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gene expression

ischemia-reperfusion injury

kidney progenitor cells

kidney repair

kidney transplantation
kidney repair has gained significant interest. To address this question, we performed

genome-wide transcriptome and epigenome profiling in progenitor cells isolated from the

urine of deceased (severe IRI) and living (mild IRI) donor human kidney transplants and

identified LIM homeobox-1 (LHX1) as an epigenetically regulated gene whose expression

depends on the IRI severity. Using a mouse model of IRI, we observed a relationship be-

tween IRI severity, LHX1 promoter hypermethylation, and LHX1 gene expression. Using

functional studies, we confirmed that LHX1 expression is involved in the proliferation of

epithelial tubular cells and podocyte differentiation from kidney progenitor cells. Our results

provide evidence that severe IRI may reduce intrinsic mechanisms of kidney repair through

epigenetic signaling.
1. Introduction

Ischemia-reperfusion injury (IRI) is associated with acute
tubular necrosis after transplantation, causing a delay in recovery
of kidney function that requires dialysis maintenance for days or
weeks.1,2 Moreover, severe IRI also induces podocyte damage
and detachment.33 The acute phase is followed by the activation
of repair mechanisms that, depending on the severity of the
damage, result in loss of nephrons, kidney allograft fibrosis, and
progressive kidney allograft deterioration.4

IRI is inherent to the kidney transplantation procedure, and
therapeutic interventions aimed at reducing kidney damage are
very limited.5 In this context, research on how to promote kidney
repair has gained significant interest.6,7 To date, multiple kidney
cell populations showing stem cell-like properties have been
described.8,9 Most of these cells express the surface antigens
CD24 and CD133, markers of adult kidney progenitor cells
(KPCs). CD133þCD24þ cells can be isolated and expanded in
vitro, where they can be differentiated into kidney-specific cells
(podocytes and tubular cells).10 Injection of CD133þCD24þ cells
in a model of acute kidney injury (AKI) in severe combined
immunodeficient mice resulted in tubular regeneration at different
portions of the nephron.10 In contrast to this regenerative role, it
has been described that parietal glomerular CD133þCD24þ cell
activation and proliferation is involved in the pathogenesis of
rapidly progressing glomerulonephritis and focal and segmental
glomerulosclerosis.11,12

The discovery of CD133þCD24þ urine-derived KPCs (U-
KPCs) represents an opportunity for translational research using
a noninvasive procedure.13,14 U-KPCs have been seldom iden-
tified in physiological conditions (eg, pregnancy) but usually in
kidney diseases, including glomerular diseases and kidney
transplantation.15,16 Interestingly, CD133þCD24þ cells were
transiently detected in urine in all patients during the first week
after transplantation, but only those patients maintaining U-KPCs
after 6 months of transplantation showed estimated glomerular
filtration rate decline, developed proteinuria and chronic allograft
damage.16 Although some gene expression patterns have been
identified for murine KPCs in some glomerulopathies,17 a com-
plete profiling of human U-KPCs under different pathologic con-
ditions is still lacking. Epigenetic mechanisms governing gene
477
expression will contribute to defining the molecular pathways
determining the regenerative or prosclerotic role of KPCs in
disease.

In this work, we focused on the molecular profiling of human U-
KPCs obtained from kidney allograft recipients early after trans-
plantation, depending on the severity of IRI. We proposed that
alterations in the epigenetic mechanisms due to the exposition to
IRI underpin the changes underlying causes of the gene expres-
sion and could consequently provide a molecular explanation of
the U-KPC heterogeneity and response to injury. To address this
question, we performed high-throughput RNA-sequencing (RNA-
seq) and genome-wide 5`—C—phosphate—G—3` (CpG)
methylation arrays of U-KPCs obtained from recipients of a
deceased donor kidney (maximal severe IRI) and recipients of a
living donor kidney (mild injury). Functional analysis of proliferation
and differentiation in in vitro models was performed based on
candidate genes.

2. Materials and Methods

2.1. Study population

The study population consisted of kidney transplant recipients
from deceased or living donors between 2016 and 2019 (Sup-
plementary Fig. S1). Clinical data of the discovery and validation
cohorts are summarized in Tables 1 and 2, respectively. KPC
isolation from U-KPCs was performed as described previously.10

Briefly, urine samples were collected between days 2 and 7 after
transplantation. CD133þ and CD24þ positive cells were
selected using fluorescence-activated cell sorting analysis. As
controls for U-KPCs, we used KPCs isolated from adult human
nephrectomies (N-KPCs). The details for the isolation and
characterization of cultured U-KPC and N-KPC are presented in
Supplementary Text 1.

2.2. Human leukocyte antigen typing

Human leukocyte antigen (HLA) typing was performed using
sequence-specific oligonucleotide polymerase chain reaction
(PCR) using bead arrays on a Luminex platform (Lifecodes,
Immucor, Stamford, CT). Only patients having U-KPCs from
donor origin were considered for molecular analysis.



Table 1
Discovery set.

Variable DD n ¼ 27 LD n ¼ 11 P-value

Donor age (y) 58.9 �
13.3

49.0 � 12.4 .06

Donor sex (M/F) 16/11 6/5 .97

Recipient age (y) 55.6 � 13.9 45.8 �14.0 .06

Recipient gender (M/F) 15/12 6/5 .95

BMI (kg/m2) 25.9�4.9 25.3 � 5.8 .57

Dialysis time (mo) 42.3 � 35.7 3.2 � 5.8a < .001

Cause of ESRD .71

Diabetes 3 1

Glomerular disease 7 3

Hereditary 2 1

Hypertension 3 0

Interstitial 5 2

Unknown 7 4

Previous transplant (Y/N) 7/20 2/9 .39

HLA mismatch 3.9 � 1.2 3.7 � 1.1 .45

AntiHLA Ab (POS/NEG) 10/17 2/9 .23

Induction (BAS/rATG) 16/11 8/3 .54

Cold ischemia time (h) 16.2 � 6.5 0.7 � 0.4 < .001

DGF (Y/N) 12/15 0/11 .03

Serum creatinine level

1 wk (μmol/L)

242 � 183 110 � 25 .02

eGFR 3 mo (mL/min) 46 � 14 63 � 17 .005

eGFR 1 y (mL/min) 51 � 16 64 � 16 .04

No patients suffered from acute rejection.
All patients are receiving tacrolimus, mofetil mycophenolate, and steroids.
Ab, antibody; BAS, basiliximab; BMI, body mass index; DD, deceased donor;
DGF, delayed graft function; eGFR, estimated glomerular filtration rate; ESRD,
end-stage renal disease; F; female; HLA, human leukocyte antigen; LD, living
donor; M, male; N, no; NEG, negative; POS, positive; rATG, rabbit antithymocyte
globulin; Y, yes.

a Six out of 11 received preemptive kidney transplantation.

Table 2
Validation set.

Variable DD n ¼ 16 LD n ¼ 18 P-value

Donor age (y) 60.7 � 19.6 55.2 � 10.9 .31

Donor gender (M/F) 10/6 7/11 .30

Recipient age (y) 59.3 � 15.5 51.4 � 13.2 .12

Recipient sex (M/F) 10/6 12/6 1.00

BMI (kg/m2) 27.7 � 4.3 24.1 � 4.4 .02

Dialysis time (mo) 40.9 � 38.4 2.7 � 5.5a .001

Cause of ESRD .20

Diabetes 2 0

Glomerular disease 6 9

Hereditary 0 3

Hypertension 1 0

Interstitial 4 2

Unknown 3 4

Previous transplant (Y/N) 2/14 2/16 1.00

HLA mismatch 4.4 � 1.2 3.8 � 1.7 .25

AntiHLA Ab (POS/NEG) 5/11 1/17 .08

Induction (BAS/rATG) 10/5/1 17/0/1 .04

Cold ischemia Time (h) 16.3 � 7.7 1.1 � 1.1 < .001

DGF (Y/N) 5/11 0/18 .01

Serum creatinine level

1 wk (μmol/L)

189 � 165 102 � 26 .05

eGFR 3 mo (mL/min) 46 � 20 57 � 17 .09

eGFR 1 y (mL/min) 49 � 23 61 � 19 .09

No patients suffered from acute rejection.
All patients receiving tacrolimus, mofetil mycophenolate, and steroids.
Ab, antibody; BAS, basiliximab; BMI, body mass index; DD, deceased donor;
DGF, delayed graft function; eGFR, estimated glomerular filtration rate; ESRD,
end-stage renal disease; F; female; HLA, human leukocyte antigen; LD, living
donor; M, male; N, no; NEG, negative; POS, positive; rATG, rabbit antithymocyte
globulin, Y, yes.

a Twelve out of 18 received a preemptive kidney transplantation.
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2.3. RNA-seq analysis

Total RNA from CD133þCD24þ cells was extracted on a
Maxwell RSc device. A total of 5 μg RNA from each sample was
used for RNA-seq analyses following the TruSeq Stranded
messenger RNA (mRNA) sequencing method (Illumina). The
details for RNA-sequencing processing and data analysis are
presented in Supplementary Text 1.
2.4. DNA methylation microarrays

DNA was extracted using conventional phenol:-
chloroform:isoamyl alcohol (Sigma). Bisulfite modification of 600
ng genomic DNAwas carried out with the EZ DNA Methylation Kit
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(Zymo) following the manufacturer’s protocol. Genome-wide
CpG methylation was quantified using the Infinium Methyl-
ationEPIC (EPIC) BeadChip (Illumina). The details for DNA
methylation processing and data analysis are presented in Sup-
plementary Text 1.

2.5. LIM homeobox-1 promoter methylation and gene
expression

For validation studies, we used an independent cohort of
cultured U-KPCs (Fig. 1 and Table 2). LIM homeobox-1 (LHX1)
differential methylation was performed using pyrosequencing
analysis. LHX1 expression analysis was determined using
quantitative PCR (qPCR). The detailed protocols are presented
in Supplementary Text 1.



Figure 1. Transcriptome studies of urine-derived kidney progenitor cells (KPCs) (U-KPCs) from living or deceased donor kidney transplant recipients.
(A) Principal component analysis for gene expression results obtained from RNA-sequencing. Shown are all 3 pairwise comparisons between U-KPCs
from a deceased donor (DD) KPCs (DD-KPCs) or living donor (LD) KPCs (LD-KPCs) origin and kidney progenitor cells taken from nephrectomy KPCs
(N-KPCs). (B) Expression changes in differentially expressed (DE) genes. (C) Gene ontology enrichments (biological function) among the DE genes
whose expression differs between DD-KPCs and LD-KPCs.
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2.6. Confocal imaging of kidney allograft biopsies

LHX1 protein detection using immunofluorescence was per-
formed in 6 kidney allograft biopsies per group obtained 10 days
after transplantation with a pathologic diagnosis of “pure” acute
tubular necrosis. The details for the immunofluorescence method
and imaging processing are presented in Supplementary Text 1.
2.7. Mouse model of IRI

Two different animal models of ischemia in C57BL/6 mice
were performed. In the first one, ischemia was induced using
bilateral clamping of renal blood vessels for 30 minutes and
sacrificed at 24 to 72 hours. In the second model, ischemia was
induced using clamping of the left renal blood vessels for 15, 30,
45, or 60 minutes while the right kidney was removed to simulate
kidney transplantation. Mice were sacrificed at 24 hours. The
severity of AKI was assessed using blood urea nitrogen (BUN)
and serum creatinine levels as detailed in Supplementary Text 1.
Molecular characterization of LHX1 mRNA and protein expres-
sion and LHX1 promoter methylation methods are detailed in
Supplementary Text 1.
2.8. LHX1 cloning and transfection

The wild-type (wt) LHX1 coding sequence and a mutant iso-
form lacking the DNA binding motif were cloned into a pLVX-
IRES vector (Clontech) and transfected into HEK293T cells.
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Viral vectors were transfected into Caki2 or U-KPC cells. Positive
clones were sorted using flow cytometry and cultured for the
estimation of cell proliferation. The details of the cloning and
transfection methods, Western blotting, 3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyl tetrazolium bromide analysis, and colony-
formation assays are presented in Supplementary Text 1.
2.9. In vitro induction of podocyte differentiation from
KPCs

Control and transfected KPCs were differentiated into podo-
cyte lineages as described previously.16 Briefly, cells were incu-
bated for 72 hours with VRAD medium (DMEM/F12
[Sigma-Aldrich, St. Louis, MO], 10% fetal bovine serum
[Hyclone)], 100 nM vitamin D3, and 100 mM retinoic acid). Dif-
ferentiation was evaluated using mRNA quantification (using
qPCR) and protein detection (using immunofluorescence)
(detailed in Supplementary Text 1).
2.10. LHX1 stable silencing

HEK293T cells were transfected with LHX1-specific short
hairpin RNA (sh RNA or scrambled shRNA in the pLVX-shRNA2
vector (Clontech). Supernatants containing the viral vectors were
transfected in Caki1 cells for cell proliferation assays. The details
of the transfection method, Western blotting for LHX1, and cell
proliferation analysis are presented in Supplementary Text 1.
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2.11. Statistical analysis

Comparisons of clinical parameters were made between
deceased and live donor kidney transplantation. The differences
between the 2 groups for continuous variables were analyzed
using the nonparametric Mann-Whitney U test. The differences
between categoric variables were analyzed using the Fisher
exact test. All statistical tests were considered significant if the P-
value was < .05 for 2-tailed tests. The statistical analysis was
performed with the StatView SAS program.

3. Results

3.1. Decreased global gene expression in urine kidney
progenitor cells from deceased donor transplantation

To study whether U-KPCs after kidney transplantation differ in
their transcriptomes depending on the donor condition and IRI
severity, we performed RNA-seq on U-KPCs from recipients with
deceased donors KPCs (DD-KPCs) or living donors KPCs (LD-
KPCs) transplantation (Supplementary Fig. S1 and Table 1).
Although short-term culture expansion, a prerequisite to
achieving enough KPCs for high-throughput analysis, can impact
the gene expression and epigenetic profiles, we assume that DD-
KPCs and LD-KPCs were equally affected. Furthermore, we also
include in the analysis KPCs isolated directly from nephrectomy
tissue (N-KPCs) to compare with the transcriptome of progenitor
stem cells found in primary kidney tissue. Global gene expres-
sion patterns from DD-KPCs or LD-KPCs were closely related,
and principal component analysis did not segregate sample
groups depending on the donor origin (Fig. 1A). Differential
expression analysis (P-adjusted < .05) revealed 333 genes with
differential expression between DD-KPCs or LD-KPCs (Supple-
mentary Table 1) with a clear tendency to downregulation in DD-
KPCs (236 and 79 genes were downregulated or upregulated in
DD, respectively) (Fig. 1B). Gene ontology enrichment of the
differentially expressed genes (DEGs) in DD-KPCs revealed
biological functions associated with loss of renal differentiation
and increased expression of profibrotic genes (Fig. 1C), which
correlates with the well-described alterations after IRI. As ex-
pected, the integration of transcriptome data from U-KPCs and
N-KPCs revealed gene expression differences depending on the
tissue of origin (Fig. 1B). The most interesting observation was
that global gene expression patterns of LD-KPCs resembled
closer gene expression profiles of N-KPCs than those of DD-
KPCs. Specifically, we found 3933 DEGs between LD-KPCs
and N-KPCs and 5246 DEGs between DD-KPCs and N-KPCs.
Data showed that the higher IRI severity associated with DD
transplantation results in increased changes in gene expression.

3.2. Increased genome-wide DNA methylation in U-
KPCs from DDs

The genomic DNA of DD-KPCs, LD-KPCs, and N-KPCs was
interrogated for their DNA methylation landscape using the
Infinium EPIC microarray. Principal component analysis captures
the N-KPCs sample group but does not enable further
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segregation of the remaining KPCs samples, indicating that the
global methylation profiles do not strongly differ between DD-
KPCs and LD-KPCs (Fig. 2A). The analysis of differentially
methylated probes (DMPs) (adjusted P-value < .05; mean
methylation differences > .1) revealed 1687 DMPs between DD-
KPCs and LD-KPCs (Supplementary Table 2). Hypermethylation
in DD-KPC samples was higher than hypomethylation events
(1326 and 361 DMPs were found, respectively) (Fig. 2B). This
gain of CpGmethylation in DD-KPCs is consistent with the higher
downregulation of gene expression observed for DD-KPCs
samples (Fig. 1B). Global DNA methylation (defined as the me-
dian methylation levels per sample considering all probes) was
also significantly higher in DD-KPCs compared with LD-KPCs
(Wilcoxon rank sum test: P-value ¼ .04384) (Fig. 2C).
Regarding the genomic context, methylation differences between
DD- and LD-KPCs were mainly found at intragenic regions and
gene bodies in CG-poor regions (“open sea”) (Fig. 2D). A sig-
nificant proportion of DMPs found between U-KPCs (both DD
and LD) and N-KPCs were distributed in CG-rich regions (at CpG
islands and shelves) and coincided with regulatory regions
(Fig. 2D), reflecting tissue-dependent CpG methylation.

Because DNA methylation data are strongly correlated be-
tween nearby CpG-sites, we also tested for differentially meth-
ylated regions (DMRs). We found 8 DMRs hypermethylated in
DD-KPCs and only 1 DMR hypomethylated in DD-KPCs (Sup-
plementary Fig. S2). Interestingly, the list was enriched in tran-
scription factors and other regulatory proteins with a defined role
in tissue development, including kidney differentiation and ho-
meostasis (Supplementary Table 3).
3.3. Epigenetic silencing of the LHX1 kidney-
specification gene is associated with IRI

Next, we wondered whether an overlap of DEGs and DMRs
between DD-KPCs and LD-KPCs exists to indicate epigenetic
silencing. Results showed that the LHX1 gene met both criteria: it
showed a DMR with higher methylation (Fig. 3A) and lower gene
expression (Fig. 3B) in recipients with a DD transplant. Accord-
ingly, we also observed a significant negative correlation (Pear-
son coefficient ¼ �0.66, P < .001) between mean DMR
methylation and gene expression for LHX1 (Fig. 3C). To further
demonstrate the epigenetic regulation of LHX1 expression, we
cultured hypermethylated human KPCs with the addition of the
DNA methylation inhibitor 5-azacytidine (1 μM for 72 hours),
which resulted in increased LHX1 gene expression (Fig. 3D).

To confirm molecular differences, we used a validation cohort
of patients (Table 2). The pyrosequencing analysis confirmed a
significant increase in LHX1 hypermethylation in DD-KPCs
(Fig. 3E) (unpaired t-test, two-tailed, P-value ¼ .0008). We also
observed that LHX1 gene expression was different between DD-
KPCs and LD-KPCs (unpaired t-test, 2-tailed, P-value ¼
.099881) but it should be highlighted that high intragroup vari-
ability was detected (Fig. 3F). Furthermore, to study LHX1
expression in an in vivo human model and to avoid the epigenetic
drift potentially associated with cultured cells, we decided to use
transplant kidney biopsies obtained in the first 10 days after



Figure 2. Epigenome-wide studies of urine-derived kidney progenitor cells (KPCs) (U-KPCs) from a living donor (LD) or deceased donor (DD) kidney
transplant recipients. (A) Principal component analysis for DNA methylation results obtained from the Infinium MethylationEPIC array. Shown are all 3
pairwise comparisons between U-KPCs from DD-KPCs or LD-KPCs origin and KPCs taken from nephrectomy (N-KPCs). (B) Left, methylation changes
in differentially methylated 5`—C—phosphate—G—3`s (CpGs)/probes (DMPs); right, methylation changes in differentially methylated regions (DMRs).
(C) Overall CpG methylation levels per sample in DD-KPCs and LD-KPCs (measured as the median of all probes). (D) Distribution of DMPs for all 3
pairwise comparisons (DD-KPCs, LD-KPCs, and N-KPCs) according to CpG content (left) and functional genomic distribution (right).
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kidney transplantation. We assessed whether the expression of
LHX1 protein in CD133þ cells differed in allograft biopsies
depending on the LD or DD origin. Results showed that the
percentage of LHX1 protein expression in CD133-positive cells
was significantly higher in LD biopsies than in DD biopsies (un-
paired t-test, 2-tailed, P-value ¼ .0039) (Fig. 3G). The repre-
sentative images by immunofluorescence confirmed that the
LHX1 protein expression in CD133-positive cells was more
abundant in biopsies from LD compared with DD tissues both in
tubular and glomerular cells (Fig. 3H).
3.4. Kidney expression of LHX1 in mouse models of IRI

Immunohistochemistry analysis showed that LHX1 was
mainly expressed in glomerular parietal epithelial cells, podo-
cytes, and proximal tubular epithelial cells (Supplementary
Fig. S3A). We observed that after IRI, LHX1 expression was
associated with the severity of acute kidney injury (Supplemen-
tary Fig. S3A, B). Furthermore, kidney LHX1 mRNA expression
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was associated with the number of positive glomerular and
tubular cells (Supplementary Fig. S3C). In the experimental
model of IRI with several times of warm ischemia (0, 15, 30, 45,
and 60 minutes), we demonstrated a relationship between warm
ischemia time, renal dysfunction (Fig 4A, B), LHX1 promoter
hypermethylation (Fig. 4C), and LHX1 gene expression (Fig. 4D).
3.5. Role of LHX1 in KPC differentiation

To strengthen the link between LHX1 expression and kidney
organogenesis in human models, we reconstituted LHX1
function in KPCs showing low LHX1 expression. We designed 2
LHX1 isoforms: a wt LHX1 isoform (LHX1wt) and a mutant
LHX1 isoform lacking the DNA binding motif (LHX1mut); the
latest was used as a negative control with a similar size to wt
construction but nonfunctional (Fig. 5A).18 Increased mRNA
and protein levels in the ectopically LHX1-expressing cells in
comparison with the endogenous levels in the control cells are
shown in Figure 5B. After 21 days of subculture, cells showing



Figure 3. Epigenetic-regulated expression
of LIM homeobox-1 (LHX1) in urine-derived
kidney progenitor cells (KPCs) (U-KPCs)
and protein LHX1 expression in human kid-
ney biopsy samples. (A) Boxplot showing
mean LHX1 DNA methylation per sample per
group, including KPCs from nephrectomy
KPCs (N-KPCs) and U-KPCs from living
donor (LD) transplants (LD-KPCs) or
deceased donor (DD) transplants (DD-
KPCs). Data correspond to β-values obtained
from the Infinium MethylationEPIC array of
the discovery cohort. (B) LHX1 gene
expression per sample by group, including N-
KPCs, LD-KPCs, and DD-KPCs. Data
correspond to processed raw reads obtained
from RNA-sequencing analysis of the dis-
covery cohort. (C) Correlation between LHX1
mean DNA methylation and LHX1 gene
expression per sample by group, including N-
KPCs, LD-KPCs, and DD-KPCs. (D) Treat-
ment with the demethylating agent 5-azaciti-
dine (5-Aza; 1 μM for 72 hours) reactivates
LHX1 gene expression in LHX1-hyper-
methylated KPC cell lines. Statistical signifi-
cance was determined using a 1-way
analysis of variance test with Tukey’s multiple
comparison test, *P < .05. (E) Promoter
methylation of the LHX1 gene in a validation
cohort of U-KPCs (LD-KPCs and DD-KPCs).
Bars show the percentage of DNA methyl-
ation from 0 to 100 obtained using pyrose-
quencing. (F) Real-time (RT) polymerase
chain reaction (PCR) (RT-PCR) expression
levels of the LHX1 gene in a validation cohort
of U-KPCs (LD-KPCs and DD-KPCs). LHX1
messenger RNA (mRNA) expression relative
to glyceraldehyde-3-phosphate dehydroge-
nase was detected using RT-quantitative
PCR. (G) Quantification of LHX1-positive
nuclei in CD133-positive cells in kidney allo-
graft biopsies from deceased and living do-
nors. (H) Representative images (63 �) of
the immunofluorescence staining for 4`,6-dia-
midino-2-phenylindole (DAPI) (blue), CD133
(green), and LHX1 (red) in kidney allograft
biopsies from DDs and LDs. Results on
tubular and glomerular cells are shown. Ar-
rows indicate double-stained cells. Negative
controls included nonspecific immunoglob-
ulin and no primary antibody (data not
shown). Scale bar ¼ 20 μm. Statistical sig-
nificance was determined using a paired
t-test, 2-tailored, *P < .05; ***P < .0.
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LHX1 overexpression showed alterations in the cell
morphology. Although nontransfected and mutant-transfected
cells (pLVX-LHX1mut) appear as simple ultrastructure with a
simple elongated shape, the wt transfected cells
(pLVX-LHX1wt) acquire a markedly elongated shape with
finger-like projections (Supplementary Fig. S3). These changes
in cell morphology that resemble the foot processes of podo-
cytes prompted us to analyze whether LHX1 overexpression
favors a spontaneous differentiation of in vitro KPCs to podo-
cytes. We observed that pLVX-LHX1wt transfection induces
spontaneous differentiation to podocytes assessed using
mRNA of the podocalyxin marker, whereas pLVX-LHX1mut
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cells retain undifferentiated properties assessed using quanti-
fication of mRNA CD133 expression (Fig. 5C). To validate this
observation, we grew KPCs under a podocyte differentiation
protocol based on exposing primary KPCs to all-trans retinoic
acid in a VRAD medium. We confirmed that pLVX-LHX1wt
transfected cells differentiated earlier than pLVX-LHX1mut or
control cells (Fig. 5D, E). Podocalyxin strongly increases at 72
hours of subculture in the podocyte-induction medium in the
pLVX-LHX1wt, together with a decreased expression of the
CD133 progenitor marker. In summary, our results confirm that
LHX1 overexpression strongly favors podocyte differentiation of
cultured KPCs.



Figure 4. Renal warm ischemia induces
methylation and LIM homeobox-1 (LHX1)
downregulation in a mouse model of
ischemia-reperfusion injury (IRI). (A) Serum
creatinine levels; (B) blood urea nitrogen
(BUN) levels; (C) kidney LHX1 methylation
levels, and (D) LHX1 messenger RNA
(mRNA) expression of mice subjected to
nephrectomy and ischemia of 0, 15, 30, 45,
or 60 minutes. Statistical significance was
determined using a 1-way analysis of vari-
ance test with Tukey’s multiple comparison
test, *P < .05; **P < .01 ***P < .001; ****P
< .0001.
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3.6. Role of LHX1 expression in cellular proliferation of
kidney tubular epithelial cells

During recovery from IRI, nondamaged tubular epithelial cells
can dedifferentiate and proliferate, favoring cellular repair.19

Given that we also observed LHX1 expression in tubular
epithelial cells (Fig. 3G), we proposed to study its role in pro-
moting their proliferation. Due to methodologic limitations of
prolonged culture expansion of primary proximal tubular epithe-
lial cells, we employed human kidney cell lines that have previ-
ously been validated as a well-differentiated polarized proximal
tubule cell in vitro, regardless of its cancerous origin and multiple
passaging.20 We quantified LHX1mRNA expression in a panel of
commercially available renal cell lines and observed that Caki-1
exhibits a higher expression of LHX1, whereas Caki-2 showed
the lowest LHX1 mRNA levels (Supplementary Fig. S4). We
adopted a double approach for proliferation studies. First, we
performed pLVX-LHX1wt transfection in Caki-2 cells. Upon
restoration of LHX1 expression, as demonstrated using RT-PCR
and western blotting analyses (Fig. 6A), the Caki-2 cell line
experienced increased cell growth in 3-[4,5-dimethylthia-
zol-2-yl]-2,5 diphenyl tetrazolium bromide-proliferation assays
as well as in colony-formation assays (Fig. 6B, C). Cells trans-
fected with the pLVX-LHX1mut vector did not show any increase
neither in cell proliferation nor colony-formation ability compared
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with empty vector-transfected cells (Fig. 6B, C; analysis of vari-
ance test, P-value < .05). Second, we also knocked down LHX1
expression using stable RNA interference (shRNA) in the Caki-1
renal cell line. mRNA and protein LHX1 levels were reduced in
shLHX1 cells compared with wt cells (Fig. 6D). We observed that
significantly reduced LHX1 expression was associated with
decreased cell growth and a reduction in the colony-formation
ability compared with scrambled transfected cells (Fig. 6E, F,
analysis of variance test, P-value < .05). Altogether, results
indicate that LHX1 expression in human renal epithelial tubular
cells is associated with increased cellular proliferation.

4. Discussion

The main finding from this study is that severe IRI induces
DNA hypermethylation in KPCs isolated from urine early after
kidney transplantation. These epigenetic changes are associ-
ated with global gene expression changes, mostly resulting in the
downregulation of molecular pathways linked to kidney devel-
opment, epithelial cell differentiation, and cell adhesion. We
identified the LHX1 gene, a well-known transcription factor
involved in early kidney development,21,22 as a potential candi-
date for repair dysregulation after IRI. LHX1 is expressed mainly
in glomerular parietal epithelial cells, podocytes, and tubular
epithelial cells and decreases after severe IRI. Functional studies



Figure 5. LIM homeobox-1 (LHX1) overexpression induces in vitro differentiation of kidney progenitor cells (KPCs). (A) Schematic illustration of the
experimental workflow to induce upregulation of LHX1 in cultured KPCs. Two LHX1 isoforms were used for the transaction assays: a mutant LHX1
isoform lacking the DNA binding motif (LHX1mut) and a wt LHX1 isoform (LHX1wt). (B) LHX1 expression was monitored using quantitative polymerase
chain reaction (qPCR) (left) and western blot (right) in LHX1mut- and LHX1wt-transfected KPCs. (C) Messenger RNA (mRNA) expression levels of the
progenitor renal cell biomarker CD133 (left) and the podocyte biomarker podocalyxin (PCX) (right) relative to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were detected using real-time qPCR (RT-qPCR) in nontransfected and transfected (LHX1mut and LHX1wt) KPCs after 21 days of
subculture in standard culture medium. Three biological replicates were performed per condition. Data are expressed as mean � SD. (D) mRNA
expression levels of the progenitor renal cell biomarker CD133 (left) and the podocyte biomarker PCX (right) relative to GAPDH were detected using
RT-qPCR in nontransfected and transfected (LHX1mut and LHX1wt) KPCs after 72 hours of subculture in podocyte-induction culture medium. Three
biological replicates were performed per condition. Data are expressed as mean � SD. (E) Representative images (25 �) of the immunofluorescence
staining of CD133 (left) and PCX (right) proteins in nontransfected and transfected (LHX1mut and LHX1wt) KPCs after 72 hours of growth in podocyte-
induction culture medium.
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demonstrated a dual role of LHX1 in kidney response after
damage. First, LHX1 overexpression in KPCs induces podocyte
differentiation, and second, expression of LHX1 in tubular
epithelial cells increases cell proliferation.

The primary pathologic lesion associated with IRI in kidney
transplantation is acute tubular necrosis, followed by tubular
epithelial cell (TEC) regeneration.23 However, kidney damage is
not limited to TEC, and some studies also described podocyte
loss after IRI.3 There is controversy about the cellular sources of
repair in tubular and glomerular injury.24 Potential candidates are
replication of surviving proximal TECs, clonal expansion of a
small subset of proximal TECs, or cells of renin-lineage.24 In
addition, KPCs have been anticipated to be bona fide podocyte
progenitors that play a relevant role in podocyte regeneration in
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health.25 Moreover, it has recently been described that KPCs
may promote proximal TEC regeneration after IRI in mice.26

Thus, KPCs may be a suitable candidate for podocyte and TEC
repair after IRI in kidney transplantation.

Epigenetic regulation of lineage-specific genes is a well-known
mechanism for establishing cellular identity.27 Hence, epigenetic
reprogramming can mediate the regenerative or profibrotic
response after kidney transplantation.28 This epigenetic switch
will depend on the environmental signals, including inflammation
or myofibroblast activation and excess extracellular matrix.29 IRI
after kidney transplantation has also been described previously
as an environmental factor influencing epigenetic modifica-
tions.28,30,31 Hypoxia and oxidative stress after IRI cause DNA
hypermethylation in the kidney allograft tissue, specifically



Figure 6. LIM homeobox-1 (LHX1) overexpression is associated with cellular proliferation in renal epithelial cell lines. (A) LHX1 expression was
monitored using quantitative polymerase chain reaction (qPCR) (up) and western blot (down) in LHX1mut and LHX1wt-transfected Caki-2 cells. (B)
Cell viability over time was determined using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay after LHX1mut- and
LHX1wt-transfection in Caki-2 cells. (C) Densitometric quantification and representative image of colonies of the colony-formation assay after
LHX1mut- and LHX1wt-transfection in Caki-2 cells. (D) LHX1 expression was monitored using qPCR (up) and western blot (down) in short hairpin (sh)-
scramble or sh-LHX1 transfected Caki-1 cells. (E) Cell viability over time was determined using the MTTassay after sh-LHX1 depletion in Caki-1 cells.
(F) Densitometric quantification and representative image of colonies of the colony-formation assay after sh-LHX1 depletion in Caki-1 cells.
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affecting some genes related to increased damage and fibrosis.32

However, whether these changes are relevant in the specific
population of KPCs is unknown. To encompass the clinical
spectrum of IRI severity after kidney transplantation, we
compared epigenetic and transcriptomics in U-KPCs obtained
either after living or deceased donor transplantation. Our findings
support the previous observation that severe IRI induces DNA
methylation changes at specific genomic sequences in mice’s
kidney tissue33 and those from Heylen et al32 described in kidney
biopsies. Nevertheless, our study provides new data regarding
the epigenetic regulation of pathways involved in cellular repair in
U-KPCs.

At the gene level, we identified hypermethylation of the LHX1
promoter and consequently reduced gene expression after severe
IRI. This gene is involved in theMayer–Rokitansky–Küster–Hauser
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syndrome, in which upper urinary tract malformations are
observed in about 40%, including unilateral renal agenesis, ecto-
pia of one or both kidneys, renal hypoplasia, horseshoe kidneys,
and hydronephrosis.34 In mice, deletion of the LHX1 is associated
with reduced number and small glomeruli, some of them immature
or dysplastic.35 LHX1 regulates the expression of foot process and
podocyte junction-associated genes that result in podocyte differ-
entiation.36 According to all this evidence, our animal experiments
showed that LHX1 is expressed in glomerular parietal epithelial
cells, podocytes, and proximal TEC and a relationship between IRI
severity, LHX1 promoter hypermethylation, and LHX1 gene
expression. These results agreed with our observation in human
U-KPCs, where severe ischemic damage (DD) was associated
with lower LHX1 expression due to DNA hypermethylation. Our in
vitro functional studies demonstrated that LHX1 overexpression is
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associated with KPCs to podocyte differentiation and increased
TEC proliferation, whereas LHX1 silencing is associated with
decreased cell growth and proliferation. Overall, these new find-
ings pave the way to further explore the specific role of the tran-
scription factor LHX1 in different cell types and cellular
environments.

Our findings of the epigenetic control of KPCs also provide
clues on the long-term consequences of IRI. Like AKI to chronic
kidney disease transition in native kidneys, delayed graft function
is associated with kidney fibrosis and has a negative impact on
long-term allograft function and survival.37 IRI inducesAKI and loss
of nephrons that, depending on the severity of damage and the
cell repair capacity, will account for glomerular hyperfiltration,
podocyte detachment, proteinuria, progressive decline of glomer-
ular filtration rate, and secondary focal segmental glomerulo-
sclerosis (FSGS).38,39 In native kidneys, a podocyte loss higher
than 20% is required to induce KPC activation, migration, and
FSGS.40 Furthermore, podocyte stress causing accelerated
podocyte detachment was described as a nonimmunemechanism
of long-term allograft failure.16,39 Our study provides new insights
into the potential mechanisms connecting IRI with fibrosis in kidney
allografts. IRI after kidney transplantation produces epigenetic and
consequently transcriptional changes in CD133þCD24þ cells that
may reduce their reparative capacity while inducing a profibrotic
phenotype. This observation could be translated to the clinical
setting, as FSGS is recognized as the most frequent pathologic
lesion observed long-term after kidney transplantation.41 More-
over, it has been reported that LHX1 inhibits tumor growth factor
β1-induced epithelial-mesenchymal transition in renal tubular
epithelial cells in mice.42 Thus, LHX1 downregulation induced by
severe IRI may enable epithelial-mesenchymal transition and
contribute to the well-described clinicopathological correlation be-
tween delayed graft function and interstitial fibrosis and tubular
atrophy in kidney transplantation.

Our study has some weaknesses and strengths. We used
donor type as a surrogate marker of IRI severity, but other donor
and recipient factors may play a role. However, similar findings
were observed in a well-controlled experimental model of
several times of kidney warm ischemia. We cannot rule out that
culturing KPCs may induce methylation and gene expression
changes in KPCs. Despite our results being highly innovative,
there are still many issues to be solved for understanding the
environmental signals that govern KPC reprogramming toward
renal differentiation (tissue repair) or profibrotic response (tissue
damage). Additional research regarding molecular pathways
related to LHX1 is needed for specific therapeutic intervention.
Several preclinical studies have shown that the use of drugs
targeting DNA methylation (decitabine, hydrazine),43,44 treat-
ments with histone deacetylase inhibitors (SAHA, valproic
acid),45,46 or sirtuin activators (SRT-1720),47 among others,
reduce renal injury in AKI and chronic kidney disease models
and promote renal repair. However, results are still controversial
because of the heterogeneity of experimental models and the
cellular targets. A better identification of the molecular mecha-
nisms of response is essential to promoting the development of
epigenetic therapies aimed at preventing renal failure after
486
transplantation. Insights from future studies of KPCs and their
epigenetic gene regulation in the process of renal differentiation
may lead to new therapies for improving cellular repair after
kidney damage.
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