in Supple-
mental Appendix 1). These interactions invoke
the ureteric duct to invade the metanephric mesen-
chyme and create a tree-like structure. Around the
tip of each branch of this tree, the ureteric tip, cells
from the metanephric mesenchyme are induced
to condense and form the cap mesenchyme (CM),
which is a transient nephron progenitor cell
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population. Next, cells from the CM undergo a mes-
enchymal-to-epithelial transition (MET) and
progressively differentiate into early epithelial struc-
tures: pretubular aggregates, renal vesicles, and
comma and S-shaped bodies. The S-shaped bodies
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further elongate and differentiate to form the various epithelial
tubular segments of the fully developed nephron, whose main
constituents are the podocytes (PODOs), the proximal tubule,
theloop of Henle (LOH), and the distal tubule. At an early stage
in their differentiation the distal tubules connect to the ureteric
tips that form the collecting duct system for draining the neph-
rons. Meanwhile, the uninduced cells of the metanephric mes-
enchyme differentiate into other supporting cell types of the
kidney such as interstitial fibroblasts, pericytes, and mesangial
cells (Figure S1 in Supplemental Appendix 1). In the past few
years, the various cell populations of the developing kidney
were characterized,®-® mainly using the Drop-seq single-cell
RNA sequencing protocol that enables measuring of gene ex-
pression levels from many thousands of individual cells.”

A central process in kidney development is the MET that
occurs during the differentiation of cells from the metanephric
mesenchyme to the CM and then to nephron tubules. Similar
transitions from mesenchymal to epithelial states and vice
versa (epithelial-to-mesenchymal transition [EMT]) are
thought to play a central role in development, as well as in
pathologic processes such as cancer metastasis!® and organ
fibrosis.!! There are significant structural and functional
differences between mesenchymal and epithelial cells. Mesen-
chymal cells are typically loosely associated with each other,
surrounded by an extracellular matrix, and have migratory
capabilities, whereas epithelial cells are tightly interconnected
by junctions and are polarized with distinct apical and baso-
lateral membranes. Thus, epithelial cells can create two-
dimensional surfaces and tubes with a clear in/out distinction
that are capable of absorption and secretion. There are also
large differences in gene expression: mesenchymal cells typi-
cally express Fibronectin (Fnl), Vimentin (Vim), and
N-cadherin (Cdh2),'2 as well as the transcription factors
Snail/2, Zeb1/2, and Twistl/2, whereas epithelial cells typi-
cally express other genes such as E-cadherin (Cdhl) and
Epcam.

It was recently discovered that mesenchymal and epithelial
cells also express alternative splice isoforms of genes that are
expressed in both cell states. For example, in many systems
both in vivo and in vitro, the genes Enah, Cd44, Ctnndl, and
Fgfr2 were found to be expressed in both mesenchymal and
epithelial states, but with unique isoforms specific to each
state.!3-18 It was also found that RNA binding proteins, such
as ESRP1/2, RBFOX1/2, RBM47, QKI, act as splicing regula-
tors that promote splicing of specific mesenchymal or epithe-
lial variants.!>17:19:20 mRNA splicing creates an additional
layer of heterogeneity that, apart from specific genes,?1-23
has not yet been comprehensively studied in the developing
kidney.

Therefore, in this study we set to characterize the splice
isoform switching events that occur during the transition
between the mesenchymal and epithelial cellular states in
the course of kidney development by comparing gene ex-
pression and alternative splicing in the various mesenchy-
mal and epithelial cell populations. Because the kidney is a
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Significance Statement

Kidney development is a complex process involving multiple in-
teracting and transitioning cell types. Drop-seq single-cell tech-
nology, which measures gene expression from many thousands of
individual cells, has been used to characterize these cellular differ-
entiation changes that underlie organ development. However, the
alternative splicing of many genes creates an additional layer of
cellular heterogeneity that Drop-seq technology cannot measure.
Therefore, in this study, full transcript length single-cell RNA se-
quencing was used to characterize alternative splicing in the mouse
embryonic kidney, with particular attention to the identification of
genes that are alternatively spliced during the transition from
mesenchymal to epithelial cell states, as well as their splicing reg-
ulators. These results improve our understanding of the molecular

mechanisms that underlie kidney development.

heterogeneous organ that is composed of numerous cell
populations of widely varying proportions,®-8-24 it is diffi-
cult to isolate pure populations of mesenchymal and epi-
thelial states. Moreover, typical sequencing depths from a
single cell are not sufficient for splicing analysis. We there-
fore performed single-cell RNA sequencing on 576 indi-
vidual cells from the kidneys of E18.5 mouse embryos
using the Smartseq2 protocol for sequencing full transcript
lengths.2%-26 We first identified the main cell lineages that
coexist in the nephrogenic zone of the fetal developing
kidney: the uninduced metanephric mesenchyme, the
CM, podocytes, epithelial cells, endothelial cells, and in-
filtrating immune cells (e.g., macrophages). We then
merged the raw reads from all cells belonging to each pop-
ulation in order to create “bulk” in silico transcriptomes
that represent each cell population. These bulk transcrip-
tomes had sufficient sequencing depth to allow us to char-
acterize splice isoform switching and to identify putative
splicing regulators.

METHODS

Tissue Collection, Dissociation, and Flow Cytometry

A wild-type female mouse was crossed with a male that was
heterozygous for the Six2-GFP transgene.?” The female was
euthanized at E18.5 of pregnancy and kidneys from 11 em-
bryos were dissected, placed in PBS on ice, and examined un-
der a fluorescence microscope to check for the presence of
GFP. Kidneys from transgenic embryos showed a clear fluo-
rescent pattern marking the CM (Figure 1A), whereas those
from the nontransgenic embryos showed uniform back-
ground fluorescence. Seven out of the 11 embryos contained
the Six2-GFP transgene. Keeping the transgenic and nontrans-
genic kidneys separate, each kidney was then cut into two to
four small pieces using a surgical razor blade and placed in
1 ml of trypsin 0.25% (03-046—1A, Trypsin Solution B
[0.25%]; Biologic Industries) using forceps. Initial tissue trit-
uration was performed using a tissue grinder (D8938, Dounce,
large clearance pestle) followed by up-down pipetting with a

mRNA Splice Isoforms Switch during Kidney Development 2279



| BASIC RESEARCH | www.jasn.org

A — T
Mouse fetal

kidney (E18.5)

™

Fluorescence

Y g

Cell count

In-depth characterization:

Si Slma—rt”-sRe'fﬁ 1.1dentify cell populations
Full t ingle ‘t:? th sea 2.Find splice isoform switching events
(Full transcript length sequence) 3.Identify splicing regulator candidates

g

[ I
[ ?T
7_.,-,1.‘5% "‘LT.TT"F‘H .'!'."-TF!_T-N: F-ﬂi']-r" :FE-F] |'E%Tl|—“‘f-"ﬁr”“lrﬂ‘. S ﬁﬁ?‘]ﬁ 'lﬁ:ﬁ]frﬁ' yiﬂrﬁﬁr e 1]11?”“ nn’?ﬂ ,“'ﬂﬁll 'ﬁl 'ﬂ. ﬁﬂ'ﬁ-.ﬁﬁ

CM
CD

DIST/CD

LOH
EPI

PROX
division

UM

PODO
NEUTR
ENDO

MACRO

cM UM DISTAL/CD PROX
[ ] sixe-high / l \ \
Bl sieow PODO  MACRO ENDO LOH

Figure 1. Single-cell RNA sequencing was used to identify and transcriptionally characterize the main cell lineages that coexist in the
nephrogenic zone of the developing mouse fetal kidney. (A) Shown is the general outline of the experiment. Kidneys from transgenic
mouse embryos with a Six2-GFP reporter gene were harvested at E18.5. The Six2-GFP reporter gene shows a clear fluorescent pattern
marking the CM. After tissue dissociation, single cells from the Six2-high and Six2-low cell fractions were sorted into individual wells
and their mRNA was sequenced for full transcript length using the Smartseq2 protocol. (B) A clustergram for 83 selected genes from
the literature versus 544 cells shows the main cell lineages in the developing kidney. We manually classified the cells to lineages known
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P1000 pipette. Tissue fragments were then incubated with
trypsin at 37°C for 20 minutes, followed by additional tritu-
ration by pipetting. After visual confirmation that the majority
of cells were fully dissociated, enzyme digestion was stopped
by adding 2 ml of DMEM with 10% FBS and placed on ice.
Cells were first filtered with 70-pum cell strainers (CSS-
010-070; Lumitron) and then 40-um cell strainers
(732-2757; VWR International), pelleted by centrifugation
for 5 minutes at 500Xg, resuspended in 3 ml PBS, and kept
on ice until FACS sorting.

Single-cell sorting was done using a BD FACSAria III flow
cytometer with an 85 um nozzle. Forward and side scatter
were used to filter out red blood cells and to select for live
single cells. Gating on the basis of the negative control—the
cells from the nontransgenic kidneys—was used to select for
cells that were either positive (Six2-high) or negative (Six2-
low) for expression of the Six2-GFP transgene.

All procedures were approved by the institutional Animal
Care and Use Committee in Bar-Ilan University.

Single-Cell RNA Sequencing
For single-cell RNA sequencing, single cells were sorted into
96 individual wells from a 384-well plate that was prefilled
with Smartseq2 cell lysis buffer, RNase inhibitor, oligo-dT
primer, ERCC RNA spike-in mix, and dNTPs. Plates were
spun for 1 minute to collect the liquid and cells at the bottom
of the wells and immediately frozen. The Smartseq2 protocol
was performed by the Israel National Center for Personalized
Medicine (G-INCPM) as previously described,?> with 22 am-
plification cycles. Altogether, six plates were processed, each
containing 96 individual cells (576 cells in total), with three
plates containing Six2-high cells and three plates containing
Six2-low cells. Each one of the six plates was separately se-
quenced (1X61 bases) on the Illumina HiSeq 2500 platform in
the G-INCPM.

The GEO series record for the single-cell RNA sequencing
data is GSE146988.

Bulk RNA Sequencing

Six2-high and Six2-low cells were sorted into separate 1.5 ml
tubes, each containing RNA purification buffer. This was re-
peated in three experiments in which we used two types of
RNA purification kits: the Norgen single-cell RNA
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Purification Kit (51800; Norgen Biotek) was used in one ex-
periment where we sorted 50,000 Six2-high and 50,000 Six2-
low cells, and the Direct-zol RNA MiniPrep Kit (R2050; Zymo
Research) was used in two experiments where we sorted ap-
proximately 100,000 Six2-high cells and 400,000 Six2-low
cells. Bulk total RNA was purified according to the manufac-
turer’s instructions and stored at —80°C. Altogether, six
samples of total RNA were collected (three replicates, each
containing total RNA from Six2-high and Six2-low cells).

Sequencing libraries were prepared using the G-INCPM
in-house protocol for mRNA sequencing. Briefly, the poly-A
fraction (mRNA) was purified from 80 to 280 ng of total RNA,
followed by fragmentation and generation of double-stranded
c¢DNA. Then, end repair, A-tailing, adapter ligation, and PCR
amplification steps were performed. Libraries were evaluated
using a Qubit (Thermo Fisher Scientific) and TapeStation
(Agilent). Sequencing libraries were constructed with barco-
des to allow for multiplexing of six libraries in a single lane. All
six libraries were paired-end sequenced (2X126 bases) on an
[lumina HiSeq 2500 platform in the G-INCPM. For each
sample we obtained 35—42 million reads.

The GEO series record for the bulk RNA sequencing data is
GSE147525.

Single-Cell RNA Sequencing Data Preprocessing and
Gene Expression Analysis
Raw reads from 576 cells (6X96-well plates) were aligned by
TopHat228 to the mouse mm10 genome. Aligned reads were
counted by HTSeq.?® Data normalization and estimation of
size factors was done by DESeq2,3° resulting in a matrix of
normalized gene expression counts (Supplemental Table 1).
We then filtered out 11 cells that expressed zero levels of
the housekeeping genes Gapdh or Actb, resulting in 565
cells. We chose highly variable genes using the method by
Macosko et al.” to select for genes whose variance exceeds
those of other genes having a similar mean expression value
(Figure S2A in Supplemental Appendix 1). This step resulted
in 647 highly variable genes, to which we added a list of genes
from the literature that were previously shown to be involved
in kidney development (Supplemental Table 2). We also
added an additional list of 48 genes from a previous single-
cell quantitative PCR study that we previously conducted on
human fetal kidney cells?? (Supplemental Table 2), which, in

to coexist in the nephrogenic zone of the developing fetal kidney, including the un-induced mesenchyme (UM), the cap mesenchyme
(CM), podocytes (PODO), proximal tubular epithelial cells (PROX), the loop of Henle (LOH), distal tubular cells and collecting duct
(DIST_CD), endothelial cells (ENDO), and infiltrating immune cells, mainly macrophages (MACRO) and a small number of neutrophils
(NEUTR). The horizontal bar at bottom of the figure depicts the gate used by FACS to sort each cell (Six2-high or Six2-low). Consistent
with the fact that Six2 is highly expressed in the CM, it can be seen that cells originating from the Six2-high fraction predominantly
belong to the CM, whereas cells originating from the Six2-low fraction belong mostly to the other populations. The gene panel in-
cludes genes that were previously shown to be specific to the different populations, as well as general epithelial markers (EPI) and
genes that are overexpressed in the S-G2-M phase of the cell cycle, indicating cell division. Notice that some cells (within the second
cluster from the left) express a mixture of CM markers and epithelial markers (EPI, PODO), as well as cell division. These are presumably
cells from early epithelial structures, presumably pretubular aggregates, renal vesicles, and C/S-shaped bodies (see Supplemental
Appendix 1).

JASN 31: 2278-2291, 2020 mRNA Splice Isoforms Switch during Kidney Development 2281


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019080770/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019080770/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019080770/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019080770/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2019080770/-/DCSupplemental

BASIC RESEARCH | www.jasn.org

retrospect, were not crucial to the identification of the dif-
ferent cell populations. These steps resulted in a gene ex-
pression matrix of 677 genes X 565 cells. Each gene was
then modified-log-transformed (log2[1+expression]) and
standardized by subtracting the mean, dividing by the SD,
and truncating to the range (—1,1).

We used tSNE3! to project the 565 single cells profiles
into a two-dimensional plane (Figure S2E in Supplemental
Appendix 1) and used genes that are known to mark differ-
ent populations in the fetal kidney to identify the various
populations, including a population of 21 low-quality cells
that appears as a “mixture” of many cell types. This popu-
lation of cells displayed low expression levels of the house-
keeping genes Actb and Gapdh, as well as low DESeq size
factors (Figure S3 in Supplemental Appendix 1). After re-
moving these 21 low-quality cells, the process of selecting
for highly variable genes (and adding known genes related
to kidney development as described above) was then re-
peated for the remaining high-quality cells, resulting in a
matrix of 728 genes X 544 cells, whose analysis is shown
below. We note that once a sufficient number of highly vari-
able genes are included, the ability to identify the different
cell populations (Figure 2A) is not very sensitive to the
exact choice of genes.

Creation of Bulk In Silico Transcriptomes Representing
the Different Cell Populations

After identifying the different populations (Supplemental
Table 3) according to known gene markers from the literature
(e.g., Adam et al.® and Magella et al.”), we created bulk in silico
transcriptomes representing the different cell populations by
merging reads (*.bam files) from all cells belonging to each
population (using samtools merge). Again, aligned reads were
counted by HT Seq??:32 and data normalization and estimation
of size factors was done by DESeq2.30-33

Splicing Analysis: Identification of Splicing Events and
Putative Splicing Regulators

rMATS3* was used to detect splice isoform switching events
between the bulk in silico transcriptomes representing the dif-
ferent cell populations and to infer the inclusion levels of se-
lected splicing events. In order to compare the mesenchymal
populations (uninduced mesenchyme [UM] and CM) to the
epithelial populations (early epithelial structures [PROX_1],
proximal epithelial tubules [PROX_2], LOH, distal tubule and
collecting duct [DIST_CD]), we performed the following
comparisons: UM-PROX_1, UM-PROX_2, UM-LOH, UM-
DIST_CD, CM-PROX_1, CM-PROX_2, CM-LOH, and CM-
DIST_CD. Additionally, we compared the mesenchymal
populations (UM and CM) to the PODOs: UM-PODO and
CM-PODO (see Supplemental Tables 4-8). Selected splicing
events (e.g., cassette exons) were visualized and validated using
IGV3> and Sashimi plots,3® as well as with bar plots of inclu-
sion levels inferred from rMATS3* or DEXSeq3” (see
Supplemental Appendix 1).

2282 JASN

Gene ontology enrichment of genes containing differen-
tial splicing events (Supplemental Table 9) was done with
ToppGene (https://toppgene.cchmc.org).3® rMAPS (http://
rmaps.cecsresearch.org/)3° was used to test for enrichment
of binding motifs of RNA binding proteins in the vicinity of
alternatively spliced cassette exons in order to identify pu-
tative splicing regulators. A list of 84 RNA binding proteins
was obtained from the rMAPS website (http://rmaps.
cecsresearch.org/Help/RNABindingProtein).39-41 Apart
from the RNA binding motifs that are tested by the default
settings in the rMATS website, we also tested additional
UGG-enriched motifs that were previously found to be
binding sites for the RNA binding proteins Esrp1!%42 and
Esrp243 (Supplemental Table 10). For the RNA binding pro-
teins Rbfox1 and Rbfox2, following Yang et al.!> and the
CISBP-RNA database4® (http://cisbp-rna.ccbr.utoronto.
ca), we assumed that both proteins (Rbfox1 and Rbfox2)
preferentially bind to the same motif ([AT]GCATG[AC])
on mRNA.

RESULTS

Gene Expression Levels Were Used to Classify Each
Cell into One of the Various Cell Types that Coexist
within the Nephrogenic Zone of the Developing
Mouse Fetal Kidney

We collected kidneys from transgenic mouse embryos that
express GFP under the control of a Six promoter2?
(Figure 1A). These mice have the advantage that cells from
the CM—previously shown to express the transcription factor
Six2—are fluorescently tagged and can be enriched by flow
cytometry. The kidneys were collected at E18.5 of gestations
because at this stage we expect to observe a still-active neph-
rogenic zone containing both early progenitor cell populations
as well as fully developed nephrons.®” After kidney dissocia-
tion, we used flow cytometry to select 288 cells expressing high
levels and 288 cells expressing low levels of the Six2-GFP
transgene, and for each individual cell we performed full tran-
script length single-cell RNA sequencing using the Smartseq2
protocol.2>2¢ After discarding low-quality cells, this resulted
in gene expression and sequence information for 544 individ-
ual cells, with approximately equal proportions of cells orig-
inating from the Six2-high and Six2-low fractions.

Using expression levels of selected genes from the literature
that were previously shown to be specific to each cell popula-
tion,?4444> genes from recent publications on single-cell pro-
filing of the fetal kidney using the Drop-seq technology,®-# as
well as general epithelial markers and genes indicating cell
division, we manually classified each cell into one of the major
cell types that coexist in the nephrogenic zone of the develop-
ing kidney (Figures 1B and 2A, Figures S1 and S4-S9 in
Supplemental Appendix 1). These include the un-induced
mesenchyme (UM), the cap mesenchyme (CM), podocytes
(PODO), early epithelial structures (PROX_1; presumably
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Figure 2. Single-cell gene expression analysis enables characterization of cellular heterogeneity, cell cycle dynamics, and the Mes-
enchymal to Epithelial Transition (MET) in the developing mouse fetal kidney. (A) Shown is a tSNE plot of 544 single-cell gene ex-
pression profiles, each consisting of 728 highly variable genes (see Methods). Each cell is represented by a dot. Cells overexpressing
genes that were previously shown to mark different cell types are marked by additional symbols. (B) Cells of the CM create a circular
manifold in gene expression space that corresponds to the cell cycle. Shown is a PCA figure of cells from the CM only. Each cell is
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pretubular aggregates, renal vesicles, and C/S-shaped bodies),
proximal epithelial tubules (PROX_2), the loop of Henle
(LOH), distal tubule and collecting duct (DIST_CD), endo-
thelial cells (ENDO), and infiltrating immune cells, mainly
macrophages (MACRO). PROX_1 cells differ from PROX_2
cells in that they overexpress markers for early epithelial struc-
tures such as Mdk and Lhx1 (Figure S7 in Supplemental Ap-
pendix 1), as well as markers for actively dividing cells such as
Mki67 and Top2a (Figure S10 in Supplemental Appendix 1).
We note that we found it extremely difficult to distinguish
between cells of the distal tubule and cells of the collecting
duct in our data set, probably because of their transcriptional
similarity as well as the relatively small number of cells in this
experiment, and therefore we merged them into a single
population.

After identifying the various cell subpopulations, we in-
spected the expression levels of the genes Mki67 and Top2a
that are known to be overexpressed during cell division (Fig-
ure S10 in Supplemental Appendix 1). We found that the UM,
CM, PROX_1, LOH, and DIST_CD each contain a substantial
subset of dividing cells that overexpress these genes, whereas
the PODOs and PROX_2 do not. Moreover, we found that
the cells of the CM create a circular manifold (i.e., a high di-
mensional ring) in gene expression space, whose segments
correspond to the different phases of the cell cycle
(Figure 2B, Figure S11 in Supplemental Appendix 1). Using
RNA velocity*—a computational tool for inferring a vector
between the present and predicted future transcriptional state
of each single cell by distinguishing between the spliced mRNA
(present state) and yet-unspliced mRNA (future state)—we
observed a consistent directional flow along this circular man-
ifold (Figure S11 in Supplemental Appendix 1).

Next, we inspected the expression levels of genes that are
known to be involved in the MET or that are known to be
preferentially overexpressed in mesenchymal or epithelial
lineages'0-1247 (Figure 2, C and D, Figures S12 and S13 in
Supplemental Appendix 1). We observed high levels of
mesenchyme-associated genes such as Snai2, Cdhll, and
Cdh2 in the earlier developmental lineages: the UM and
CM. Likewise, higher levels of epithelial genes such as Cdhe,
Cdhl, and EpCAM were prevalent in the more differentiated
lineages: the early epithelial structures (PROX_1), PROX_2,
LOH, and DIST_CD. We noticed that the expression of Cdh11
showed a gradual decrease (Figure 2C, Figure S12 in

Supplemental Appendix 1), with the highest expression levels
being expressed in the UM, medium levels in the CM, lower
levels in the PODOs, and very low levels in the epithelial line-
ages (PROX_1 and PROX_2). Likewise, when comparing
Cdh6 and Cdh1 (Figure 2D, Figure S12 in Supplemental Ap-
pendix 1) we noticed that Cdh6 is higher in the early epithelial
structures (PROX_1) and PROX_2, whereas Cdh1 is higher in
the LOH and DIST_CD.#7

rMATS Was Used to Characterize the Splice Isoform
Switching Events that Occur during the Transition
between the Mesenchymal and Epithelial Cellular
States in the Course of Kidney Development

We next used the full transcript length sequence information
to characterize the splice isoform switching that occurs during
the MET in the course of kidney development. We first focused
on identifying alternatively spliced exons (cassette/skipped
exons) by searching for exons whose inclusion levels (defined
as the fraction of transcripts that include the exon out of the
total number of transcripts that either include the exon or skip
over it) changes significantly between the mesenchymal and
epithelial states. Because the coverage for each single cell was
rather low for splicing analysis, we first merged the raw reads
from all cells belonging to each population in order to create
bulk in silico transcriptomes that represent each cell popula-
tion, and then used the resulting bulk transcriptomes as input
to rMATS** (Supplemental Tables 4-8). We searched for cas-
sette exons whose inclusion levels change significantly
(FDR=0, difference in inclusion levels >0.2) between either
of the mesenchymal populations, the UM or the CM, and all of
the epithelial populations, PROX_1, PROX_2, LOH, and
DIST_CD.

We found 57 cassette exons that were thus differentially
expressed between the mesenchymal and epithelial lineages,
out of which 55 could be validated by manual inspection in the
IGV genome browser3> (Figure 3, A and C, selected exam-
ples in Figures $S23-S41 in Supplemental Appendix 1,
Supplemental Table 9). These exons include some known ex-
amples that were previously observed in EMT such as the
epithelial-associated cassette exons in Map3k7,42.48.49
Dnm?2,42:50:51 Pard3,°0 and the mesenchymal-associated exons
Plod2,12:18:52 Csnk1g3,!84% and Ctnnd1.!%!® We next used
ToppGene3? to perform gene ontology enrichment analysis
(Figure 3B, Supplemental Table 9) and found that the genes

represented by a dot. Cells overexpressing genes such as Top2a and Mkié7 (genes that were shown to be overexpressed in the S-G2-M
phases of the cell cycle) are marked by additional symbols. These cells are located in a specific segment of the circular manifold
representing the S-G2-M segment of the cell cycle. (C and D) Expression levels of the mesenchyme related genes Snai2, Cdh11, and
Cdh2 are typically higher in the UM and CM, whereas the epithelial genes Cdh6é, Cdh1, and Epcam are typically higher in the PROX_1,
PROX_2, LOH, and DIST_CD. Shown are tSNE plots and bar plots showing the expression levels of selected genes. The area of each
circle in each tSNE plot is proportional to log2(1+expression) of the specific gene in that particular cell. The expression level in each
cell is also encoded by the circle color (red, high expression; green, low expression). The bar plots show gene expression levels in bulk
in silico cell transcriptomes representing the different populations (UM, CM, PODO, PROX_1, PROX_2, LOH, and DIST_CD) that were
created by uniting raw reads from all cells belonging to each population. The annotations “CM_ALL” and “CM" are used in-
terchangeably to represent all cells that were classified as belonging to the CM (see also Supplemental Appendix 1).
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Figure 3. Characterization of splice isoform switching events that occur during the Mesenchymal to Epithelial transition (MET) in the
course of kidney development. (A) Shown is a heatmap of inclusion levels of selected cassette exons that change significantly (FDR=0,
difference in inclusion levels >0.2) between either of the mesenchymal populations (UM or CM) and all of the epithelial populations
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containing these exons are related to epithelial characteristics
(e.g., cadherin binding or cell junction) or mesenchymal char-
acteristics (e.g., lamellipodium or cell leading edge, related to
cellular motility). Moreover, the enrichment analysis pointed
out that splicing in many of these genes is controlled by the
splicing regulators Esrpl and Esrp2, as was recently shown in
developing mice.!®

Using similar analysis, we found additional MET-related
alternative splicing events of types other than cassette/skipped
exons (SE), although to a much smaller extent. These include
mutually exclusive exons (MXE) such as Fgfr214->3 (Figure S15
in Supplemental Appendix 1), Actnl (Figure S42 in Supple-
mental Appendix 1), and Tpm1 (Figure S43 in Supplemental
Appendix 1); alternative 3’ splice sites (A3SS) such as Acsl4
(Figure S44 in Supplemental Appendix 1) and Bmpl1 (Figure
$45 in Supplemental Appendix 1); and alternative 5’ splice
sites (A5SS) such as Polr2k (Figure S46 in Supplemental Ap-
pendix 1). We also found a retained intron (RI) in the gene
Srsfl (Figure S47 in Supplemental Appendix 1) that was ex-
pressed at higher levels in the PODOs with respect to other cell
populations.

Supervised Analysis Identifies Additional Genes that
Undergo Splice Isoform Switching during Kidney
Development

Because the low coverage and bias of single-cell protocols
limits the power of automated tools for discovering splice
isoform switching, we searched the existing literature for ad-
ditional genes for which different splice isoforms are ex-
pressed in mesenchymal versus epithelial cells or which are
known to undergo splice isoform switching during EMT, and
examined their alternative splicing between the different cell
populations of the developing kidney. Indeed, we found that
the genes Fgfr214-53 (Figure S15 in Supplemental Appendix 1,
also found in our previous analysis), Epb411517->! (Figure S15
in Supplemental Appendix 1), Fat1!830 (Figure S16 in Sup-
plemental Appendix 1), and Arhgef101'%2043 (Figure S17 in
Supplemental Appendix 1) express their mesenchymal iso-
forms predominantly in the early mesenchymal populations
(UM and CM), and their epithelial isoforms mostly in the
more differentiated epithelial populations (LOH and
DIST_CD). PROX_1 and PROX_2 express either the mesen-
chymal or the epithelial isoform or a mixture of both. Inter-
estingly, we observed that the PODOs in many cases express

the mesenchymal rather than the epithelial isoforms
(Figure 3A, Figures S15-S17 in Supplemental Appendix 1).
This reveals another aspect in which PODOs, which form a
specialized type of epithelial tissue,® are different from most
other forms of epithelia.

The genes Enah and Cd44 are prominent examples of genes
that undergo splice isoform switching during EMT.17-18 Both
genes contain cassette exons that are expressed in epithelial
cells only. However, this behavior was difficult to observe in
our single-cell data set, probably because of the relative low
coverage and bias of our single-cell protocol with respect to
bulk RNA sequencing. We therefore performed additional
bulk RNA sequencing on three replicates of sorted Six2-high
and Six2-low cell fractions. Because Six2 is uniquely expressed
in the CM, the cell fraction that was gated Six2-high is pre-
dominantly composed of cells originating from the CM,
whereas the cell fraction gated for Six2-low contains a mixture
of all of the other mesenchymal and epithelial populations.
Nevertheless, by manually comparing Sashimi plots from
these two cell fractions we were able to observe the alterna-
tively spliced cassette exons in the genes Enah and Cd44 (Fig-
ure S18 in Supplemental Appendix 1).

A different form of alternative splicing, not related to
EMT, was observed in gene Cldn10, which is an important
component of epithelial tight junctions in the kidney and
provides a barrier that permits selective paracellular trans-
port.>* Two isoforms of the gene Cldnl0 were previously
found to coexist in the kidney, one being highly expressed
in the cortex and the other in the medulla.>> These alterna-
tively spliced isoforms are thought to generate different
permselectivities in different segments of the nephron. In
our data set we observed that the cortical isoform was indeed
overexpressed in PROX_1 and PROX_2, which are located in
the cortex, whereas the medullary isoform was overexpressed
in the LOH, which is predominantly located in the medulla
(Figure S19 in Supplemental Appendix 1). This confirmed
previous in situ hybridization measurements>> also at the
single-cell transcriptomic level.

We also observed two known splice isoform switching events
in the gene Wtl, a central gene in kidney development*-8: cassette
exon 5 is low in the mesenchymal populations and increases grad-
ually during MET, and the KTS+:KTS— isoform ratio in exon 9
converges to 60:40 in the epithelial populations®*—° (see Figure
S20 in Supplemental Appendix 1).

(PROX_1, PROX2, LOH, and DIST_CD). Exon inclusion levels were derived from in silico bulk transcriptomes representing the different
cell populations (UM, CM, PODO, PROX_1, PROX_2, LOH, and DIST_CD) that were created by uniting raw reads from all cells be-
longing to each population. Colors indicate relative high (red) versus low (green) inclusion levels. The inclusion levels for each exon
(row) were independently standardized by mean-centering and dividing by the SD. (B) Gene ontology (GO) enrichment analysis shows
that the genes containing these differentially expressed cassette exons are related to structural and functional properties of epithelial
cells (e.g., cadherin binding or cell junction) or to characteristics of mesenchymal cells (mainly cellular motility, e.g., lamellipodium and
cell leading edge). (C) Sashimi plots and bar plots of inclusion levels in selected exons show gradual increase (Map3k7,42:4849
Dnm2,42:50.51 and Pard3%0) or decrease (Plod2,'218.52 Csnk1g3,'84? and Ctnnd1'418) of inclusion levels during the transition from
mesenchymal (UM and CM) to epithelial states (PROX_1, PROX_2, LOH, and DIST_CD; see also Supplemental Appendix 1).
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Figure 4. Differential expression of RNA binding proteins and RNA binding motif enrichment analysis suggest that Esrp1/2 and
Rbfox1/2 are splicing regulators of the Mesenchymal to Epithelial transition (MET) that occurs during kidney development. (A) Shown is
a comparison between mesenchymal and epithelial states of the mean expression levels of 84 RNA binding proteins (RBPs) that are
known from the literature to regulate splicing through binding of mRNA transcripts. We used expression levels from bulk in silico
transcriptomes that represent each cell population. (B) A tSNE plot of the single-cell profiles, highlighting cells that express the putative
splicing regulators Rbfox1/2 and Esrp1/2. It can be seen that Rofox1 and Rbfox2 are highly expressed in the mesenchymal populations,
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Differential Expression of RNA Binding Proteins and
RNA Binding Motif Enrichment Analysis Suggest that
Esrp1/2 and Rbfox1/2 Are Splicing Regulators of the
MET that Occurs during Kidney Development

We next used rMAPS3? to identify putative RNA binding pro-
teins that act as splicing regulators for splice isoform switching
between the mesenchymal and epithelial states during renal
development. We first compared the mean expression levels of
84 known RNA binding proteins3°—! (Supplemental Table 10)
between the mesenchymal (UM, CM) and epithelial popula-
tions (PROX_1, PROX_2, LOH, DIST_CD) and found several
putative splicing regulators that were differentially expressed
(Figure 4A, Figure S21 in Supplemental Appendix 1).

Of these differentially expressed RNA binding proteins, we
found Rbfox1 and Rbfox2 to be overexpressed in the mesen-
chymal cells, whereas Esrp1 and Esrp2 are overexpressed in the
epithelial cells (Figure 4B). Likewise, we found that Rbfox1/2
and Esrp1/2 have RNA binding sites (motifs) that are enriched
in the 5" or 3’ neighboring introns of the cassette exons that
are differentially expressed between mesenchymal and epithe-
lial states (Figure 4, C and D, Figure S22 in Supplemental
Appendix 1).12:1942:43 This indicates that RBFOX1/2 and
ESRP1/2 are splicing regulators involved in MET during kid-
ney development, similar to what was previously observed in
EMT!2: in the mesenchymal cell populations Rbfox1 and/or
Rbfox2 bind to mRNA in the downstream 3’-flanking introns
of the mesenchymal-associated cassette exons and promote their
inclusion,!24%:6 whereas in the epithelial cell populations Esrpl
and/or Esrp2 bind to the downstream 3’-flanking introns!®4243
(and in some cases also to an additional site at the far 5" end of the
upstream flanking intron*?) of the epithelial-associated cassette
exons and promote their inclusion.

DISCUSSION

In this study we used the Smartseq2 protocol?>-2¢ for full tran-
script length single-cell RNA sequencing to characterize the
splice isoform switching events that occur during the MET in
the course of kidney development. Such splicing information
is not obtainable using 3'-end digital counting protocols such
as Drop-seq,® apart from splicing events located at the very
3" end of mRNA transcripts. These results highlight the im-
portance of combining 3’-end digital counting technologies
for transcriptional profiling of many thousands of cells, with

full transcript length RNA sequencing for deeper analysis of
selected cell populations, in order to obtain a detailed under-
standing of the molecular mechanisms involved in kidney de-
velopment and disease.

Because the Smartseq2 protocol that we used is practically
limited to a few hundreds of cells, we were unable to detect
very small immune populations®” or to discern between all cell
subtypes. For example, we were unable to discern subpopula-
tions within the very early epithelial structures (PROX_1) or
stromal subtypes within the UM.® Nevertheless, the Smart-
seq2 protocol does have the advantage of being able to mea-
sure expression levels more precisely. For example, we were
able to discern high, medium, and low expression levels of
genes such as Cdhl11 (Figure S12 in Supplemental Appendix
1) or Wtl (Figure S20 in Supplemental Appendix 1).

Each cell in our analysis was sequenced at roughly 1-2
million reads per cell. Because splicing analysis typically re-
quires roughly 20-40 million reads, we merged the raw reads
from all cells belonging to each population in order to create
bulk in silico transcriptomes that represent each cell popu-
lation and then performed splicing analysis on these. We
note, however, that splicing analysis can also be done for
individual cells,?® but because of the small number of reads
the inferred inclusion levels for most genes will be less ac-
curate and have wide margins of error, except for the most
highly expressed genes.

We note that the motif enrichment analysis for RNA bind-
ing proteins often gave nonspecific results, such as candidate
splicing regulators that were not even expressed in some pop-
ulations. We hypothesize that this stems from the fact that the
binding motifs are not very specific because they are typically
only a few bases long. We therefore based our identification of
the splicing regulators Esrp1/2 and Rbfox1/2 on the existence
of two additional criteria apart from RNA binding motif en-
richment: first, the expression levels of Esrp1/2 and Rbfox1/2
differ significantly between the mesenchymal and epithelial
cell states; and second, there is much previous evidence for
similar functionality in other developing organs and in vitro
systems.!2,14,17,42,43,48,51 The marked differences in expres-
sion between mesenchymal and epithelial populations of
other RNA binding proteins such as Cpeb2, Rbm47,!2
Msil, Rbms3, and others (Figure 4A, Figure S21 in Supple-
mental Appendix 1) indicate that they might also be involved
in renal MET splicing regulation. However, we did not ob-
serve a consistent enrichment of known binding motifs for

whereas Esrp1 and Esrp2 are highly expressed in the epithelial populations. The area of each circle is proportional to log2(1+ex-
pression) of each gene in that particular cell. (C and D) Cassette exons that are over-expressed in the mesenchymal populations contain
a significant enrichment of Rbfox1/2 binding motifs at their downstream introns.'2:40.¢ | ikewise, cassette exons that are over-
expressed in the epithelial populations contain a significant enrichment of Esrp1/2 binding motifs in their downstream in-
trons, 174243 and in some cases (CM versus LOH), also in the far 5’ end of their upstream introns (as previously observed in EMT42). This
indicates that Rbfox1/2 and Esrp1/2 are splicing regulators'? involved in the MET that occurs during kidney development. The an-
notations “CM_ALL"” and "CM" are used interchangeably to represent all cells that were classified as belonging to the CM (see also

Methods and Supplemental Appendix 1).
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these genes as we did for Esrp1/2 and Rbfox1/2. Likewise,
there may be additional splicing regulators whose expression
does not change and whose RNA binding activity is modulated
by protein modification. One example is QK (also known as
QKI),'2 but we did not find significant motif enrichment for
this gene in the MET-associated differentially expressed
cassette exons.

In a recent study it was shown that ablation of Esrpl in
mice, alone or together with Esrp2, resulted in reduced kidney
size, fewer ureteric tips, reduced nephron numbers, and a
global reduction of epithelial splice isoforms in the transcrip-
tome of ureteric epithelial cells.®® We believe that our results
provide a detailed picture at the single-cell level that comple-
ments the above study. Moreover, the fact that kidneys still
develop under the ablation of Esrp1/2, taken with our results,
suggests that there are multiple splicing regulators acting
combinatorically thus creating a bypass mechanisms so that
one splicing regulator compensates, although partially, for
lack of another. Because it is infeasible to create transgenic
mice containing knockouts of the many possible combina-
tions of multiple regulators with current technology, we sug-
gest using kidney organoids as a model system along with
single-cell analysis for future functional studies.
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Supplemental Appendix 1. Supplemental text and figures.

Supplemental Table 1. Single-cell gene expression values (raw and
normalized counts).

Supplemental Table 2. A list of genes from the literature that were
previously shown to be involved in kidney development and an ad-
ditional list of 48 genes from a previous single-cell quantitative PCR
study that we previously conducted on human fetal kidney cells.?> We
note that once a sufficient number of genes are included, the ability to
identify the different populations (Figures 1B and 2A) is not very
sensitive to the exact choice of genes.

Supplemental Table 3. Lists of cells in each population.

Supplemental Table 4. rMATS tables for cassette/skipped exons
(SEs) that are alternatively spliced between the bulk in silico tran-
scriptomes representing the different populations.

Supplemental Table 5. rMATS tables for mutually exclusive exons
(MXEs) that are alternatively spliced between the bulk in silico
transcriptomes representing the different populations.

Supplemental Table 6. rMATS tables for alternative 3’ splice sites
(A3SS) that are alternatively spliced between the bulk in silico tran-
scriptomes representing the different populations.

Supplemental Table 7. rMATS tables for alternative 5’ splice sites
(A5SS) that are alternatively spliced between the bulk in silico tran-
scriptomes representing the different populations.

Supplemental Table 8. rMATS tables for retained introns (RIs) that
are alternatively spliced between the bulk in silico transcriptomes
representing the different populations.

Supplemental Table 9. Gene ontology (GO) enrichment analysis
results from ToppGene for genes containing alternatively spliced exons.
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Supplemental Table 10. A list of RNA binding proteins and
binding sites used for identifying putative splicing regulators.

Supplemental Table 11. DEXSeq counts. This table contains the
number of reads that align to each exon within each bulk in silico
transcriptome representing each cell population.

Program. A compressed directory containing a short MATLAB
program and data sets for single-cell data visualization.
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