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Summary

Tissue engineering offers a promising treatment strategy for ureteral strictures, but its success requires an in-
depth understanding of the architecture, cellular heterogeneity, and signaling pathways underlying tissue
regeneration. Here we define and spatially map cell populations within the human ureter using single-cell RNA
sequencing, spatial gene expression, and immunofluorescence approaches. We focused on the stromal and
urothelial cell populations to enumerate distinct cell types composing the human ureter and inferred potential
cell-cell communication networks underpinning the bi-directional crosstalk between these compartments.
Furthermore, we analyzed and experimentally validated the importance of Sonic Hedgehog (SHH) signaling
pathway in adult stem cell maintenance. The SHH-expressing basal cells supported organoid generation in
vitro and accurately predicted the differentiation trajectory from basal stem cells to terminally differentiated
umbrella cells. Our results highlight essential processes involved in adult ureter tissue homeostasis and

provide a blueprint for guiding ureter tissue engineering.
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Introduction

The ureter is a tube that carries urine from the kidney to the bladder; it is often overshadowed by the two
organs that it connects and neglected in molecular studies. However, congenital defects and injuries of this
structure can lead to significant medical issues, which severely compromise patients’ quality of life. Ureteral
stricture is a common sequelae of iatrogenic injury from surgery or radiation but can also be caused by benign
conditions such as impacted ureteral calculus, retroperitoneal fibrosis, or abdominal aortic aneurysm (Gild et
al., 2018; Vorobev et al., 2021). If left untreated, ureteral stricture can lead to pain, repeat infections, kidney
stones, and permanent loss of renal function. The surgical repair approach depends on stricture location,
length, density, and other factors such as previous treatments and/or radiation. Long ureteral strictures can be
particularly challenging to repair and can involve the use of non-native tissue such as buccal mucosal graft,
appendiceal flap, or ileal ureteral interposition (Gild et al., 2018; Paffenholz and Heidenreich, 2021). Long-term
complications of bowel use in the urinary tract include recurrent urinary tract infection (UTI), metabolic

derangements, and potential renal function deterioration (Gild et al., 2018).

Tissue engineering of human ureters is an emerging field and could be an alternative treatment approach in
these situations. However, for successful ureter tissue engineering, several problems need to be considered,
including physiological characteristics and local environment of the tissue, the type of scaffold used, and, most
importantly, a detailed understanding of the individual cell types in the adult human ureter (Simaioforidis et al.,
2013). Advancements in single-cell RNA sequencing technologies have revolutionized our understanding of
the cellular complexity for a myriad of different tissue types, both in normal and diseased states (Wolfien et al.,
2021). Single cell transcriptomics has been used to study the mouse and human kidney (Combes et al., 2019;
Lake et al., 2019; Menon et al., 2018; Sheng et al., 2021; Wu et al., 2018); however, these analyses have
focused on interrogating the cellular composition of the kidney with a focus on the kidney interstitium and
nephrons, but have not described the urothelial compartment. In fact, with respect to the urothelium, single cell
transcriptomic studies have been reported only on the human bladder (Chen et al., 2020; Li et al., 2012; Yang
et al., 2017; Yu et al., 2019), but not the human ureter. Historically, the urothelium of the ureter has been
overlooked and/or considered continuous with the urothelium of the bladder. While they share many
characteristics, the ureter and bladder are fundamentally different tissues with the ureter arising from the
intermediate mesoderm and the bladder arising from the endoderm (Rehman and Ahmed, 2021). Therefore,
an in-depth analysis of the human ureter is critical to uncover and understand novel developmental networks

and physiological aspects of this tissue.

In this study, we defined the single-cell landscape of human ureter tissues comprised of 30,942 cells from ten
different patients. Analysis of these data revealed a previously underappreciated complexity in the immune,
stromal and urothelial compartment. We identified a proliferative stem-like basal urothelial cell population, with
potential functional roles in response to tissue injury/inflammation, as well as the ability to support the in vitro
generation of organoids. We also investigated the detailed spatial relationships among four types of fibroblasts

by complementing single-cell transcriptomic data with spatial transcriptomics and immunofluorescence.
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Furthermore, we interrogated potential cellular communications between fibroblasts and urothelial cells,
enhancing our understanding of the putative pathways involved in homeostasis and regeneration. These
results promote a detailed understanding of the cellular heterogeneity and signaling networks within the human

ureter and serve as the foundation for future tissue engineering endeavors.

Results

Single-cell profiling and unbiased clustering of human ureter cells

To uncover the cellular complexity of the human ureter, we performed single-cell RNA sequencing (scRNAseq)
on human ureter tissues. Normal human ureter tissue was procured from patients undergoing radical
cystectomy, immediately dissociated into single cell suspensions, and processed for scRNAseq. After quality
control and filtering, a total of 30,942 single cells from ten different human ureter samples were segregated into
20 different clusters using Seurat’s unsupervised clustering algorithm (Tables S1 and S2). These clusters were
visualized by Uniform Manifold Approximation and Projection (UMAP), where each color represents a different
cell population ordered from the largest (4,200 cells in cluster 0) to the smallest (94 cells in cluster 19) (Figure
1A). Patient samples and sexes were uniformly distributed throughout the UMAP with the exception of cluster
5, which was dominated by female samples, with the highest proportion of cells coming from sample U7
(Figures S1A and S1B). We then performed differential gene expression analysis to aid in the classification of
each cell cluster (Figures 1B and S1C; Table S2). Leveraging established markers, we could separate the
clusters into three major compartments, urothelial (eight clusters expressing KRT20, KRT8, KRT17, MIK67,
KRT5, KRT13, UPK3A), stromal (four clusters expressing ACTA2, FLT1, COL1A2, DCN), and immune (eight
clusters expressing TRAC, CD8A, NKG7, TPSB2, CD163, FCN1, LST1). We noted an absence of neuronal
cell types in our dataset, but this is consistent with other reports describing difficulties in isolating intact
neurons during tissue dissociation (Armand et al., 2021). Pearson correlation coefficient based on the
expression of the top 2,000 variable genes between all possible cluster pairs confirmed that clusters within
each compartment share more similar expression profiles when compared to clusters in other compartments
(Figure 1C), corroborating our classification. We thus proceeded to examine each subset separately to

improve the resolution of cell types.

Classification of the immune cells

Reanalysis of the immune subset resulted in 16 clusters, with minimal patient-specific and sex-specific effects
(Figures S2A and S2B; Table S3). Following differential gene expression analysis, we identified one cluster
each for mast cells (cluster 13: KIT, TPSAB1), NK cells (cluster 3: KLRD1, CD247), and B cells (cluster 6:
CD79A, JCHAIN) (Figure 2A). We also observed several clusters within the monocyte lineage (clusters 0, 7, 8,
10, and 12) grouped together on the UMAP, with varying expression of the monocyte marker CD14 (Zamani et
al., 2013). Higher levels of CD14 were observed in dendritic cells (cluster 7: HLA-DRA, HLA-DRB1) and
macrophages (cluster 8: CD14, C1QA) (Figures 2B and S2C). Three CD14/CD68-expressing monocyte
clusters with high expression of ficolin 1 (FCN1) were also identified, and they were further divided into
classical (clusters 0 & 10: ST00A8, ST00A9) and non-classical (cluster 12: MS4A7, LILRB2, SELPLG)
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monocytes (Hu et al., 2020). Interestingly, cluster 0 classical monocytes appeared to co-express intermediate
markers, including BCL6 and STAT3 (Loperena et al., 2018).

We also identified eight different clusters of T cells (clusters 1, 2, 4, 5,9, 11, 14 & 15). The largest T cell cluster
was negative for CD4 and CD8 expression and was referred to as double negative T cells (cluster 1). Also
amongst the T cell clusters were regulatory T (Treg) cells (cluster 11: FOXP3, CTLA4), central memory T
(Tcm) cells (cluster 4: CCRY), and two clusters of tissue resident memory T (Trm) cells (clusters 2 & 14:
ZNF683, CD69, ITGA1). Expression of cytokines INFG and TNF in cluster 14 Trm cells suggests that this
cluster may have been recently activated. We also identified two clusters of CD8 effector T cells, the GZMK+
cluster 5 and the GZMH+ cluster 9. Finally, we resolved a cluster of mucosal-associated invariant T (MAIT)
cells (cluster 15: KLRB1, IL23R, IL18R1), which are innate-like T cells that play an important role in the
antibacterial response (Godfrey et al., 2019; Terpstra et al., 2020).

It is important to note that the ten ureter tissues used for the single cell study were free from any existing injury
or infection, based on medical record and pathologist examination of the tissues, with the potential exception of
patient U7, who had a history of chronic urinary tract infections (UTIs). Furthermore, in the urinary tract, it has
been reported that the adaptive immune response is limited, requiring an efficiently primed innate immune
component (Hayes and Abraham, 2016). Therefore, the monocyte cell types (clusters 0, 10, and 12) likely play
important homeostatic roles (Teh et al., 2019). Nonetheless, the heterogeneity of immune cell types in normal

human ureters was strikingly high.

Classification of the stromal cells

The analysis of the stromal cell subset resulted in seven clusters (Figure 3A), with even distribution across
patient samples and sexes (Figures S3A and S3B). Each stromal cluster expressed a unique gene set
(Figure S3C; Table S4), allowing for unambiguous annotation of each cell type. As expected, we identified two
PECAM1* endothelial cell clusters, which could be separated into venous endothelial cells (cluster 1: NRP1,
NRP2), and arterial endothelial cells (cluster 6: GJA5, BMX) (Figure 3B) (dela Paz and D'Amore, 2009). We
also identified one smooth muscle cell cluster (cluster 2: ACTA2, MYH11) and four distinct fibroblast clusters
(clusters 0, 3, 4, and 5). Cluster 5 fibroblasts expressed high levels of COL71A7 and was the most distinct from
the other fibroblasts in the ureter based on its position on the UMAP. The others, while clustered closely
together, could still be clearly distinguished by unique markers (Figure S3C) and were labeled HAS 7" (cluster
0), APOE™M (cluster 3), and GAS 1" (cluster 4).

To gain insight into the functional differences between the four fibroblast clusters, we performed gene set
enrichment analysis on differentially expressed genes across the fibroblasts (Figure 3C). Each fibroblast
cluster had unique Gene Ontology (GO) term enrichments, suggesting that they were functionally distinct.
Cluster 5 fibroblasts (COL1A1") likely serve a prominent structural role and were significantly enriched for GO

terms related to extracellular matrix binding and collagen binding. Cluster 3 fibroblasts (APOE") were enriched
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for terms related to chemokine activity, and in the skin, apolipoprotein E (APOE) expressing fibroblasts were
thought to have pro-inflammatory properties (Sole-Boldo et al., 2020). Cluster 4 fibroblasts (GAS 1") were
enriched for terms related to unfolded protein and heat shock protein binding. In fact, growth arrest specific-1
(GAS1) is an anti-mitogenic factor that mediates growth arrest of fibroblasts. The Saccharomyces cerevisiae
homologue of GAS1 plays an important role in the endoplasmic reticulum stress response (Cui et al., 2019).
Thus, this population of fibroblasts might play a role in upregulating pathways involved in protein homeostasis.
The largest cluster of fibroblasts, cluster 0 (HAS7"), was enriched for the term “fibronectin binding”.
Hyaluronan synthase 1 (HAS1) is responsible for the production of hyaluronan, which is a key constituent of
the extracellular matrix and is involved in cell migration, wound healing, and tissue repair (Jiang et al., 2007).
Hyaluronan has also been implicated in regulating the deposition of fibronectin and collagen (Evanko et al.,
2015), which together provide the framework for the ingrowth of blood vessels and fibroblasts during tissue

healing and regeneration.

In a different attempt to better understand the four fibroblast populations, we leveraged the Visium Spatial
Gene Expression platform to generate spatial transcriptomic profiles of human ureter cross sections. While this
analysis did not reach single-cell resolution, it allowed us to clearly distinguish the urothelial layer (KRT5* basal
cells and UPK1A* umbrella cells) from the outer stromal layer (ACTA2* smooth muscle cells and DCN*
fibroblasts). Therefore, by querying the markers used to specify each fibroblast cluster in the scRNAseq
analysis, we could visualize how each fibroblast subtype was distributed in the stromal layer. The markers
chosen were SEMA3C, GPC3, GAS1, and LAMCS3 for clusters 0, 3, 4, and 5, respectively (Figures 3D and
S3D). Clusters 0 (HAS7") and 3 (APOE") were diffusely spread throughout the interstitial layer. Cluster 4
(GAS1") was localized towards the periphery of the interstitial layer. Finally, Cluster 5 (COL1A1") was

localized closest to the urothelium in contrast to the other fibroblast clusters.

Finally, we used commercially available antibodies that specifically distinguished, either alone or in
combination, the fibroblast subtypes. Cluster 0 was identified by being LIF1*/COL15A1- and Cluster 5 by LIF1-
/COL15A1* (Figure 3E). Cluster 5 could also be uniquely visualized as FOXF1* cells, which are localized just
below the urothelium and is consistent with the spatial gene expression data (Figure 3F). Moreover, cluster 3
fibroblasts clearly stained for APOE and could be seen interspersed between the ACTA2* smooth muscle
bundles (Figure S3E). The immunofluorescence staining not only validated the RNA expression-based
classification of the fibroblasts but also confirmed their spatial distributions within the tissue. Together, these
data demonstrate a so far unappreciated heterogeneity of the ureter interstitium that, like in the kidney, could

be involved in providing critical inputs for ureter homeostasis (England et al., 2020).

Classification of the urothelial cells

The urothelial compartment could be resolved into eight clusters (Figure 4A), where samples and sexes were
evenly distributed across clusters (Figures S4A and S4B). We identified two umbrella cell clusters (4 & 7),
three intermediate cell clusters (0, 1, & 5), and three basal cell clusters (2, 3, & 6) (Figure S4C; Table S5).
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Umbrella, intermediate, and basal cells are the known maijor cell types within the urothelium, which span the
differentiation spectrum from the least differentiated basal cells to the terminally differentiated umbrella cells
(Dalghi et al., 2020). Uroplakin (UPK) genes are routinely used as markers for umbrella cells, but studies have
shown that the umbrella cells of the ureter are more heterogeneous with respect to UPK expression than the
bladder (Dalghi et al., 2020; Riedel et al., 2005). Cluster 4 umbrella cells were defined by high expression of
UPK genes (UPK1A, UPK2, UPK3A) and labeled as UPK" (Figure 4B). Conversely, cluster 7 cells expressed
low levels of UPK genes but showed KRT20, which is often used as a terminal differentiation marker (Volkmer
et al., 2012). Interestingly, cluster 7 umbrella cells expressed high levels of ferritin light (FTL) and heavy
(FTHT) chain genes. This was independently confirmed with immunofluorescence staining, which revealed
FTL* or KRT20* umbrella cells as scattered in the expected abundance throughout the lumen-facing umbrella
layer (Figures 4C and S4D).

We next examined the genes differentially expressed by the three intermediate cell clusters (Figure 4B).
Cluster 0, which is the largest and most diffuse cluster, had very few distinguishing genes with the exception of
cadherin-related family member 5 (CDHRS5). Cluster 1 was defined by high expression of cellular retinoic acid-
binding protein 2 (CRABP2) and LY6/PLAUR domain containing 3 (LYPDJ3). Cluster 5 showed high expression
of FOXA1 transcription factor, which is involved in bladder differentiation (DeGraff et al., 2012), and grainyhead
like transcription factor 3 (GRHL3), which drives terminal differentiation and barrier formation in the urothelium
(Yu et al., 2009). Interestingly, in contrast to clusters 0 and 5, cluster 1 intermediate cells showed expression of
UPK genes, suggesting that these cells might be differentiating into the umbrella cells. Indeed,
immunofluorescence analysis demonstrated that intermediate cells with the highest levels of LYPD3 were just
below the UPK3A* umbrella cells (Figure 4D). Cluster 5 intermediate cells (FOXA1") were located deeper in
the urothelial cell layer as shown by low GATA3/LYPD3 staining pattern (Figure 4E).

Finally, there were three KRT5* basal cell subtypes. Cluster 2 (SHH") had the highest proportion of sonic
hedgehog signaling molecule (SHH) expressing cells (Figure 4B). Cluster 3 (JUN/FOS") also contained a
small number of SHH-expressing cells but was saliently marked by robust expression of JUN and FOS
transcription factors. Cluster 6, the smallest of the KRT5* basal cells, was unique in expressing high levels of
proliferative genes including MKI67, PCLAF, TYMS, TK1, BIRC5, and RRM2 (Figure S4C) and was referred to
as MKI67". The basal cell clusters could be validated by immunofluorescence staining. A gradient of KRT5 and
KRT17 expression marked cluster 2 with strong double staining and cluster 3 with weaker double staining
(Figure 4F) while cluster 6 (MKI67") was distinctly positive for MKI67 within the KRT5* cell layer (Figure 4G).
Previous studies have indicated KRT14*/KRT5* basal urothelial cells as the proliferating pool of basal cells
responsible for replenishing the bladder urothelium (Liu et al., 2019). However, we did not detect significant
levels of KRT14 in any of the KRT5* basal cell clusters (Figure 4B). This is in agreement with studies showing
that, unlike the bladder urothelium, KRT74 is found in very low levels in the adult ureter urothelium (Bohnenpoll

et al., 2017a), indicating basal cell heterogeneity between the two organs.


https://doi.org/10.1101/2021.12.22.473889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.22.473889; this version posted December 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Reconstructing the differentiation trajectory of the human ureter urothelial cells

It is well-accepted that cells of the basal cell layer can differentiate into intermediate and umbrella cells during
development as well as during adult tissue regeneration (Dalghi et al., 2020). In the developing ureter, a SHH-
FOXF1-BMP4 signaling axis has been shown to regulate cellular pathways underlying ureter elongation and
differentiation (Bohnenpoll et al., 2017b; Jackson et al., 2020). In mouse bladder tissues, a SHH-expressing
basal stem cell population can regenerate all the urothelial cell types following tissue injury or infection (Shin et
al., 2011). Sonic hedgehog signaling molecule (SHH) is a secreted protein and a potent inducer of WNT
stromal expression, stimulating proliferation of both the stromal and urothelial cells. This signaling cascade and
associated proliferation are also necessary for the restoration of the bladder urothelium following injury or
infection. Our scRNAseq data clearly identified a population of SHH-expressing basal cells in the adult ureter

tissue, although the role of SHH in adult ureter homeostasis has not been investigated.

We began exploring the relationship among the ureter urothelial cell types with respect to SHH signaling by
performing a cell trajectory analysis using Monocle3 (Cao et al., 2019; Qiu et al., 2017; Trapnell et al., 2014)
and designating the cells with the highest SHH expression (in cluster 3) as the starting point for the trajectory
(Figure 4H). Remarkably, this analysis recapitulated urothelial differentiation from SHH" basal cells, through
the intermediate cells, to the terminally differentiated UPK-expressing umbrella cells. Interestingly, this
trajectory did not exist as a single path, but instead had four paths for basal-to-intermediate cell differentiation
and two paths for intermediate-to-umbrella cell differentiation. This suggested a higher degree of plasticity than

previously anticipated.

To better understand how signaling pathways are changing along the differentiation paths, we performed
KEGG pathway enrichment analysis of the top 200 differentially expressed genes from each differentiation
trajectory (Figure 4H; Table S6). Surprisingly, only one of the basal-to-intermediate paths (#2) traversed
through the MKI67" proliferative cluster and was unique for enrichment of the KEGG pathway terms “cell cycle”
and “DNA replication”. The overarching theme for the four basal-to-intermediate trajectories was enrichment in
“PPAR signaling” as well as “fat digestion and absorption”. Of note, peroxisome proliferator-activated receptor
(PPAR) signaling has been shown to be an important upstream regulator of urothelial differentiation in mouse
bladders (Liu et al., 2019). The two intermediate-to-umbrella trajectories were not enriched for “PPAR
signaling” or “fat digestion and absorption”, suggesting that these signaling networks are only critical for the
early stages of differentiation. Consistent with this notion, key genes in the PPAR signaling network were
highly expressed in the basal and intermediate cells but downregulated in umbrella cells (Figures S4E and
S4F). Finally, the intermediate-to-umbrella trajectory 1 was enriched for “cell adhesion molecules”, signifying
barrier formation. Taken together, our cell trajectory analysis showed that the manual selection of SHH-
expressing basal cells as the starting point can accurately recapitulate the differentiation trajectory of basal
cells to umbrella cells. Pathway enrichment analysis of the genes that were dynamic across the differentiation
trajectories highlighted a potential role for PPAR signaling in the early stages of differentiation and a switch

towards the acquisition of barrier function during terminal differentiation.
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Determining the cell-cell communication networks in the adult human ureter

The bidirectional crosstalk between the urothelium and the stroma is essential for the proper development of
the urothelium and smooth muscle in both bladder and ureter (Jackson et al., 2020). To examine such
communication networks between the urothelial and non-urothelial cells, we applied CellPhoneDB (Efremova
et al., 2020) to infer potential receptor-ligand interactions between all cell clusters (Table S7). The analysis
revealed COL1A1" fibroblasts to have the most putative interactions with other stromal and urothelial cell types
whereas interactions to, from, and within the immune compartment were rather muted (Figures 5A and 5B).
These highly interactive COL1A 1" fibroblasts reside just below the basal cell layer (Figures 3D-F), prompting
us to examine more closely the potential signaling from this fibroblast cluster to the three basal urothelial

clusters (Figure 5C) and vice versa (Figure 5D).

Overall, the putative receptor-ligand communications in both directions showed significant enrichment for
WNT, BMP, EGF, and TGFB-related pathways (likelihood test, p value <0.00001). Such observation is
consistent with a postulated importance of SHH expression in basal cells as SHH signaling induces stromal
expression of WNT4 as well as the differentiation-associated BMP4 and BMP5 (Shin et al., 2011). Ligand
expression in the COL7A1" fibroblast indicated this SHH-induced pattern (Figure 5C), with BMP4/5 signaling
to the BMP receptors on the proliferative MIK67" basal cells, and WNT4 signaling to the frizzled class (FZD)
receptors on all three basal cell populations. When we evaluated the reverse signaling from the basal cells to
the fibroblasts, WNT7B ligand expression was detected in all three basal cell clusters and could signal to FZD1
and FZD10 expressed on COL1A1" fibroblasts (Figure 5D). In fact, studies in mice have pointed to an
important role for the interaction between urothelial WNT7B and mesenchymal FZD1, working in parallel to
SHH signaling, in ureter development (Jackson et al., 2020). The analysis also revealed Smoothened (SMO),
another component of the SHH signaling network, to be expressed by the COL71A 1" fibroblasts, with potential
interactions with BMP2 ligand from the JUN/FOS" and SHH" basal cell clusters. In addition, there were
numerous predicted interactions from all three basal cell clusters with EGFR on the COL1A1" fibroblasts.
Altogether, these results indicated that there are most likely numerous pathways working in parallel with SHH
signaling network to mediate proliferation and differentiation of the adult ureter, and that the COL71A 1"

fibroblasts may be a central hub for mediating these processes.

Sonic hedgehog expression predicts ureter organoid generation efficiency

Ureter organoids have emerged as a potential tool to study ureter development and homeostasis (Mullenders
et al., 2019). To start laying the foundation for ureter cell culturing and differentiation ex vivo, we wanted to
determine the fidelity of our cell cryopreservation method in maintaining cellular composition and gene
expression patterns as well as to establish the ability of these cryopreserved cells to initiate organoid growth.
To this end, we performed scRNAseq on freshly dissociated single cells and cryopreserved single cells from
the same patient (U2), as well as the organoid derived from these same cryopreserved cells (Figure 6A). We

detected the major cell types in the immune, stromal, and urothelial compartments as seen in the larger cohort
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analysis containing all ten human ureters (Figures 1A, S5A, and S5B). Based on scRNAseq results, we
confirmed that the cryopreserved cells (Thawed) mirrored the freshly dissociated cells (Fresh) in terms of
cellular composition (Figures 6B and S5C). The organoid, however, showed striking enrichment for basal and
intermediate urothelial cell clusters and de-enrichment of the stromal and immune cell types (Figures 6B and
S5C). The urothelial nature of the organoid and the enrichment for basal and intermediate cells were also

confirmed by immunofluorescence staining of multiple ureter organoids (Figure 6C).

Specific to the organoid, there was a notable expansion of the MKI67" basal cells (Figure 6B), as would be
expected by the organoid culturing conditions that promote proliferation of adult stem cells (Mullenders et al.,
2019). Yet, the exact identity of the urothelial self-renewing progenitor cells is still an area of intense debate
(Colopy et al., 2014; Gandhi et al., 2013; Liu et al., 2019; Shin et al., 2011). Our results thus far implicated the
SHH-expressing basal cells to have stem cell-like properties in adult human ureter (Figure 4D) and suggested
that functional SHH signaling is necessary for proper tissue differentiation (Figures 5C and 5D). Consistent
with this, the organoid-enriched clusters (4, 6, 8, 7, & 10) all expressed SHH, with the highest levels observed
in basal cell clusters 4 and 6 (Figure 6D). On the other hand, downstream SHH pathway genes, including
WNT4, GLI1, and PTCH1, were robustly detected in cluster 14 fibroblasts, which contained the COL1A 1"
fibroblasts described in detail above (Figure S5A). Together, these observations led us to hypothesize that the
organoid initiation rate would be positively correlated with the activity of the SHH pathway in individual patient
specimens. To test this, we prospectively measured organoid initiation rates (Figure 6E) and quantified
expression of SHH and its downstream targets for 9 additional patient samples (Figures 6F and S5D). Indeed,
we observed that samples with higher levels of SHH signaling correlated with higher numbers of organoids
formed (R?>0.7, Figures 6F and S5D). Moreover, this effect seemed to be specific as performing the same
analysis with catenin beta 1 (CTNNB17) did not show such a correlation (R?>=0.3535, Figure S5D). While the
underlying reasons for intrinsic differences in SHH expression by sample was not investigated, our data
supported the SHH-expressing basal cells having stem cell-like properties that can promote human ureter

organoid formation in vitro.

Discussion

Ureteral defects and injuries remain a significant clinical burden and, without successful repair, can greatly
diminish the quality of life in patients affected by them. Tissue engineering offers a unique and promising
approach to repairing these damages. Conventional tissue engineering approaches require the use of
biomaterials that, ideally, can (1) preserve the anatomy and functionality of the tissue, (2) provide the
appropriate structural and mechanical properties, and (3) recapitulate a microenvironment that can support
proper differentiation of organ-specific cell types and secretion of their own extracellular matrix proteins that will
eventually replace the artificial scaffold (Simaioforidis et al., 2013). The use of artificial scaffolds has some
inherent drawbacks (Roy et al., 2020). For example, cells may fail to fully integrate into the matrix scaffold
during bladder tissue reconstruction (Bouhout et al., 2016). Furthermore, interactions between the epithelia

and stroma are required for the proper maturation of the urothelium (Shin et al., 2011; Wang et al., 2017). To
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avoid these pitfalls, stromal self-assembly methods, where tissue-derived stromal cells are utilized for
producing cell type-specific extracellular matrix, have been proposed (Roy et al., 2020). The “self-assembly”
technique has been used to generate various tissues (Saba et al., 2018), including a complete 3D human
bladder (Bouhout et al., 2016). Although this approach is generally more time-consuming and costly, the
benefits seem to outweigh the disadvantages. In order to implement a successful strategy for ureter tissue
engineering, we must understand the populations of cells, their signaling networks, and their spatial relations
within a healthy human ureter. Such a detailed understanding will not only guide the selection of methods used
to generate the tissue but also help establish quality-control parameters to ensure that proper cellular
composition and tissue architecture are achieved in the engineered tissue. These fundamental data about the
human ureter are missing from our current knowledge base so we set out to generate a cellular atlas of the

healthy human ureter.

Leveraging single-cell RNAseq, we analyzed 30,942 ureter cells, spanning the immune (16 clusters), stromal
(7 clusters), and urothelial (8 clusters) compartments, to delineate the cellular constituents of the ureter. The
rich diversity of immune cells in normal human ureters was revealed for the first time, highlighting a need to
compare immune cell distributions from pathological conditions to understand how this organ defends itself.
We also conducted the first ever spatial gene expression analysis of the human ureter and additional
immunofluorescence assays to validate findings from scRNAseq and to spatially visualize previously
unappreciated cell types within this organ, including four distinct types of fibroblasts. Interestingly, one of the
fibroblast subtypes was characterized by high expression of HAS 1. Hyaluronan-based biomaterials are a
popular and emerging scaffold material in tissue engineering (Zamani et al., 2020). Thus, this fibroblast
subtype could be central for the future development of tissue-engineered ureters. It also points towards the
consideration of hyaluronan-based materials as a suitable scaffold. Moreover, our in-depth analysis of the
stromal compartment may also help identify media formulations to stimulate the isolation and propagation of
specific populations of patient-derived fibroblasts. This could expedite extracellular matrix deposition, which is
a common obstacle for stromal self-assembly methods. For example, the HAS 7" fibroblasts expressed high
levels of SEMA3C (semaphorin 3C). Addition of recombinant SEMA3A, another member of the semaphorin
family proteins, to organoid cultures has been shown to significantly increase organoid size (Karpus et al.,
2019). Thus, including SEMA3C as an additive into the ureter organoid culture media could be of interest in

developing self-assembled ureter tissues for grafting.

The urothelium in the upper urinary tract, including that of the ureter, is derived from the mesoderm while the
bladder urothelium arises from the endoderm. However, most studies of the urothelium discount this intrinsic
difference and consider the urothelium of the bladder and the ureter as a singular entity (Dalghi et al., 2020).
As such, finer intricacies of cell types and expression patterns in the ureter have been historically overlooked
(Dalghi et al., 2020; Liang et al., 2005; Wu et al., 2009). With this dataset, we had the opportunity to enumerate
ureter-specific urothelial cell types and their respective gene expression patterns. For instance, we discovered

a new population of umbrella cells, expressing high levels of FLT, FTH1, and KRT20. The existence of this
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population was independently confirmed by immunofluorescent staining of FLT and KRT20 protein. The role of
ferritin in the ureter is not well studied; however, regulation of iron availability via sequestration by ferritin is a
key host cell defense against uropathogens (Bauckman et al., 2019; Bauckman and Mysorekar, 2016).
Excessive iron bioavailability in the bladder urothelium has been shown to increase uro-pathogenic growth
(Bauckman and Mysorekar, 2016). Therefore, this cluster of FTL" umbrella cells may have some unique roles
in urothelial defense against pathogens by chelating excess iron in a non-bioavailable reservoir. It will be
interesting to see if similar cells are also present in mice ureters and to test whether ablation might have
functional consequences. Similarly, single cell analysis from patients with ureter infections may further
implicate this umbrella cell subtype in urothelial defense. Finally, this rare population of terminally differentiated

umbrella cells provides a unique benchmark for assessing success of engineered ureters.

Our study also showed that ureter urothelial lineage specification shares some common themes with that of the
bladder, despite having different embryonic origin. Retinoic acid (RA) signaling (Gandhi et al., 2013),
peroxisome proliferator-activated receptors (PPAR) signaling (Liu et al., 2019), and sonic hedgehog (SHH)
signaling (Shin et al., 2011) have all been implicated in the bladder urothelium maintenance, specification, and
differentiation. Retinoids are potent signaling molecules involved in urothelial differentiation in embryonic stem
cells as well as the adult steady-state urothelium (Gandhi et al., 2013). Our data revealed one of the
intermediate clusters to be defined by high levels of cellular retinoic acid binding protein 2 (CRABP2). CRABP2
facilitates transport of retinoic acids to retinoic acid receptors (RARSs) to activate their activity. In addition, one
of the basal-to-intermediate cell trajectories was enriched for genes, including retinol binding protein 2 (RBP2),
in the “vitamin digestion and absorption” KEGG pathway. PPAR signaling, which has been shown to be an
upstream regulator of mouse bladder urothelial differentiation during tissue repair, also emerged from our cell
trajectory analysis as a potential driver of basal-to-intermediate cell differentiation in the human ureter. Our
data also corroborated previous findings that SHH is a critical mediator of progenitor cell maintenance in the
adult urothelium (Shin et al., 2011). We detected SHH-expressing basal cells in the human ureter and

determined that these cells are critical for organoid formation in vitro.

We also identified epidermal growth factor receptor (EGFR) signaling as a potential new player in ureter
urothelial specification. First, we detected two subtypes of basal cells that contained SHH-expressing cells, but
one was concurrently characterized by high levels of JUN and FOS expressions. JUN and FOS together form
the activator protein 1 (AP-1) complex. AP-1 is a downstream signaling module of the EGFR pathways and
activates transcription of AREG, which further stimulates EGF receptor as part of a positive feedback loop
(Frohlich et al., 2015). Second, EGFR receptor-ligand interactions were among the top predicted
communications between COL 1A 1" fibroblasts and all basal cell subtypes. For example, EGFR expressed on
the COL1A1" fibroblasts can potentially respond to basal cell-secreted MIF, COPA, TGFB, TGFA, AREG,
GRN, and BTC. Taken together, these observations implicate a complex interaction between EGFR and SHH

signaling axes in ureter homeostasis that warrants further research. Moreover, it will be important to delineate
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how each of the four signaling pathways (RA, PPAR, SHH, and EGFR) contributes to ureter repair in response

to injuries and infections.

Beyond providing a cellular atlas of the human ureter and illuminating key directions for future mechanistic
investigations, our study also generated knowledge that are directly relevant to ureter tissue engineering
efforts. Based on our analyses, fibroblast subtypes in the human ureter have distinct expression profiles
suggestive of their unique functions in supporting urothelial cell differentiation and growth. In particular, the
COL1A1" fibroblasts and the HAS 1" fibroblasts should be seriously considered in tissue engineering
experiments. The COL1A1" fibroblasts reside closest to the basal urothelial cells in vivo and may provide
critical signaling inputs to support urothelial stem cell maintenance, growth, and differentiation. The HAS 1"
fibroblasts, on the other hand, may be essential for creating a ureter-specific extracellular matrix (ECM) that
ensures proper organ architecture. Inclusion of these patient-derived ureter fibroblasts in self-assembly
methods could be pivotal to their success. Furthermore, our data can also be used to optimize tissue culture
media that not only support stem cell growth but also promote appropriate differentiation to form a human
ureter that is suitable for transplantation. Last but not least, the cell type markers identified in this study will
help us isolate specific cell populations from patient tissues to initiate culturing, determine the correct

proportions of target cell types to ensure growth, and develop quality-control assays for engineered ureters.

In conclusion, our studies offer a comprehensive analysis of the many cell populations within the human ureter,
as well as the first spatial transcriptomic analysis of this tissue type. This work will provide an important
reference for future research into directing the accurate engineering of ureters in regenerative medicine. In
addition, this work will aid in our fundamental understanding of the normal physiology, transcriptional

landscape, and signaling networks in the adult ureter, a tissue that has largely been overlooked.
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Figure legends

Figure 1. Single-cell profiling and unbiased clustering of human ureter cells (A) UMAP based on gene
expression. Cells are colored by cluster. Clusters belong to 3 major tissue compartments (inset) — immune
(blue), stromal (green) and urothelial (orange). (B) Dot plot shows the expression level of known markers
across cell cluster. (C) Pearson’s correlation matrix of the average expression profiles of each cluster, based

on the top 2000 variable genes. See also Figure S1 and Tables S1-S2.

Figure 2. Classification of the immune cells based on cell type-specific marker genes (A) UMAP based
on gene expression. Cells are colored by cluster. (B) Dot plot shows the expression level of known immune cell

markers across cell clusters. See also Figure S2 and Table S3.

Figure 3. Classification of the stromal cells based on cell type-specific marker genes (A) UMAP based
on gene expression. Cells are colored by cluster. (B) Dot plot shows the expression level of known markers
across cell clusters. (C) Comparison of the 4 fibroblast clusters using enrichment analysis performed on
upregulated differential fibroblast markers. (D) Visium spatial gene expression in log-normalized (logNorm)
counts for selected genes in human ureter cross-sections. The H&E image is annotated with features for
orientation: lumen, urothelium (U), lamina propria (L.P.), muscularis propria (M.P.), blood vessel (V), and
adventitia (A). (E) & (F) Immunofluorescence staining of human ureter cross-sections. Arrowheads are color-
coded by cluster. The white arrowhead in the COL15A1 panel identifies blood vessels. See also Figure S3 and
Table S4

Figure 4. Classification of the urothelial cells based on cell type-specific marker genes (A) UMAP based
on gene expression. Cells are colored by cluster. (B) Dot plot shows the expression level of known markers
across cell cluster. (C - G) Immunofluorescence staining of human ureter cross-sections. Arrows are color-
coded by cluster. (H) Trajectory analysis of urothelial subset (left panel). Genes that vary the most along each
path were subjected to enrichment analysis using gProfiler, and the significantly enriched pathways were
compared across these different paths by their -log p value plotted on a heatmap (right panel). See also Figure
S4 and Tables S5-6.

Figure 5. Identification of cell-cell communication networks in the adult human ureter (A) & (B)
Heatmaps of the number of predicted interactions between cell clusters across immune, stromal, and urothelial
compartments (A) and between cells clusters in the stromal and urothelial compartments (B). (C) & (D) Circos
plots showing non-integrin mediated interactions between COL 1A 1" fibroblasts and three basal cell clusters,
where ligands (green) are expressed in COL1A1" fibroblasts and receptors (blue) are expressed in the basal

cells in (C) and vice versa (D) The lines are color coded by basal clusters, and the thickness of lines represent
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the mean expression of the ligand and receptor in a given pair. Cell cartoons created with BioRender.com. See
also Table S7.

Figure 6. Sonic hedgehog expression predicts ureter organoid generation rate (A) UMAP based on gene
expression. Cells are colored by cluster. (B) Cell count within clusters stratified by sample: freshly processed
(‘Fresh’), cryopreserved (‘Thawed’), and organoid. Clusters where the organoid sample showed statistically
significant enrichment or depletion were marked by asterisks (FDR < 0.05 and absolute log2 fold change >1).
(C) Immunofluorescence staining of ureter organoids. (D) Dotplot shows expression of Sonic Hedgehog
pathway genes and Wnt pathway genes across cell clusters (E) Organoid initiation rate (right side) and light
microscope images (left side). (F) RT-PCR expression (left) and correlation between RNA expression and

organoid initiation rate (right). See also Figure S5.

STAR Methods
Lead Contact and Materials Availability
Correspondence and requests for materials should be addressed to the Lead Contact, Angela H. Ting

(tinga@ccf.org). This study did not generate new unique reagents.

Data and Code Availability

Raw and processed sequencing data have been deposited in the Gene Expression Omnibus under accession
numbers GSE184111 (scRNA-seq) and GSE184112 (Visium spatial gene expression) and will be made public
once the manuscript has been accepted for publication in a peer-reviewed journal. Microscopy data reported in
this paper will be shared by the lead contact upon request. The analysis code and accompanying output files

are available at (https://github.com/2019surbhi/tinglab ureter analysis/).

Experimental Model and Subject Details

Human Ureter Procurement and Single Cell Isolation

Fresh human ureter tissues were collected at the Cleveland Clinic. Approval was received by the Institutional
Review Board at Cleveland Clinic, and subsequently signed informed consent from all patients was received.
Ten different samples were excised from patients undergoing radical cystectomy. The age and sex of the
patients are described in Table S1. After cutting off blood supply, until the sample was removed from the body,
the total amount of time was < 30 minutes. The fresh tissue sample was transferred from the operating room to
the laboratory on ice, with the entire transport time being less than ten minutes. The tissues were immediately
washed with sterile PBS and centrifuged for 5 minutes at 1000xg. The PBS was aspirated off and the tissues
were transferred to a sterile petri dish, where they were minced using sterile razor blades until a “paste-like”
consistency was achieved (< 5 minutes). The tissue digestion was carried out using the Papain Dissociation
System (Worthington Biochemical Corporation) according to the manufactures instructions with, minor
changes. Briefly, 5 mL of sterile Earle's Balanced Salt Solution (EBSS) was added to one vial of papain and

warmed at 37°C in a water bath. 500 yL EBSS was added to one vial of DNase and placed on ice. The minced
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tissue was transferred to a 50 mL conical containing 5 mL papain and 500 yL DNase. The tissue was
incubated with shaking (70rpm) at 37°C for 1hr. 5.5 mL of ovoid inhibitor was added to the tissue suspension to
stop the digestion. Large debris was removed by passing the entire volume (~11 mL) through a 70 um cap
filter. The cell suspension was subsequently centrifuged at 1000 rpm for 5 min to pellet cells, and the
supernatant was discarded. The cell pellet was re-suspended in 3 mL ACK lysis buffer (Thermo Fisher
Scientific), incubated at RT for 3 min, centrifuged at 1000 rpm for 5 min, and washed with 5 mL PBS. The cell
pellet was re-suspended in an appropriate volume of PBS based on its size. The re-suspended cells were then
passed through a 40 um Flowmi tip (Bel-Art). Cells were counted with trypan blue to note cell viability. The

target concentration was 1,000 cells/pL.

Method Details

Sample Processing with 10X Genomics and cDNA Library Preparation

We used 10X Genomics Chromium Single Cell 3' Reagents Kit version 3.1. We targeted to recover 10,000
cells per sample unless a given sample had fewer than 10,000 total cells. All samples had >5,000 cells
captured for library generation and sequencing. Following the 10X protocol, we added the single cell
suspension, the gel beads, and the emulsion oil to the 10X Genomics Single Cell Chip G and ran the
Chromium Controller. Immediately following the droplet generation, samples were transferred to a PCR 8-tube
strip (USA scientific), and reverse transcription was performed using SimpliAmp thermal cycler (Applied
Biosystems). Following reverse transcription, cDNA was recovered using the recovery reagent provided by
10X Genomics. The cDNA was cleaned up using the Silane DynaBeads according to the 10X Genomics user
guide. The purified cDNA was amplified for 11 cycles and subsequently cleaned up using SPRIselect beads
(Beckman Coulter). To determine the cDNA concentrations, 1:10 dilution of each sample was analyzed on an
Agilent Bioanalyzer High Sensitivity chip. The cDNA libraries were constructed according to the Chromium

Single Cell 3' Reagent Kit version 3.1 user guide.

SCRNA data analysis

The scRNA-seq libraries were pooled and sequenced to a target depth of 50,000 read pairs per cell. De-
multiplexed FASTQ files were processed using cellranger-4.0.0, where reads were mapped using the count
pipeline with the pre-built reference genome refdata-gex-GRCh38-2020A and GTF from GENECODE v32
(GRCh28.p13). The downstream analysis was performed using Seurat 3.2.1 (Stuart et al., 2019) in R. The raw
data, comprising of 64,350 cells, was filtered for low-quality cells using QC thresholds determined by assessing
the distribution plots. Briefly, cells with mitochondrial reads >25% of total mapped reads, gene counts < 200 or
>8,000, and total mapped read counts <2,000 were filtered out, leaving 30,942 high-quality cells for the
downstream analysis. Seurat’s standard workflow was followed. Using the 2,000 most variable genes, principal
components (PCs) were computed, and the first 50 PCs were utilized to generate clustering at resolution 0.5.
Cells were into UMAPs for visualization, and cell clusters were annotated by marker gene expression. Cluster
level similarity was assessed by calculating cluster correlations (Pearson’s) based on the top 2000 variable

genes, which grouped the clusters into 3 major compartments — urothelial, stromal, and immune. Subset
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analysis for each compartment was performed using the same Seurat workflow. Clustering optimization was
performed using clustree (Zappia and Oshlack, 2018) and silhouette plots (Kassambara and Mundt, 2020; Yan
and Marr, 2005).

The sequencing data from fresh, thawed, and organoid samples derived from a single patient (U2) were
analyzed using the same pipeline. Cells with mitochondrial reads >30% of total mapped reads, gene counts <
250 or >8,000, and total mapped read counts <7,000 were filtered out, yielding 13,161 high-quality cells for
further analysis. Clustering was performed using the first 30 PCs at resolution 0.3. Cell types enriched in
organoid sample were determined using Permutation Test as described in

https://github.com/rpolicastro/scProportionTest at a threshold of absolute log- fold difference >1.

SCRNA subset analysis

For each subset analysis, cells from clusters assigned to a given compartment (immune, stromal, or urothelial)
were processed by the same scRNA analysis pipeline as described above, starting from raw gene counts. The
subsets were subjected to additional filtering and re-processing until any cross-compartment contamination
was sufficiently removed. Potentially contaminating clusters were removed ‘If the top100 differential marker list
of a given cluster shows markers that should be exclusively expressed by cells of another compartment (e.g.
PTPRC appears among top100 markers in a stromal subset cluster) AND ‘the contaminating marker is
expressed in >10% of cells in that cluster. Additionally, clustree tool was utilized to visualize median gene
expression pattern of the contaminating marker(s) to determine if a certain clustering parameter (number of PC
and clustering resolution) effectively clusters out these contaminating cells. If such parameters exist, the
subset was clustered using these parameters and subjected to the same subset analysis workflow, while
excluding the contaminating cluster(s). Finally, each subset data was clustered using the first 50 PCs at

resolution 0.5, with the exception of the urothelial subset (resolution 0.2).

Monocle analysis

The urothelial subset cells were subjected to trajectory analysis using the standard workflow of Monocle3 (Cao
et al., 2019; Qiu et al., 2017; Trapnell et al., 2014). Briefly, the raw gene count per cell was log normalized and
scaled prior to computing principal components (PCs). First 50 PCs were used for batch correction. The UMAP
coordinates from Seurat analysis were transferred to the monocle object to preserve the cluster identities
across the two analysis sets. Monocle3 built a trajectory across the cells, based on gene expression changes
that signify the different cell states transitions within the dataset. It created convergent and divergent branches
in the trajectory (when setting loop =TRUE) to denote multiple possible outcomes of cell state transitions. Next,
cells across the trajectory were ordered based on user defined starting point (root) for the trajectory. The
lowest Pseudotime score was assigned to the root (cells with the highest SHH expression, which are in cluster
3) while the remaining cells were assigned a score based on the tool’s perception of subsequent order of the
cell state transitions. Genes that vary as a function of Pseudotime were deduced by running graph_test

function and plotted on Pseudotime scale.
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Fibroblast gene set enrichment analysis

Differential gene list was generated for the 4 Fibroblast clusters in the stromal subset using Seurat’s
FindMarkers function. The upregulated markers were filtered in each list using a threshold of log fold change
(log FC) >0.58, which is equivalent to log2FC 1.5. Gene Ontology (GO) enrichment analysis for each cluster

gene list and cluster-wide comparison was performed using clusterProfiler (Yu et al., 2012).

CellPhoneDB analysis

Normalized gene counts for stromal and urothelial ScCRNA data were utilized to determine significant ligand-
receptor interactions using CellPhoneDB (Efremova et al., 2020) with p value cutoff as 0.0001. Non-integrin
ligand-receptor pairs involving secreted factors were assessed for signaling between COL7A 1" fibroblasts
(cluster 5 in the stromal subset) and the three basal cell subtypes (clusters 2, 3, and 6 in the urothelial subset).
A circos plot described in iTALK (Wang et al., 2019) was adapted to plot the interactions between the

COL1A1" fibroblasts and the individual basal cell clusters.

Visium spatial gene expression library generation

Ureter samples were collected immediately upon surgical removal, embedded in Optimal Cutting Temperature
(OCT) compound, and stored in -80°C until ready to process. Per the Visium Spatial Tissue Optimization User
Guide (CG000238 Rev D), 6 minutes was determined to be the optimum permeabilization time for the ureter
tissue. Sections of 10 ym thickness were placed on Visium Spatial Gene Expression Slide. Tissue fixation and
H&E staining were performed following the 10X Genomics Tissue Preparation Guide. Bright field images were
taken with a Slide Scanning Microscope-Helios (Leica Microsystems) at 10x magnification. Libraries were
prepared according to the Visium Spatial Gene Expression User Guide with the following parameters: 6min
permeabilization time, 16 cycles for cDNA amplification, and 16 cycles for the sample index PCR. Libraries

were pooled and sequenced to a target depth of 50,000 read pairs per tissue covered spot on Capture Area.

Visium data analysis

De-multiplexed FASTQ files were processed by the 10X spaceranger software (v1.3.0). The “count” pipeline
was executed using the pre-built GRCh38-2020A reference genome. For transcriptomics annotation, we used
GTF from GENECODE v32 (GRCh38.p13). Spaceranger was configured with the “reorient-images” option, so
that the optimal fiducial alignment could be achieved by the software. Differential gene expression analysis
was then processed using in R (v4.0.3) using Seurat (v4.0.3) (Hao et al., 2021). First, the percentage of
mitochondrial reads was identified for each Visium spot. The data was then normalized using SCTransform
(Hafemeister and Satija, 2019). This method identifies variance on a spot-by-spot basis using a negative
binomial regression model, and is intended to conserve greater biological significance than log normalization
methods. SCTransform was run with the “vars.to.regress” option set to regress out the percentage of

mitochondrial reads in each spot, as performed in the vignette for SCTransform (Hafemeister and Satija,
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2019). Figure generation was done via the Seurat::SpatialFeaturePlot function, run entirely with default options

for each feature included. Plots were saved with ggsave individually in png format with 300 dpi per image.

Ureter organoid generation and SHH gene expression

Following tissue dissociation of ureters, one aliquot of cells were counted, and 1,000 cells were re-suspended
in 15 pl matrigel (Corning) per bead at 4°C for seeding into one well of a 24-well plate. Once matrigel solidified,
0.5 mL of urothelial growth media (Mullenders et al., 2019) was added to each well. Media was refreshed every
other day. The number of organoids initiated after two weeks was counted and initiation rate was calculated as
the number of organoids formed per original number of single cells seeded per well. A second aliquot of each
dissociated sample was set aside following tissue dissociation for RNA isolation using the AllPrep DNA/RNA
Kit (Qiagen). Total RNA was converted to cDNA using SuperScript™ VILO™ cDNA Synthesis Kit (Thermo
Fisher). Following cDNA conversion, each gRT-PCR reaction was carried out with QuantiTect SYBR green
reagent (Qiagen) on the Roche LightCycler® 96. PCR primers for specific SHH pathway genes can be found
the Key Resources Table. Results were based on biological triplicates that were assayed by technical

duplicate PCR reactions, and statistical significance was determined by Student’s t test

Immunofluorescence imaging

Human ureters or organoids were fixed in 4% paraformaldehyde overnight at 4°C. Ureters were embedded in
paraplast, sectioned at 10 um, dewaxed, and processed for citrate-based antigen retrieval before the
incubation with the primary antibodies. Species-specific Alexa-488, -555, and -647 secondary antibodies
(Invitrogen) were used for visualization. In the cases where antibodies of the same species had to be used for
co-staining, Tyramide Signal Amplification (Biotium) was used for the first primary antibody followed by
antibody stripping and incubation with the second primary antibody. Slides were embedded in Prolong
Diamond (Invitrogen) and imaged on a Leica DM5500 using the LASX software and image deconvolution. The
following primary antibodies were used: APOE (Sigma); COL15A1 (Sigma); Cytokeratin 5 (Cell Signaling);
Cytokeratin 17 (Invitrogen); Cytokeratin 20 (Invitrogen); Ferritin Light Chain (Invitrogen); FOXF1 (R&D);
GATAZ3 (Cell Signaling); MKI67 (Cell Signaling); LIF (Sigma); LYPD3 (Invitrogen); P63 (Cell Signaling); Smooth
Muscle Actin (Sigma); Uroplakin 3A (LS Biosciences).

Supplemental material
Figure S1. UMAP based on gene expression (top) and barplots corresponding to number of cells per cluster
(bottom). Cells are colored by (A) sample and (B) Sex. (C) Heatmap for top 5 differential markers for each

cluster.

Figure S2. UMAP based on gene expression (top) and barplots corresponding to number of cells per cluster
(bottom). Cells are colored by (A) sample and (B) Sex. (C) Heatmap for top 5 differential markers for each

cluster.
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Figure S3. UMAP based on gene expression (top) and barplots corresponding to number of cells per cluster
(bottom). Cells are colored by (A) sample and (B) Sex. (C) Heatmap for top 5 differential markers for each
cluster. (D) Visium spatial gene expression in log-normalized (logNorm) counts for selected genes in human
ureter cross-sections. (E) Immunofluorescence staining of a human ureter cross-section. Arrows are color-

coded by cluster.

Figure S4. UMAP projections and barplots for urothelial subset with cells colored by (A) sample and (B) Sex.
(C) Heatmap for top 5 differential markers for each cluster. (D) Immunofluorescence staining of a human ureter
cross-section. Arrows are color-coded by cluster. (E) Monocle analysis on urothelial subset (top). Expression
pattern across the pseudotime trajectory for select genes from PPAR signaling (bottom). (F) Feature plots for

urothelial subset of select PPAR signaling genes with scale bar indicating log normalized gene counts.

Figure S5. (A) & (B) Dot plots show the expression level of known markers in (A) all clusters and (B) urothelial
clusters. (C) Statistical comparison of cell proportions between organoid cells and non-organoid cells
(Organoid Enrichment, left) or between cryopreserved (thawed) cells and freshly isolated (fresh) cells
(Cryopreserved Enrichment, right) within each cluster using scProportion function. Both tests were performed
for log2FD > 1 (log2 fold difference between a given comparison - organoid vs non organoid or fresh vs
thawed) and FDR < 0.05. Cell proportions that are not significantly (n.s.) different for a given cluster-wise
comparison are colored in grey. The lines denote the confidence interval. The out-of-bound values (+~) for
log2FD are shown as partial circles. (D) RT-PCR expression (left) and correlation between RNA expression

and organoid initiation rate (right).

Table S1. Summary statists of samples and sequencing data (Related to Figure 1).

Table S2. Global ureter cluster differentially expressed genes (Related to Figure 1).

Table S3. Inmune subset cluster differentially expressed genes (Related to Figure 2).

Table S4. Stromal subset cluster differentially expressed genes (Related to Figure 3.

Table S5. Urothelial subset cluster differentially expressed genes (Related to Figure 4).

Table S6. KEGG enrichment on dynamic genes from cell trajectory analysis (Related to Figure 4).

Table S7. CellphoneDB analysis output (Related to Figure 5).
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