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1  | INTRODUC TION

Erythrocytosis comprises a heterogeneous group of disorders char-
acterized by the expansion of the erythrocyte compartment in the 
peripheral blood, clinically reflected by an increased hematocrit, he-
moglobin or red blood cell (RBC) number.1 Erythrocytosis is classi-
fied as congenital or acquired and its mechanism may be primary or 
secondary.2-5

Primary erythrocytosis results from a molecular defect in the 
hematopoietic progenitor cells, leading to cell hypersensitivity to 
erythropoietin (EPO) and consequently in serum EPO levels below 
normal. The primary cause of increased RBC number may be poly-
cythemia vera (PV) (acquired) or familial erythrocytosis (FE) (con-
genital). The mutation of a Janus kinase 2 (JAK2) gene is indicative 
for PV. The erythropoietin receptor (EPOR) mutation is the indicator 
for primary FE type 1 (ECYT1), also known as congenital erythrocy-
tosis (CE) or primary congenital familial polycythemia.6,7 Secondary 
erythrocytosis results from aberrant regulation of erythropoiesis 
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Abstract
Objectives: Erythrocytosis is characterized by the expansion of erythrocyte compart-
ment including elevated red blood cell number, hematocrit, and hemoglobin content. 
Familial erythrocytosis (FE) is a congenital disorder with different genetic background. 
Type 1 FE is primary FE caused by mutation in erythropoietin receptor gene (EPOR). 
Type 2‐5 FE are secondary FEs caused by mutations of genes involved in oxygen sens-
ing pathway important for erythropoietin (EPO) regulation. In the present study, we 
summarized associations between EPOR and EPO gene variations with development 
of FE and searched for genetic variants located within regulatory regions.
Methods: Publications reporting EPOR and EPO sequence variants associated with 
FE or clinical features of erythrocytosis were retrieved from PubMed and WoS. In 
silico, sequence reanalysis was performed using Ensembl genomic browser, release 
89 to screen for variants located within regulatory regions.
Results: To date, 28 variants of the EPOR and seven variants of the EPO gene have 
been associated with erythrocytosis or upper hematocrit. Sequence variants were 
also found to be present within regulatory regions.
Conclusions: Role of variants in regulatory regions of the EPO gene should be further 
investigated.
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promoting substances acting on hematopoietic progenitors, mainly 
EPO.4 Secondary congenital erythrocytosis is characterized by in-
appropriately normal or high serum EPO levels due to defects in the 
oxygen sensing pathway (ECYT2‐5) or variants effecting hemoglo-
bin oxygen affinity (ECYT6‐7)8 (OMIM).9 Defects in oxygen sensing 
pathway can be associated with pathogenic variants in one of the 
factors regulating EPO production; including von Hippel‐Lindau 
tumor suppressor (VHL) indicative for ECYT2, egl‐9 family hypoxia‐
inducible factor 1 (EGLN1, synonym PHD2) indicative for ECYT3, 
and endothelial PAS domain protein 1 (EPAS1, synonym HIF2A) in-
dicative for ECYT4. Recently, the EPO gene was added to the OMIM 
database as new cause for FE (indicative for ECYT5).9,10

Glycoprotein hormone EPO is the main regulator of red blood cell 
production. EPOR dimerization and activation by EPO leads to signal-
ing cascade triggering several genes responsible for proliferation, sur-
vival, and differentiation of erythroid progenitor cells, leading to a tight 
control of RBC production in the bone marrow.11 Hormone EPO and its 
receptor EPOR can therefore be involved in development of FE.

Erythropoietin receptor gene is located on 19p13.2. The 2459 bp 
long primary transcript variant 1 encodes 508 amino acids (aa) EPOR 
precursor, resulting in 484 aa long mature receptor. The mature 
receptor consists of an extracellular, a transmembrane, and a cyto-
plasmic region. Soluble (EPOR‐S) and truncated (EPOR‐T) isoforms 
associated with cancer have also been identified.12 Multiple EPOR 
mutations associated with ECYT1 have been described, lacking a 
signal termination due to truncation of the inhibitory domain SHP‐1/
SOCS‐3. All patients with EPOR mutations display suppressed serum 
EPO levels, but still produce erythroid colonies due to constitutive 
receptor activation. EPOR mutations have been found in 15% of all 
hereditary erythrocytosis cases.13

Erythropoietin gene is located at 7q22.1. Single 1340 bp long 
splice variant encodes a 193 aa erythropoietin precursor, resulting 
in 165 aa long mature hormone. EPO production is increased in hy-
poxia resulting from anemia or decreased cellular oxygen tension. 
Under normal oxygen tension, HIF‐alfa is hydroxylated by EGLN1 
(PHD2) and targeted by VHL for ubiquitin‐mediated degradation, 
resulting in no EPO production. Under hypoxic conditions, hydrox-
ylase activity is inhibited, therefore EGLN1 proteins are unable to 
hydroxylate HIF‐alfa allowing it to escape VHL protein recognition 
and subsequent degradation. HIF‐alfa can therefore form an active 
transcriptional complex with HIF‐beta, aryl hydrocarbon receptor 
nuclear translocator (ARNT). Hypoxia‐inducible factor (HIF) com-
plex translocates to nucleus and binds to the hypoxia response ele-
ment (HRE) of the target genes and upregulates expression of more 
than 200 genes, including EPO.2 Among members of HIF‐alfa gene 
family, EPAS1 (HIF2A) is involved in regulation of EPO production.14

Tissue‐specific expression of EPO gene in adult kidneys or fetal 
livers is dependent on far upstream cis elements and an enhancer 
element downstream from the poly‐adenylation signal.2 EPO gene 
expression is also regulated via stimulatory hepatocyte nuclear fac-
tor 4 alpha (HNF4A), inhibitory GATA binding protein 2 (GATA2), and 
NF‐kappa‐B (NFKB).15-17 The motif 5′‐RCGTG‐3′ has been reported 
as the core sequence for a HIF binding site.14,16,18,19TA
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One of the main obstacles in the research field presents the fact 
that terminology regarding genetic variants is heterogeneous and dis-
persed across publications and databases. Additionally, identification 
of regulatory regions was performed on various previous genomic as-
semblies and needs to be updated according to the genomic locations 
from latest genomic browsers. The main aim of the present study was 
therefore to: (a) summarize the literature and databases for associations 
between EPOR and EPO genes and familial erythrocytosis or its clinical 
signs and (b) to perform in silico sequence reanalysis of the EPO gene to 
identify variants overlapping regulatory sites.

2  | MATERIAL AND METHODS

Literature databases (PubMed and Web of Science; WoS) were 
screened for gene variations in EPO and EPOR genes in association 
with FE and its clinical characteristics: increased RBC mass, elevated 
hemoglobin, and hematocrit. The literature was retrieved using the 
keywords such as erythropoietin, erythropoietin receptor, muta-
tions, polymorphism, erythrocytosis, polycythemia, hematocrit, 
and elevated red blood cell number. The time span of the literature 

search was from 1/1993 to 4/2018. Nucleotide sequence, genomic 
coordinates, and variants were extracted from the Ensembl, release 
89.20 Obtained data were complemented with additional relevant 
genomic information. Reference SNP ID number (rs ID) if avail-
able, synonyms and clinical data were obtained from: The Single 
Nucleotide Polymorphism database (dbSNP),21 The Human Gene 
Mutation Database (HGMD),22 www.erythrocytosis.org and Leiden 
Open Variation Database (LOVD), release 3.0.23 Gene names were 
unified according to the HUGO Gene Nomenclature Committee 
(HGNC) database.24 Collected genomic data were organized and 
unified according to the human genome variation society (HGVS) 
recommendations.25 Locations of regulatory regions were extracted 
from the published literature and compared with genomic location 
of sequence variants deposited in the Ensembl browser.

3  | RESULTS

The review revealed that 25 genetic variants of the exon 8 of 
EPOR gene associated with FE are deposited in the LOVD data-
base. Literature review revealed three additional variants reported 

F I G U R E  1   Nucleotide sequence of the EPO gene 3′ enhancer, with marked sequence variants and regulatory regions. EPO, 
erythropoietin HAS, HIF ancillary sequence; HBS, HIF binding site; DR‐2, nuclear receptor half site

http://www.erythrocytosis.org


166  |     VOČANEC et al.

in1,26,27 (Table 1). Mutations result in premature termination and, 
consequently, these mutant receptors lack portions of the C‐termi-
nal EPOR cytoplasmic domain responsible for negative regulation.

Out of 11 tested sequence variants of the EPO gene, seven 
were associated with erythrocytosis or upper‐limit hematocrit 
(Table 2).4,10,28,29 Four tested sequence variants were not associ-
ated with FE or clinical signs.19,28 The first pathogenic variant of the 
EPO gene is located in the 5′ UTR region and it was reported by the 
WGS500 project. It was identified in two independent families with 
erythrocytosis and is sufficiently substantiated by segregation data 
to assume its disease causing effect, most probably due to increased 
EPO regulation.29 Three variants are located within exons 2 and 
4 in patients with FE4; however, the causative for FE needs to be 
confirmed. Pathogenic variant c.32delG located in exon 2 causative 
for FE was recently identified. This pathogenic variant introduces 
a frameshift in exon 2 and interrupts EPO mRNA translation from 
primary transcript variant 1. Increased transcription of EPO mRNA 
is initiated from an alternative promoter located in intron 1.10 Two 
sequence variants located within regulatory regions; rs1617640 and 
rs551238 were identified in blood donors with significantly increased 
hematocrit,28 however their causative for FE needs to be reviewed.

We also analyzed if retrieved EPO gene sequence variants are lo-
cated within regulatory regions. Genetic locations of binding regions 
for EPAS1 (HIF2A), ARNT (HIF1B), and HNF4A binding sites were 
retrieved from publications16,18,19 and mapped to the sequence ac-
cording to the latest genome assembly. Downstream from the EPAS1 
and ARNT binding site (HIF binding site, HBS), the EPO 3′ enhancer 
contains a series of CA repeats (HIF ancillary sequence, HAS) and 
two tandem consensus steroid hormone response elements 5′—
YGACCY—3′ separated by 2 bp, binding sites for HNF4A (nuclear 
receptor half site, DR‐2). The analysis revealed that seven variants 
associated with erythrocytosis or hematocrit level (Table 2) are not 
located within regulatory regions (Figure 1). We additionally screened 
Ensembl database and retrieved two SNPs located within regulatory 
regions (rs796952255 and rs539229161; Figure 1). These two SNPs 
have unknown function and were also not yet tested in association 
with FE.

4  | DISCUSSION

Most pathogenic genetic variants of EPOR the gene are causative for 
FE due to truncation of protein cytoplasmic region responsible for 
receptor negative regulation by SHP‐1 and SOCS‐3 binding to EPOR 
at 454 aa and 454‐456 aa, respectively.30-32 For example, variant 
c.1362C>G at 454 aa causes deletion of the last 55 aa,27 while the 
variant rs281860299 at 382 aa results in deletion of the last 127 
aa.33

In contrast, EPO variants are spread all over the gene and sev-
eral disease causing mechanisms seem to be involved. EPO variant 
c.‐136G>A is pathogenic due to increased EPO regulation29 and 
variant c.32delG due increased EPO production from alternative 
promoter.10 Variants in promoter and enhancer regions of EPO gene 

have been associated with elevated hematocrit suggesting involve-
ment in FE, since both regulatory regions have an important role in 
EPO expression. Variant rs1617640 and rs551238 of EPO gene have 
also been associated with diabetic retinopathy34 and hematopoietic 
disorder myelodysplastic syndrome.35

Identification of variants within EPO regulatory regions is of in-
terest since they could contain variants that constitutively activate 
the EPO gene. Sequence analysis of the 3′HRE region revealed four 
variants; however, none of which affected the HIF‐1‐binding site, al-
though one was present within HNF‐4 consensus region.19

Screening of the Ensembl database revealed two variants 
with unknown function located within regulatory regions. Variant 
rs796952255 is located in HBS, also termed as hypoxia response el-
ement (HRE). Variants located within HRE were previously termed 
as HRE‐SNPs.36 Additionally, variant rs539229161 is located within 
HNF4A binding region (DR‐2).

In conclusion, sequence variants of the EPO gene show potential 
for further functional analyses based on their location within pre-
viously reported regulatory regions, which might enable generating 
more targeted hypotheses for testing in the future and enable more 
efficient biomarker development.
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