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ABSTRACT

The mammalian kidney has extensive repair capacity; however, identifying adult renal stem cells
has proven elusive. We applied an epigenetic marker of foetal cell origin (FCO) in diverse human
tissues as a probe for developmental cell persistence, finding a 5.4-fold greater FCO proportion in
kidney. Normal kidney FCO proportions averaged 49% with extensive interindividual variation.
FCO proportions were significantly negatively correlated with immune-related gene expression
and positively correlated with genes expressed in the renal medulla, including those involved in
renal organogenesis (e.g., FGF2, PAX8, and HOXB7). FCO associated genes also mapped to
medullary nephron segments in mouse and rat, suggesting evolutionary conservation of this
cellular compartment. Renal cancer patients whose tumours contained non-zero FCO scores
survived longer. The kidney appears unique in possessing substantial foetal epigenetic features.
Further study of FCO-related gene methylation may elucidate regenerative regulatory pro-
grammes in tissues without apparent discrete stem cell compartments.

ARTICLE HISTORY
Received 19 July 2020
Revised 7 January 2021
Accepted 15 January 2021

KEYWORDS

Kidney; DNA methylation;
epigenetics; foetal stem
cells; stem cell niche

Introduction

segments [5,9,10]. Further, background epithelial
cell division without injury suggesting pro-
grammed homoeostatic restoration in response to
wear and tear damage [11]. To account for the
kidney’s observed regenerative capacity research-
ers have proposed multiple pools of regionally
specified progenitors [12-14]. These observations
challenge the prevailing view that epithelial homo-
eostasis and repair is a one-way process from
undifferentiated progenitor cells to fully differen-
tiated mature cells, and points towards mature
epithelial cells acquiring a stem cell-like state
upon injury [15]. The regulatory programmes
that direct these processes are unknown. Based
on the re-expression of embryonic genes following
injury [16], we hypothesize that retention of foetal
epigenetic programmes in the renal epithelium
could play a role in this regenerative strategy and
we further posit that this could be regulated
through DNA methylation.

Our understanding of epithelial homoeostasis and
regeneration draws heavily on the concept of the
stem cell niche first proposed in the haematopoie-
tic system[1]. Anatomically confined niche micro-
environments promote the maintenance of stem
cells, regulate their function, and there is abundant
evidence of heterogeneity in these specialized
environments among tissues [2,3]. While meta-
bolic reprogramming favours glycolysis over mito-
chondrial  oxidative = phosphorylation  and
a dependence on oxygen-deficient conditions is
a feature of the stem cell niche [4], in some epithe-
lial tissues with hypoxic regions such as the kid-
ney, a localized stem cell compartment has proven
difficult to establish. Instead, fully differentiated
adult kidney tubule epithelial cells appear to ded-
ifferentiate and redifferentiate following injury in
the absence of a restricted stem cell compartment
[5-8]. The robust proliferative and reparative
activity of renal epithelium exists across its
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DNA methylation tags can be powerful tools for
defining the dynamic contributions of different
stem cell populations in epithelial homoeostasis
[17]. Methylation tags allow fate-mapping because
their patterns are somatically inherited. Numerous
investigators have shown how DNA methylation
signatures can form a memory trace of stem cell
origin [18-27]. Recently, we used DNA methyla-
tion data from foetal and adult haematopoietic
cells to devise a computational tool that estimates
the proportions of cells (either haematopoietic or
non-haematopoietic) derived from foetal cells [28].
All foetal tissues, including foetal kidney, con-
tained DNA methylation sites whose status is indi-
cative of embryonic stem cells. Based on the
output of this DNA methylation-based algorithm
we created an index we have termed the foetal cell
origin (FCO) proportion. Among haematopoietic
cells we found the FCO proportion marks
a developmental transition from foetal to adult
stem cells as development proceeds from foetal to
mature forms; a process called stem cell matura-
tion [29-31]. Similarly, in non-haematopoietic tis-
sues the FCO proportion changes during
developmental age. A recent survey revealed vari-
able but generally low FCO levels in multiple adult
solid tissues [32]. This latter observation suggests
that transitions in some embryonic methylation
features during haematopoietic cell development
also occur in many diverse tissues. In this study,
we explore the FCO proportion in kidney tissue in
relationship to its complex anatomical and func-
tional architecture.

The functional unit of the kidney is the nephron
(Figure la), with multiple distinct compartments:
the glomerulus, proximal tubule, loop of Henle,
distal tubule, connecting tubule and collecting
ducts. Decades long study has revealed how these
segments perform different aspects of the filtration
process [33]. Gene expression along the proximal
to distal axis of the nephron is tied to its anatomic
and functional segmentation [34-36]. In addition,
the organization of the cortico-medullary com-
partments of the kidney places medullary epithelial
cells in a hyperosmolar and hypoxic environment
[37] that contains a paucity of lymphatics [38].
Adaptation to low oxygen entails constitutive sig-
nalling of hypoxia-inducible factor 1 alpha (HIF-
la), which distinguishes the renal medulla from

the cortex as well as from other parenchymal
organs in the human body [39]. The low oxygen
concentrations, continuous HIF-1a signalling, and
as the greater reliance of the medulla on glycolytic
energy metabolism [40] are reminiscent of condi-
tions extant during embryonic development
[41,42].

The FCO signature represents a phenotypic
block of CpG sites that display foetal methylation
status and is associated with at least 928 genes.
A priori, we recognized genes encoding transcrip-
tion and growth factors fundamental in nephro-
genesis within this FCO gene subset (Suppl
Table 1) (e.g., SIX2, PAX8, IRX1, HOXB7, FGF2)
[43]. SIX2 is one of the earliest mesenchymal to
epithelial morphogens required in nephrogenesis
[44], and is not expressed in adult tissue [45].
PAX8 and its homologue PAX2 are central regu-
lators of kidney development [46]. IRX1 plays
a crucial role in the formation intermediate seg-
ments of the embryonic nephron [47-49] and is
expressed at low levels in the adult loop of Henle
[34]. Another FCO related gene, HOXB7, is con-
sidered a specific cell lineage determining factor of
collecting duct cells [50] and is expressed in the
adult nephric epithelium in the loop of Henle and
collecting ducts [51]. FGF2 (basic fibroblast
growth factor 2) has been implicated in early
metanephric mesenchymal patterning [52], and
although not expressed in adult rat nephrons
[34] it is induced in acute and chronic kidney
damage, where it reduces functional and structural
damage [53-55].

The mammalian kidney has been shown to con-
tain unique physiological and regenerative proper-
ties [6-8]. Importantly, a discrete stem cell
compartment in the kidney has been elusive
using existing markers [7], which prompted our
studies of the FCO marker in kidney. Here we
examined expression data from different cortical
and medullary regions of the human kidney
obtained by localized biopsies at different depths
of the organ [56]. We explored FCO-related gene
expression and its relationship to established co-
expression modules previously mapped to struc-
tural and functional regions of the human
nephron [57]. Meticulous microdissection and
application of bulk and single-cell RNA-Seq have
revealed a deep homology of renal cell identity and
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Figure 1. A-C. FCO proportions are associated with development stage, subject age and are elevated in adult kidney
compared to non-renal tissues. Panel A. Schematic image of nephron (https://commons.wikimedia.org/wiki/File:Figure_41_
03_03.png; permitted to use) Panel B. Horizontal box plots of median FCO proportions among adult tissues showing that adult
kidney FCO proportions are higher than other solid tissues or haematopoietic cells. FCO proportions estimated in 964 normal tissue
samples from 20 TCGA studies and 4 GEO studies. Panel C. Cross-sectional plot of the FCO proportions of human foetal, paediatric
and adult kidney specimens and blood leukocytes by tissue donor age. Loess smoothing curves and 95% confidence intervals across
different ages showing the relationship of donor age with FCO proportions. Data sources supplied in methods.

function across human, mouse and rat species.
Here we integrated DNA methylation and multi-
species gene expression data to investigate links
between the FCO proportion and renal tissue
organization. We corroborated our findings in
mouse using kidney single-cell RNA-Seq data
[58]. In the rat, we studied comprehensive
nephron segment-specific data, which catalogues
more than 8000 transcripts in 14 structurally
definable tubular subunits [34]. Because foetal
and embryonic features are associated with renal
cancer stem cells, whose frequencies increase in
higher grade and stage tumours with shorter sur-
vival times [59-62] we examined the FCO fraction
and its relationship with tumour characteristics
and patient survival times. Our results implicate

a heretofore unrecognized foetal programme as
a potential controller of medullary gene expression
in adult human kidney and point to the existence
of a widespread niche of epigenetically distinct
progenitors.

Methods
DNA methylation studies

We analysed DNA methylation data from 348
kidney specimens in 6 studies and 1812 other
tissue specimens in 31 studies. Specifically, non-
tumour adult kidney and other solid tissues from
TCGA Level 3 [lumina Infinium
HumanMethylation450 BeadChip array data were
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collected from 739 normal tissue samples from 20
TCGA studies (Suppl Table 2). Additional normal
adult tissue samples (N = 225) of cervix, brain,
adrenal gland and stomach from GEO data sets
were downloaded from GSE46306 [63], GSE80970
[64], GSE77871 [65] and GSE103186 [66]. Foetal
normal kidney sample data were downloaded from
GSE69502 [67] and GSE76641 [18] (N = 22) and
paediatric normal kidney sample data were down-
loaded from GSE59157 [68] (N = 36). We accessed
additional datasets of microdissected renal cortex
from diabetes-related chronic kidney disease
(CKD) (N = 21) and CKD free controls
(N = 64), GSE50874 [69]. DNA methylation data
of 1027 blood leukocyte samples from birth to
adulthood were downloaded from GSE62219
[70], GSE83334 [71], GSE36054 [72], GSE40279
[73], GSE35069 [74], GSE59065 [75] and
GSE30870 [76] and 26 cord blood samples from
packages FlowSorted.CordBlood.450 K[77] and
FlowSorted.CordBloodNorway.450 K [77] on
Bioconductor (Suppl Table 3).

Gene expression studies

Human kidney (RNA-Seq) expression data were
downloaded from normal TCGA kidney samples
[78] and biopsy depth microarray expression from
[56]. RNA-Seq data from microdissected rat
nephron [34] and single-cell mouse kidney [58]
were accessed.

Transcriptome-wide expression correlations with
FCO proportions

We also examined genome-wide kidney gene
expression to identify transcripts associated with
the FCO proportions of specimens, in contrast to
the metagene described above, which are restricted
to FCO genes that are associated with DMRs in
either the extended (N = 1218 CpG) or algorith-
mic subset (N = 27 CpG). Specifically, we com-
puted the Pearson and Spearman correlation
between the FCO proportion and the expression
levels of each gene among samples in the TCGA
normal kidney data for whom both DNA methyla-
tion (necessary for FCO estimation) and gene
expression data were available (N = 47). Suppl

Table 4 contains the gene-specific Spearman and
Pearson correlation coefficients with the FCO.

Gene expression metagenes associated with FCO
proportions

FCO-related kidney metagenes for positively and
negatively correlated genes were created using
Level 3 RNA-seq gene-level HTSeq-FPKM data
from 104 normal kidney samples from the KIRC
and KIRP TCGA cohorts. The extended FCO sub-
set of N = 1218 CpGs is associated with 928 genes,
herein referred to as FCO subset genes. We
restricted our analysis to transcripts with zFPKM
> -3 as recommended [79]. Within normal kidney
samples, 630 of these FCO subset genes were
identified as significantly expressed and of these
187 were judged positively and 189 negatively cor-
related with the FCO proportion. Significant cor-
relations were assigned if the expression
Spearman’s coefficient FDR was <0.1, after adjust-
ing for age and gender
(FCOgeneExpression = FCO + age +gender).
Metagenes were created for positively and nega-
tively correlated genes separately by taking the
log2 transformed FPKM value of each gene after
adding an offset of 1 and scaling the mean value
for each gene to 0. Finally, samples were assigned
an FCO score by calculating the mean expression
of all differentially expressed FCO genes. We also
created metagenes for genes associated with the 27
CpGs contained in the computational probe set
which is used in the algorithm for estimating the
FCO proportion [28]; this restricted computa-
tional subset contains 33 genes. Among them, the
expression levels of eight were identified as posi-
tively and four negatively correlated with the FCO
proportion. Suppl Table 5 lists the metagene
descriptions.

Biopsy depth gene expression analyses

We correlated FCO proportions and FCO meta-
gene expression scores with previously published
expression signatures that distinguish four differ-
ent kidney locations (outer cortex, corticomedul-
lary junction, outer medulla and inner medulla) in
histologically normal adult kidney [56]. Samples
were procured using fine-needle cores from



approximately 10-mm-thick sections obtained
from five nephrectomized patients in surgery for
renal neoplasms. Tissue farthest from the tumour
was selected. Gene expression data were collected
using the HumanHT-12 4.0 expression BeadChip
(Illumina Inc. San Diego CA) platform. A total of
102 samples were available to correlate biopsy
depth expression and FCO metagene expression
data. A total of 47 samples with biopsy depth
expression also had DNA methylation data to
allow correlations with FCO proportion.

Mouse kidney single cell-derived metagenes

Mouse renal cell expression metagene signatures
were derived from a catalogue of mouse kidney
cell types obtained in an unbiased manner using
droplet-based single-cell RNA sequencing [58].
Clustering analyses based on 43,745 single cells
identified 16 distinct cell clusters, which were
assigned a cell identity through multiple corrobor-
ating sources including: bulk RNA sequencing
from microdissected rat nephron [34], microarray
data on human immune cell, and transgenic
mouse models. Cell-specific marker genes for
mouse kidney ascending loop of Henle, collecting
duct principal cell, proximal tubule, distal convo-
luted tubule, B lymphocyte and T lymphocyte
were downloaded and used as input for creating
metagene signatures (Suppl Table 5). Each mouse
cell metagene was correlated with the FCO pro-
portion and FCO related expression scores of nor-
mal human kidney samples of the TCGA.

Mapping FCO differentially expressed genes to
anatomic segments of the rat nephron

RNA-Seq data from rat microdissected glomerulus
and 14 nephron segments were retrieved using the
publicly accessible portal of the Epithelial Systems
Biology Laboratory [34] https://hpcwebapps.cit.
nih.gov/ESBL/Database/NephronRNAseq/All_tran
scripts.html. Rat renal tubule segments manually
dissected under microscope were lysed in cell lysis
buffer containing reverse transcriptase and oligo-
dT primers. After reverse transcription of poly(A)-
tailed mRNA transcripts, cDNAs were amplified
and sequenced using Illumina HiSeq 2000 sequen-
cer. FASTQ sequences were mapped to rat
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reference genome and gene expression levels of
all genes were determined by calculating the
reads per kilobase of exon model per million
mapped reads (RPKM). To explore the representa-
tion of human FCO related gene expression within
anatomic segments of the rat kidney, we first
identified all human kidney genes (TCGA normal
kidney) whose expression exhibited a Spearman
correlation of at least > |0.6| with the correspond-
ing FCO proportion of each sample. From this
gene set, we identified G = 458 high-confidence
human/rat orthologs, determined wusing the
Ensembl database (http://www.ensembl.org/bio
mart/martview), that were expressed in at least
5% of the samples from different anatomical seg-
ments of the rat kidney. The RPKM values for
these 458 were log2-transformed (with an offset
of 1 to account for RPKM values of zero), and
used as input for a t-distributed Stochastic
Neighbour Embedding (t-SNE) analysis to visua-
lize the high-dimensional structure of the data in
a lower-dimensional space (two-dimensions, in
this case) [80]. The R-package Rtsne [81] was
used for the t-SNE analysis using default settings
for all parameters, except number of dimensions
(ndim = 2) and perplexity = 8. To gain insight into
the genes driving the t-SNE clusters, G = 30 genes
(out of the 458 used in t-SNE) were used to con-
struct a hierarchical clustering heatmap to visua-
lize influential genes across different renal tubule
segments. These 30 genes were selected such that
they exhibited the smallest p-values based on
a Kruskal-Wallis test used to compare log2-
transformed RPKM values between the different
renal tubule segments (e.g, G, S1, S2, S3,
SDL, etc.).

Data processing and quality control

Level 3 Illumina Infinium HumanMethylation450
BeadChip array data on TCGA contain beta values
calculated from background-corrected methylated
(M) and unmethylated (U) array intensities as
Beta = M/(M + U). In these data, probes having
a common SNP within 10bp of the interrogated
CpG site or having overlaps with a repetitive ele-
ment within 15bp from the interrogated CpG site
are masked as ‘NA’ across all samples, as were
probes with a non-detection probability
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(P > 0.01) in a given sample [32]. Level 3 TCGA
RNA-seq gene-level expression data used are
HTSeq-FPKM (Fragments Per Kilobase of tran-
script per Million mapped reads) data that nor-
malize read count based on gene length and the
total number of mapped reads [82]. For GEO
DNA methylation data used, GSE46306 [63],
GSE69502 [67], GSE59157 [68] and GSE40279
[73] contain normalized average beta values pro-
cessed by BeadStudio software; GSE80970 [64]
contains quantile-normalized beta values by using
Dasen function within the wateRmelon package in
Bioconductor; GSE77871 [65], GSE50874 [69],
GSE36054 [72], GSE35069 [74] and GSE30870
[76] contain average beta values processed by the
GenomeStudio software; GSE103186 [66] contains
normalized beta values by using the minfi package
in Bioconductor; GSE76641 [18] contains func-
tional normalized beta values by wusing R;
GSE62219 [70] contains quantile normalized
M-values by using the GenomeStudio software;
GSES83334 [71] and GSE59065 [75] contain nor-
malized beta values by using the Subset-Quantile
Within Array Normalization (SWAN) in the minfi
Bioconductor package. In addition, raw DNA
methylation data on FlowSorted.CordBlood.450 K
[83] and FlowSorted.CordBloodNorway.450 K
[77] were processed by using the minfi package
in Bioconductor.

Calculation of the foetal cell origin (FCO)
proportion

The derivation of the FCO algorithm was esti-
mated as previously described [28]. Briefly, this
method achieves a deconvolution of foetal versus
adult cell fraction using constrained projection
quadratic programming (CP/QP) proposed by
Houseman [84], substituting the default reference
library with the library identified based on the
pipeline developed to discriminate foetal and
adult blood leukocytes [28]. For analyses using
GEO data sets, no additional normalization steps
were employed to the already preprocessed (-
values. P-value distributions were, however,
inspected for irregularities, and where relevant,
k nearest neighbours were performed for missing
value imputation.

Metascape gene enrichment analysis

We assessed genes whose expression was posi-
tively and negatively correlated with the FCO
proportion of kidney samples. Four sets of
genes were characterized by gene enrichment
analysis, including top 250 genome-wide genes
whose expression are negatively correlated with
FCO proportion based on the Spearman’s corre-
lation coefficient ranking, 2996 genome-wide
genes whose expression are positively correlated
with FCO proportion at the Spearman’s correla-
tion coefficient cut-off 0.45, 187 FCO genes
whose expression were judged as positively cor-
related with FCO proportion and 189 FCO genes
whose expression were judged as negatively cor-
related with FCO proportion (FDR < 0.1). The
gene enrichment analyses were conducted with
Metascape software [85], database updated on
2020-09-16. For each given gene list, pathway
and process enrichment analysis has been car-
ried out with the following ontology sources:
KEGG Pathway, GO Biological Processes,
Reactome Gene Sets, Canonical Pathways and
CORUM. All genes in the human genome have
been used as the enrichment background [85].
Terms with a p-value <0.01, a minimum count
of 3, and an enrichment factor >1.5 (the enrich-
ment factor is the ratio between the observed
counts and the counts expected by chance) are
collected and grouped into clusters based on
their membership similarities [85]. More specifi-
cally, p-values are calculated based on the accu-
mulative  hypergeometric  distribution, and
q-values are calculated using the Benjamini-
Hochberg procedure to account for multiple
testing [85].

Additional kidney metagene scores

A total number of 823 genes in 25 quality
threshold (QT) clusters representing kidney glo-
merulus, cortex, loop of Henle, and medulla
formed co-expressed gene modules [56]. These
co-expression modules were compared with the
FCO proportion and FCO related expression
metagenes. In addition, since the level of renal
tissue fibrosis and tissue inflammation increases
with age and often differs between individuals,



we included metagenes representing different
aspects of kidney damage [86,87]. A number of
gene signatures were used to calculate the rela-
tive sample-level gene signature scores. Two
gene signatures were downloaded from the
Broad Institute Molecular Signatures Database
(MSigDB; http://www.broadinstitute.org/gsea/
msigdb/index.jsp): 97 genes found upregulated
in transplant biopsies following acute kidney
rejection as compared to well-functioning trans-
plants [86], and 261 genes associated with ageing
kidney histology [87], respectively (Suppl
Table 5).

Epigenetic mutations in clear cell

We examined the distribution of previously iden-
tified missense and truncating mutations in genes
that encode for histone-modifying enzymes in
FCO-related survival subgroups. These genes
include PBRM1, BAP1, SETD2 [78].

Statistical analysis of survival times TCGA
survival data

Tree-based models of renal cancer overall survival
were constructed using recursive partitioning via the
partDSA algorithm [88,89] in an effort to create
homogeneous survival risk groups. Models incorpo-
rated relevant patient variables, including patient
age, gender, TMN class, tumour laterality, tumour
FCO score. FCO score was treated as a continuous
variable. partDSA models were built and chosen
using the Brier loss function and fivefold cross-
validation.

Statistical analysis to estimate the proportion of
variation in FCO explained by kidney depth
measurements

The function rsq.partial in the R-package rsq was
used to compute the proportion of variation in
FCO explained by depth measurements (e.g.,
values of cortex, cortex-medulla, outer medulla,
and medulla papillae) not explained by subject
age, gender, and race. Calculation of the partial
R[2] was carried out using sums of squares esti-
mates from two nested linear regression models,
each fit to FCO as the dependent variable.
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Model 1 included subject age, gender, race as
covariates, and Model 2 included all of covari-
ates in Model 1, plus depth measurements of the
cortex, cortex-medulla, outer medulla, and
medulla papillae.

Database and software

All data sets from TCGA (https://portal.gdc.can
cer.gov/), GEO (https://www.ncbi.nlm.nih.gov/
geo/), ESBL (https://hpcwebapps.cit.nih.gov/
ESBL/Database/NephronRNAseq/All_transcripts.
html.) and the Ensemble database (http://www.
ensembl.org/biomart/martview) are publicly avail-
able. The software R studio with R version 3.6.3
and Metascape (https://metascape.org/gp/index.
html#/main/stepl) [85] are used to analyse the
data and create figures and graphs.

Results

An overview of the analyses is shown in Suppl
Figure 1 and a summary of the data sources is
presented in Suppl Table 2 and Suppl Table 3.

Human adult kidney displays high FCO
proportions compared to other tissues and wide
inter-individual variation

Comparing FCO proportions between adult hae-
matopoietic cells and 18 solid tissues revealed that
the kidney contained the highest FCO proportions
(Figure 1b, N = 964). Mean FCO proportions of
other solid organs averaged 8.2%, whereas adult
kidney was 43.9%; a 5.4-fold higher FCO propor-
tion (p < 0.001; t test). The second highest FCO
proportions were observed in adrenal tissue
(25.3%). Adult leukocytes have an average FCO
of zero, although some outliers showed low to
modest frequencies. To explore the influence of
age on the renal FCO proportion, we plotted the
FCO proportion by age in kidney (N = 263) and
blood leukocytes (N = 1053) (Figure 1c). The FCO
of paediatric kidneys (N = 36, average age = 2.8 yrs.)
was lower than foetal samples (N = 22, 55.1%
versus 96.5%, p < 0.001; t-test), and adult kidney
(N =205,18-90 yrs.), FCO proportions were lower
compared with paediatric samples (43.9% vs
55.1%, p < 0.001; t-test). However, both paediatric
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and adult scores were markedly elevated compared
to adult blood leukocytes. Wide individual varia-
tion in adult renal FCO proportions was observed
with a subtle trend towards lower scores as age
increased (Pearson’s r = —0.32, p < 0.001). We
studied FCO proportions in an additional adult
dataset (GSE50874) consisting of micro-dissected
kidney cortex enriched for proximal tubular
epithelium (N = 85) in contrast to the normal
bulk biopsy specimens of the TCGA (N = 205);
including control samples (N = 64), and those with
evidence of chronic kidney disease (CKD)
(N = 21) [69]. Both micro-dissected sample sets
contained lower FCO proportions compared to
normal bulk kidney samples from TCGA (35.2%
non-CKD versus 43.9% TCGA normal, P < 0.001;
23.2% CKD versus 43.9%TCGA normal, P < 0.001;
t test) see Suppl Figure 2. The FCO proportions of
CKD affected samples was lower than the control
microdissected specimens (35.2% non-CKD versus
23.2% CKD, P < 0.001; t test).
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Transcriptome-wide gene expression correlations
with FCO proportions and enriched biological
pathways

Two analyses identified differential gene expres-
sion (DGE) patterns associated with the FCO pro-
portion. The first used all transcripts (N = 56,716)
expressed in the TCGA normal kidney samples,
and the second was a supervised analysis restricted
to FCO genes (N = 928) containing DMRs (Suppl
Table 6-9). Results from the genome-wide gene set
(N = 20,851) enrichment analysis using the top
250 genes negatively correlated with FCO propor-
tions (ranked by Spearman’s r, Suppl Table 6) is
summarized in Figure 2a. The ontology classes
enriched among negatively correlated genes were
strongly concentrated in immune functions
including B cell, T cell activation and natural killer
cell functions. For example, nine B cell immuno-
globulin heavy-chain loci (IGHM, IGHAL,
IGHA1, IGHGI, IGHG2, IGHG3, IGHG4, IGHE,
IGHD) and the constant region of
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Figure 2. A-D. Gene ontology enrichment among genes associated with the FCO proportion. Panel A. The top 250 genes
negatively correlated with the FCO proportion were analysed using gene ontology (GO) enrichment analysis with the PANTHER
Overrepresentation Test. We present the top 20 GO biological process pathways in the table based on FDR ranking. Panel B. Top 20
GO terms enriched with genes exhibiting a positive correlation with FCO proportion based on a transcriptome-wide association
analysis. Panel C. Top 20 GO terms enriched with genes exhibiting a negative correlation with FCO proportions based on restricted
subset of genes containing FCO DMRs. Panel D. Top 20 GO terms enriched with genes exhibiting a positive correlation with FCO
proportions based on restricted subset of genes containing FCO DMRs.



immunoglobulin light chains IGLC2, were repre-
sented. A recent study [90] reported B cells to be
exclusively located in adult kidney cortex.
Consistent with this result, we found a strong
inverse correlation of the nine heavy-chain meta-
gene expression score with the adult FCO propor-
tion (Pearson’s r = —0.82; p < .001). CD3D and
CD3E in the list are part of the T-cell receptor/
CD3 complex (TCR/CD3 complex) and involved
in T-cell development and signal transduc-
tion [91].

Results from the genome-wide gene set
(N = 20,851) enrichment analysis using 2996 genes
positively  correlated with FCO  proportions
(Spearman’s r > 0.45, Suppl Table 7) are summarized
in (Figure 2b). Prominent categories observed were
potassium ion transport, loop of Henle, and renal
tubule development. Among the genes included are
KCNJ family potassium channels and Na*/K'-
ATPases localized in distal tubule [92]. Genes posi-
tively correlated with the FCO are predominately
epithelial in origin compared with negatively corre-
lated genes, which are haematological in origin.

FCO subset gene expression correlations with
FCO proportions and enriched biological
pathways

In the second set of gene enrichment analyses,
we restricted our DGE pattern scans to the 928
genes whose methylation is used for FCO infer-
ence, the FCO DMRs [28]. Of the 630 genes
expressed in kidney, 187 (FDR < 0.1) were posi-
tively correlated with FCO proportion, and 189
(FDR < 0.1) FCO genes were negatively corre-
lated; we refer to these gene sets as positive FCO
expression subsets, and negative FCO expression
subsets, respectively. Among 189 genes contain-
ing DMRs and whose expression was negatively
correlated with the FCO proportion (Suppl
Table 8), we observed enrichment of genes
involve in wurogenital systems development
(Figure 2c). For instance, WNT6 is expressed
in the branching ureteric bud during the early
stages of organogenesis [93] and the inactivation
of NFIA causes both ureteropelvic junction and
ureterovesical junction anomalies in murine
models and humans [94]. Among 187 positive
FCO subset genes (Suppl Table 9), we observed
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enrichment of GO terms for regionalization,
kidney epithelial differentiation and segment
specification Figure 2d. Regionalization is
a pattern specification process resulting in the
subdivision of an axis or axes in space to define
an area or volume that specific cell differentia-
tion patterns will take place. For example, we
identified HOXA2, HOXA1l1, HOXB3, HOXB6,
HOXB7 and HOXD? in our positive FCO subset
gene list and the HOX genes are proven to be
instrumental in establishing the positional iden-
tity of cells along the embryonic anteroposterior
(A-P) axis [95]. Also, PAX8 in the list has been
proved to regulate branching morphogenesis
and nephron differentiation in the developing
kidney [96]. Furthermore, FGF2 in the list was
implicated in early metanephric mesenchymal
patterning [52].

Differentially methylated regions (DMRs) in FCO
genes FGF2, PAX8 and HOXB7 across tissues

To provide three examples of FCO-related
DMRs in foetal kidney, adult kidney, and adult
blood leukocytes, we plotted the methylation
beta values of FGF2, PAX8 and HOXB7 which
have established roles in embryonic kidney
development (Figure 3 upper panels). The errors
represent standard deviations for the methyla-
tion proportions of 22 foetal kidneys [18,67],
205 normal adult kidneys (TCGA renal clear
cell KIRC and papillary KIPR) and 36 adult
leukocytes samples [74]. Genomic regions con-
taining FCO DMRs displayed lower methylation
values in adult kidney than adult leukocytes,
indicating that adult kidney does not mature as
much as adult leukocytes. Foetal kidney methy-
lation values were typically lowest compared to
adult kidney and white blood cells. Individual
CpG values for each gene were correlated with
each estimated tissue FCO proportion (Figure 3
Middle panel). We also found significant corre-
lations of gene expression with methylation at
the CpG level (Figure 3 Lower Panels) indicating
that these differentially expressed genes in adult
tissues contain methylation marks shared with
embryonic stem cells. Furthermore, we added
151 foetal leukocytes samples [77,83], 12
embryonic stem cell-line samples [97] (Suppl
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Figure 3. DNA methylation levels of FCO related genes depend on tissue type and are correlated with gene expression in
adult kidney. Three examples of FCO-related DMRs in foetal kidney, adult kidney and adult blood leukocytes are shown; FGF2, PAXS,
and HOXB7 genes. The upper panels show that adult leukocytes, which have a non-detectable FCO score, demonstrate higher beta
values (Y-axis) compared to foetal kidney and that adult kidney methylation tracks with foetal tissues (boxed are the FCO related
CpGs). Error bars represent standard deviations for 22 foetal kidneys (GSE69502 and GSE76641), 205 normal adult kidneys (TCGA),
and 23 adult blood leukocytes. The lower panels depict the correlations of each CpG site methylation value with the corresponding
sample FCO proportion (middle panel) and the corresponding RNA-Seq expression score (lower panel) in adult kidney.

Figure 3a) and paediatric kidney samples (Suppl
Figure 3b) to the methylation error bar plot [68].

Renal depth biopsy reveals that FCO related
gene expression localizes to the medulla

Using the 187 genes positively correlated with
FCO proportions (Suppl Table 9) we created
a metagene expression signature to serve as
a transcriptional correlate of the foetal methylation
signature. We reasoned that associating FCO gene
expression with biopsy depth-specific gene expres-
sion could help localize the cells whose expression
is affected by the FCO. Four different regions
representing nephron biopsy depth were pre-
viously differentiated by their distinctive gene
expression [56]. We regressed these established
biopsy depth expression values (X-axis) with each
sample’s FCO expression metagene score (Y-axis)
at each of four different biopsy depths (Figure 4a).
The resulting plots revealed clear linear trends of
FCO with biopsy depth expression scores within
each kidney region: cortex, cortico-medullary,

outer medulla, inner medulla. However, the slopes
of the regressions were positive for outer and inner
medulla but were negative for the cortex and cor-
tico-medullary depth samples. Similarly, the 189
genes identified as negatively correlated with the
FCO proportion were used to create a negative
FCO expression score (Suppl Table 8). These nega-
tive FCO parameters were also regressed against
regional biopsy expression scores. The resultant
pattern was a mirror image of the relationships
observed for the positive expression scores (Suppl
Figure 4). Metagene scores for negatively corre-
lated genes were positively associated with cortex
and cortico-medullary depths and negatively asso-
ciated with outer and inner medulla. Taken
together, these observations show that genes
whose expression increases with increasing FCO
proportion are most strongly associated with
medullar depth biopsy. In contrast, gene expres-
sion inversely related to the FCO proportion is
related to the renal cortex. Using the depth meta-
gene score for each sample in conjunction with
donor age we modelled the FCO proportion and
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Figure 4. A-B. Gene expression signatures positively correlated with FCO proportions localize to renal medulla in adult
human kidney. Panel A. The expression of genes positively correlated with the FCO proportion are highly correlated with
differentially expressed genes of the renal medulla. Metagene signature scores for FCO positively correlated genes are plotted
against four published metagene expression scores of cortical and medullar biopsy depth biopsies [56] (95% confidence interval
indicated by grey shades). Panel B. Heatmap showing correspondence of FCO positive and negatively correlated gene metagenes
with the co-expression modules of Lindgren DA 2017[56]. Co-expression modules correspond to published quality threshold (QT)
module designation and are presented in the anatomic order as presented therein.

estimated that 33% of the variation in the normal
kidney proportions was associated with variation
in depth metagene score and hence potentially
attributable to cell composition.

Co-expression modules implicate FCO
proportions with distal tubule and medullar
segment gene expression

To further understand FCO expression meta-
genes’ relationship with the segmented structure
of the human nephron, we aligned FCO expres-
sion parameters with a previously validated
model of nephron co-expression 16 epithelial
modules and additional inflammation-related
signatures (Figure 4b) [56]. Both the FCO posi-
tive (n = 8) and negative (n = 4) expression
metagenes are displayed in their relationship to
co-expression module scores and show

a coherent pattern of association between posi-
tive FCO metagenes and distal nephron mod-
ules. In contrast, the metagenes negatively
associated with the FCO proportions displayed
a cohesive association pattern with glomerulus
and proximal tubular location. These observa-
tions are reminiscent of the biopsy depth corre-
lations, indicating robustness, this pattern was
consistent even using a limited number of FCO
related genes. Immune-related gene expression
was inversely associated with the FCO propor-
tion, consistent with results of other inflamma-
tion modules. Immune-related signatures were
in general inversely associated with the FCO
proportion and the positive FCO metagene
score (Suppl Figure 5). HIF-1 signalling pathway
metagenes were significantly positively corre-
lated with the FCO proportion and the positive
FCO metagene score (p < 0.01) (Suppl Figure 6).
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Figure 5. Corroboration of human FCO-related gene expression using orthologous renal genes in mouse (a) and rat (b).
Panel A. The expression of human orthologs of mouse kidney cell gene signatures for ascending limb of the loop of Henle cells, and
the collecting duct’s principal cells are strongly correlated with FCO related gene expression. Expression of human orthologs of
mouse proximal and distal convoluted cells are inversely correlated with FCO related gene expression (95% confidence interval
indicated by grey shades). Panel B, left. t-SNE clustering using rat orthologs of human FCO related genes that discriminates six
kidney regions in the rat. Human genes were chosen whose expression exhibited a Spearman correlation with FCO proportions of at
least > |0.6|. Panel B, right. Hierarchical clustering using the top 30 influential genes in the t-SNE clusters showing association of
medullary segments with genes positively correlated with FCO proportions whereas cortical nephron segments and glomerulus are
influenced by gene expression negatively associated with FCO proportions.

Mouse kidney cell orthologs in human tissues
aligned with the FCO proportion

We utilized mouse kidney single-cell RNA-Seq
data to explore corroboration with our human
data implicating medullar gene expression and
FCO proportions [58]. We identified human

orthologs of mouse renal cell-specific genes to
evaluate whether the FCO proportion of human
kidneys would align with results for proximal and
distal tubule, the loop of Henle, and principal
collecting duct cells (Figure 5a). The FCO propor-
tion and metagene expression scores associated
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Figure 6. Non-detectable FCO proportions within tumour tissue predict longer survival times in human clear cell renal
cancer. Survival analysis was conducted using the data from TCGA. We applied a recursive partitioning algorithm, partDSA, in an
effort to create homogeneous survival risk groups [88]. Panel A. partDSA survival tree for human renal clear cell carcinoma patients
on TCGA. The models incorporated relevant patient variables, including patient age, gender, TMN class, tumour laterality, tumour
FCO score. Panel B. Kaplan-Meier survival curves for the part DSA-identified subgroups. Panel C. Relevant survival statistics for the
part DSA-identified subgroups. Panel D. Association of nondetectable FCO (FCO = 0) proportions with higher stage clear cell renal

cancer tumours.

with FCO proportion were positively correlated
with the expression of orthologs of ascending
limb of the loop of Henle and the principal cell
collecting duct, which are both medullar struc-
tures. By contrast, the FCO proportion and asso-
ciated metagenes were both inversely related to the
scores based on the orthologs of proximal and
distal tubular cells located in the renal cortex.
These data indicate that human orthologs of
mouse renal cell-specific genes display features
consistent with human kidney in pointing to
FCO related expression within medullar anatomic
regions.

Corroboration of renal medullary expression of
FCO related genes using microdissected rat
RNA-Seq nephron data

An orthogonal approach to our analysis of mouse
expression data was undertaken to map 458
human FCO-related genes (Suppl Table 10) to
orthologous genes within the extensive database

of rat glomerulus and 16 nephron segments.
Then, we used t-SNE to plot FCO associated
genes to test whether human FCO related gene
expression maps to specific regions of the rat
nephron, which revealed six regional nephric clus-
ters as shown in Figure 5b. We then tested
whether influential genes that clustered cortical
and medullar regions of the kidney were associated
with the FCO proportion. In Figure 5b, 30 of the
most significant genes (Suppl Table 11) and their
Spearman’s correlation with the FCO proportion
were aligned with renal anatomic position.
Glomeruli and proximal tubular clusters were
clustered by genes negatively associated with the
FCO whereas collecting ducts and distal tubules
were predominately clustered by genes positively
associated with the FCO proportion. These results
indicate that human genes associated with the
FCO proportion are highly influential in the rat
nephron as differentiating glomerulus and proxi-
mal tubules from distal tubule and collecting
ducts, supporting the generalizability of the FCO
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as a strong correlative of medullar gene expression
as compared to cortical gene expression.

FCO proportion is a prognostic factor in clear cell
renal cancer

Recursive partitioning analysis was employed to
investigate if FCO proportion was associated with
survival in clear cell renal cancer using the TCGA
database. Three distinct risk groups were identi-
tied. The high-risk group (n = 121; black group in
Figure 6, median overall survival (OS) 3.1 years)
included patients over 62 years old whose tumours
were T3/T4 stage, or patients under 62 with left/
bilateral tumour location; or patients over 74 with
T1/T2 stage tumours (median OS 3.1 years). The
Intermediate risk group (n = 93; red group in
Figure 6, median OS 7.8 years) included patients
under 62 with T3/T4 right tumour location; or
patients under 74 with T1/T2 and FCO equal to
0. The low-risk group (n = 103; green group in
Figure 6, >75% surviving past 5 years) included
patients under 74 with T1/T2 tumours and an
FCO greater than 0 (median OS NA). These low-
risk patients were at an 80% reduced risk of death
(hazard ratio: 0.19, 95% CI (0.09, 0.41)) compared
to those with similar age and stage whose FCO
equal 0 (red group to right of green group, Figure
6). Of 319 TCGA tumours, 162 (50.8%) demon-
strated non-detectable FCO levels that were most
prevalent among T3/T4 stage tumours (Figure 6d).
In patients under 74 with T1/T2 tumours, an FCO
proportion >0 was associated with an 80% reduc-
tion in the risk of death.

Discussion

Widespread foetal methylation in adult kidney
and age dependence of FCO proportions

The observed plasticity of adult renal epithelial
cells prompted our studies of DMRs in embryonic
and foetal genes. The kidney had the highest FCO
proportions of any adult tissue examined, indicat-
ing a large portion of the kidney may have an
ontogeny traceable to foetal cells. In comparison,
leukocytes and most other solid organs in adults
display non-detectable or low FCO proportions.
Kidney samples from adult chronic kidney disease

patients had lower FCO proportions than non-
diseased samples, implicating clinical pathology
as one factor influencing the FCO signature. Non-
diseased and micro-dissected samples enriched in
the renal cortex’s proximal tubules displayed lower
FCO scores compared to TCGA normal samples,
which were all sampled without regard to ana-
tomic depth. We interpret these latter observations
as cell composition and renal pathology rather
than donor age, explaining individual variation in
FCO proportions after childhood. Analysis of FCO
methylation within individual kidney cells could
directly test this hypothesis, but data quality and
zero inflation limitations from single-cell methyla-
tion measures are currently prohibitive. In addi-
tion, comprehensive DNA methylation analysis of
defined kidney segments does not exist in any
species. We hypothesized that recent sequence-
based gene expression studies could bridge the
kidney structure and the FCO signature. Utilizing
gene expression data from biopsies taken at differ-
ent depths indicated that overall, 33% of individual
variation in the adult FCO proportion might be
explained by variations in the cell composition of
kidney samples, which has critical implications for
the study of kidney pathophysiology.

Gene expression correlated with FCO proportions
in human kidney

Our genome-wide scans of nondissected TCGA
normal samples revealed a dramatic negative asso-
ciation of the FCO proportion with immune
response genes. Transcripts encoding lineage dif-
ferentiation factors and effector molecules of adap-
tive and innate immune cells (e.g., B-cell antibody
synthesis) were prominent among the genes most
negatively correlated with FCO proportion. This
result is consistent with the idea that immune cells
in the kidney are of haematopoietic origin, which
are derived from adult stem cells and do not con-
tain foetal methylation marks, and consistent with
gene expression data from non-dissected mouse
kidney [58]. Moreover, inflammatory signatures
were also inversely related to FCO proportions.
Focusing on gene expression positively corre-
lated with the FCO proportion identified epithelial
cell-derived transcripts prominent in regions of
the distal nephron as compared with the



glomerulus and proximal tubules, which are con-
tained within the renal cortex. This conclusion is
supported by three sets of empirical observations
using human data. First, genes whose expression
levels were positively correlated with the FCO
proportion were enriched for gene ontology
terms including loop of Henle and distal nephron
development. Second, expression signatures based
on these genes demonstrated strong associations
with genes signalling medullar and cortico-
medullary location in biopsy samples of different
depth. Also, strong inverse correlations of FCO
related gene expression were observed with meta-
genes of renal cortex and cortico-medullary depth
biopsy. Finally, previously established co-
expression modules of the distal nephron were
most strongly associated with the expression of
FCO related genes. As observed with the biopsy
depth correlations, the co-expression modules that
mapped to the glomerulus and proximal segments
were inversely associated with FCO metagenes.
FCO proportions and gene expression positively
correlated with those proportions localized prefer-
entially to medullary regions of the human kidney.

Mouse and rat expression data corroborate
medulla associated DGE patterns

Though the FCO signature has only been studied
in humans, we reasoned that postnatal mainte-
nance of foetal epigenetic features is fundamental
in mammalian renal biology. While extensive con-
servation in gene expression is observed between
human and rodent kidney, there is reported inter-
species divergence in quantitative gene expression,
especially at the nephron substructure level
[98,99]. To minimize potential bias in our ana-
lyses, we normalized expression levels in each spe-
cies and employed metagene signatures that
averaged relative expression over groups of co-
expressed genes to de-emphasize individual
genes. Human orthologs of cell discriminating
genes identified in the mouse kidney [58] had
a linear relationship between their expression
levels tested and FCO proportion in human sam-
ples for the loop of Henle and principal cells of the
collecting ducts. In sharp contrast, we found
strong inverse relationships of expression with
FCO for orthologs of mouse proximal and distal
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convoluted cell discriminating genes, which are
restricted to the renal cortex. Thus, mouse renal
cell expression signatures based on single-cell ana-
lyses provide a picture consistent with human co-
expression models and renal biopsy depth results.
This observation strengthens the link between
FCO proportions and DGE patterns within
medulla in contrast to renal cortical regions.

We also applied an orthogonal approach to our
mouse studies by mapping human FCO related
genes to their corresponding segments in the rat
nephron. We employed t-SNE and clustering of
human FCO related genes that have expressed rat
homologues and mapped their expression levels
across the glomerulus and rat nephron tubular
segments. The resulting clusters delineated six
regions corresponding to glomeruli and portions
of the proximal and distal tubules and collecting
ducts. While the FCO related clusters did not
differentiate the full substructure of the nephron,
they did achieve broad regional patterning with
good correspondence between influential members
of each cluster to an anatomic region and the
directionality of the input gene’s correlation with
the FCO proportion in humans. For example,
medullary collecting duct segments were clustered
by genes positively associated with the FCO pro-
portion, whereas glomerular and proximal seg-
ments were clustered by genes negatively
correlated with the human FCO proportion. We
further note that clear discrimination of all
nephron substructures has not been achieved
even when using the full complement of expressed
rat transcripts. Therefore, we judge that our
results, using only 458 transcripts, are highly infor-
mative. The FCO proportion demonstrates biolo-
gical relevance by ordering DGE patterns that
contribute to regional transcriptional identity.

Repair hypothesis and renal stem cells

Considering the possible role of foetal epigenetic
features leads to consideration of their potential
relationship to stem cells. The role of stem cells in
tissue homoeostasis and repair in the adult kidney
has been extensively studied [7,16]. In contrast to
tissues with high cell turnover such as the gut and
bone marrow that have well-defined stem cell
compartments, the kidney tubular epithelium,
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with its low rate of homoeostatic cell division, and
highly segmented architecture, appears to have
evolved a more distributive regenerative capacity.
Early studies pointed to the extensive capacity of
renal epithelial cells to dedifferentiate and rediffer-
entiate during neoepithelialization after acute inju-
ries [10]. Fully differentiated epithelia were shown
to regenerate the proximal tubule without any
contribution from a pre-existing intratubular
stem cell population [100]. Anatomic-specific pro-
genitor cell niches have been proposed for glomer-
ulus, proximal tubules and medullary papillae
[101]. In the mouse, developmental stage affected
the distribution of putative stem cells across
medullar and cortical regions [102]. Response to
renal artery occlusion in the medullary papilla
indicated that repair is regionally specified [14].
The renal papilla itself, with its low oxygen con-
tent, has been proposed to be a good candidate for
a stem cell niche environment [101]. In the adult,
hypoxic cell niches provide favourable conditions
for maintenance of stable long-lived dormant stem
cells [103,104]. Hypoxia and associated glycolytic
metabolism may play a protective role and provide
signals to stem cells that help maintain them in
a prolonged undifferentiated state [105,106].
Consistent with this, we observed that metagene
expression signatures of both hypoxia and glyco-
lysis were positively correlated with FCO propor-
tions in normal adult kidney.

The epigenetic mechanisms underlying different
epithelial maintenance and repair strategies are
unclear, and we believe our results provide new
insights into these processes. Following insult or
damage, increased transcription of nephrogenic
genes is well documented, and among these are
FCO genes with specific foetal methylation fea-
tures. Prior studies established the role of PAXS,
HOXB7, and FGF2 in the early stages of nephro-
genesis and in response to injury in the adult
organ. For each of these genes, we found DMRs
exhibiting foetal patterns of unmethylated DNA in
adult kidneys. Notably, these DMRs were corre-
lated with differential gene expression levels. These
observations suggest that the CpG methylation
status of FCO-related genes plays a regulatory
role in the kidney; they likely do not just act as
biomarkers of cell ontogeny. In the normal kidney
samples we studied, the differences in gene

expression could be contributing to homoeostasis.
The maintenance and regeneration of a highly
segmented epithelium like the nephron with its
distinct cell compartments may require an epige-
netic programme that retains capacity to direct
regionalization and segment specialization. This
idea fits with the enrichment of regionalization,
kidney epithelial differentiation, and segment spe-
cification ontology terms that we found among
DGE patterns associated with FCO proportions.
The widespread foetal methylation signature we
report here may help programme the hypothesized
multiple pools of progenitor cells of the kid-
ney [14].

Renal cancer survival and the FCO proportion in
tumour cells

Contrary to expectations, the FCO proportion of
tumours was strongly associated with lower stage
tumours and longer survival times. Renal cancer
stem cells track with higher grade and stage
tumours and shorter patient survival times. These
observations point to a clear distinction of the
cancer stem cell and foetal cell origin concepts
with respect to the clinical behaviour of kidney
cancer. The non-detectable FCO levels were most
prevalent among T3/T4 stage tumours. In patients
under 74 with T1/T2 tumours, an FCO proportion
>0 was associated with a significant reduction in
the risk of death. This suggests the FCO propor-
tion may help discriminate against similarly staged
patients. Although FCO negative tumours may
have a different cell of origin, it is also possible
that non-detectable FCO proportions represent
a loss of foetal methylation features resulting
from epigenomic instability. Preserving the methy-
lation status of the block of CpG sites in the FCO
gene set during proliferative expansion may
require efficient mechanisms to prevent hyper-
methylation. It is not surprising that malignant
transformation could lead to a loss of the FCO
signature due to disruption of the epigenetic
machinery. A universal feature of solid tumours
is that they display significantly lower FCO pro-
portions than their respective normal tissues [32].
This may result in part from mutations or other
acquired disruptions in epigenetic regulation,
common in clear cell renal cancer and other



tumours. However, we did not observe any asso-
ciations of TCGA recorded mutations, specific
DNA methylation signatures, or tumour purity
estimates with the FCO scores of tumours.
Therefore, we view the FCO proportion as
a potentially unique tumour marker representing
epigenome stability and improved renal cancer
survival.

Limitations and conclusions

The current study is the first to suggest
a functional role of conserved DNA methylation
marks present in embryonic and foetal cells in
differentiated adult cells’ biology. However, our
observations’ correlative nature precludes us
from definitively assigning any direct regulatory
function to the DMRs within the FCO. Another
limitation is that we do not have FCO measure-
ments within isolated cells of the human kidney.
This level of analysis is essentially prohibitive in
any species. Given this limitation, our current
view of a widespread epigenetic compartment in
adult kidneys must await significant technical
advances in renal epigenomics before we are
able to move beyond correlative observations.
Even though, we used the most comprehensive
human samples available, they still constitute
macrodissected biopsies from nephrectomy sam-
ples for renal cancer. Previous studies have indi-
cated that gene expression from nephrectomy
samples are not biased to normal kidney tissues
[87]. However, more baseline data in the non-
diseased kidney is needed. These limitations
reinforce the importance of animal models that
do provide high-resolution data. To corroborate
our human data, we mapped FCO correlated
gene expression with nephron segment-specific
data in rodents. FCO-related genes positively
correlated with medulla and distal tubular loca-
tion in mouse and rat nephron were strongly
correlated with medulla metagene signatures
obtained from human biopsies. We acknowledge
that divergence in substructure gene expression
may limit the translation of these results across
species.

Our study’s broader implication is that the kid-
ney appears to represent an archetypal example of
a widespread niche of foetal derived cells in an
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adult epithelial tissue. Previous researchers have
drawn attention to the renal medulla’s hypoxic
conditions and its resemblance to conditions in
embryonic and foetal life. Such hypoxic regions,
which support stem cell survival, occur throughout
the body [107]. The development of computational
tools and cell ontogeny methylation markers
applicable to human tissues provide a path for
future research to elucidate the role of conserved
foetal epigenetic programs in tissue homoeostasis
and regeneration.
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