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ABBREVIATIONS 

CAGE, Cap Analysis of Gene Expression; TPM, tag per million; LCM, laser capture 

microdissection; TH, tyrosine hydroxylase; mDA neurons, mesencephalic dopaminergic 

neurons; PD, Parkinson’s disease; SN, Substantia Nigra; VTA, ventral tegmental area; Met, 

methionine; TSS, transcription start site; EpoR, Erythropoietin Receptor; CEPO, 

carbamylated EPO; RACE, Rapid Amplification of cDNA Ends. 

 
Abstract 

Erythropoietin Receptor (EpoR) regulates erythrocytes differentiation in blood. In the brain, 

EpoR has been shown to protect several neuronal cell types from cell death, including the A9 

dopaminergic neurons (DA) of the Substantia Nigra (SN). These cells form the nigrostriatal 

pathway and are devoted to the control of postural reflexes and voluntary movements. 

Selective degeneration of A9 DA neurons leads to Parkinson’s disease (PD). 

 

By the use of nanoCAGE, a technology that allows the identification of Transcription Start 

Sites (TSSs) at a genome-wide level, we have described the promoter-level expression atlas 

of mouse A9 DA neurons purified with Laser Capture Microdissection (LCM).  

 

Here we identify mRNA variants of the Erythropoietin Receptor (DA-EpoR) transcribed 

from alternative TSSs. Experimental validation and full-length cDNA cloning is integrated 

with gene expression analysis in the FANTOM5 database. In DA neurons, the EpoR gene 

encodes for a N-terminal truncated receptor. Based on STAT5 phosphorylation assays, we 

show that the new variant of N-terminally truncated EpoR acts as decoy when co-expressed 

with the full-length form. A similar isoform is also found in human.  

 

This work highlights new complexities in the regulation of Erythropoietin (EPO) signalling 

in the brain. 

 

Introduction 

EpoR is an highly conserved member of the cytokine receptor super-family, whose activation 

is triggered by dimerization induced by EPO (Bazan 1989, Constantinescu et al. 1999, 

Livnah et al. 1996, Schneider et al. 1997, Yu et al. 2001). Since EpoR does not possesses 

endogenous tyrosine kinase activity, EPO binding initiates the phosphorylation of numerous 

receptor-associated proteins (Witthuhn et al. 1993) and in turn activate Janus kinase 
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(JAK/STAT)-, Ras/MAP (Ras protein/mitogen-activated protein) kinase-, 

phosphatidylinositol-3 kinase (PI-3 kinase)- as well as protein kinase C (PKC)- dependent 

pathways. The receptor-ligand complex is then internalized and degraded, while signalling 

pathways are terminated by dephosphorylation of EpoR and JAK-2 (Klingmuller et al. 1995). 

 

EpoR structure and function has been of great interest for the fundamental role of EPO in 

erythrocytes differentiation in blood and the consequent use of recombinant hEPO as 

standard of care for treatment of anemia.  

 

Recently, it has become evident that the EPO/EpoR system presents a broad range of non-

hematopoietic effects (Dame et al. 2001). Functional EpoRs have been found in non-

erythroid blood cell lines, as lymphocytes, myeloid cells, and megakariocytes. Furthermore, 

EpoR is abundantly expressed in the embryonic, fetal, and adult central nervous system 

(Marti et al. 1996). EpoR immunoreactivity has been found in the somata and proximal 

dendrites of neurons as well as in astrocytes and choroid plexus (Juul et al. 1998). While liver 

and kidney are the major site for production of EPO in fetal and adult organisms, biologically 

active EPO is also synthesized in the brain by selective types of neurons and glial cells 

having important roles in neurodevelopment and in modulation of neurotransmission 

(Digicaylioglu et al. 1995, Masuda et al. 1994). Administration of recombinant EPO to the 

brain improves learning and memory (Vogel & Gassmann 2011) and is neuroprotective 

against cell death induced by excitotoxicity, cerebral ischemia and traumatic injury (Brines et 

al. 2000, Chong et al. 2003, Digicaylioglu & Lipton 2001, Kawakami et al. 2001, Siren et al. 

2001). EPO may also stimulate neurogenesis and exert anti-inflammatory effects. All these 

features have suggested EPO as potential therapeutics for neurodegenerative diseases 

(Merelli et al. 2015, Tsai et al. 2006). Importantly, EPO displays trophic effects on A9 DA 

neurons of the Substantia Nigra (SN), the cells that degenerate in Parkinson’s Disease (PD). 

In vitro EPO promotes growth and differentiation of cultured DA cells, while in vivo it may 

trigger striatal dopamine release (Lee et al. 2003, Yamamoto et al. 2000). Furthermore, EPO 

protects A9 DA cells from neurochemical intoxication in PD models in vitro and in vivo 

(Erbas et al. 2015, Ganser et al. 2010, Jia et al. 2014, Qi et al. 2014, Signore et al. 2006, Xue 

et al. 2010, Xue et al. 2007). These data has led to first-stages PD clinical trials in human 

(Jang et al. 2014, Pedroso et al. 2012). 
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Cap Analysis of Gene Expression (CAGE) is based on sequencing the 5’ extremity of capped 

RNAs (sequence tags) and allows the precise mapping of Transcription Start Sites (TSS)s 

(Shiraki et al. 2003). Moreover, the number of sequence tags is proportional to the quantity 

of RNA in the cell or tissue of origin. Therefore, CAGE provides a qualitative and 

quantitative map of promoter activities genome-wide (Carninci et al. 2006, Gustincich et al. 

2003). More recently, the FANTOM5 project has developed a modified protocol for high-

throughput single molecule CAGE sequencing with Helicos (hCAGE). hCAGE has been 

applied to a wide range of human and mouse cell lines, primary cells and tissues, thus 

providing an unprecedented dataset of promoter usage (Forrest et al. 2014). Since CAGE 

typically requires a relatively large amount of starting material, we recently developed a 

miniaturized version of CAGE technology, that we named nanoCAGE for its requirement of 

just few nanograms of RNA (Plessy et al. 2010). NanoCAGE has been recently applied to 

identify active TSSs in mouse Olfactory Epithelium (OE) (Plessy et al. 2012). 

 

To gain insights into A9 DA cell physiology, we performed nanoCAGE analysis on isolated  

GFP-labeled neurons. By this experimental approach we have previously shown that A9 

neurons express a repertoire of Olfactory Receptors (Grison et al. 2014). Most importantly, 

we proved that they selectively expressed alpha and beta chains of hemoglobin, a protein 

previously thought to be present exclusively in the red blood cells (Biagioli et al. 2009). 

 

In this work we precisely map TSS distribution at EpoR gene locus in DA cells and extend 

this analysis to FANTOM5 dataset, proving that both mouse and human EpoR genes 

synthesize an N-terminal truncated isoform that acts as decoy for EPO signaling.  

 

Methods 

Bioinformatic analysis 

Analysis of FANTOM5 promoter-level expression atlas was performed  with publicly 

available datasets (http://fantom.gsc.riken.jp/5/) (Andersson et al. 2014, Arner et al. 2015, 

Forrest et al. 2014) and the Zenbu genome browser tool (Severin et al. 2014). Expression 

values were extracted with specific tools available on web-based Zenbu interface. 
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Animals 

All the experiments involving the use of animals were performed following permissions from 

SISSA Ethical Committee and in accordance with European guidelines for animal care. 

C57BL/6J (Harlan) were obtained from SISSA Animal Facility. TH-GFP/21-31 transgenic 

mice, courtesy of Matsushita et al. (Matsushita et al. 2002), were maintained in 

heterozygosity by breeding to C57BL/6J mice in SISSA Animal Facility.  

 

Laser Capture Microdissection (LCM) and tissue preparation 

LCM and pressure catapulting were used to harvest A9 neurons after fixation with a Zinc-fix-

based method that assured the preservation of both tissue morphology and RNA integrity. 

RNA was then used as template for nanoCAGE gene expression analysis. LCM was 

performed on 8 to 12 weeks old female TH-GFP/21-31 mice as previously described 

(Biagioli et al. 2009, Carrieri et al. 2012, Carrieri et al. 2015). 12 weeks old C57BL/6J 

female mice were used for in situ hybridization and immunohistochemistry experiments. 

Intracardiac perfusions were done under total anaesthesia. 

 

For RNA and protein assays, tissues (spleen, ventral midbrain and liver) were dissected from 

age and sex matched animals and immediately put in liquid nitrogen, stored at -80°C and 

subsequently processed.  

 

For preparation of membranes from mouse tissues, spleen and ventral midbrain were 

dissected and homogenized. Membrane preparation was performed using Qproteome cell 

compartment kit (Qiagen) according to manufacturer’s instruction. 

 

RNA purification, RT-PCR and RACE 

Total RNA was extracted from mouse tissues using Trizol reagent (Invitrogen) and purified 

on RNAeasy columns (Qiagen). RNA quality was tested on denaturing formaldehyde gels. 

RNA was extracted from LCM-purified neurons using Absolutely Nanoprep kit (Stratagene) 

according to manufacturer’s instructions and eluted in 12μl volume. RNA quality and yield 

was analysed with RNA6000 Pico Lab Chips (Agilent). All purified RNA samples were 

treated with DNase I (Ambion). Reverse transcription (RT) was performed with SuperScript 

III (Invitrogen). Non-quantitative PCR was done using ex-Taq (Takara) and following 

standard protocols.  
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Rapid Amplification of cDNA Ends (RACE) was performed with GeneRacer kit 

(Invitrogen), using purified RNA from mouse tissues and LCM-collected cells. All RACE 

reactions were carried out with nested PCR using Platinum Taq High Fidelity (Invitrogen). 

All PCR products were cloned into pGEM-T easy vector system and sequenced (IGA 

sequencing facility, Udine, Italy). 

 

List of primers used for PCR and RACE experiments is provided in Table 1. 

 

In situ hybridization 

Locked Nucleic Acid (LNA) DNA probes targeting EpoR exon1 and exon3 were designed 

using LNA Oligo Optimizer Tool and purchased from Exiqon. In situ hybridization with 

LNA probes was performed as previously described (Obernosterer et al. 2007). Briefly, after 

perfusion with 4% paraformaldehyde in TBS, mouse brain was removed, post-fixed, and 

cryoprotected overnight at 4 °C in 30% sucrose. In situ hybridization was performed on 

cryostat slices (16 μm) incubating LNA probes at 250 nM at 55°C for 16 h. Signal from LNA 

probes was detected with anti-DIG antibody (Sigma-Aldrich). DA neurons were visualized 

by immunofluorescence upon incubation with anti-TH antibody (Chemicon, 1:1000). 

Fluorescent dye-conjugated secondary antibodies (goat anti-rabbit 594 and goat anti-mouse 

488) were used for visualization. Sections were washed, mounted with Vectashield (Vector 

lab) mounting medium and observed at confocal microscope (LEICA TCS SP2). 

 

Cloning 

FL-EpoR: Full-length cDNA sequence for full-length EpoR (NM_010149) was amplified 

from spleen by PCR with the following primers: 

For EpoR exon1: 5’- TGACCCAGCTGTGGACTAGGGGAAA -3’ 

Rev EpoR exon8: 5’- GAGTCCTAGGAGCAGGCCACATAG -3’ 

DA-EpoR: DA isoform was cloned from LCM purified A9 neurons by PCR with the 

following primers: 

For EpoR TSS race: 5’ GAAGACTTGGTGTGTTTCTGGGAGGA -3’ 

Rev EpoR exon8: 5’- GAGTCCTAGGAGCAGGCCACATAG -3’ 

PCR products were inserted into pGEM-T-easy vector and sequence verified. For expression 

analysis in mammalian cells, FL-EpoR and DA-EpoR were sub-cloned into pCDNA3.1(-) 

using EcoRI restriction site. 
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Cell Culture 

Human embryonic kidney 293T (HEK 293T) cells were grown in DMEM (GIBCO) 

supplemented with 10% fetal bovine serum (SIGMA-ALDRICH), 100 IU/ml penicillin and 

100µm/ml streptomycin (SIGMA) at 37°C in a humidified CO2 incubator.  

 

MN9D-Nurr1Tet-On cells (Hermanson et al. 2003) were kindly provided by professor T. 

Perlmann (Ludwig Institute for Cancer Research, Stockholm, Sweden). Cells were 

maintained in DMEM/F12 medium (Invitrogen) supplemented with 10% fetal bovine serum, 

in presence of penicillin (50 units/ml), streptomycin (50 units/ml) and 250 mM Neomycin. 

Nurr1 expression was induced by 3μg/ml doxycycline hyclate (Sigma).  

 

Transfection was performed with Lipofectaime 2000 (Invitrogen) following manufacturer’s 

instructions. 

 

For receptor activation, transfected HEK 293T cells were treated with 5U/ml EPO (R&D 

system). Cell lysates were prepared in 2X Laemlli buffer, boiled and analyzed by Western 

Blot.  

 

Western Blot 

For Western Blot, samples were resolved on 10% and 12% SDS/PAGE, and proteins were 

transferred to nitrocellulose membrane (Schleicher&Schuell, Florham Park, NJ). Membrane 

was blocked with 5% non-fat milk in Tris buffer saline solution (TBST), then incubated 

overnight at 4°C with the following primary antibodies: anti-β-actin 1:5000 (A5441, Sigma), 

anti-EpoR N-term (W-20) and C-term (M20) (Santa Cruz Biotechnologies), anti-GFP rabbit 

polyclonal antibody 1:1000 (Life Techologies, Cat. No. A6445), anti-pSTAT5 1:1000 (Cell 

Signaling, #9351). Proteins were detected with the appropriate horseradish peroxidase-

conjugated secondary antibodies (DakoCytomation, Glostrup, Denmark) and ECL reagents 

(Amersham Pharmacia Biosciences). 

 

Immunohistochemistry and immunocytochemistry 

Immunohistochemistry was performed as previously described (Biagioli et al. 2009, Carrieri 

et al. 2012, Grison et al. 2014) on 16 μm-thick cryo-slices prepared from 12 weeks old 

C57BL/6J mice. Primary antibodies targeting N-term (anti-EpoR W-20) and C-term  (anti-

EpoR M20) of EpoR (Santa Cruz Biotechnologies) were used. DA neurons were identified 
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with anti-TH antibody 1:1000 (Chemicon). Immunocytochemistry experiments were 

performed on transfected HEK 293T cells following a non-permeabilization protocol as 

previously described (Grison et al. 2014). Cells were incubated with C-terminally targeted 

anti-EpoR M-20 antibody (Santa Cruz Biotechnology). All images were collected using a 

confocal microscope (LEICA TCS SP2). 

 

Post-mortem Human Brain Samples 

Brain samples were obtained from the Bio-Bank of the Institute of Neuropathology HUB-

ICO-IDIBELL (University Hospital of Bellvitge- IDIBELL Foundation), following the 

guidelines of Spanish legislation on this matter and in compliance with the Helsinki 

Declaration. Samples were dissected at autopsy with the informed consent of patients or their 

relatives and the institutional approval of the local Ethics Committee (HUB-ICO/CEIC). SN 

and cortex were dissected at the time of autopsy, and immediately frozen and stored at −80°C 

until use. RNA and proteins were extracted using Trizol reagent.  

 

Data access 

NanoCAGE sequences from A9 and A10 DA neurons have been submitted to the DNA 

DataBank of Japan Sequence Read Archive (DRA) under accession number DRA000475. 

Data will be available upon release of an accompanying manuscript (Lazarevic D., et al., 

submitted). Genomic tools and data downloads from the FANTOM5 project are summarized 

here http://fantom.gsc.riken.jp/5/. 

 

Statistical analysis. 

When required, we performed statistical analysis using Excel software. Data were obtained 

from n≥3 replicas. Statistically significant differences were assessed by Student’s t-test.  

 

Results 

Identification of alternative TSSs for EpoR in A9 DA neurons 

To study the physiology of A9 DA neurons, we revealed their expression profiles with 

NanoCAGE (Plessy et al. 2010) on LCM-isolated fluorescently labeled cells (Biagioli et al. 

2009). Purified RNA was used for transcriptome analysis. The complete description of A9 

transcriptional landscape will be presented elsewhere (Lazarevic D., et al., submitted).  

With NanoCAGE, we can annotate sequenced tags to the reference mouse genome, thus 

identifying TSS and promoter regions in DA cells.  
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Here we analyzed TSS usage in the EpoR gene. The Full-Length transcript for mouse EpoR 

(FL-EpoR) is localized on chromosome 9 and comprises 8 exons. While the canonical ATG 

is located in exon 1, exons 1-5 encode the extracellular ligand-binding region, exon 6 the 

transmembrane domain and exons 7-8 the cytoplamic C-terminal of the protein.  

 

As shown in Fig. 1, nanoCAGE tags mapping showed A9 neurons present alternative TSSs 

for EpoR. In details we identified three different TSSs: two intronic, mapping in the first and 

fifth introns and one located on the second exon. We named the two alternative transcripts 

originated from 5’ ends in first intron and second exon as DA-EpoRs. 

 

TSSs usage at EpoR locus in mouse tissues and cells 

To gather a broader view of mDA-EpoR expression, we interrogated FANTOM5 mouse 

datasets, including almost 1000 libraries from various cells and tissues (Arner et al. 2015, 

Forrest et al. 2014). To identify genome-wide promoter usage, the FANTOM5 consortium 

developed decomposition-based peak identification (DPI) method. For EpoR analysis, high 

reliable promoters were defined as “robust” by applying tag evidence thresholds. Expression 

is therefore based on RLE normalized values, filtered for 3 tags/library and measured as Tag 

Per Million (TPM) (Forrest et al. 2014). We visualized TSSs using the publicly available 

FANTOM5 Zenbu Genome Browser tool (Severin et al. 2014). For our analysis, we 

interrogated all hCAGE libraries pooled together and then we focused our attention on spleen 

and primary neurons derived from SN. Two major transcript variants exist, derived from 

major promoter1 (p1) and two minor “robust” promoters, both expressed in red blood cells-

derived libraries (Fig. 1). p1 supports expression of FL-EpoR as highly enriched in spleen, 

fetal liver and erythropoietin-stimulated J2E erythroblastoid cells. Alternative EpoR TSSs 

identify two minor promoters p@chr9_21766785 and p@chr9_21766830 that are located in 

the first intron. They are always expressed at lower levels than p1. Libraries from primary 

neurons derived from SN are included in mouse FANTOM5 collection, although no 

separation among different mesencephalic DA neurons is present. When lower thresholds for 

promoter identification are applied, the presence of “permissive” promoters is evident in SN 

neurons giving rise to additional variants of EpoR. Among these, TSSs are positioned in the 

first intron and in the second exon few base pairs apart from the TSSs of mDA-EpoR 

confirming their existence with an independent technology. Expression of alternative EpoR 

variants can also be measured in different brain regions, as cerebellum, cortex, hippocampus 

and striatum. 
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Validation of the expression of alternative EpoR transcripts in A9 DA cells and 

characterization of their molecular anatomy 

To validate the existence of 5’end variants of EpoR with an independent technology, we 

carried out 5’RACE from 5000 isolated A9 DA neurons. As control, 5’RACE was carried out 

on total RNA extracted from spleen, in which FL-EpoR, the canonical form of EpoR, is 

expressed at high levels. After the ligation of a synthetic RNA oligonucleotide to the 5’ end 

of decapped RNA and retrotrascription, first-step RT-PCR was carried out using the 

GeneRacer™ 5’ Primer and a reverse primer located to the third exon. Nested RT-PCR gave 

rise to a 500 bp long PCR product from spleen (as expected for a full-length transcript) and a 

fragment of smaller size (200 bp) from A9 DA neurons (DA-EpoR) (Fig. 2a). Sequencing 

confirmed nanoCAGE TSS identification at 280 bp 3’ to the canonical sequence and 

localized in the second exon of the EpoR gene.  

 

To confirm 5’RACE data, RT-PCR experiments were carried out with two different forward 

primers, one in the first exon and the latter in the second one coupled with a common reverse 

primer mapped on the third exon. As shown in Fig. 2b, EpoR gene was amplified starting 

from the first exon from spleen whereas in A9 neurons EpoR transcript was amplified when 

the forward primer located in the second exon was used. Interestingly, when we analysed 

RNA purified from ventral midbrain after extensive perfusion with TBS, we found 

expression of FL-EpoR transcript.  

 

RT-PCR was then carried out on spleen and A9 DA neurons RNAs with an unique forward 

primer located in the first exon in combination with reverse primers that mapped to all the 

eight exons of the gene.  

 

As shown in Fig. 2c, all these primer pairs were able to amplify EpoR transcripts when used 

on spleen cDNA. However, they did not amplify any transcript from A9 DA cells. When a 

forward primer on the second exon was used, EpoR transcripts were detected in A9 cells for 

all primer combinations. 

 

To elucidate the molecular anatomy of the 3’end, we carried out 3’RACE on RNA from 

spleen and 5000 A9 neurons harvested with LCM. The retrotranscription was performed with 

the GeneRacer™ OligodT Primer by taking advantage of forward primers mapping on the 
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fifth exon. As shown in Fig. 2d, the size of the amplicons in spleen and A9 showed no 

differences while cloning and sequencing confirmed the expected cDNAs. 

 

A combination of in situ hybridization with anti-tyrosine hydroxylase immunfuorescence was 

then carried out on coronal sections of ventral midbrain of mouse adult brains. Two LNA 

probes were used for in situ-hybridization: one was designed on the first exon, in order to 

detect only FL-EpoR; the second probe was designed on the third exon in order to detect all 

the transcripts encoding EpoR (Pan-EpoR). Extensive perfusion was performed to minimize 

blood contamination. Surprisingly, as shown in the Fig. 2e, LNA probes for exon 1 and exon 

3 gave both specific and reproducible signals in A9 DA neurons as identified by anti-TH 

immunoreactivity and anatomical localization. 

 

Altogether, these data indicate that FL- and DA-EpoR mRNAs isoforms are present in A9 

DA neurons. 

 

Protein expression analysis of DA-EpoR 

FL-EpoR sequence has the first ATG in the first exon and produces a protein of 507 amino 

acids. Since the DA-EpoR isoform lacks this exon, by conceptual translation we identified an 

open reading frame of 335 amino acids starting from a Methionine (Met) in the third exon. 

Interestingly, this Met corresponds to amino acid 149 of the full-length EpoR suggesting that 

DA-EpoR encodes for a N-terminal truncated variant that presents a shorter extracellular 

region while it maintains the transmembrane and cytoplasmic domains (Fig. 3a). 

 

FL- and DA- EpoRs cDNAs were then introduced into the pcDNA3.1(-) expression vector 

and transfected into HEK 293T cells that lacks endogenous EpoR. To confirm the different 

N-terminal regions and shared C-ends, the anti-C-terminal part of EpoR M-20 was used in 

combination with the anti-EpoR W-20 directed against the first aminoacids at the N-terminal, 

present exclusively in the FL-encoded form.  

 

As shown in Fig. 3b, the anti-EpoR M-20 antibody recognized two EpoRs of different size: 

one of about 68 kDa and a smaller one of about 38 kDa. As expected, the antibody directed 

against the N-terminal part of EpoR recognized only the FL-derived form, demonstrating that 

DA-EpoR lacks a part of its extracellular portion (Fig. 3b). These results were confirmed by 

immunofluorescence (Fig. 3c). 
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To assess if the truncated isoform of EpoR is expressed in a dopaminergic cell line in vitro, 

we took advantage of MN9D mouse dopaminergic cell line overexpressing Nurr-1 under a 

doxycicline inducible promoter MN9D-Nurr1Tet-On (Hermanson et al. 2003). Nurr-1 is a key 

dopaminergic transcription factor required for late-dopaminergic differentiation. Upon its 

activation, many DA-specific genes are induced including the vesicular monoamine 

transporter 2 (VMAT2). WB analysis was performed on undifferentiated cells and after 96 

hours from Nurr1 induction. As shown in Fig. 4a, these cells endogenously express both 

EpoR isoforms. 

 

At protein levels DA-EpoR expression is also detected in vivo from lysates prepared from 

mouse ventral midbrain (Fig. 4b). We then carried out membrane preparation from spleen 

and ventral midbrain of 1- and 12-months old mice using the Qproteome Cell Compartment 

Kit (Qiagen) noticing that DA-EpoR expression increases from one to 12 months of age (Fig. 

4c).   

 

A double immunohistochemical analysis with anti-EpoR M-20 (N-terminal) or W-20 (C-

terminal) was then performed in combination with an anti-TH antibody to identify A9 DA 

neurons. This experiment revealed that DA cells were positive for EpoR staining with both 

antibodies (Fig. 4d). As proved by WB, this experiment revealed that in addition to the N-

terminal truncated isoform, DA cells express the FL-encoded EpoR. 

 

STAT5 phosphorylation assay 

Since DA-EpoR is supposed to maintain EpoR binding, we monitor its activation by 

investigating the phosphorylation status of the transcription factor STAT5, EpoR major 

signalling target. After transfection with FL- or DA- EpoRs, HEK 293T cells were stimulated 

with 5 U/ml of recombinant human EPO (R&D system) for 15 minutes. As shown in Fig. 5a 

and Fig. 5b, EPO treatment was able to trigger STAT5 phosphorylation in the presence of 

FL-EpoR but not when DA-EpoR was expressed. The failure to induce STAT5 

phosphorylation was not due to insufficient amount of transfected DA-EpoR since increasing 

DA-EpoR quantity by inhibiting its degradation did not have any effects while transfecting 

10 fold lower amount of FL-EpoR was sufficient to activate signalling (Fig. 5c). 
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We then tested whether DA-EpoR may modulate FL-EpoR activity. To this purpose, we 

transfected HEK 293T cells with FL-EpoR or DA-EpoR alone, and with a combination of the 

two constructs, maintaining fixed FL-EpoR concentration while increasing DA isoform 

quantities. Cells were then treated with 5 U/ml EPO for 5’ and for 15’, and Western Blot was 

performed. As shown in Fig. 5d, when FL-EpoR is transfected in combination with the DA 

isoform, it failed to mediate STAT5 phosphorylation.  This was specific for DA-EpoR since 

the overexpression of an unrelated protein, GFP, was not able to modify the ability of full-

length EpoR to trigger STAT5 phosphorylation (data not shown). 

 

Alternative EPOR in human SN 

We then aimed to monitor the existence of alternative TSSs and their usage in human EPOR 

locus. We interrogated FANTOM5 hCAGE libraries from human cell lines, primary cells and 

tissues for a total of 1829 samples (Arner et al. 2015, Forrest et al. 2014). Of those, 86 were 

derived from human brain samples and comprised primary cells (neurons, astrocytes and 

Schwann cells) and selected brain areas from four independent donors.  

 

Three different TSS regions can be identified using “robust” DPI method and referred to as 

p2/p3/p4, p8/p9 and p1, from 5’ to 3’ according to the sense of transcription (Fig. 6a). These 

drive expression of alternative variants of EPOR mRNA. TSS from p2/p3/p4 originates full-

length mRNAs and is strongly used in CD34 precursor cells differentiated to erythrocyte 

lineage (160 TPM) and erythrocyte K562 cell line (30 TPM). p8/p9 is a weaker, erythrocyte-

enriched promoter (7-10 TPM in differentiated erythrocytes). It is used in a restricted number 

of samples (14/1829 libraries), including mast cells. Unexpectedly, p1 represents the stronger 

promoter at EPOR locus, being expressed in 58% of the samples (1062/1829 libraries). Its 

TSS is located in intron 4. Its highest expression can be measured in white blood cells 

(macrophages, monocytes, T and NK cells), with values ranging from 10 to 60 TPM. 

Interestingly, samples with high levels of p1 transcript have low-no usage of p2/p3/p4, as 

shown for T cell leukemia. 

 

In the brain, the use of full-length and p1-derived EPOR transcript variant is mutually 

exclusive (Fig. 6a). All human brain-derived libraries (N=82) express p1 derived-EPOR and 

are completely devoid of full-length RNAs. Conversely, in red blood cells, where the FL 

isoform is predominant, p1-derived variant is virtually absent. 
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Interestingly, when comparing TSS usage in human SN with whole blood sample (Fig 6a, 

normalized scale), we noticed that SN shows the almost exclusive expression of p1-derived 

EpoR while in whole blood, instead, full-length and p1-derived EPOR transcript variants co-

exist, possibly due to cellular composition of whole blood sample, which includes red and 

white cells. 

 

Validation of mRNA and protein expression of the human p1-derived EpoR variant 

To validate the anatomy of the 5’ends of EpoR mRNAs in human, we carried out a 5’RACE 

experiment from spleen and SN post-mortem tissues. After ligation of a synthetic RNA 

oligonucleotide to the 5’ end of decapped RNA and retrotrascription, we used two different 

strategies to discriminate full-length EpoR from truncated EpoR forms. For full-length 

mRNA identification, RT-PCRs were carried out taking advantage of GeneRacer™ 5’ 

primers coupled to a reverse primer in the third exon and a nested one in the second. To study 

the truncated isoform, we resorted to a reverse primer in the seventh exon and a nested in the 

sixth exon (Fig. 6b).  

 

We thus found a major product (380 bp) in the spleen corresponding to full-length EpoR and 

a product of smaller size (320 bp) in the SN. Subcloning and sequencing of these fragments 

confirmed the existence of an alternative TSS from p1 present in the SN that lies about 642 

bp 3’ to the canonical full-length 5’end and it is localized in the fifth exon of the human 

EpoR gene (Fig. 6a and Fig. 6b). As expected from FANTOM5 analysis, this truncated 

isoform is co-expressed with the full-length in the spleen, while it represents the major EpoR 

isoform in the SN. 

 

RT-PCR was then carried out on human spleen and SN RNAs to validate the molecular 

anatomy of transcripts. As shown in Fig. 6c, while spleen was expressing FL-EPOR, in SN 

only combinations of primers located in exons 5 to 8 were able to amplify a transcript.  

The p1-derived transcript presents an open reading frame of 285 amino acids starting from a 

Met in the fifth exon. Interestingly, this Met corresponds to amino acid 200 of the full-length 

EpoR suggesting a similar organization as in mouse. The p1-derived EpoR encodes for a N-

terminal truncated variant that presents a shorter extracellular region while it maintains the 

transmembrane and cytoplasmic domains (Fig. 6d). 
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Importantly, as sown in Fig. 6d, WB from lysates prepared from post-mortem human SN and 

cortex proved the existence of this truncated form of EpoR in vivo. Detection specificity was 

verified by competition assay. 

 

Discussion 

The discovery that EPO/EpoR system exerts crucial non-hematopoietic functions has 

triggered a lot of interest in defining tissue-specific elements of this signalling pathway. This 

is particularly relevant to tailor EPO administration as therapeutic treatment for diseases of 

the nervous system. 

 

While high-dose application of recombinant human EPO is the strategy of choice for treating 

acute conditions like stroke, long-term intervention for chronic neurodegenerative diseases 

eventually leads to several side-effects due to excessive stimulation of red blood cell 

production and consequent thromboembolic complications with potential lethality. 

 

One strategy to overcome this important limitation is the synthesis of chemically-modified 

forms of EPO that show preferential activation of signaling pathways in the brain. In this 

context, Carbamylated EPO (CEPO) does not have erythropoietic activity while confers 

neuroprotective function in several animal models of diseases, including Alzheimer’s disease 

and ischemic stroke (Armand-Ugon et al. 2015, Garcia-Rodriguez & Sosa-Teste 2009). Then 

a fundamental question involves EpoR structure and the existence of cell-specific isoforms as 

potential targets for drug design. Activation of JAK/STAT and Ras/MAP pathways involves 

the homodimerization of FL-EpoR. EPO can also signal via a heterodimeric receptor 

composed of an EpoR monomer chain and CD131 (Brines & Cerami 2006, Zhang et al. 

2009). The activation of this heterodimeric complex requires much higher concentrations of 

EPO and is found in non-erythroid cells (Hand & Brines 2011). 

 

In this context we are interested in the potential neuroprotective activity of EPO on 

mesencephalic A9 DA cells and its use as therapeutics for PD.  A9 DA neurons of the SN 

form the mesostriatal system and are involved in regulating voluntary movements and 

postural reflexes. They express enzymatic pathways involved in dopamine synthesis, release 

and metabolism. They also present a spontaneous pacemaker activity when in absence of 

synaptic inputs. A throughout transcriptional profiling of A9 neurons may provide 

fundamental information on their physiology and on the mechanisms of cell-type specific 
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dysfunction in PD. By taking advantage of nanoCAGE and FANTOM5 hCAGE we show 

mouse and human EpoR genes present alternative TSSs that give rise to N-terminal truncated 

EpoR. Importantly, we provide evidence that these are the main transcripts isoforms in non-

hematopoietic tissues.  

 

Several experimental data have been accumulated in support of the existence of these EpoR 

transcript variants. First, hCAGE and nanoCAGE show experimental evidences of TSSs. 

CAGE is the standard for promoter identification (Andersson et al. 2014, Arner et al. 2015, 

Forrest et al. 2014). NanoCAGE extends the ability to monitor genome-wide promoter usage 

to a homogenous population of a small number of purified cells (Plessy et al. 2010). The 

evidence of TSS variants on EpoR is supported by hCAGE experimental data on a very large 

collection of mouse and human samples in FANTOM5 and it is fitting perfectly nanoCAGE 

TSS distribution in A9 DA cells.  We have then provided additional experimental support by 

taking advantage of 5’RACE, RT-PCR and expression cloning. Importantly, we have then 

shown that DA cells in vitro and in vivo express a truncated form of EpoR protein with a size 

and immunoreactivity compatible with the molecular anatomy of transcripts. However, in situ 

hybridization, immunocytochemistry and WB analysis prove that FL-EpoR mRNA and 

protein do exist in DA neurons in vitro and in vivo while nanoCAGE and RT-PCR 

experiments on LCM-purified A9 cells failed to detect these transcripts. The biological 

and/or technical basis of these discrepancies remains unclear. Transcripts may contain 

different CAP structures and/or lengths of polyA tails that may favor or inhibit full-length 

cloning. Furthermore, differential harvest of subcellular compartments with LCM may lead to 

sampling of cell body- and dendritic-associated mRNAs. Further experiments are required to 

fully account for these differences.  

 

Conceptual translation of mouse and human EpoRs suggests that they maintain the WSXWS 

EPO-binding domain in the residual extracellular region. We have extensively tested whether 

the transfection of DA-EpoR alone was sufficient to activate signalling. To this purpose we 

have overexpressed DA-EpoR in HEK cells, added recombinant EPO and monitored its 

activity by assaying the phosphorylation status of STAT5, a well-known downstream target 

event of EPO-dependent pathways. While in these conditions transfected FL-EpoR was able 

to trigger a response in an highly reproducible manner, DA-EpoR failed to do so. No activity 

was also observed when we used CEPO (data not shown). Importantly, we also repeated the 

same experiments by co-transfecting DA-EpoR with full-length CD131, a partner of FL-
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EpoR in non-hematopoietic systems. Again, no STAT5 phosphorylation was evidenced upon 

EPO administration (data not shown). On the contrary, co-transfection of FL-EpoR and DA-

EpoR led to a strong, specific and reproducible inhibition of EPO signalling. 

 

Several open questions remain unanswered. First and foremost, DA-EpoR may be able to 

trigger a new signalling pathway that does not involve STAT5 activation. Recently, EPO has 

been shown to trigger a signaling cascade involving a serpin– lysosome–cathespin axis that is 

required for the cytoprotective effects of EPO on maturing populations of erythroblasts (Dev 

et al. 2013). Given the role of autophagy in the well being of A9 DA neurons and its 

dysfunction in PD, it will be interesting to assess whether these alternative pathways are 

indeed targeted by DA-EpoR activation. On the other hand, one may speculate that a still 

unidentified co-receptor may be needed for EPO signaling at DA-EpoR. Furthermore, it has 

been postulated that signaling may require components of the extracellular matrix or cell-to-

cell communication as well as the co-application of additional cytokines. All these important 

questions leave open the possibility that DA-EpoR may activate FL-EpoR-independent 

signaling events in physiological conditions.  

 

It is experimentally validated that at least in vitro DA-EpoR acts as a decoy for EPO/FL-

EpoR system. Given the well-established role of EPO signaling in A9 DA neurons as well as 

in non-hematopoietic cells, these results indicate that cells must express an heterogeneous 

repertory of EpoRs suggesting a previously unnoticed level of regulation. Intriguingly, we 

have found that the ratio between FL-EpoR and DA-EpoR in SN changes during lifetime in 

mice suggesting a potential mechanism for a decrease of neuroprotective activity of 

endogenous EPO in the aging brain. 

 

In summary, we have provided evidences of the presence of EpoR isoforms in non-

hematopoietic tissues that may help the rational design of a new group of drugs acting at this 

crucial signalling system and avoiding the unwanted detrimental effects on ectopic 

proliferation of erythroblasts. 

 

ARRIVE guidelines have been followed: 
Yes 
=> if No, skip complete sentence 
=> if Yes, insert "All experiments were conducted in compliance with the 
ARRIVE guidelines." 
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Figure Legends 

Table 1. List of primers for PCR and RACE. 

 

Fig. 1. TSS identification in A9 DA cells and in mouse tissues. Zenbu Genome Browser 

view of mouse Epor locus. Data from A9 nanoCAGE analysis (in red) are imported into 

Zenbu browser for visualization and comparison with FANTOM5 hCAGE data. EpoR gene 

(purple arrow) and anatomy of full-length transcript are shown on top. hCAGE data are 

presented for all libraries pooled together (ALL, n=1195) and for tissues/cells of interest 

(spleen, SN primary neurons). Purple arrows highlight alternative Epor TSSs identified by 
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nanoCAGE and FANTOM5 (p1, p2 and p3, p@chr9_21766785 and p@chr9_21766830, in 5’ 

to 3’ orientation relative to Epor). TSS supporting the expression of full-lengthEpor transcript 

in spleen and SNneurons is also indicated. Promoters identified with FANTOM5 

decomposition-based peak identification method are shown (original promoter nomenclature 

is given). A zoomed-in image of the genomic region around the 1st intron/2nd exon boundary 

is provided. A black arrow indicatesthe position of 5’RACE results from isolated A9 DA 

neurons. The validated sequence is highlighted by a blue box. 

 

Fig. 2. Molecular anatomy of EpoR mRNAs. (a) 5’ RACE validates the expression of DA-

EpoR in isolated A9 neurons. Total RNA was prepared from spleen and from LMC-purified 

A9 DA neurons. Schematic representation of primers used for 5’ RACE and nested PCR and 

their position on EpoR exons are indicated on the right. PCR products from spleen and A9 

cDNAs were analysed on agarose gel. A negative control PCR reaction (NT) was also 

included. (b) Alternative EpoR variant is expressed in A9 and A10 neurons. RT-PCR was 

performed on RNA prepared from isolated A9 and A10 neurons, and from ventral midbrain 

(VM) and spleen. For PCR amplification forward primers were designed on the first and 

second exon, as indicated. Reverse primer was placed on the third exon. Cellular purity was 

verified with primers targeting specific markers: Tyrosine Hydroxylase (TH) for DA neurons 

(A9 and A10) and Glial Fibrillary Acidi Protein (GFAP) for astrocytes. (c) A9 neurons 

express DA-EpoR. Transcript anatomy was verified by PCR with exon-specific primers, as 

indicated in the scheme. cDNA from spleen and from LCM-purified A9 neurons was used for 

PCR reactions. (d) DA-EpoR and FL-EpoR have the same 3’ end. Total RNA was prepared 

from spleen and LCM-purified A9 neurons. 3’ RACE was performed with specific primers as 

indicated on the right. (e) EpoR exon1 and exon3-specific LNA probes decorate mDA 

neurons. Ventral midbrain slices were processed for in situ hybridization experiments. 

Specific LNA probes were designed to target exon 1 and exon 3, as indicated (green). DA 

neurons were visualized by immunohistochemistry with anti-TH antibody (red). Nuclei are in 

blue (DAPI). Representative images of staining in A9 neurons are shown.  

 

Fig. 3. Alternative TTS usage encodes for a N-terminal truncated EpoR. (a) Schematic 

representation of FL- and DA-EpoR. FL- and DA-EpoR proteins (left) and transcripts (right) 

are shown. EpoR functional domains are indicated: extracellular domain (yellow), 

transmembrane domain (red) and intracellular domain (green). Aminoacid length for each 

domain is indicated at the bottom. (b) Expression of FL- and DA-EpoR. HEK 293T were 
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transfected with pcDNA3 plasmids encoding for FL- and DA-EpoR or with an empty vector 

(control). Total lysates were analysed by Western Blot with an anti-EpoR targeting the C-

terminus (left) or the N-terminus (right) of the protein. Molecular weights are shown on the 

left.C) Localization of FL- and DA-EpoR. Cells were transfected as in B. Anti-EpoR C-

terminus and N-terminus specific antibodies were used for immunocytochemistry. EpoR 

signals are in green, nuclei in blue. Mock-transfected cells were used as control. 

 

Fig. 4. Endogenous EpoR variants are expressed in dopaminergic cell line and in mouse 

brain. (a) Murine dopaminergic MN9D-Nurr1TetOn cells were differentiated with 

Doxycycline. Endogenous FL- and DA-EpoR variantswere detected by Western Blot with 

anti-EpoR C-terminal specific antibody.β-actin was used as loading control. Western Blot 

with lysates from HEK 293T cells transfected with FL- and DA-EpoR plasmids were used 

for reference of protein signals. (b) DA-EpoR is detected in the pellet fraction from mouse 

midbrain. Ventral midbrain was dissected from mouse brain after extensive perfusion with 

TBS. Total protein lysate was prepared and used to separate pellet and supernatant fractions. 

Proteins from each fraction were analysed with anti-EpoR (C-terminal) antibody. Asterisks 

indicate unspecific bands. (c) Endogenous DA-EpoR is detected in mouse brain of young and 

aged mice. Spleen and ventral midbrain were dissected from 1 month (1M) and 12 months 

(12M) mice and used to prepare protein lysates. Endogenous EpoR isoforms were detected 

using C-terminal specific antibody, as in B. β-actin was used as loading control. Lysates from 

FL- and DA-EpoR transfected HEK 293T cells were used as positive controls. (d) 

Endogenous EpoR is detected by immunohistochemistry in DA neurons. Ventral midbrain 

slices were stained with anti-EpoR (green) using C-terminal specific (upper panels) and N-

terminal specific (lower panels) antibodies. DA neurons were visualized with anti-TH 

antibody (red). Nuclei were stained with DAPI (blue). Examples of EpoR-expressing TH-

positive neurons are indicated with white arrows.  

 

Fig. 5. DA-EpoR acts as decoy for EPO-mediated STAT5 phosphorylation. (a) DA-EpoR 

does not activate p-STAT5. HEK 293T cells were transfected with FL-EpoR or DA-EpoR, as 

indicated. Mock-transfected cells were used as controls. 48h after transfection, cells were 

treated with 5U/ml EPO for 15 minutes or left untreated. EPO-mediated EpoR activation was 

monitored by Western Blot using anti-phosphorylated STAT5 (p-STAT5) antibody. 

Expression of EpoR variants was checked with anti-EpoR C-terminal antibody. (b) FL-EpoR 

can signal even when expressed at low doses. HEK 293T cells were transfected with 
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decreasing quantities of FL-EpoR or with high dosage of DA-EpoR, as indicated and treated 

as in A. EpoR levels and EpoR activation were measured with anti-EpoR (C-terminal) and 

anti p-STAT5 antibodies (as in A). (c) DA-EpoR stimulation upon proteasome 

inhibition.Cells were transfected with FL-EpoR or DA-EpoR, as indicated. Cells transfected 

with the DA-EpoR construct were treated with the proteasome inhibitor MG 132 to promote 

protein stabilization. Control cells were left untreated. 48h after transfection, cells were 

pulsed with 5U/ml EPO for 15 minutes and EpoR activation was monitored as in A. (d) 

Increasing doses of DA-EpoR plasmid were used to transfect HEK 293T cells in combination 

with FL-EpoR. Cells transfected with FL- or DA-EpoR alone wereincluded as controls. After 

transfections, cells were treated with 5U/ml EPO for 5 and 15 minutes. Control cells were left 

untreated. Activation of EPO/EpoR signalling was monitored by p-STAT5. Anti-EpoR C-

terminal antibody was used to monitor expression of EpoR variants. β-actin was included as 

loading control.  

 

Fig. 6. Alternative EPOR in human SN. (a) Zenbu Genome Browser view of human EPOR 

locus.EpoR gene (purple arrow) and anatomy of full-length transcript are shown on top. 

Promoters identified with FANTOM5 decomposition-based peak identification method are 

shown (original promoter nomenclature is given): p2/p3/p4, p8/p9 and p1 are indicated in 5’ 

to 3’ direction. Tracks of hCAGE data are presented for all libraries pooled together (ALL, 

n=1829) and for tissues/cells of interest, showing alternative TSS usage (CD34 

differentiation to erythroblasts, T cell leukemia cells, whole blood andSN). In each track, 

purple arrows highlight TSSs for EPOR variants identified by FANTOM5, including DA-

EPOR. TSS supporting the expression of full-length Epor transcript in ALL, CD34 cells and 

whole bloodis also indicated. A zoomed-in image of the genomic region around the 4th 

intron/5th exon boundary is provided, showing TSS usage in SN. A black arrow indicates the 

position of 5’RACE results from human SNpost-mortem tissue sample. The validated 

sequence is highlighted by a blue box. (b) 5’ RACE validates the expression of alternative 

EPOR in human Substantia Nigra. Total RNA was prepared from spleen and Substantia 

Nigra (SN), as indicated. PCR products obtained from full-length (FL) or truncated (T) 

protocols were analysed on agarose gels. Specific bands were validated upon cloning and 

sequencing (red square). Schematic representation of primers used for 5’ RACE and nested 

PCR and their position on EPOR exons are indicated on the right. (c) Expression of 

alternative EPOR variant in human SN. Transcript anatomy was verified by PCR with exon-

specific primers, as indicated in the scheme. cDNA from spleen and SN was used for PCR 
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reactions. (d) Human DA-EPOR can be detected in human brain regions. Protein lysates were 

prepared from samples of human cortex and SN. Extract from mouse DA-EpoR transfected 

HEK 293T cells was loaded as positive control. Human DA-EPOR was detected with anti-

EpoR specific antibody (left panel). Signal specificity was checked by competition 

experiment(right panel). Asterisks indicate unspecific bands. 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

    

 


