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 Erythropoietin (Epo) is the master regulator of erythropoiesis and oxygen 
homeostasis. Despite its physiological importance, the molecular and 
genomic contexts of the cells responsible for renal Epo production remain 
unclear, limiting more-effective therapies for anemia. Here, we performed 
single-cell RNA and transposase-accessible chromatin (ATAC) sequencing 
of an Epo reporter mouse to molecularly identify Epo-producing cells under 
hypoxic conditions. Our data indicate that a distinct population of kidney 
stroma, which we term Norn cells, is the major source of endocrine Epo 
production in mice. We use these datasets to identify the markers, signaling 
pathways and transcriptional circuits characteristic of Norn cells. Using 
single-cell RNA sequencing and RNA in situ hybridization in human kidney 
tissues, we further provide evidence that this cell population is conserved 
in humans. These preliminary findings open new avenues to functionally 
dissect EPO gene regulation in health and disease and may serve as 
groundwork to improve erythropoiesis-stimulating therapies.

All mammalian cells require oxygen for essential biochemical  
reactions. To meet the unceasing cellular demand for an oxygen  
supply, roughly 2–3 million erythrocytes are generated per second1. 
This process, known as erythropoiesis, is tightly regulated both 

systemically and locally; although all cells can sense oxygen deprivation 
(hypoxia), the kidney is the primary source of the endocrine hormone  
Epo in adults2–4. Epo is secreted into the plasma and subsequently  
binds to Epo receptor-expressing erythroid progenitors in the bone 
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resulted in gene inactivation and anemia37. Reporter mice targeting 
other implicated genes, including Col1a1, Cd68, Ren1, Pdgfrb and  
Foxd1, exhibited broad labeling spectra unconfined to renal 
Epo-producing cells and failed to recapitulate the acute oxygen- 
dependent function of these cells25,27,30,38,39. The use of a constitutive 
Cre recombinase allowed for the permanent activation of a reporter, 
but it remained unknown whether labeled cells maintained their cel-
lular identity and capacity to produce EPO37. Therefore, we previously 
developed a conditional Epo-CreERT mouse model (hereafter referred 
to as Epo-tdT+) that permanently labels actively producing cells24. Under 
hypoxic conditions, this mouse exclusively labels Epo mRNA-positive 
interstitial cells in the corticomedullary border region of the kidney24,35.

Here, by performing single-cell multiomic profiling of cells labeled 
with Epo-CreERT, we characterize the Epo-producing cells of the kid-
ney and describe their unique molecular and epigenetic identity. We 
found that Epo production, similar to insulin production by pancreatic 
β-cells, is restricted to a single, unique and evolutionary conserved 
population of kidney fibroblast-like cells, which we name Norn cells, 
after the mythological Norse entities believed to govern human fates40.

Results
Enrichment of Epo-producing cells in mouse kidney
Several organs have been reported to maintain certain levels of Epo 
production in adults (brain, testis, liver, spleen and bone marrow), but 
the indispensable source of circulating Epo in humans is the kidney41.  
Similarly, we found that Epo gene expression in response to hypoxia  
is mainly contained in the mouse kidney (Fig. 1a). Inhalation of 0.1%  
CO activated progressive functional hypoxemia and elicited a rapid 
pulse of Epo expression in the kidney, peaking at 4 h (Fig. 1b). Despite 
this evident source of Epo production in the hypoxic kidney, we 
could not identify a population of Epo mRNA-positive cells in existing  
normoxic kidney single-cell datasets42–47. Potential challenges for the 
investigation of Epo-producing cells include low Epo mRNA levels 
under normoxic conditions, the lack of a unique molecular signature or  
characteristic cell-surface markers and high autofluorescence of  
certain kidney populations. To develop a strategy for enriching and  
isolating Epo-producing cells, we performed indexed fluorescence- 
activated cell sorting (FACS) on labeled cells from the Epo-CreERT 
reporter mouse (Epo-tdT+) (Fig. 1c). We calibrated and tested multiple 
sorting schemes to enrich for tdTomato+ cells using massively parallel 
single-cell RNA sequencing (MARS-seq) as a readout of enrichment 
efficiency (Fig. 1c)48,49. Even in this carefully gated population, the 
majority of index sorted tdTomato+ cells were negative for Epo mRNA 
by MARS-seq analysis (Fig. 1d). Single-cell transcriptional analysis 
of index sorted tdTomato+ cells revealed a heterogeneous mixture  
of stromal, endothelial, immune and epithelial lineages based on  
their transcriptional profile (Fig. 2). We found that several cell types 
generated autofluorescence impurities interfering with both the 
fluorescein isothiocyanate (FITC; 495–519 nm) and phycoerythrin 
(574 nm) channels. We therefore further calibrated our gating strategy 
to exclude cells fluorescently labeled by lineage markers for endothe-
lial, immune and epithelial lineages, which enabled an enrichment level 
of Epo-producing cells suitable for further molecular analysis (Fig. 1c,d).

Molecular profiling of Norn cells
To characterize Norn cellular identity, we performed single-cell RNA 
sequencing (scRNA-seq) on 35,312 renal cells from C57BL/6J and 
Epo-tdT+ mice from normoxic and hypoxic experimental conditions to 
generate a Norn-enriched atlas (Fig. 2a and Extended Data Fig. 1a,b). We 
used the MetaCell package for scRNA-seq analysis to group normoxic 
and hypoxic cells into homogenous transcriptional entities termed 
metacells50. To obtain meaningful metacell annotations, we imposed 
a cellular reference derived from a previous scRNA-seq atlas on our 
data, representing a myriad of cell types characteristic of the mouse 
kidney (Fig. 2a, Extended Data Fig. 2a,b and Supplementary Tables 1 

marrow to promote their survival, proliferation and differentiation, 
thereby regulating erythrocyte levels in circulation and controlling 
the systemic oxygen supply5. Clinically, altered Epo production can  
be detrimental, leading to either anemia or erythrocytosis6,7. Recombi-
nant Epo is widely used, especially in treating patients with end-stage 
renal disease (ESRD), in which Epo expression is lost despite pro-
nounced tissue hypoxia8. However, prolonged Epo injections are associ-
ated with severe side effects due to unbalanced dosage and off-target 
activity, resulting in an increased risk of thrombosis, hypertension, 
tumor progression and death9,10. There is thus a pressing need for alter-
native therapeutic approaches that restore physiological Epo levels.

Surprisingly little is known about the cellular and molecular 
determinants of Epo gene regulation in vivo. Key studies in hepato-
cellular cancer cell lines and animal knockout models have demon-
strated that the transcription factor (TF) hypoxia-inducible factor 
(HIF)-2α (encoded by the gene Epas1) is a master regulator of Epo  
transcription11–13. When oxygen is readily available (normoxia), HIF-2α is  
rapidly degraded by the oxygen-sensing enzyme prolyl-4-hydroxylase 
domain (PHD)2 (encoded by Egln1), whereas in hypoxia, HIF-2α accu-
mulates in the nucleus and forms a complex with the constitutively 
expressed HIF-1β. Together, the HIF-2α–HIF-1β heterodimer binds 
to a distinct core DNA motif (RCGTG), also known as the hypoxia 
response element (HRE), regulating downstream transcription14,15. 
The EPAS1 and EGLN1 loci show evidence of strong evolutionary selec-
tion in humans and other mammalian species that are adapted to live 
in high-altitude hypoxic environments16–19. In the Tibetan population, 
protective variations in these loci have been associated with reduced 
erythrocytosis-related mortality and increased birth rates compared 
with recent Han Chinese migrations to the Tibetan plateau20–22. Interest-
ingly, Epas1 is highly expressed by various cell types that are incapable 
of Epo production, and it remains unclear which additional factors 
orchestrate Epo transcription in the kidney23.

During the past decades, various renal cell types have been indi-
rectly implicated as the source of Epo production, including fibro-
blasts, pericytes, telocytes, mesangial, endothelial, epithelial and 
renin-producing cells24–28. Some stromal surface markers have been 
identified, including CD73 (encoded by Nt5e), CD133 (encoded by 
Prom1) and platelet-derived growth factor receptor beta (PDGFRβ) 
(encoded by Pdgfrb), but these markers are not restricted to 
Epo-producing cells27,29,30. As of yet, no single cell type or group of 
cells has been unequivocally attributed to renal Epo production in 
adult humans or animal models under physiological conditions31. 
One possibility is that Epo expression is restricted to a specialized, 
yet uncharacterized, cell type, similar to insulin secretion by pancre-
atic β-cells32. Alternatively, Epo production may be associated with a 
transient cell state activated by a heterogenous group of cell types, 
as is the case for the cytokine tumor necrosis factor alpha33. Another 
scenario is that hypoxia may initially cause the differentiation of 
Epo-incapable precursor cells into Epo-capable cells before the Epo 
gene is accessible to induction mediated by HIF-2α–HIF-1β. Underlying  
these uncertainties are experimental challenges, mainly low basal  
Epo transcript levels, rendering it practically undetectable except  
for under severe hypoxic conditions34. To complicate matters, only 
a subset of cells capable of Epo production activate Epo at any given  
time upon hypoxia stimulus34. Moreover, HIF-α protein and conse-
quently Epo messenger RNA, undergo rapid degradation upon reoxy-
genation35. Together, these conditions pose major challenges to the 
isolation and subsequent characterization of this key physiological 
pathway in health and disease, and limit the potential for more effective 
translation of Epo-based thearpies24.

Previous studies detected Epo-producing cells by applying  
in situ hybridization35,36, but could not associate Epo production 
with a specific cell type. Past efforts focused on the development of 
genetically altered mouse models to indirectly label Epo-producing 
cells, however the initial knock-in of reporter genes into the Epo locus 
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and 2)43. Using this approach, we identified the major renal cellular 
compartments, comprising various epithelial cells of the nephron 
(proximal tubule, collecting duct, distal convoluted tubule and loop 
of Henle), vascular endothelial cells, podocytes, as well as circulating 
and resident immune cells (monocytes, macrophages, T lymphocytes 
and neutrophils) (Fig. 2a). However, even with this detailed atlas, a large 
fraction of the kidney stromal compartment remained uncharacterized.

Annotation based on known stromal markers identified distinct 
clusters of fibroblast (Pdgfra and Nt5e encoding for CD73) and pericyte 

(Acta2 and Rgs5) origins (Fig. 2a,b and Extended Data Fig. 2b)31. We 
report four major clusters of pericytes that can be characterized by 
expression of Acta2, Rgs5, Mcam and Myh11, with one population 
distinguished by the expression of renin (Ren1+), part of the renin–
angiotensin–aldosterone system involved in blood pressure and fluid 
control (Fig. 2b, lower)51. Interestingly, Epo transcripts were exclusively 
detected in a homogenous and specific cellular type defined as Cxcl14+, 
Col1a1+, Dcn+, Lpar1+, representing bona fide Norn cells (Fig. 2b and 
Extended Data Fig. 2b).
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Fig. 1 | Detection and enrichment of renal Epo-producing cells. a, Epo 
expression analysis across tissues in hypoxic mice (0.1% CO, 4 h). Epo qPCR 
normalized to the Actb housekeeping gene. Data are shown as a fold change in 
hypoxia over normoxia (n = 1 independent experiment using tissues from n = 1 
male mouse, n = 4 technical replicates). b, Epo expression during a hypoxia time 
course (0.1% CO, 4 h). Data were normalized to Actb and are shown as fold change 
in hypoxia over normoxia (n = 1 independent experiment using kidneys from n = 1 
male mouse per time point, n = 4 technical replicates). c, Transgenic mice carry 
a bacterial artificial chromosome (BAC) insertion of the Epo locus with CreERT2 
replacing Epo exons 2 to 4. The Rosa26 locus harbors a tdTomato transgene 
that is driven by the CAG promoter, followed by a STOP cassette flanked by loxP 

sites. Tamoxifen and hypoxia treatment (0.1% CO, 4 h) activate tdTomato and 
permanently label the Epo-positive cells. d, Representative gating strategy to 
optimize enrichment of tdTomato+ cells. Sort gate A contains live, tdTomato+ 
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Despite sharing expression of key fibroblast and pericyte  
markers such as Pdgfra, Pdgfrb, Rgs5 and Nt5e, Norn cells are distinct  
from both fibroblasts and pericytes, exhibiting hundreds of differen-
tially expressed genes compared with each of the other stromal popula-
tions (Fig. 2b–e and Supplementary Table 3). In particular, Norn cells 
showed abundant expression of Hsd11b1 (encoding an enzyme regulat-
ing cortisol activity, relevant for glucocorticoid and anti-inflammatory 
signaling pathways), Cxcl14, Cxcl12 (encoding ligands of Cxc chemokine 
system involved in angiostatic and angiogenic processes), Cygb (encod-
ing a cytoglobin involved in intracellular oxygen transport) and  
Cfh (encoding a regulator of the complement pathway) absent from 
other kidney lineages (Fig. 2b–f). We further used mRNA fluorescent 
in situ hybridization (mRNA-FISH) to validate that Epo-expressing 

Norn cells are enriched for Cxcl12, Cxcl14, Dcn, Cfh and Pdgfra mRNA 
in hypoxic kidney (Fig. 2f and Extended Data Fig. 2c).

Building on these data, we managed to effectively isolate and sort 
for Epo-expressing Norn cells from wild-type C57BL/6J mice by using 
a carefully calibrated set of negative and positive markers, including 
the surface marker CD73 (Extended Data Fig. 2d)52. Although Norn 
cells are the only population exhibiting Epo expression, Epo mRNA was 
detected in only a fraction of hypoxic Norn cells (10.8%), highlighting 
the burst-like nature of Epo transcription34. Analysis of Norn cells from 
normoxic and hypoxic conditions revealed 134 differentially regulated 
genes (Supplementary Table 4), of which 49 are exclusive to Norn cells 
in the stromal compartment (Fig. 2g). In addition to Epo itself, this 
Norn-specific hypoxia module includes known hypoxia-regulated 
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annotation. The stack bar shows the percentage of renal cell types obtained in 
hypoxic (23,650 cells) and normoxic (12,184 cells) mouse experiments. Cells  
were pooled from n = 22 independent experiments with kidneys from n = 52  
mice (33 males, 19 females). Collecting duct i., collecting duct intercalated;  
collecting duct t., collecting duct transient; collecting duct p., collecting 
duct principal. b, Two-dimensional projections of representative expression 
(log2(normalized UMI count)) and distribution of known marker genes for Norn 
cells, fibroblasts and pericytes. c, Summary of differential expression between 
Norn cells and selected cell populations. Differentially expressed genes (DEGs) 
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genes such as Hilpda (Hypoxia Inducible Lipid Droplet Associated)53 
and Bhlhe40 (Basic Helix-Loop-Helix Family Member E40) along  
with uncharacterized hypoxia-regulated genes such as Kcne4  
(Potassium Voltage-Gated Channel Subfamily E Regulatory Subunit 4)54  
(Fig. 2g). Compellingly, we found that the Norn TFs Tcf21 and Cebpd  
are regulated in hypoxia (Fig. 2g). Together, our data support the  
existence of a specialized renal cell type capable of Epo production 
(Norn cells), which possesses a molecular identity discrete from any 
known cell type.

Norn cell regulatory landscape
To define the underlying distal and proximal DNA regulatory elements 
and TF circuits controlling Norn identity, we generated genomewide 
single-cell profiling of Epo-tdTomato+ cells from hypoxic mice, simul-
taneously recovering mRNA and transposase-accessible chromatin 
(ATAC) regions from the same nuclei (Fig. 3a and Extended Data  
Fig. 1c,d). After alignment and quality controls, we obtained 3,306  
and 3,862 cells containing ATAC-seq and RNA-seq reads, respectively, 
with 3,266 cells containing both RNA and ATAC signals. We projected 
the corresponding RNA-seq data on our MetaCell reference map, assign-
ing cells their predefined cellular identity (Fig. 3b and Extended Data 
Fig. 3a,b), overall retrieving 188 (5.7%) Norn cells with ATAC-seq signal.

Clustering of open proximal chromatin regions 1 kb upstream 
to 100 bp downstream of the transcriptional start sites (TSS) showed  
that the different cell populations tend to share promoter peaks, 
denoting both poised and active promoters (Fig. 3c). By contrast, 
on clustering distal enhancer peaks, intronic or intergenic regions, 
cell-type-specific patterns emerged (Fig. 3d). This is in line with similar 
studies showing that cell-type-specific gene regulation is embed-
ded within distal enhancers bound by cell-type-specific TFs55,56. From 
genetic studies, the upstream region (up to 10 kb from TSS) of Epo  
has been shown to contain the regulatory elements necessary for 
renal Epo expression57,58. However, the precise genomic sequences 
of Epo enhancers are unknown. We thus first searched for new candi-
date enhancer regions and identified five open chromatin regions 
upstream and downstream of the Epo gene, with two peaks 4.3 and 
6.2 kb upstream of the Epo TSS that are specific to Norn cells (Fig. 3e).  
Moreover, these regions are highly conserved in mammals (Fig. 3e).  
This prompted us to perform a genomewide scan for candidate  
enhancers regulating the Norn transcriptional program. Analysis  
of unique peaks across renal cell populations identified 5,844  
unique open chromatin regions in Norn cells, many of which are near 
genes expressed specifically in Norn cells, including Epo, Prrx1, Il33 
and Cxcl14 (Fig. 3e, Extended Data Fig. 3c and Supplementary Table 5).

TFs cooperatively bind to specific DNA sequence motifs concen-
trated within enhancer regions to dictate cell-type-specific enhancer 
activities and target promoter output. We thus investigated which TF 
motif sequences are enriched within Norn-specific open chromatin 
regions using the HOMER package59. We identified more than 30 TF 
motifs significantly enriched in Norn-specific open chromatin regions 
(Extended Data Fig. 4) and matched the top hits with differential gene 
expression. Of those, the TCF21 motif is the most abundant (26.1%, 
P = 1 × 10−196) (Fig. 3f). Correspondingly, Tcf21 expression is highly 
enriched in Norn cells (Fig. 3g). The C/EBP motif was identified in 
13.1% (P = 1 × 10−82) Norn-specific peaks (Fig. 3f). Of the C/EBP family, 
Cebpd expression is highly enriched in Norn cells (Fig. 3g). Of note, 
both TCF21 and C/EBPδ motifs are present in the Norn Epo enhancer 
elements (Fig. 3e). The GATA6 motif is detected in 12.4% (P = 1 × 10−39) of 
unique Norn regions and its transcripts are highly enriched in Norn cells  
(Fig. 3f,g). Notably, we did not identify an enrichment of HIF motifs  
over the background within Norn-specific open chromatin regions 
using this analysis (2%–4%) (Fig. 3f). This motivated us to extend the 
analysis of DNA sequence motifs identified within the stromal compart-
ment using the GimmeMotifs package, which implements a consensus 
database of known TFs60. Broadly, we find that the basic-helix-loop-helix 

(bHLH) family of TFs is highly enriched in Norn cells (Fig. 3h). Within  
the bHLH-e subfamily, the HRE motif is enriched in Norn-specific 
regions, albeit at a low prevalence (Fig. 3h). HIF-2α, which belongs to 
the bHLH-e family, is highly expressed in Norn cells, endothelial cells, 
pericytes and fibroblasts (Fig. 3g).

To find candidate target genes downstream of Norn TFs, we 
performed gene regulatory analysis using SCENIC on our normoxic 
and hypoxic MARS-seq datasets separately61. Tcf21 emerges as the 
singular strongly enriched TF in Norn cells in both normoxia and 
hypoxia (Extended Data Fig. 5a,b). The analysis identifies a dozen 
Tcf21 target genes, including the Norn markers Dcn and Cxcl14,  
as well as Norn-enriched genes Hsd11b1 and Igfbp3 (Extended Data 
Fig. 5c). Together, these data suggest that Tcf21 is a key transcriptional 
regulator of Norn cells.

In summary, we uncovered thousands of unique candidate 
enhancer regions that likely play a role in the cellular identity and 
function of Norn cells. These regions are enriched in motifs of the 
TFs TCF21, C/EBPδ and GATA6, suggesting this TF circuitry as a new 
component of HIF-2α–HIF-1β Epo gene regulation and governing  
Norn cellular identity.

Human Norn cells are the source of Epo production
We next asked whether Norn cell identity is conserved in the human 
kidney. To address this question, we performed a retrospective scan 
for evidence of Norn cells in published scRNA-seq datasets across  
platforms and developmental stages in mouse and human. We acquired 
a characteristic gene signature for each cell population identified in 
our MARS-seq data (Supplementary Tables 1, 2) and tested our cell-type 
identification scheme using these signatures. The Norn cell population 
was correctly mapped at 97.8% accuracy when tested on our murine 
MARS-seq data (Extended Data Fig. 6a, b). We subsequently screened 
five scRNA-seq datasets from adult and fetal mouse and human  
kidneys. Although these studies differ in the experimental procedures, 
Norn cells could be detected at varying frequencies. We identified 
0.1% Norn cells in a dataset of whole adult mouse kidneys (Fig. 4a  
and Extended Data Fig. 6c)44. By contrast, we detected up to 7.6% 
Norn cells in a dataset derived from E18.5 fetal mouse whole kidneys  
(Fig. 4a and Extended Data Fig. 6d)45. We observed an even higher  
Norn cell frequency (19.9%) in a dataset of E18.5 fetal mouse enriched 
for the Foxd1 lineage, previously implicated as progenitors of 
Epo-producing cells (Fig. 4a and Extended Data Fig. 6e)25. In human 
datasets, we found that 3% and 15.8% of cells were highly correlated  
with the mouse Norn signature in adult and week 18 fetal kidneys, 
respectively (Fig. 4a and Extended Data Fig. 6f,g). Comparison of  
the core Norn signature, as well as Norn-specific receptors and TFs, 
showed conservation across developmental stages and between  
species (Fig. 4b and Extended Data Fig. 7a–e). In particular, the Norn 
core TF circuitry is largely conserved, including TCF21, GATA6 and 
TSHZ2, whereas CEBPD is enriched in adult mice and humans but  
not in development (Fig. 4b). Importantly, Epo transcripts could  
not be detected in any of these normoxic datasets, including in the 
Norn cell population.

To derive a comprehensive human Norn profile, we next isolated 
cells from normoxic nontumor human kidney samples. We carefully 
calibrated tissue dissociation and tested several candidate surface 
markers for flow cytometry enrichment (Fig. 4c). We profiled 18,055 
single cells and identified cells of the immune, vascular, epithelial 
and stromal compartment with 7.5% expressing the Norn signature, 
including DCN and PDGFRA (Fig. 4d,e and Extended Data Fig. 1e). To 
evaluate the relevance of these human Norn-like cells, we performed 
comparative gene set enrichment analysis (GSEA). We observed a 
transcriptional overlap between human Norn cells and their mouse 
counterparts, including extracellular matrix (ECM) glycoproteins, 
collagens, proteoglycans (matrisome) and epithelial to mesenchymal 
transition (Fig. 4f). We further examined Norn marker genes and found 
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that many are conserved across the species, identifying DCN, CXCL12, 
CXCL14, HSD11B1, TMEM119, and other genes as enriched in both  
mouse and human Norn cells compared with their respective fibro-
blasts (Fig. 4g). Similar to the normoxic mouse Norn cells, we could 
not detect EPO expression in human Norn cells under these conditions.

To define human Norn cells as Epo-producing cells in humans, we 
generated sections from the kidney of a 55-year-old female who died 
from CO poisoning and whose blood analysis revealed ~50% CO-bound 
hemoglobin, similar to the experimental conditions we induced  

in mice. We applied mRNA-FISH staining for these slices to detect  
EPO and other Norn and stromal marker mRNAs. In line with the  
mouse Norn data, EPO expression in this hypoxic kidney was highly 
associated with DCN, TCF21, CXCL12 and PDGFRA expression,  
suggesting its containment solely within this compartment (Fig. 4h 
and Extended Data Fig. 7f).

In summary, Norn cells are the main Epo-producing cells in  
the mouse kidney and are molecularly and functionally conserved 
from mice to humans.
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Fig. 3 | ATAC-seq profiling of Norn cells identifies genomewide and Epo 
locus-specific regulatory elements. a, Schematic of the experimental set-up 
for single nuclear ATAC-seq (snATAC-seq) and RNA-seq. n = 1 experiment, kidneys 
from n = 5 mice (2 females, 3 males). b, Two-dimensional projection of single 
nuclear RNA overlaid on the MARS-seq data. Single nuclei are represented 
as colored circles with black rims. c, Heatmap showing 29,021 ATAC peaks in 
promoters clustered with k-means (n = 10). Values indicate average read counts 
within a region. Each column represents a subsample of 50 cells from each 
population. Endo., endocyte; Fibro., fibroblast; Peri/Ren, pericyte/Ren1; Podo., 
podocyte. d, Heatmap showing 95,181 ATAC peaks in enhancer regions clustered 
with k-means (n = 20). Values indicate average read counts within a region.  
e, Pseudo-bulk of ATAC-seq peaks are shown. Norn-specific enhancer regions are 
shaded in transparent rose. Displayed peaks are at the locus-specific kb range. 
Scales of peaks are displayed from 0.5 to 100. The mammalian conservation 
(Mamm. conserv.) track is from the UCSC browser. TF motifs: TCF21, HRE, C/EBPδ  
and GATA6 are highlighted with colored boxes. f, Motif enrichment in all 

Norn-specific ATAC peaks is calculated using cumulative binomial distributions 
by HOMER package, correcting for multiple hypotheses using the Benjamini–
Hochberg method59. Enrichment in n = 5,844 total target sequences over 
n = 360,380 total background sequences. TCF21 (P = 1 × 10−196) is present in 26.1% 
of Norn peaks. C/EBPδ (P = 1 × 10−82) is present in 13.1% of Norn peaks. GATA6 
(P = 1 × 10−39) is present in 12.4% of Norn peaks. The HIF-2α–HIF-1β HRE motif 
was not significantly enriched. g, MARS-seq derived expression of Tcf21, Cebpd, 
Gata6 and Epas1 show enrichment in Norn cells. h, Motif enrichment within 
specific ATAC peaks in Norn, pericyte and fibroblast cells was derived using the 
GimmeMotif framework60. Heatmap data shown as log10. Left of heatmap: six TF 
families are shown as basic leucine zipper (bZIP), bHLH, E2F, SMAD, Cys2–His2 
(C2H2) zinc fingers and GATA. Grayscale bar indicates FDR adjusted P value 
(two-way nonparametric Mann–Whitney U-test) for specificity in Norn cells 
compared with pericyte and fibroblasts. A selected consensus motif is shown  
on the right, with the relevant Norn-enriched factor on top of the motif.
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Discussion
scRNA-seq assays have the extraordinary capacity to map the entire 
spectrum of cellular diversity within a given tissue. In the past decade,  
hundreds of millions of cells from a large variety of tissues, organisms  
and disease states have been profiled using single-cell genomic 
approaches. However, although effective in defining heterogeneity 
within cell types, relatively few new mammalian cell types with distinct 
functional roles have been uncovered so far, with airway ionocytes and 

thymic tuft cells representing exceptions to the rule62,63. Here, we under-
took a targeted and functional approach to single-cell analysis, assign-
ing a known biological function (Epo secretion) to an uncharacterized 
cell type. Similar approaches may be used to better understand other 
idiosyncratic physiological functions in their native cellular contexts.

Controversy has prevailed about the existence of a specialized 
renal Epo-producing cell type24,31. Our work exclusively assigns Epo 
production to Norn cells, a specialized, distinct and coherent cell 
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type that is maintained across species and development, independent  
of actual Epo production. Our single cell data show that basal Epo 
expression in Norn cells from normoxic mice is practically below detec-
tion levels in conventional count-based scRNA-seq techniques, in line 
with previous studies that detected only a few Epo-producing cells 
under normoxic conditions24,35. This poses a major challenge to detect 
Epo RNA in human kidneys, where hypoxia cannot be induced experi-
mentally. This is compounded by the scarcity of hypoxic, non cancerous, 
human kidneys with high RNA quality, of which no scRNA-seq  
dataset is currently available. Nevertheless, building on our mole-
cular profile of Norn-associated genes, together with formalin- 
fixed paraffin-embedded (FFPE) sections of a single hypoxic kidney 
sample, we could identify the human Norn equivalent and associ-
ate it with Epo production under hypoxia. Future studies should 
include larger cohorts and further functional experiments to validate 
our findings. Together, these findings pave the way to further study 
the role of this important cell type in human pathology and evolution.

Intriguingly, although most of the previously used markers to 
define renal Epo-producing cells, including CD73, COL1A1 and PDGFRβ, 
are also highly represented in the Norn scRNA-seq dataset, many Norn 
markers are also expressed to some extent in other kidney lineages. 
Therefore, the Norn cell population is best defined by the combination 
of multiple markers, providing an explanation why the Norn popula-
tion has not been unequivocally recognized previously. Our work 
goes beyond known stromal markers and implicates Tcf21, Cebpd 
and Gata6 TFs as candidate master regulators of Norn cellular identity 
involved in regulating Epo production beyond the well characterized 
HIF-2α–HIF-1β circuit. Tcf21 has previously been shown to be essential 
in kidney development, where it is confined to mesenchymal cells of 
which Norn cells originate64,65. The TCF21 motif is the most abundant 
and enriched in Norn-specific regulatory regions and its target genes 
make up key Norn marker- and hypoxia-regulated genes. We also noted 
that the TCF21 motif has high similarities with the HIF-2α–HIF-1β HRE 
motif. It is interesting to speculate whether Tcf21 primes the Norn and 
Epo regulatory landscape for activation, allowing the HIF-2α–HIF-1β 
heterodimer to interact directly or indirectly with the DNA-bound 
TCF21, to generate a rapid burst of Epo and associated genes in response 
to hypoxia. Therefore, TCF21, together with other Norn-specific TFs, 
may sculpt the regulatory landscape that confines Epo expression to 
Norn cells. Future work using single-cell chromatin immunoprecipita-
tion technologies will ultimately test these hypotheses.

Up to now, five members of a new class of HIF-PHD inhibitors, 
activating HIF TFs to promote endogenous Epo production, have 
been approved for the treatment of anemia in chronic kidney disease 
(CKD) patients with ESRD8. This suggests that functional Norn cells are  
present in CKD kidneys and become reactivated to produce Epo 
through the stabilization of HIF-2α in treated individuals8,35. With the 
Norn pathways and regulatory circuit now available, we can begin  
to define the mechanisms of Epo perturbations in CKD and how they 
may be reactivated to physiological levels by HIF-PHD inhibitors.

The discovery and molecular characterization of the insulin- 
secreting pancreatic β cells revolutionized medical research into 
diabetes, recently leading to cell-based therapeutic approaches66. 
Similarly, numerous attempts have been undertaken to generate renal 
Epo-producing cell lines, including from the reporter mouse models 
used here24,67. However, these attempts failed to produce cell lines 
with stable hypoxia-inducible Epo gene expression. The identified 
Norn cells and Norn TF circuit open new avenues to generate such cell 
lines, ultimately supporting the development of new drugs correcting  
the loss of Epo expression in ESRD.
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Methods
All human samples used for scRNA-seq complied with the Helsinki  
protocols 6370-19-SMC (Sheba-Telhashomer Medical Center), 0417-
20-TLV (Ichilov Hospital) and 0297-22-HMO (Hadassah Medical Center) 
with local institutional review board approval from Weizmann Institute 
of Science (1568-1). Informed consent was obtained from all individuals. 
The collection and use of FFPE sections of human kidney samples by the 
Institute for Forensic Medicine, University Hospital Essen, Germany, was 
approved by the ethical commission of the Medical Faculty of the Univer-
sity Duisburg-Essen 2015 (15-6345-BO). Because a forensic sample was 
used and to preserve complete anonymization imposed by the ethical  
permit, we did not obtain consent from the individual or the family.

Data reporting
No statistical methods were used to predetermine sample sizes. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment. 
We excluded the following data:

 (1) For mapping of scRNA-seq reads, reads with multiple mapping 
positions were excluded.

 (2) For 10x Genomics scRNA-seq, suspected doublets and cells  
with fewer than 200 unique molecular identifiers (UMIs) and 
more than 25% mitochondrial content were excluded: nFeature_ 
RNA > 200 & nFeature_RNA < 5000 & percent.mt <25.

 (3) For 10x Genomics scATAC-seq, the following exclusion was 
done: nFeature_RNA > 1000 & nFeature_RNA < 30000.

 (4) For MARS-seq, suspected doublets and cells with fewer than 
200 UMIs or more than 40% mitochondrial RNA content were 
excluded.

Mice
Wild-type C57BL/6 (B6) mice were purchased from Harlan Laboratories. 
Epo-CreERT2-tdTomato mice (Epo-tdTomato) have previously been 
described in detail24. Briefly, the mouse model enables permanent, 
conditional and exclusive labeling of Norn cells that expressed Epo 
during a 4-h hypoxia treatment following a 5-day course of tamoxifen 
treatment. The transgenic large BAC reporter construct includes Epo 
regulatory elements and neighboring genes. All animals were bred and 
housed in standard ventilated cages on a 12-h light and 12-h dark cycle 
and ambient temperatures and humidity according to the guidelines 
of Weizmann Institute of Science. All animals were housed in groups 
with a maximum of five mice per cage and had ad libitum access to food  
(Harlan Teklad, catalog no. 2918) and water. All experimental proce-
dures were approved by the Institutional Animal Care and Use Commit-
tee, application numbers 01810220-2 and 11280219-2. For experiments, 
10–18-week-old male and female mice were used. Because there is no 
evidence of sex-specific differences in Epo regulation, we included 
male and female mice and analyzed them together using MetaCell. 
Cells were pooled from n = 22 independent experiments and n = 52 
mice (33 male, 19 female). In the quantitative PCR (qPCR) timeline, 
there were n = 4 technical replicates and n = 1 mouse (male) per time 
point. For qPCR detection of Epo in hypoxic mouse tissue there were 
n = 4 technical replicates and n = 1 mouse (male).

Human tissue
Nontumor kidney tissue was obtained from two male patients  
(68 and 83 years old) and one female patient (76 years old) undergoing 
partial or radical nephrectomy after signing an informed consent form. 
Because there is no evidence that there are sex-specific differences in 
Epo regulation, we included male and female patients and analyzed 
together using MetaCell.

The FFPE kidney sample used in this study was derived from a 
55-year-old female who died in a fire (CO-Hb content of 50%) and who 
underwent a forensic autopsy.

Mouse hypoxia exposure and kidney dissociation
Mice were placed in an air-tight chamber with synthetic air containing 
0.1% CO continuously flowing through the chamber for 4 h. In the time 
course experiment (Fig. 1b), mice were exposed to 0.1% CO for 2, 4, 6 or 
12 h. Mice were killed and immediately perfused with cold PBS buffer. In 
the downstream process, we performed the tissue dissociation under 
normoxic conditions as follows. After isolation of the kidneys, the renal 
capsule was removed and minced with razor blades into 1-mm pieces. 
Each minced kidney was placed in 1 ml of DMEM medium containing col-
lagenase IV (Worthington Biochemical, catalog no. LS004188, final con-
centration 0.25 mg ml−1), neutral protease (Worthington Biochemical,  
catalog no. LS02106, final concentration 0.25 mg ml−1) and DNase I 
(Roche, catalog no. 10104159001, final concentration 2,000 U ml−1), 
and incubated in a thermomixer at 37 °C, 300 r.p.m. for 25–30 min. 
During this time, the suspension was passed ten times through a 18G 
syringe and eight times through a 21G syringe. The suspension was 
subsequently applied to tissue strainers (40 μm mesh size), 20 ml 
of MACS buffer (PBS containing 2% FBS and 5 mM EDTA pH 8.0) was 
added, and the cells centrifuged for 5 min at 4 °C, 320g. Fc-block (BD 
Biosciences, catalog no. BD553141, 1:200) was added for 17 min, fol-
lowed by red blood cell lysis for 3 min on ice. MACS buffer was added 
to stop the lysis and the cells were centrifuged for 10 min at 4 °C, 300g 
and stained for FACS.

Human kidney sample collection and dissection
Nontumor kidney portions were collected in PBS on ice. Kidney samples 
were minced to 2–4 mm and dissociated according to the manufac-
turer’s protocol for the Multi Tissue Dissociation Kit 1 (Miltenyi Biotech, 
catalog no. 130-110-201). Red blood cells were removed by incubating 
the sample with 2 ml of red blood cell lysis buffer for 5 min on ice. The 
sample was enriched to live cells using a Dead Cell Removal Kit (Milte-
nyi Biotech, catalog no. 130-090-101), centrifuged at 300g for 10 min, 
resuspended in MACS buffer (PBS containing 2% FBS and 5 mM EDTA 
pH 8.0) and stained for FACS.

Flow cytometry and sorting
Mouse cells were stained in MACS buffer using CD31-APC (Biolegend, 
catalog no. 102409, Clone 390; 1:400), CD326-FITC (Biolegend, catalog 
no. 118207, Clone G8.8; 1:600), CD45-FITC (eBioscience TY/11.8, catalog 
no. 11-0451-8, Clone 30-F11; 1:400) and CD73-APC-Fire750 (Biolegend, 
catalog no. 127221, 1:200). Following staining, cells were washed and 
resuspended in MACS buffer and sorted on FACS Symphony S6, ARIA 
III and FUSION cell sorters (BD Biosciences). Single cells were sorted 
into 384-well cell capture plates containing 2 μl of lysis solution and 
barcoded poly(T) reverse transcription (RT) primers for scRNA-seq 
as described previously48. Barcoded single-cell capture plates were 
prepared with a Bravo automated liquid handling platform. Four empty 
wells were kept in each 384-well plate as a no-cell control during data 
analysis. Immediately after sorting, each plate was spun down to ensure 
cell immersion into the lysis solution, snap frozen on dry ice and stored 
at −80 °C until further processing.

Human cells where stained in MACS buffer using CD326-PE  
(Biolegend, catalog no. 324206, Clone 9C4; 1:100), CD45-FITC (Biolegend,  
catalog no. 304006, Clone HI30; 1:100), CD31-PE (Biolegend, catalog 
no. 303105, Clone WM59; 1:100), CD10-APC (Biolegend, catalog no. 
312210, Clone HI10a; 1:100) and CD235a-BV605 (Biolegend, catalog no. 
740409, Clone GA-R2; 1:100). Following staining, cells were washed and 
resuspended in MACS buffer and bulk sorted into a cooled 1.7-ml Eppen-
dorf tube containing 100 μl of MACS buffer using the FACS Symphony 
S6. For FACS analysis, we used the FACS Diva 7 and FlowJo v.10.4.2.

Massively parallel scRNA library preparation
Single-cell transcriptome libraries were prepared as previously 
described48. Briefly, mRNA from cells sorted into MARS-seq capture 
plates was barcoded, converted to complementary DNA and pooled 
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using an automated pipeline. The pooled sample was then linearly 
amplified by T7 polymerase-mediated in vitro transcription and the 
resulting mRNA was fragmented and converted into a sequencing-ready 
library by tagging the samples with pool barcodes and Illumina adapter 
sequences during ligation, followed by RT and PCR. Library quality and 
concentration were assessed and MARS-seq libraries were sequenced 
using an Illumina NextSeq 500 and Novaseq 6000.

Low-level processing and filtering
All RNA-seq libraries were sequenced at a mean depth of 17,500 reads 
per single cell. Sequences were mapped to the mouse genome (mm10), 
with the Epo 3′ untranslated region extended by 1 kb (chr5:137,481,020-
137,485,852), demultiplexed and filtered as previously described48, 
and a set of UMI that define distinct transcripts in single cells were 
extracted for further processing. We estimated the level of spurious 
UMIs in the data using MetaCell statistics on empty MARS-seq wells 
(mean noise 1.3%; Extended Data Fig. 4). Reads were mapped using 
HISAT (v.0.1.6)68; reads with multiple mapping positions were excluded. 
Reads were associated with genes if they were mapped to an exon, 
using the University of California Santa Cruz (UCSC) genome browser 
for reference. Exons of different genes that shared a genomic position 
on the same strand were considered a single gene with a concatenated 
gene symbol. Cells with fewer than 200 UMIs were discarded from the 
analysis. After filtering, cells contained a mean of 1,500 unique genes 
per cell. All downstream analysis was performed in R v.3.5.3.

Data processing and clustering using MetaCell
The MetaCell pipeline69 v.0.3.41 was used to derive informative genes 
and compute cell-to-cell similarity, to compute Knn graph covers and 
derive the distribution of RNA in cohesive groups of cells (or metacells), 
and to derive strongly separated clusters using bootstrap analysis and 
computation of graph covers on resampled data. We used bootstrap-
ping to derive robust clustering (500 iterations; resampling 70% of 
the cells in each iteration and clustering the co-cluster matrix with 
minimal cluster size set to 15). No further filtering or cluster splitting 
was performed on the metacells.

Annotating MARS-seq subsets using label transfer
We manually annotated our scRNA-seq dataset using published data-
sets. We relied on a label transfer approach, utilizing gene lists from 
Park et al.43 that are characteristic of specific renal cell types. We sum-
marized the log2(fold change) of each gene list in each metacell and 
derived a z-score. The z-score was adjusted to a minimum number of 
genes expressed. Annotation of the stromal compartment was done 
on the basis of known stromal markers31 to identify distinct clusters 
of fibroblast (Pdgfra and Nt5e/CD73 antigen positive) and pericyte 
(Acta2 and Rgs5) origins.

Deriving scores and mapping Norn cells in existing single-cell 
kidney datasets
To find the most differential and exclusive genes defining each cell 
population, we used log2(fold change) in gene expression between 
each individual cell population versus the rest of the populations. We 
derived the top 50 signature genes for each population (Supplementary 
Table 2) and calculated an associated gene expression value summing 
log2 values over the genes. We used this as input for the R-package 
‘cutpointr’ with the parameter ‘method’ set to ‘maximize_metric’ and 
‘metric’ set to accuracy constraints (‘acc_constrain’) to find the best 
cutoff threshold for classification. We derived scores over scRNA-seq 
datasets without previous knowledge of each cell’s annotation. We 
calculated the sum of log-transformed size-normalized expression of 
all gene signatures. For each cell and signature, the fold change of its 
score over its predetermined cutoff threshold value was calculated. 
A cell was assigned a specific cell identity by choosing the score with 
highest fold increase over its cutoff value. Cells whose scores were all 

below cutoff values, were left unassigned (NA). To translate the gene 
signatures to human gene annotations, we used a previously described 
lift-over method70.

Single-cell multiome analysis using the Chromium 10x 
Genomics platform
Pooled cells from n = 5 mice (3 males, 2 females) exposed to hypoxia 
(0.1% CO, 4 h) were bulk sorted on FACS Symphony S6, ARIA III and 
FUSION cell sorters (BD Biosciences) using a 130 nozzle and a flow 
rate of 2 (~2000 cells/second) for 3 h, and subsequently pooled. Some 
75,000 cells were obtained and processed according to the 10x Genom-
ics Chromium Single-Cell Multiome ATAC + Gene Expression low  
cell number protocol (CG000365). Lysis was performed for 7 min  
using diluted (1:10) lysis buffer to obtain intact nuclei.

Single-cell ATAC and RNA-seq libraries were prepared using the 
Chromium Single-Cell Multiome ATAC + Gene Expression platform 
(10x Genomics). Nuclei were prepared and counted to ensure quality  
and concentration. Nuclei were then transposed according to the 
manufacturer’s protocol. The transposed nuclei suspension was 
loaded onto a Next GEM Chip J targeting 5,000 nuclei and run on a 
Chromium Controller instrument to generate gel beads-in-emulsion 
(GEM) emulsion (10x Genomics). Single-cell gene expression libraries,  
as well as single-cell ATAC-seq libraries, were generated according  
to the manufacturer’s protocol using the Chromium Next GEM 
Single-Cell Multiome ATAC + Gene Expression Kit. Final libraries were 
quantified using a Next Library Quant Kit for Illumina (New England 
Biolabs) and high-sensitivity D1000 TapeStation (Agilent). Each 
library was sequenced separately on a NovaSeq 6000 instrument 
using an SP-100 cycles reagent kit (Illumina), targeting 25,000 reads 
per nuclei for ATAC-seq and a minimum of 20,000 reads per nuclei  
for gene expression.

Processing and analysis of 10x Genomics Chromium 
Single-cell Multiome ATAC + Gene Expression
Low-level read processing and alignment was performed with the Cell 
ranger ARC/2.0.0 tool, with the Epo 3′ untranslated region extended 
by 1 kb (mm10 chr5:137,481,020-137,485,852). Data from the reference 
atlas were integrated using label transfer from our reference model to 
the multiome RNA-seq data. In short, we used a Knn-classifier (k = 50) 
with Pearson’s correlation as a similarity metric over the normalized 
gene features defined for the reference model. The distribution of 
cluster memberships over these k-neighbors was used to associate the 
new cell with a reference metacell (by majority voting) and to project 
the cell in two dimensions by weighted average of the linked refer-
ence clusters’ mapped x and y coordinates. HOMER package59 (v.4.11)  
was used to identify ATAC peaks pooled over all the ATAC-seq reads 
(command findPeaks -style factor). To identify differential peaks in 
promoter and enhancer chromatin regions, we divided each cluster 
into bins of 50 cells to account for variation in cluster size and pooled 
reads from each replicate as pseudo-bulk.

Figure 3c,d depicts pooled peak intensity across pseudo-bulk 
triplicates. Peaks within promoter (−1 kb to +100 bp around TSS, Fig. 3c) 
and enhancer (−50 kb to +50 kb around TSS barring promoter region; 
Fig. 3d) regions were assigned to their nearest gene.

We used DESEQ2 (v.1.30.1) to test for statistically significant  
differential peaks for each triplicate. DESEQ2 differential peaks  
upregulated in the Norn population were tested for enriched 
TF-binding motifs using motif finding algorithm findMotifGenome 
in the HOMER package59.

For GimmeMotifs TF motif enrichment analysis, we used the 
unique differential peaks of Norn cells (4,424), fibroblasts (239)  
and pericytes (2199) selected from DESEQ2 for downstream  
motif enrichment analysis. Because the flanking sequences of known 
motifs are highly variable across various cell types, we used a consensus 
database of known TFs (gimme.vertebrate. v.5.0) as implemented in 
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the GimmeMotifs package (v.0.17.2)60. The maelstrom function was 
applied to calculate the differential enrichment of motifs between the 
different cell types with default parameters (all differential peaks were 
reduced or extended to 200 bp around the peak summit). Motif activity 
is defined as the positive or negative enrichment value of −log10(P) for 
high or low rankings of the motif occurrence. We also applied a two-way 
nonparametric Mann–Whitney U-test with the null hypothesis of equal 
distribution in the motif log-odds ratio between two groups and we 
used the Benjamini–Hochberg method to calculate the adjusted P 
value. For heatmap visualization of the motifs, selected TFs expressed 
in more than 15% of the hypoxic Norn cells (from our MARS-seq data) 
are shown in Fig. 3g.

Gene Expression Single-Cell 10x Genomics
Human kidney cells were bulk sorted for 4,6-diamidino-2-phenylindole 
(DAPI), CD45, CD326, CD31 and CD10 cells using FACS Symphony S6 (BD 
Biosciences) with a 100 nozzle and flow rate of 1 (~1500 cells/second). 
Targeting for 12,000 cells per single-cell library, each sample was sorted 
for 50,000 to 100,000 cells. Cells were processed according to 10x 
Genomics Chromium Single-Cell 3′ v.3.1 Dual Index kit. Single-cell gene 
expression libraries were generated according to the manufacturer’s 
protocol. Final libraries were quantified using Next Library Quant  
Kit for Illumina (New England Biolabs) and high-sensitivity D1000 
TapeStation (Agilent). Each library was sequenced separately on a 
NovaSeq 6000 instrument using an SP-100 cycles reagent kit (Illumina), 
targeting 20,000 reads per cell.

Processing and analysis of 10x Genomics Chromium 
scRNA-seq
Samples were sequenced at 20,000 reads per cell. Samples were 
demultiplexed using cellranger v.6.1.2 and aligned to human reference  
genome refdata-cellranger-GRCh38-1.2.0 with the parameter ‘include- 
introns’. Cells with fewer than 500 UMIs and a high mitochondrial per-
centage were filtered out. Data integration of the reference atlas was 
done using label transfer from our reference model. In short, we used a 
Knn-classifier (k = 50) with Pearson’s correlation as a similarity metric 
over the normalized gene features defined for the reference model. 
The distribution of cluster memberships over these k-neighbors was 
used to associate the new cell with a reference metacell (by majority 
voting) and to project the cell in two dimensions by weighted average 
of the linked reference clusters’ mapped x and y coordinates. Human 
genome (Hg38) was used as a reference genome.

Gene tracks and visualization
All gene tracks were visualized as bigWig files of the combined repli-
cates normalized to 100,000 reads in UCSC browser.

Differential gene expression analysis
Differential gene expression analysis was performed on UMIs divided 
by the median UMI count using a Mann–Whitney U-test with FDR cor-
rection and at least onefold change difference between groups. For 
differential gene expression analysis in Fig. 4g, we first identified the 
shared conserved genes between species based on ensemble v95 Mouse 
and Human. Second, we grouped the genes between the species as the 
delta log of mean mouse expression versus the delta log of mean human 
expression and subtracted the groups.

GSEA analysis
We used GSEA v.4.2.3 for Linux. A sample ranked list was created using 
the fold change over the mean table. GSEA analysis was performed with 
the following parameters. Gene database: c2.all.v2022.1.Hs.symbols.
gmt; number of permutation: 1,000; collapse: Gene Symbol; chip 
platform: Human_RefSeq_Accession_MSigDB.v2022.1.Hs.chip, chip 
or Mouse_Gene_Symbol_Remapping_Human_Orthologs_MSigDB.
v2022.1.Hs.chip.

Quantitative PCR
mRNA was isolated using TRIzol and a micro RNA easy kit (Qiagen, 
catalog no. 217004), and reverse transcribed to cDNA using an Affini-
tyScript RT kit (Agilent, catalog no. 600109). qPCR was performed 
using SYBR Green I Master Mix on a LightCycler480 SYBR Green I 
Master Mix (Roche). The same sample was measured in quadrupli-
cate and normalized to Actb. One kidney from one mouse was used 
per technical quadruplicate. The Actb qPCR primer sequences were 
Actb_F GGAGGGGGTTGAGGTGTT and Actb_R TGTGCACTTTTAT 
TGGTCTCAAG. The Epo qPCR primer sequences were Epo_F TTG 
GTGATTTCAGCTGTTGC and Epo_R GGGTCAAGGAGCCATAGACA.  
Raw cycle threshold values and calculations are available in Supple-
mentary Table 6.

mRNA-FISH
For mouse kidney, cryosections were pretreated according to the 
manufacturer’s recommendations (RNAscope Multiplex Fluorescent 
v2 Assay; Advanced Cell Diagnostics) and as described previously24,34. 
The Epo probe (catalog no. 315501) consisted of 12 double Z probe pairs, 
targeting the region between 39 and 685 of mouse Epo mRNA. The 
Cfh probe (catalog no. 403671) consisted of 20 double Z probe pairs, 
targeting the region between 2,131 and 3,109 of mouse Cfh mRNA. The 
probes were hybridized for 2 h at 40 °C in a HybEZ oven (Advanced Cell 
Diagnostics), followed by signal amplification and signal detection 
using Opal 570 or Opal 650 fluorescent reagents (Akoya Biosciences). 
Sections were washed, counterstained with DAPI, mounted using 
ProLong Gold antifade mountant (Thermo Fisher Scientific, catalog 
no. P36930) and fluorescent signals were recorded using an Axio Scan.
Z1a slide scanner (Zeiss).

For human kidney, FFPE sections were pretreated according to the 
manufacturer’s recommendations (RNAscope Multiplex Fluorescent 
v2 Assay; Advanced Cell Diagnostics). The probes (Supplementary 
Table 7) were hybridized for 2 h at 40 °C in a HybEZ oven (Advanced 
Cell Diagnostics), followed by signal amplification and signal detection 
using Opal 570 or Opal 650 fluorescent reagents (Akoya Biosciences). 
Sections were washed, counterstained with DAPI, mounted using 
ProLong Gold antifade mountant (Thermo Fisher Scientific, catalog 
no. P36930) and fluorescent signals were recorded using an Axio Scan.
Z1a slide scanner (Zeiss).

Imaging and image analysis
For FISH analysis, whole kidney slice images were converted to 8-bit 
grayscale images and whole slice analysis was performed with MAT-
LAB R2018a (The Mathworks). Gray scale thresholds were arbitrarily 
selected and maintained throughout the experiment. After binariza-
tion, FISH-positive pixels and their colocalization were calculated. 
Image analyses were performed in a blinded fashion. Image quantifica-
tions are available in Supplementary Table 7.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Ethics statement
All mouse experimental procedures complied with relevant ethical 
protocols and were reviewed and approved by the Institutional Ani-
mal Care and Use Committee, application numbers 01810220-2 and 
11280219-2, at Weizmann Institute of Science.

Data availability
Mouse single-cell RNA-seq and single-cell ATAC-seq data, and human 
single-cell RNA-seq data that support the findings of this study, were 
deposited in the Gene Expression Omnibus (GEO) under accession code 
GSE193321. Previously published scRNA-seq data that were re-analyzed 
here are available under the accession codes GSE114530 (ref. 47), 
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GSE129798 (ref. 44), EGAS00001002325GSE155794 (ref. 46) and 
GSE107585 (ref. 43), as well as from the European Genome-phenome 
Archive (EGA) under study IDs EGAS00001002325 (ref. 42). We 
used mouse genome mm10 and human genome Hg38 as reference 
genomes. ATAC-seq tracks are accessible on UCSC browser https://
genome.ucsc.edu/s/bjoert/Mouse%20hypoxia%20kidney%20bulk%20
scATAC%2Dseq%20from%20single%20nuclei.

Code availability
Metacell source code can be found at https://github.com/tan-
aylab/metacell. Source code to identify Norn cells in human 
single cell atlas can be found at https://github.com/AmitLab/
Kidney-Norn-cells-identification. Source code used for transcrip-
tion factor motif analysis can be found at https://github.com/
vanheeringen-lab/gimmemotifs.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | QC of single cell data. a, b, QC for mouse renal MARS-seq 
showing number of reads and genes per plate, respectively. Box plots presents 
the third quartile (top of the box), median (centre lines) and first quartile (bottom 
of the box) of measurements. The whiskers represent 1.5 times the interquartile 
range from the top or bottom of the box. From n = 22 independent experiments, 
kidneys from n = 52 mice (33 males, 19 females), cells were sorted into 384 well 
plates. Nu,ber of QC cells per plate are as follows: AB9040 = 103, AB9041 = 122, 
AB9042 = 103, AB9043 = 107, AB9044 = 109, AB9045 = 124, AB9046 = 180, 
AB9047 = 177, AB9202 = 132, AB9203 = 12, AB9204 = 101, AB9205 = 28, 
AB9206 = 11, AB9207 = 16, AB9208 = 19, AB9209 = 182, AB9210 = 180, 
AB9211 = 203, AB9212 = 168, AB9213 = 211, AB9214 = 253, AB9215 = 249, 
AB9216 = 196, AB9217 = 198, AB9218 = 214, AB9219 = 182, AB9220 = 197, 
AB9221 = 174, AB9316 = 118, AB9317 = 116, AB9453 = 365, AB9454 = 298, 
AB9455 = 361, AB9456 = 361, AB9464 = 176, AB10289 = 12, AB10290 = 21, 
AB10291 = 91, AB10292 = 34, AB10293 = 28, AB10344 = 279, AB10345 = 299, 
AB10346 = 263, AB10347 = 259, AB10448 = 127, AB10449 = 35, AB10450 = 103, 
AB10451 = 327, AB10452 = 321, AB10453 = 342, AB10454 = 365, AB10455 = 361, 
AB10460 = 64, AB10461 = 291, AB10765 = 339, AB10766 = 318, AB10767 = 328, 
AB10768 = 277, AB10769 = 319, AB10770 = 297, AB10771 = 329, AB10772 = 301, 
AB10926 = 369, AB10927 = 362, AB10928 = 361, AB10929 = 357, AB11060 = 360, 
AB11061 = 355, AB11062 = 365, AB11063 = 364, AB11064 = 352, AB11065 = 330, 
AB11066 = 360, AB11306 = 356, AB11307 = 344, AB11308 = 335, AB11309 = 329, 
AB11310 = 320, AB11311 = 324, AB11312 = 353, AB11313 = 333, AB11409 = 16, 
AB11410 = 11, AB11411 = 26, AB11412 = 20, AB11413 = 43, AB11414 = 17, AB11415 = 67, 
AB11416 = 137, AB11630 = 295, AB11631 = 297, AB11632 = 326, AB11633 = 318, 

AB11634 = 285, AB11635 = 241, AB11636 = 293, AB11637 = 282, AB11638 = 279, 
AB11639 = 278, AB11640 = 269, AB11641 = 241, AB12023 = 260, AB12024 = 234, 
AB12025 = 333, AB12026 = 268, AB12027 = 185, AB12028 = 164, AB12029 = 335, 
AB12030 = 306, AB12031 = 315, AB12032 = 150, AB12033 = 50, AB12034 = 55, 
AB12035 = 9, AB12890 = 299, AB12891 = 292, AB12892 = 320, AB12893 = 311, 
AB12894 = 338, AB12895 = 336, AB13561 = 246, AB13714 = 323, AB13715 = 315, 
AB13716 = 288, AB13717 = 280, AB13718 = 327, AB13719 = 323, AB13720 = 260, 
AB13721 = 256, AB13722 = 257, AB13723 = 307, AB14027 = 322, AB14028 = 289, 
AB14029 = 345, AB14030 = 325, AB14031 = 333, AB14032 = 335, AB14033 = 302, 
AB14034 = 328, AB14035 = 342, AB14036 = 329, AB14037 = 338, AB14038 = 334, 
AB14039 = 300, AB14040 = 287, AB14041 = 204, AB14042 = 231, AB14043 = 177, 
AB14044 = 203. c, QC for 10x multiome mRNA showing number of reads, genes 
per plate and percentage mitochondria. N = 3,861 cells pooled from 5 mice (3 
males, 2 females) exposed to hypoxia 0.1% CO, 4 hours. Each cells has a mean 
read of 14,537. d, QC for mouse renal 10x multiome ATAC data showing number of 
reads and genes per plate. N = 3,306 cells pooled from 5 mice (3 males, 2 females) 
exposed to hypoxia 0.1% CO, 4 hours, in one experiment. Per cell we obtained 
10,666 ATAC median high-quality fragments. e, QC for human renal RNA data 
derived from 10x scRNAseq showing number of reads, genes, and percentage 
mitochondria per cell, per patient. Box plots presents the third quartile (top 
of the box), median (centre lines) and first quartile (bottom of the box) of 
measurements. The whiskers represent 1.5 times the interquartile range from the 
top or bottom of the box. N = 3 independent experiments, each experiment using 
kidney from different individual n = 3 biologically independent samples: human 
sample 1 = 8185 cells, human sample 2 = 3707 cells, human sample 3 = 6358 cells.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Identification and validation of Norn cell markers. 
a, Label transfer from Park et al.43 to MARS-seq meta-cell clusters. Each 
coloured circle denotes a meta-cell. Colour scale denotes z-score of each gene 
signature across all meta-cells. Collecting duct i., collecting duct intercalated; 
collecting duct t., collecting duct transient; collecting duct p., collecting duct 
principal; Distal conv. Tub., distal convoluted tubule. b, Bubble plot depicting 
enrichment of selected marker genes used for cell labels. Coloured circles denote 
expression intensity (log2 fold change over the mean). Size of circle represents 
the percentage of cells expressing the gene within cell type. c, Plot depicts 

quantification of double positive cells in mRNA FISH imaging of hypoxic (0.1%, 
4 hours) kidney sections. N = 1 biological specimen (female), n = 3 independent 
experiments. The mean is shown. Quantification of cells are shown on top of the 
plot. Y-axis represents the percentage of Epo expressing cells that are double 
positive for tested Norn cell marker expression (x-axis). X-axis is showing Norn 
cell markers tested. d, Schematic of experimental procedure and representative 
gating strategy using CD73 to enrich for Norn cells in wildtype C57BL/6J mice. 
Linage depletion using CD31 (endothelial), CD326 (epithelial), and CD45 
(immune) markers, and enrichment of CD73 positive cells.
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Extended Data Fig. 3 | Extended ATAC analysis. a, UMAP showing cell type clusters based on 10x multiome RNA using the Seurat tool71. Cell label transfer based 
on supplementary table 1. b, UMAP showing cell type clusters based on 10x multiome ATAC using Seurat tool. c, Heatmap representing sub clustering of selected 
ATAC-seq regions, and their associated genes.
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Extended Data Fig. 4 | Transcription-factor motif analysis. Transcription-factor motif analysis showing enrichment of motifs in accessible regions n = 5,844 peaks 
Norn specific ATAC-enhancer peaks vs n = 360380 total background sequences. P-value is calculated using cumulative binomial distributions.
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Extended Data Fig. 5 | SCENIC analysis of Norn cells identifies Tcf21 regulome. a, Heatmap representing TF regulome enrichment from MARS-seq dataset 
derived from normoxic kidneys. b, Heatmap representing TF regulome enrichment in our MARS-seq dataset derived from hypoxic kidneys. c, Tcf21 regulome: List of 
downstream targets of Tcf21.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Identification of Norn cells across development and 
species. a, Prediction of identified renal cell types, including Norn cells, in adult 
mouse kidney MARS-seq data (as shown in Fig. 4a). Heatmap showing sum log2 
of normalised UMIs. b–g Heatmaps representing predicted cell types, with red 
box highlighting Norn-like cells: (b) Norn enriched MARS-seq renal dataset 

(7.4% Norn cells), (c) C57BL/6J adult mice renal scRNA-seq44 (0.1% Norn cells), (d) 
E18.5 foetal kidney scRNA-seq data45 (7.6% Norn cells, n = 3 individuals), (e) E18.5 
Foxd1 enriched foetal kidney scRNA seq data46 (19.9% Norn cells), (f) adult human 
kidney scRNA seq data (3% Norn cells, n = 12 individuals)42, and (g) foetal week 18 
human kidney scRNA seq data (18.8% Norn cells, n = 1 individual)47.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Conservation of Norn cell markers across development 
and species. a–e: Scatter plot depicting global log2 size-normalised gene 
expression in Norn cells versus all other cell types. Green circles represent genes 
shown in ‘selected’ bar plot. Bar plots showing log2 fold change of Norn cells 
versus all other cell types in selected genes, receptors, and TFs. a, C57BL/6J adult 
mice renal scRNA-seq44. b, E18.5 unenriched mouse foetal kidney scRNA-seq 
data45. c, E18.5 Foxd1 enriched foetal kidney scRNA seq data46. d, Adult human 

unenriched kidney scRNA seq data42. e, Foetal week 18 human unenriched 
kidney scRNA seq data (18.8% Norn cells)47. f, Plot showing quantification of 
double positive cells in mRNA FISH imaging from hypoxic human kidney. N = 3 
independent experiments from n = 1 biological specimen (female). The mean 
is shown. Y-axis is showing percentage of EPO expressing cells that are double 
positive for tested Norn cell marker expression (x-axis). X-axis is presenting Norn 
cell markers tested.
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