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Targeting erythropoietin protects against
proteinuria in type 2 diabetic patients and in
zebrafish
Jianqing She 1,2, Zuyi Yuan 1, Yue Wu 1, Junfang Chen 3, Jens Kroll 2,*
ABSTRACT

Objective: Adult human kidneys produce erythropoietin (EPO), which regulates red blood cell formation; however, whether EPO also functions
directly on kidney development and controls diabetic kidney disease remains unknown. Here we analyzed the role of EPO in kidney development
and under hyperglycemic conditions in zebrafish and in humans.
Methods: Diabetic patients and respective controls were enrolled in two cohorts. Serum EPO level and urine protein change upon human EPO
administration were then analyzed. Transient knockdown and permanent knockout of EPO and EPOR in renal TG(WT1B:EGFP) zebrafish were
established using the morpholino technology and CRISPR/Cas9 technology. Zebrafish embryos were phenotypically analyzed using fluorescence
microscopy, and functional assays were carried out with the help of TexasRed labeled 70 kDa Dextran. Apoptosis was determined using the
TUNEL assay and Annexin V staining, and caspase inhibitor zVADfmk was used for rescue experiments.
Results: In type 2 diabetic patients, serum EPO level decreased with the duration of diabetes, which was linked to reduced kidney function.
Human recombinant EPO supplementation ameliorated proteinuria in diabetic nephropathy patients. In zebrafish, loss-of-function studies for EPO
and EPOR, showed morphological and functional alterations within the pronephros, adversely affecting pronephric structure, leading to slit
diaphragm dysfunction by increasing apoptosis within the pronephros. Induction of hyperglycemia in zebrafish embryos induced pronephros
alterations which were further worsened upon silencing of EPO expression.
Conclusions: EPO was identified as a direct renal protective factor, promoting renal embryonic development and protecting kidneys from
hyperglycemia induced nephropathy.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Diabetic nephropathy (DN) [1], a common diabetes microvascular
complication, ranks first as the cause of end-stage renal disease
(ESRD) globally [2]. Accumulating evidence suggests that renal
hyperfiltration and renal injury, oxidative stress, and apoptotic signals
are all involved in the pathogenesis of DN [3e6]. It was also shown
that polymorphisms in some genes were associated with a heightened
incidence of diabetic nephropathy [7,8]. However, genetic mechanisms
for the onset of diabetic nephropathy are still poorly understood and
thus limit the therapeutic options for patients.
Erythropoietin (EPO) is a glycoprotein hormone traditionally considered
essential for erythropoiesis [9,10]. Recent studies revealed a rela-
tionship between EPO and the progression of diabetic complications
[11e13]. In addition, single nucleotide polymorphisms (SNPs) in the
human EPO gene were suggested to be a potential contributing factor
for the development of DN in various global populations [14]. Func-
tional EPO and EPOR expression have been demonstrated in both
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human and murine kidney tubular epithelial, glomerular endothelial,
and mesangial cells, suggesting that EPO may play a physiological role
in both renal development and renal disease states through in-
teractions with EPOR [15]. In adult human, EPO is mainly produced in
kidney interstitial fibroblast and then released into circulation to exert
its subsequent effects [16,17]. As a result, global EPO silencing animal
models are required to explore its underlying functions. However,
studies using EPO knockout or knockdown animal models beyond the
embryonic stage have rarely been reported, likely due to embryonic
lethality [18e21]. In addition, the mechanisms by which EPO functions
in renal system in vivo remains largely unknown.
With the development of novel genome-editing techniques and renal
reporter lines and due to its translucency [22], the zebrafish is an
attractive model for carrying out research in various biomedical fields,
including renal and diabetes studies [23]. The two to three day-old
zebrafish pronephros consists simply of two glomeruli, which fuse at
the embryonic midline and are connected by pronephric tubules to the
bilateral pronephric ducts [24]. The simplicity and rapid development
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Abbreviations and Acronyms

DM diabetes mellitus
DN diabetic nephropathy
EPO erythropoietin
EPOR erythropoietin receptor
hEPO human recombinant erythropoietin
hpf hour post fertilization
dpf day post fertilization
hpi hour post injection
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of pronephros in zebrafish make it an useful model for investigating the
morphology and function of kidney in the context of a developing or-
ganism [25]. In addition, it was reported that pronephros cell types are
also highly conserved between zebrafish and mammals [24]. Thus, the
present studies took advantage of the zebrafish model to dissect the
developmental pathways and regulations in renal development and
pathogenesis under hyperglycemic conditions.
In this study, we provide evidence that EPO is a clinically-protective
factor in the progression of diabetic complications. In addition, by
analyzing transient and permanent loss-of-function models for EPO
and EPOR in zebrafish, we have identified EPO as an essential regu-
lator of pronephros development and function by interacting with its
receptor EPOR and thereby repressing apoptosis. In summary, the
present study identifies EPO as an active renal antiapoptotic factor,
protecting kidney from hyperglycemia-induced damage and protein-
uria in an EPOR-dependent manner both in zebrafish and in type 2
diabetic patients.

2. MATERIAL AND METHODS

2.1. Serum EPO concentrations from DM and non-DM patients
Blood samples from DM and non-DM patients were collected on
admission after overnight fasting and stored at �70 �C prior to
analysis. Type 2 diabetes was diagnosed on initial admission, and the
diabetes duration was recorded accordingly. The diagnosis of Type 2
diabetes was made according to AACE Diagnostic Criteria for Glucose
Abnormalities [26]. Exclusion criteria included patients with uncor-
rected anemia, active EPO supplementary treatment, dialysis, cardio-
vascular disease, cancer, and GFR<30 ml/min. The demographic data
are listed in Supplementary Table 1. Erythropoietin was measured
using a sandwich enzyme-linked immunoassay (Quantikine� IVD EPO
ELISA and Quantikine� Immunoassay R&D Systems, Minneapolis, MN,
USA) following the manufacturer’s instructions. The study protocol was
approved beforehand by the Medical Ethics Committee of the First
Affiliated Hospital of Xi’an Jiaotong University, and the procedures
followed were in accordance with the institutional guidelines. This
study complied with the Declaration of Helsinki, and formal consent
was obtained from all patients.

2.2. Study design and participants of hEPO injection in end-stage
diabetic nephropathy patients
Consecutive patients (Supplementary Table 2) admitted to the
nephrology department of the First Affiliated Hospital of Xi’an Jiao-
tong University for diabetic nephropathy between May 2013 and
March 2017 were selected. The inclusion criteria were: 1) confirmed
admission diagnosis of Type 2 diabetic nephropathy, and 2)
continuous follow-up measurements of urine protein concentration
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and 24 h urine protein collection. The exclusion criteria were: 1)
diabetic ketosis or nonketotic hyperosmolar coma, and 2) severe
nondiabetic disease with expected survival of less than 1 year and
unwillingness to participate. A patient was included only once. In-
formation about present medication and a detailed medical history
were obtained via hospital medical records. Diabetic nephropathy
and proteinuria were defined according to the universal definition
criteria by the American Diabetes Association criteria [26]. Twenty-
four h urine protein was collected from the first morning urine and
urine protein concentration were measured using biuret techniques
[27]. Urine protein concentration change and 24 h urine protein
change was defined as the subtracted level of urine protein or 24 h
urine protein by 2 follow-ups. Written informed consent was ob-
tained from all study participants, with ethnic committee approval at
the First Affiliated Hospital of Xi’an Jiaotong University.

2.3. Gene profile analysis and co-expression analysis
The gene expression data GSE30528 [28], including 9 diabetic kidney
disease and 13 control glomeruli samples from micro dissected
human kidney, and the microarray gene expression data GSE30529
[28], including 10 diabetic kidney disease and 12 control tubule
samples from micro dissected human kidney, were obtained from the
Gene Expression Omnibus [29] database. Pearson’s correlation co-
efficient method [30] was utilized to identify the co-expression as well
as differential co-expression of EPO and EPOR along with kidney
pathogenesis related genes, including Notch1, WT1, Pax1, NPHS1,
and NPHS2 in the kidney section from DN patients and control. For
co-expression analysis of EPO and proteinuria related genes, Gene-
MANIA (http://genemania.org/; accessed April, 2017), a real-time
multiple association network integration algorithm for predicting
gene function, was used for analyzing geneegene interactions in the
study [31].

2.4. Zebrafish lines
Embryos of the TG(WT1B:EGFP) line were raised and staged as
described. Embryos were kept in E3 medium (5 mM NaCl, 0.17 mM
KCL, 0.33 mM CaCl2, 5e10% methylene blue) at 28.5 �C with 0.003%
1-phenyl-2-thiourea (PTU) (Sigma) to suppress pigmentation and
staged according to somite number or hours post-fertilization (hpf).

2.5. Inhibitors and reagents
Texas-Red� tagged 70 kDa dextran (Molecular Probes) was used for
renal functional assays. Proteinase K (10 mg/ml stock) was utilized for
embryo digestion and linearized plasmid treatment (Roche Recombi-
nant PCR grade). Zebrafish embryos were subjected to 300 mM of the
pan caspase inhibitor, zVAD-fmk (SigmaeAldrich) incubation at 24 hpf
for 24 h.

2.6. Injections of morpholinos and intracardiac injection of human
EPO in zebrafish
EPO (ENSDARG00000055163.7, HYPERLINK: http://www.ensembl.org/
Danio_rerio/Gene/Summary?db¼core;g¼ENSDARG00000055163;
r¼7:21624135-21652094) and EPOR (ENSDARG00000090834.4, HY-
PERLINK: http://www.ensembl.org/Danio_rerio/Gene/Summary?db¼
core;g¼ENSDARG00000090834;r¼3:14394007-14414315) morpholi-
noswere selected as previously described [32,33] and produced by Gene
Tools� (Philomath, OR, USA). Morpholino sequences are listed in
Supplementary Table 3. Dose escalation studies were performed to
determine submaximal morpholino concentrations (Supplementary
Figure 2C, D). EPO, EPOR and Pdx1 morpholino were diluted to 4 or
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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6 mg/ml in 0.1 M KCL respectively. One nanoliter of morpholino was
injected into the embryos through the chorion of one-cell or two-cell
stage embryos. Intracardiac injections at 24 hpf were performed as
previously described [34]. One nanoliter of human recombinant EPO (4 IU/
ml, Sanshengzhiyao�, S19980073) was injected into the heart of the
anesthetized embryo to enter the blood circulation at the 24 hpf stage.

2.7. CRISPR/Cas9 zebrafish mosaic mutant generation
CRISPR target sites were identified and selected using ZiFiT Targeter.
CRISPR target sites are denoted in Figure 4. Oligonucleotide sequences
for cloning of CRISPR gRNAs are listed in Supplementary Table 4. Equal
amounts of control CRISPR gRNA (derived from original pT7-gRNA)
were used as the negative control. EPO gRNA, EPOR gRNA, control,
and Cas9 mRNA were diluted to 200 pg/nl respectively, in 0.1 M KCL.
One nanoliter of a mixture of CRISPR gRNAs and Cas9 was injected into
the embryos at the 1-cell stage. Sanger sequence was used to detect
mutations at CRISPR-target loci, and qPCR was used to check the
relative expression levels as previously described [35,36]. Oligonu-
cleotide sequences for sequencing of CRISPRants are listed in
Supplementary Table 5.

2.8. O-dianiside stain
O-Dianiside staining was performed on 48 hpf TG(WT1B:EGFP) em-
bryos as previously described [32,33].

2.9. TUNEL assay
Forty-eight hpf TG(WT1B:EGFP) embryos were stained by using the
ApopTag� Red InSitu Apoptosis Detection Kit (Millipore�). The em-
bryos were deyolked and fixed over-night at 4 �C in freshly prepared
4% PFA/PBS. After washing in PBST (1� PBS/0.1% Tween-20),
sequential dehydration with increasing concentrations of methanol
was done to store embryos in 100% methanol overnight at �20 �C.
Embryos were rehydrated and treated with Proteinase K (10 mg/ml,
Roche) for 21 min. The TUNEL protocol was followed as previously
described [35,37].

2.10. Flow cytometry
To analyze the expression of EPO and EPOR in EGFP positive cells, 48
hpf anesthetized TG(WT1B:EGFP) embryos were dechorionated, incu-
bated 15 min in modified Ringer solution (116 mM NaCl, 2.9 mM KCL,
5 mM HEPES, pH 7.2), deyolked, washed in PBS, and lysed in 0.25%
trypsin for 15e20 min. The reaction was stopped with PBS containing
10% FCS, and 2 mM CaCl2, cells were centrifuged and resuspended in
buffer (0.5% FCS, 1 mM EDTA in PBS). EGFP positive cells were sorted
using a FACScan flow cytometer running CellQuest software (Becton
Dickinson). EGFP positive and negative cells were then used for RT-
PCR [35].

2.11. FACS analysis of Annexin V-positive cell fractions
To analyze zebrafish morphants undergoing apoptosis by FACS, cells
from 48 hpf zebrafish were stained with APC-conjugated Annexin V
(BD Pharmingen). To this end, cells were harvested, washed twice with
PBS, resuspended in 1� Binding Buffer (Bender MedSystems), and
incubated with Annexin V-APC and 7-AAD (BeckmaneCoulter). FACS
analysis was performed by the Mannheim Cell Sorting Core Facility of
the Medical Faculty Mannheim using a BD FACS Canto II. For quan-
tification, Annexin V-positive and 7-AAD-negative cell fraction was
considered as the early apoptotic cell fraction, and Annexin V-positive
and 7-AAD-positive cell fraction was considered as the late apoptotic
cell fraction. The apoptotic cell fraction was set in relation to control
and was displayed as relative fraction [37].
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2.12. RNA isolation and real-time quantitative PCR analysis of
zebrafish
Total RNA was isolated from TG(WT1B:EGFP) zebrafish embryos, EGFP
positive and negative zebrafish cells using the RNeasy Mini-Kit (Qia-
gen) following the manufacturer’s protocol. First-strand cDNA was
generated from normalized RNA amounts using random hexamer
primers and the Superscript II kit (Invitrogen). RT-PCR was performed
with specific primer pairs as listed in Supplementary Table 6. Primer
design for zebrafish was done by Roche Universal Probe Library Assay
Design Center. 2� sentiFAST probe No-ROX mix (Bioline) was used in
each 96-well reaction plate (Axon). A Roche light cycler� 480 was
used for the qPCR. The real-time quantitative PCR was repeated three
times for each condition [35].

2.13. Ultrafiltration assay
At 72 h post-fertilization, 5 nl of Texas-Red� tagged 70 kDa dextran
(2 ng/ml in PBS) was injected into the heart of zebrafish embryos.
Sequential images of the living fish were taken 1, 24, and 48 h post
injection (hpi) using an inverted microscope (Leica DMI 6000 B) with a
camera (Leica DFC420 C) and the Leica LAS application suite 3.8
software [35].

2.14. Microscopy and analysis
TG(WT1B:EGFP) embryos were manually dechorionated and anes-
thetized with 0.05% tricaine (Sigma�). For in vivo imaging of pro-
nephros structure, TG(WT1B:EGFP) embryos were embedded in 1%
low melting point agarose (Promega�) dissolved in E3 medium.
Images were taken with a Leica DFC420 C camera, attached to a
Leica MZ10 F modular stereo microscope. Quantification of the
pronephros was done using the Leica LAS V4.8 software. Confocal
imaging was performed using a TCS SP5 system (Leica) for TUNEL
stain.

2.15. Statistics
The regression analysis of clinical data reported in Figure 1 was
performed using the simple linear regression (SPSS 17.0). Because
serum EPO values were not normally distributed, EPO was log-
transformed to the base 2, and analyses were reported per doubling
of serum EPO. The TUNEL assay confocal images were processed
using NIH’s ImageJ application. Apoptotic cell number/area was
determined by the Analyze Particles tool of ImageJ, within the
glomerulus area as well as the entire pronephric structure. Alterations
in the pronephric structure were measured and quantified by
measuring size in mm of glomerular width and neck. Results are
expressed as mean � s.e.m. Statistical significance between different
groups was analyzed using Student’s t-test or ManneWhitney-U-test
as indicated (SPSS 17.0). P-values <0.05 were considered as sig-
nificant * <0.05, ** <0.01, and *** <0.001.

3. RESULTS

3.1. EPO protected type 2 diabetic patients from kidney function
alteration and proteinuria
Previous studies revealed an association between a functional EPO
promoter polymorphism and diabetic microvascular complications
[14]. Observational studies also noted that DM patients frequently
manifest anemia, which might be associated with decreased endog-
enous EPO [38]. Although there is emerging evidence about the pro-
tective functions of EPO in diabetic microvascular complications, few
clinical studies have addressed serum EPO levels and renal function in
DM patients.
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Figure 1: EPO loss induced kidney function deterioration in Type 2 diabetic patients. A. Simple linear regression model with DM duration in years in relation to log 2 transformed
serum EPO level. The y-axis represented serum EPO level (Log2(Unit/L)), and the x-axis represented DM duration in years. Black dots stood for log 2 transformed serum EPO level
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To address this question, we evaluated serum EPO concentrations
from plasma samples collected from 26 healthy and 75 diabetic pa-
tients who underwent routine health examination. Baseline factors
were collected and listed in Supplementary Table 1. Patients suffering
from anemia (defined as hemoglobin below 12 g/dL for women and
14 g/dL for men) and end stage kidney failure (defined as Glomerulus
Filtration Rate (GFR) below 30 ml/min) were not selected in order to
exclude possible misleading factors. Notably, serum EPO concentra-
tions were significantly negatively correlated with DM duration in years
192 MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. T
(Figure 1A), suggesting that EPO was a potential modulator for the
progression of diabetes. Likewise, GFR positively correlated with
serum EPO concentrations in a significant manner, although diabetes
by itself had a much stronger influence on GFR (Figure 1B). This
suggests that loss of EPO expression might contribute to the deteri-
orating kidney function under diabetic conditions.
To further investigate EPO function in diabetic nephropathy, micro-
array data GSE30528 [28] from micro dissected human kidney
glomeruli, and GSE30529 [28] from tubule, were obtained from the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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GEO [29] database. Pearson’s correlation [30] was used to measure
the co-expression of EPO and EPOR along with kidney pathogenesis
related genes, including Notch1, WT1, Pax1, NPHS1, and NPHS2,
and differential co-expression between control and diabetic patients
was analyzed. Enhanced co-expression of EPO and EPOR was
identified in the glomeruli and tubule of DN patients as compared to
controls (Figure 1C and Supplementary Figure 1). Next, we utilized
GeneMANIA [31], to predict the possible underlying pathological
alterations with the loss of EPO in DN. Integration of EPO and NPHS1
and NPHS2, two genes important for glomerulus filtration barrier
formation in humans [39,40], into a single unified network enabled
functional prediction of previously uncharacterized co-expressions,
indicating possible function of EPO in filtration barrier damage and
proteinuria (Figure 2A).
To directly investigate EPO function in proteinuria in DN patients, we
collected urine samples from DN patients, 51 with hEPO injection to
treat renal anemia and 41 without as control. Baseline factors were
collected and are listed in Supplementary Table 2. Both urine protein
concentration and 24 h urine protein amount were measured two
times during enrollment and follow-up. Urine protein concentration
change and 24 h urine protein amount change were then compared
between patients with or without hEPO injection (Figure 2B, C). Pa-
tients with hEPO supplementation exhibited a significant reduction of
urine protein, suggesting a proteinuria ameliorating function of EPO in
DN patients. In summary, EPO was lowered with DM progression and
was positively correlated with GFR in DM patients. In addition,
enhanced EPO and EPOR co-expression was identified in DN glomeruli
and tubule samples, and hEPO supplement ameliorated proteinuria in
DN patients.

3.2. EPO and EPOR regulate pronephros morphogenesis and
pronephros filtration barrier function in zebrafish embryos
From the clinical investigation, a potential protective function for EPO in
DM progression and proteinuria was identified. We therefore asked the
question whether and how EPO was related to kidney function in
experimental animal models, which could explain the observations in
diabetic patients. Due to embryonic lethality of EPO knockout mice
[18e20], zebrafish was employed as an experimental model system
because zebrafish could survive several days of embryonic develop-
ment without having a functional vascular and erythroid system by
simply by taking up oxygen from the environment by diffusion. Thus,
we then addressed the question whether loss of EPO and EPOR had a
physiological role in renal development and function.
EPO and EPOR expression were identified in embryonic and adult
zebrafish [32,33]. In order to further analyze expression of EPO and
EPOR in zebrafish pronephros, we took advantage of a transgenic
TG(WT1B:EGFP) zebrafish line where the WT1B promotor drives
expression of EGFP in pronephros (Figure 3A) [41]. Quantitative
expression of EPO and EPOR mRNA at 48 hpf was evaluated by real
time PCR using RNA isolated by FACS sorting from EGFP pronephric
cells of 48 hpf TG(WT1B:EGFP) zebrafish embryos. While EPO was
weakly expressed in EGFP positive pronephric cells, most abundant
expression of EPO mRNA was identified in EGFP negative cells
(Figure 3B) indicating different sources from the pronephros of EPO
expression in zebrafish embryos at 48 hpf, which also confirmed
previously published data [32,33]. In contrast, EPOR mRNA expression
was mostly identified in EGFP positive pronephric cells, but non-
pronephric were almost negative for EPOR mRNA expression
(Figure 3C). Thus, expression of EPOR at 48 hpf in pronephric cells
suggested a function for EPOR in pronephros development and func-
tion in zebrafish embryos. In order to prove this hypothesis, we have
194 MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. T
subsequently performed several EPO and EPOR loss-of-function
experiments.
First, we used an antisense approach with a splice-blocking mor-
pholino targeting zebrafish EPO (Supplementary Figure 2A, B), which
had already been previously validated [33]. To confirm functionality of
the published EPO morpholino, we injected 4 ng of EPO morpholino into
the one cell stage embryo, and we performed at 48 hpf an O-dianiside
stain, which showed loss of red blood cell formation as indicated by
strong reduction of hemoglobin in EPO-injected zebrafish embryos as
compared to its controls (Figure 3D). Thus, this experiment additionally
confirmed functionality of used EPO morpholino. Next, we analyzed
formation of pronephric structures in TG(WT1B:EGFP) at 48 hpf
(Figure 3A), which, at this stage, consist of a fused glomerulus con-
nected on both sides by the neck which later forms tubular structures
[24]. Injection of the EPO morpholino resulted at 48 hpf in dose
dependent alterations with a significant increase of glomerulus length
and a decrease of neck length (Figure 3D, E and Supplementary
Figure 2C). In order to address the question whether these structural
alterations also resulted in kidney function changes, an established
assay for evaluating slit diaphragm function in zebrafish embryos was
applied [35]. Upon intracardiac injection of 70 kDa Texas-Red�

dextran, a significantly increased loss of heart fluorescence over time
was observed in EPO morphants as compared to its controls, which
suggested proteinuria resulting from disrupted slit diaphragm in EPO
morphants (Figure 3F). Since co-expression network analysis revealed
a relationship between EPO, NPHS1 and NPHS2 in humans (Figure 2A),
we then checked their expression of their homologues in zebrafish.
Relative podocin expression was found to be decreased in EPO mor-
phants (Figure 3G)
To further verify whether loss of EPO indeed caused a disruption in
pronephros development in zebrafish, we used a reverse genetics
approach applying the CRISPR/Cas9 technology [36]. CRISPR guided
RNA individually targeting zebrafish EPO exon 2 was generated and
efficiency was validated using qPCR and sequencing (Figure 4A, B and
Supplementary Figure 3). Injecting EPO CRISPR gRNA together with
Cas9 mRNA also led to reduced hemoglobin formation and therefore
reduced red blood cell formation in zebrafish embryos at 48 hpf
(Figure 4C). Likewise, in EPO CRISPRant zebrafish embryos similar
pronephric structural alterations as seen in EPO morphants were
observed (Figure 4C, D) and slit diaphragm alterations, as again
indicated by 70 kDa Texas-Red� dextran clearance, were similar to
EPO morphants (Figure 4E).
Next we asked the question, whether the receptor for EPO, EPOR,
which regulates survival of precursor of red blood cells and thereby
exerts its hematopoietic functions [9], also regulates pronephric for-
mation and function in zebrafish embryos. A previously reported
splice-blocking morpholino targeting zebrafish EPOR was used
(Supplementary Figure 2A, B), and zebrafish embryos were analyzed at
48 hpf [32]. Similar to EPO morphants and EPO CRISPRants, EPOR
knockdown in zebrafish embryos caused a nearly complete hemo-
globin loss at 48 hpf (Figure 3D), once again indicating the functionality
of the tool used. Moreover, injections of different concentrations of the
EPOR morpholino dose dependently induced pronephric alterations
showing increased glomerulus length and decrease of neck length at
48 hpf (Figure 3D, E and Supplementary Figure 2D). Likewise, upon
intracardiac injection of 70 kDa Texas-Red� dextran, an increased loss
of heart fluorescence over time was also observed in EPOR morphants
as compared to the control (Figure 3F), and glomerular podocin
expression was also decreased in EPOR morphants (Figure 3G). Lastly,
a gRNA targeting zebrafish EPOR exon 2 was created to further verify
pronephric phenotype caused by EPOR silencing (Figure 4B and
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Figure 3: Genetic inactivation of EPO signaling induced pronephros structure alteration and proteinuria in zebrafish. A. Left: zebrafish embryo, shown in a dorsal view, with
pronephros depicted in green fluorescence. Right: pronephros drawing showed segmental organization (P ¼ podoycytes/glomerulus; N ¼ neck; PCT ¼ Proximal convoluted tubule;
PST ¼ Proximal straight tubule). Below: expression of indicated genes, podocin and nephrin, related to split diagram formation in zebrafish. B, C. Relative expression of EPO and
EPOR at 48 hpf analyzed by RT-PCR from RNA isolated from whole zebrafish embryos, EGFP negative (EGFP�) cell fraction (entire embryo excluding pronephros), and pronephros
(EGFPþ) cell fraction. While EPO was mostly expressed in EGFP� cell traction, EPOR was preferentially expressed in pronephros (EGFPþ). D. As compared to control morphants
(Control MO.), EPO morphants (EPO MO.) and EPOR morphants (EPOR MO.) showed an enlarged glomerulus (white arrow head) and a highly shortened pronephric neck (white
asterisks). The fluorescence microscopy images were taken at 48 hpf of TG(WT1B:EGFP) zebrafish embryos. White scale bar: 200 mm. The light microscopy images above showed
a large percentage or nearly completely loss of hemoglobin, i.e. almost absence of red blood cells in EPO MO. and EPOR MO. at 48 hpf, indicating functionality of EPO and EPOR
mopholinos. In contrast, Control MO. injected embryos had a high abundance of red blood cells. Black scale bar in O-dianiside stain: 500 mm. E. Altered pronephros structure in
EPO morphants and EPOR morphants as indicated by length of the neck and length of glomerulus was quantified in three independent experiments. (n ¼ 56e78 embryos per
group). F. Increased loss of intracardiac injected 70 kDa dextraneFITC at 24 hpi and 48 hpi in EPO morphants and EPOR morphants as compared to control morphants showing
three independent experiments. (n ¼ 41e50 embryos per group). G. Relative expression of Podocin at 48 hpf analyzed by RT-PCR from RNA isolated from EPO MO., EPOR MO.,
and Control MO. H. Relative expression of Nephrin at 48 hpf analyzed by RT-PCR from RNA isolated from EPO MO., EPOR MO., and Control MO. Data were analyzed using the
Student‘s t-test (E and F) or ManneWhitney-U-test (G and H). Mean � s.e.m. ns. Not significant. **p < 0.01, *** or ###p < 0.001.
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Figure 4: EPO and EPOR CRIPSRants phenocopies EPO and EPOR morphants in zebrafish. A, B. Schematic illustration of EPO and EPOR CRISPR target regions and sequence
results of wildtype, EPO CRISPRant, and EPOR CRISPRants. C. Similar to morphants, EPO CRISPR, and EPOR CRISPR injected zebrafish embryos (EPO CRISPR and EPOR CRISPR)
also showed an enlarged glomerulus (white arrow head) and a highly shortened pronephric neck (white asterixis) at 48 hpf in TG(WT1B:EGFP) zebrafish embryos. Light microscopy
images above show strongly reduced hemoglobin concentrations using O-dianiside stain in EPO CRISPR and EPOR CRISPR injected zebrafish embryos as compared to Control
CRISPR injected embryos at 48 hpf indicating efficient knockout of both genes. D. Quantification of data shown in C in three independent experiments for each group. (n ¼ 43e47
embryos per group). E. Increased loss of intracardiac injected 70 kDa dextraneFITC at 24 hpi and 48 hpi in EPO CRISPR and EPOR CRISPR injected zebrafish embryos as compared
to its respective control performed in three independent experiments. (n ¼ 40e48 embryos per group). All data were analyzed using the Student‘s t-test. Mean � s.e.m. *** or
###p < 0.001.

Original Article
Supplementary Figure 3). Similar to EPOR morphants, although less
pronounced, EPOR CRISPRant showed reduced hemoglobin staining,
pronephric structural, and functional alteration (Figure 4CeE). Electron
microscopy further identified that podocyte foot processes were less
developed and Bowman space was almost absent upon EPOR
knockdown (Supplementary Figure 4). Together, the data indicated
that EPOR knockdown and knockout resulted in similar pronephric
structural and functional changes in 48 h zebrafish embryos as seen
for EPO morphants and CRISPRants.
In order to establish the specificity that EPO exerted its pronephric
function in an EPOR dependent manner, we performed rescue ex-
periments in EPO and EPOR morphants by using human recombinant
196 MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. T
EPO protein (hEPO). Intracardiac injections of hEPO at 24 hpf
increased red blood cells number and thus hemoglobin concentration
in EPO morphants, but not in EPOR morphants, at 48 hpf
(Supplementary Figure 5A), which again proved that hEPO exerts its
hematopoietic function via EPOR in zebrafish embryos. Importantly,
hEPO also rescued pronephric alterations and functions in EPO
morphants (Supplementary Figure 5AeC), while no rescue of pro-
nephric structural and function changes was observed in EPOR
morphants upon hEPO injection (Supplementary Figure 5A, B, D).
Taken together, experiments performed in zebrafish identified EPO
and EPOR as novel regulators of zebrafish nephrogenesis and
function.
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Figure 5: Knockdown of EPO and EPOR increased apoptosis within zebrafish pronephros. A. Increased apoptotic cell number (white arrows) and altered pronephros structure in
EPO MO. and EPOR MO. as compared to Control MO. Confocal images of TUNEL-stained TG(WT1B:EGFP) zebrafish embryos at 48 hpf are shown. The yellow square highlighted
glomerulus of zebrafish pronephros. White arrows labeled apoptotic cells shown in red color; pronephros was labeled in green. White scale bar: 100 mm. B. Quantification of
glomerulus and total pronephros apoptotic cells (TUNEL) in EPO MO., EPOR MO. and Control MO. performed in three independent experiments as shown in Figure A (n ¼ 28e32
embryos per group). C. Quantification of glomerulus and total pronephros apoptotic cells (TUNEL) in EPO CRISPRants, EPOR CRISPRants, and Control CRISPRants shown in
Supplementary Figures performed in three independent experiments. (n ¼ 28e30 embryos per group). D. FACS scan results for Annexin V stain in EPO MO. and EPOR MO. as
compared to Control MO. E. Increased relative Annexin V-positive/7-AAD-negative cell fraction as an indicator of early apoptotic cells in EPO MO. and EPOR MO. as compared to
Control MO. performed in at least three different experiments. Cells from 48 hpf zebrafish were harvested, stained with Annexin V-APC and 7-AAD and analyzed by FACS. F.
Increased relative Annexin V-positive/7-AAD-positive cell fraction indicating late apoptotic cells in EPO MO. and EPOR MO. as compared to Control MO. performed in at least three
different experiments. Data were analyzed using the Student‘s t-test (C and D). Mean � s.e.m. ns not significant. ***p < 0.001.
3.3. EPO and EPOR support pronephros development and function
in zebrafish embryos via anti-apoptotic activities
Since EPO is well known for binding EPOR and preventing apoptosis of
precursor red blood cells [9], we next addressed the question of whether
EPO maintains cell survival in pronephros development in zebrafish. To
MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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this end, we performed experiments in zebrafish embryos at 48 hpf
which aimed to detect apoptotic cells within EPO and EPOR morphants
and CRISPRants using TUNEL and Annexin V assays [37]. Injections of
EPO morpholino and EPO gRNA þ CAS led to a significantly higher
incidence of apoptotic cells as compared to their controls at 48 hpf
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Figure 6: Apoptosis inhibition treatment partially rescued pronephros phenotype induced by EPO inactivation. A. Normalization of enlarged glomerulus (white arrow head) and
shortened pronephric neck (white asterisks) in EPO MO. and EPOR MO. zebrafish embryos treated at 24 hpf with zVAD-fmk (300 mM) for 24 h. White scale bar: 200 mm. B.
Quantification of data shown in Figure A performed in three independent experiments. (n ¼ 40e52 embryos per group). **p � 0.01 or ***p < 0.001 as indicated. C. Elevated loss
of 70 kDa dextraneFITC fluorescence at 24 hpi and 48 hpi in EPO MO. zebrafish embryos was rescued by zVAD-fmk treatment (n ¼ 41e43 embryos per group). Significance was
given for EPO MO. against Control MO. as ***p < 0.001, and EPO MO. þ zVAD-fmk against EPO MO. as ###p < 0.001. D. Elevated loss of 70 kDa dextraneFITC fluorescence at
24 hpi and 48 hpi in EPOR MO. zebrafish embryos was rescued by zVAD-fmk incubation (n ¼ 41e47 embryos per group). Same Control MO. and Control MO. þ zVAD-fmk were
applied. Significance was given for EPOR MO. against Control MO. as ***p < 0.001, and EPOR MO. þ zVAD-fmk against EPOR MO. as ##p < 0.01 as indicated. All data were
analyzed using the Student‘s t-test. Mean � s.e.m.

Original Article
(Figure 5AeC, Supplementary Figures 6 and 7). As already shown in
Figures 3D and 4C, altered pronephros structure was observed in EPO
morphants and EPO CRISPRants. Importantly, apoptotic cell number was
increased in the entire zebrafish embryo as well as in the pronephros. A
similar pattern was observed in EPOR morphants and EPOR CRISPRants
(Figure 5AeC, Supplementary Figures 6 and 7), indicating that EPO and
EPOR protect pronephros during embryonic development from cell
death. In order to validate the TUNEL data, apoptotic assay Annexin V for
FACS analysis [37] was used which detects both early and late stages
198 MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. T
within the apoptotic cascade. We also identified within pronephros of
EPO morphants an increased cell fraction of early and late apoptotic
cells, while only the late apoptotic cell fraction was significant increased
within EPOR morphants (Figure 5DeF). These results further supported
the idea that prevention of apoptosis driven by EPO and EPOR was also
essential for development of the pronephric system in zebrafish em-
bryos. Yet, these experiments did not conclusively show that increased
apoptotic cell number within pronephros of EPO and EPOR morphants
and CRISPRants was the cause for observed pronephric structural and
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Figure 7: EPO silencing aggravated pronephros structure and function in hyperglycemic zebrafish. A. Further enlarged glomerulus (white arrow head) and shortened pronephric
neck (white asterixis) in EPO þ Pdx1 morphants (EPO þ Pdx1 MO.) as compared to Pdx1 morphants (Pdx1 MO.) alone. White scale bar: 200 mm. B. Quantification of data in
Figure A performed in three independent experiments. (n ¼ 55e69 embryos per group). ***p < 0.001 as indicated. C. Elevated loss of 70 kDa dextraneFITC fluorescence at 24
hpi and 48 hpi in Pdx1 MO. as compared to Control MO. but decreased loss of 70 kDa dextraneFITC fluorescence at 24 hpi and 48 hpi in EPO þ Pdx1 MO. as compared to Control
MO. (n ¼ 39e44 embryos per group). Significance was given for Pdx1 MO. against Control MO. as ***p < 0.001, and for EPO þ Pdx1 MO. against Control MO. as ###p < 0.001.
All data were analyzed using the Student‘s t-test. Mean � s.e.m. D. Schematic illustration that EPO and EPOR maintain kidney structure and function through repressing apoptosis
and protect kidney pathogenesis under hyperglycemia condition.
functional alterations. In order to address this question, we performed
anti-apoptosis rescue experiments using zVAD-fmk, which previously
has been reported as an apoptotic inhibitory compound on zebrafish
embryos [35]. EPO and EPOR morpholinos were injected into zebrafish
embryos, which were then incubated in 20 mM zVAD-fmk as compared
MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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to egg water as control, starting from 24 hpf. Embryos were incubated
for additional 24 h and pronephros structure and function were analyzed
at 48 hpf and 72 hpf accordingly. Upon treatment with zVAD-fmk, EPO
and EPOR morphants showed a significant rescue of pronephric
structures as compared to those embryos without zVAD-fmk treatment
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(Figure 6A, B). Likewise, a pronephric functional assay was also
analyzed in EPO and EPOR morphants upon zVAD-fmk treatment and a
significant reduction of loss of fluorescence was found in zVAD-fmk
treated EPO and EPOR morphants (Figure 6C, D). To finally prove that
EPO driven pronephros development and protection of apoptosis was
indeed EPOR dependent, hEPO was intracardially injected at 24 hpf in
EPO and EPOR morphants, and TUNEL assay to detect apoptotic cells
assay was performed at 48 hpf. As shown earlier in EPO and EPOR
morphants, an increased number of apoptotic cells were observed,
which could be reduced upon hEPO injection in EPO morphants only
(Supplementary Figure 6). Taken together, these data identified EPO as
an important anti-apoptosis regulator within the zebrafish pronephros
via binding of EPOR and exerting its downstream function.

3.4. Loss of EPO in zebrafish aggravated hyperglycaemia induced
renal damage
To finally test our hypothesis that EPO protects kidneys from hyper-
glycemia mediated renal deterioration, we took advantage of a Pdx1
knockdown strategy as a hyperglycemic zebrafish model, which has
previously been described [35]. As compared to controls, Pdx1 mor-
phants at 48 hpf exhibited an enlarged glomerulus and shortened neck
(Figure 7A, B). Notably, pronephros structural alterations were further
worsened in hyperglycemic zebrafish upon EPO knockdown, as shown
by further increased glomerulus length and decreased neck length
(Figure 7A, B). Increased loss of fluorescence was observed in Pdx1
morphants as compared to control, which correlated with previously
published results [35] (Figure 7C). However, at 48 hpi, loss of fluores-
cence in EPO/Pdx1 double morphants was less increased as compared
to Pdx1 morphants and even to control morphants, which was likely
explained by further severed glomerulus filtration barrier formation in
PDX1/EPO double morphants (Figure 7B, C). Taken together, these data
suggested that EPO cooperated with EPOR to protect renal function by
repressing apoptosis under hyperglycemia condition (Figure 7D).

4. DISCUSSION

In this study, EPO was identified as a protective factor both in early
kidney development and hyperglycemia-induced kidney alterations in
zebrafish embryos and in human diabetics setting based on the
following observations: 1) EPO exhibited renal protective and pro-
teinuria ameliorating function in type 2 DM patients and in hypergly-
cemic zebrafish embryos. 2) Bioinformatic analysis revealed enhanced
co-expression of EPO and EPOR in the glomeruli and tubule of DN
patients. 3) Loss of function studies for EPO and EPOR showed renal
structure and functional alteration in zebrafish embryos. 4) EPO and
EPOR knockdown or knockout resulted in increased apoptosis within
zebrafish pronephros, which could be rescued by zVAD-fmk anti-
apoptosis treatment.
The important implication of the present study is that EPO is a renal
protective modulator among diabetic patients. GWAS suggested that
EPO plays an important role in diabetes [14]. To further investigate
the function of EPO in diabetes, serum samples from DM and non-
DM patients were collected and analyzed for EPO levels and a
negative correlation between serum EPO concentrations and DM
duration was uncovered, indicating that EPO levels gradually
decrease with the progression and duration of diabetes. Further-
more, GFR is also lower when EPO decreases. The above results
indicate that EPO loss is an activator for function deterioration of the
kidney in diabetes, unveiling a renal protection mechanism for EPO
in diabetes. This conclusion is further proven by the fact that EPO
knockdown further aggravated kidney alterations in hyperglycemia
200 MOLECULAR METABOLISM 8 (2018) 189e202 � 2017 The Authors. Published by Elsevier GmbH. T
zebrafish, indicating an important protective function for EPO in
diabetes and diabetic nephropathy.
Bioinformatic analysis of data from clinical DN patients receiving hEPO
treatment further identified a role for EPO in protecting against pro-
teinuria in DN patients. Enhanced co-expression of EPO and EPOR was
identified in both glomeruli and tubule of DN patients, suggesting that
the protective function of EPO is further enhanced by binding to EPOR
in diabetic nephropathy, although the overall serum EPO level is
decreased with DM progression. Further co-expression prediction
analysis by geneMANIA indicates that EPO could co-express with
NPHS1 and NPHS2, which are two genes crucially important for
glomerulus filtration barrier formation in humans [39,40]. As podocyte
loss and thus glomerulus filtration barrier damage proceeds patho-
logical alterations in diabetic nephropathy, proteinuria develops with
the progression of diabetic nephropathy [42,43]. The potential link
between EPO and proteinuria was further suggested by the fact that
end stage DN patients receiving hEPO supplementation show
decreased proteinuria as compared to patients without EPO supple-
ment. One thing worth noting is that patients with or without hEPO
injection exhibit no difference in angiotensin blocking medication and
hemoglobin level, excluding other potential proteinuria ameliorating
factors in those patients. In zebrafish, it is further proven that both EPO
and EPOR silencing result in proteinuria-like pronephros function
alteration by 70KD dextran functional assay. Lastly, podocin, the
zebrafish homologue of NPHS2, is also down regulated in its expres-
sion level upon EPO and EPOR knockdown, correlates with the gene
co-expression analysis in human.
Although reduced EPO concentrations are traditionally considered the
result of kidney failure due to the fact that EPO is mainly produced in
human kidney interstitial cells [9], our study indicates for the first time
that low EPO concentrations could be responsible for the deterioration of
kidney structure and function. This is strongly supported by our obser-
vations in zebrafish embryonic development that expression of the EPOR
receptor is mostly seen in renal cells which suggests a cell autonomous
function for EPOR in renal development. Mechanistically, we demon-
strated that increased apoptosis is detected within whole embryo as well
as in pronephros, which further explains the alterations in renal struc-
tural and functional. This is further proven by the fact that the apoptosis
inhibitor zVAD-fmk rescued pronephros structure and function in EPO
and EPOR silenced zebrafish embryos. Thus, our study reveals that EPO
plays a direct and critical renal protective function during development
by binding and activating EPOR and repressing apoptosis.
The current study also highlights zebrafish as a model organism to
analyze common and hyperglycemia-induced renal pathogenesis and
its mechanism in the embryonic stages. The pronephros alterations in
EPO silencing and hyperglycemic zebrafish embryos correlate with the
clinical result that EPO is lowered within diabetes duration and is
protective for kidney function. This is further strengthened by several
advantages of zebrafish as compared to other model organisms in
diabetes research, which includes visualization of early pronephros
alterations in a translucent, living vertebrate and simple and effective
manipulation of gene expression. Thus, zebrafish represent a powerful
tool for the fast induction of hyperglycemia or EPO-induced pronephros
pathologies, simple and fast analyses of genetic and biochemical
mechanisms that are involved in these pathologies, as well as
mechanism investigations for visible pathological alterations. This
study is, to the best of our knowledge, the first global EPO knockout
observation in vivo studying renal development.
The major limitation for the present study is that the evaluation of the
urine protein change in patients receiving hEPO supplement is only a
retrospective and observational study, in which the selection bias could
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


not be easily excluded. It was shown by our data that decreased EPO
during diabetes might contribute to the progression of nephropathy.
However, further experiments are required to clarify the mechanism
whether EPO is the cause or the result of kidney damage. In addition,
there is conflicting evidence regarding clinical mortality and morbidity
in diabetic patients with anemia when treated with hEpo [44e46].
Although our study suggested that EPO exerts reno-protective and
proteinuria-ameliorating functions in diabetes, we could not overlook
the potential toxicity of human recombinant EPO. As a result, ran-
domized control clinical trials are required over the long run to further
elucidate the proteinuria ameliorating function of EPO in clinical
practice. Meanwhile, it must be determined when and how much EPO
should be administered in order to minimize the potential detrimental
side effects. Developing novel and safer forms of recombinant EPO
might be also advisable in the future.
In conclusion, the current work establishes a protective function for
EPO and EPOR in renal development and diabetic kidney pathogenesis
on multiple levels. Data from the model organism zebrafish can be
further translated into human type 2 DM patients, indicating a link
between EPO loss and kidney function deterioration as well as pro-
teinuria under hyperglycemic condition. As a perspective, our data
strongly suggest that therapeutic strategies to block EPO loss or EPO
supplementation could be considered as a potential renal protective
treatment for type 2 DM patients, even before renal anemia treatment
in end stage kidney disease.
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