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“You look at science (or at least talk of it) as some sort of demoralising
invention of man, something apart from real life, and which must be
cautiously guarded and kept separate from everyday existence. But science
and everyday life cannot and should not be separated. Science, for me, gives
a partial explanation for life. In so far as it goes, it is based on fact, experience

and experiment.” Rosalind Franklin: “The Dark Lady of DNA".

In memoriam of victims of COVID-19 pandemic.
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Resumo

Eritrocitose, ou policitemia, ¢ uma patologia caracterizada por um aumento significativo da massa
eritrocitaria (>125%), dos niveis de hemoglobina e hematdcrito, em relagdo aos valores de
referéncia, tendo em conta a idade e o sexo. A eritrocitose pode ser congénita (EC) ou adquirida.
De acordo com os mecanismos fisiopatologicos ¢ com base nos niveis de eritropoietina (Epo) é
classificada como primaria ou secundaria. A eritrocitose primaria é causada por um defeito
intrinseco nos precursores dos eritrocitos e, portanto, independente dos niveis de Epo, sendo a
forma congénita devida a presenga de variantes patogénicas de ganho de func¢do nos genes EPOR
e SH2B3 e a forma adquirida, Policitemia Vera, devida variantes patogénicas somaticas no gene
JAK?2. Estas variantes levam a ativacao constante do recetor de eritropoietina apds ser estimulado
pela Epo. A EC secundaria resulta de uma regulagdo positiva da transcrigdo do gene da Epo, EPO,
a qual pode ser provocada por defeitos nos constituintes da via de detecdo de oxigénio,
molecularmente caracterizada por variantes patogénicas nos genes VHL, EPO, EGLNI e EPASI,
ou com origem em hemoglobinas com alta afinidade para o oxigénio, devido a variantes
patogénicas nos genes globinicos (HBB, HBA1, HBA2) ou nos genes BPGM e PKLR. A eritrocitose
secundaria adquirida é devida a patologias ou fatores externos que induzem a hipoxia tecidual,
fatores fisiologicos que induzem a diminui¢do no volume do plasma sanguineo ou a presenca de
tumores que induzem um aumento de produgdo de Epo. Estdo descritos onze genes onde variantes
patogénicas de ganho ou perda de fung@o foram associadas a EC (EPOR, SH2B3, VHL, EPO,
EGLNI, EPASI, HBB, HBA1, HBA2, BPGM ¢ PKLR). No entanto aproximadamente 60% dos
pacientes continua sem uma etiologia molecular identificada, sendo designados como portadores
de eritrocitose idiopatica (EI). Estudos de Sequenciacdo de Nova Gerac¢do (NGS) sdo fundamentais
para a identificagdo novas variantes nos genes ja descritos ou em genes candidatos, que possam
esclarecer a origem da patologia.

Métodos: Neste estudo foram analisadas 77 amostras de individuos com EI, acompanhados na
Unidade de Eritropatologia e Metabolismo do Ferro, do Laboratorio de Hematologia Molecular -
Centro Hospitalar e Universitario de Coimbra. Os testes de laboratorio foram orientados pela
historia clinica e familiar ¢ pelos niveis de Epo, usando a sequenciagdo Sanger e NGS, com um
painel de genes dedicados a EC, para encontrar variantes patogénicas que justifiquem o fenotipo
apresentado.

Resultados e Discussiao: O estudo realizado permitiu a identificagdo de variantes em 28 dos 77
individuos estudados. Em 5 pacientes, foram detetadas 4 variantes patogénicas que ja estavam
descritas como associadas a EC, nos genes SH2B3, HBB ¢ VHL, Em 15 pacientes foram detetadas
13 variantes novas nos genes EPOR, JAK2, SH2B3, EGLNI, EPASI, EPO, PKLR ¢ VHL. Em 8
pacientes encontramos 6 novas variantes em genes candidatos, EGLN2, EGLN3, HIF 1o, HIF3a e

PIEZOI. O grau de patogenicidade das variantes encontradas foi avaliado pelo uso de ferramentas
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in silico. Das 18 variantes analisadas: 6 foram classificadas como Patogénicas, 1 como Provavel
Patogénica e 4 como Variantes de Significado Indeterminado. Das restantes, 7 variantes foram
classificadas como Benignas ou Provaveis Benignas.

Conclusio e Perspectivas Futuras: Este estudo permitiu a identificacdo de variantes patogénicas
em 5 dos individuos estudados. Em 18 individuos foram detectadas variantes classificadas pelas
ferramentas in silico como provavelmente patogénicas ou de significado indeterminado. Sera
necessario confirmar a patogenicidade destas variantes com estudos familiares e funcionais. A
verificar-se serem variantes patogénicas, o estudo realizado tera contribuido para a identifica¢do da
causa molecular responsavel pela EC em 11 do total de 18 amostras estudadas pelas ferramentas in
silico. Estudos de sequenciagdo completa do exoma ou do genoma serdo necessarios para identificar
novos genes que possam estar associados a EC e permitirem o diagnéstico dos restantes individuos
que permanecem como IE.

Palavras-chave: eritrocitose congénita, eritrocitose idiopatica, eritropoietina, hipoxia, Sanger,

Sequenciagdo de Nova Geragdo (NGS).
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Abstract

Erythrocytosis or polycythemia is a pathology characterized by a significant increase in erythrocyte
mass (>125%) as well as an increase in hemoglobin and hematocrit levels to reference values
according to age and sex. Erythrocytosis can be congenital (CE) or acquired. According to
pathophysiological mechanisms and based on the levels of erythropoietin (Epo), they can be
classified as primary or secondary. Primary erythrocytosis is caused by an intrinsic defect in the
erythroid precursors and, therefore, independent of Epo levels, the congenital form is molecularly
characterized by pathogenic variants in the EPOR and SH2B3 genes and the acquired form,
Polycythemia Vera, by somatic pathogenic variants in JAK2 gene. Variants in these genes lead to
constant activation of the erythropoietin receptor after being stimulated by Epo. Secondary CE
results from up-regulation of EPO transcription, which can be caused by defects in the components
of the oxygen-sensing pathway, molecularly characterized by pathogenic variants in the VHL, EPO,
EGLNI, and EPAS1, or with origin in hemoglobin with high oxygen affinity, due to pathogenic
variants in the globin genes (HBB, HBA1, HBA2), or in the BPGM and PKLR. Secondary acquired
erythrocytosis results from external factors that induce tissue hypoxia, by a physiological factor
that causes a decrease in blood plasma volume, or by tumors that induce higher Epo production.
(EPOR, SH2B3, VHL, EPO, EGLNI1, EPASI, HBB, HBAl, HBA2, BPGM ¢ PKLR). However,
approximately 60% of patients still do not have an identified molecular etiology, being designated
as having idiopathic erythrocytosis (IE). Next-Generation Sequencing (NGS) studies are essential
to identify new pathogenic variants in genes already described or in candidate genes that can clarify
the origin of the pathology.

Design and Methodology: In this study, 77 samples of patients with IE, followed up at the Unidade
de Eritropatologia ¢ Metabolismo do Ferro, do Laboratério de Hematologia Molecular - Centro
Hospitalar e Universitario de Coimbra, were analysed. Laboratory tests were guided by clinical and
family history and Epo levels, using NGS and Sanger sequencing, with a NGS panel of genes
dedicated to erythrocytosis to find pathogenic variations which justify the presented phenotype.
Results and Discussion: The study carried out allowed the identification of variants in 28 of the
77 individuals studied. In 5 patients, 4 pathogenic variants that were already described as associated
with CE were detected in the SH2B3, HBB, and VHL genes. In 15 patients, 13 new variants in
EPOR, JAK2, SH2B3, EGLNI, EPASI, EPO, PKLR, and VHL genes were detected. In 8 patients
we found 6 new variants in candidate genes, EGLN2, EGLN3, HIFla, HIF3o and PIEZOI. The
degree of pathogenicity of the variants found was evaluated using iz silico tools. Of the 18 variants
analysed: 6 were classified as Pathogenic, 1 as Likely Pathogenic and 4 as Variants of Uncertain
Significance. The remaining 7 variants were classified as Benign or Likely Benign.

Conclusion: This study allowed the identification of pathogenic variants in 5 of the individuals

studied. In 18 individuals, variants classified by the in silico tools as probably pathogenic or of
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uncertain significance were detected. It will be necessary to confirm the pathogenicity of these
variants with family and functional studies. When verifying that they are pathogenic variants, the
study carried out allowed the identification of the molecular cause responsible for CE in 11 of the
18 samples studied by in silico tools. Complete exome or genome sequencing studies will be needed
to identify new genes that may be associated with EC and allow diagnosis of the individuals who
remain as IE.

Key Words: congenital erythrocytosis, idiopathic erythrocytosis, erythropoietin, hypoxia, Sanger,
Next-Generation Sequencing (NGS)
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1. Introduction




1.1. Background: Red Blood Cells — Functions, structure,
and genesis.

Red blood cells (RBCs), also known as erythrocytes, constitute the most abundant cell type
in the body, whose functions are to perform tissue oxygenation through blood flow, carbon dioxide
(COy) transport to the elimination and blood buffering by acid-basic regulation [1]. These cells
have a lipoprotein cell membrane, giving the cell a capacity for stability and structural breakdown,
so they can easily deform and return to their usual shape, allowing greater mobility in the circulatory
system and through the capillary network. Mature cells have a biconcave disk shape, without
nucleus or organelles, which allows for a greater accumulation of hemoglobin (Hb). It is through
Hb molecules that RBCs can transport oxygen (O>) to tissues, allowing them to perform their main

function [1,2].

During the first embryonic stage, the erythrocytes progenitor cells are produced in the yolk
sac by a process called erythropoiesis. At six weeks of uterine life, erythrocytes start to be produced
and matured mainly by the liver, and in smaller proportions by the spleen and lymph nodes.
Furthermore, it is only at the third month of uterine life that this process gradually becomes carried
out by the bone marrow, where they will start to be fully produced at the ninth month of gestation,
after birth and throughout life. Until the age of five years, the erythrocytes are produced by all
bones, from this age on the bone marrow of long bones, and by the age of twenty years they start
to be produced only in marrow of membranous bones. An adult produces an average of

approximately 2.4 million new RBCs every second [2,3].

The erythroid precursor can be divided into two strains termed burst-forming unit erythroid
(BFU-E) and colony-forming unit erythroid (CFU-E). In a semi-solid culture medium, the human
cell line BFU-E takes 14 days to form more mature CFU-E colonies which complete their cycle
after 7 days giving rise to mature erythrocytes [2,4,3]. Erythropoiesis is effectively regulated by
extracellular signals, such as erythropoietin (Epo) which is a hormone whose levels are the most

significant regulator of RBCs production, other ones are interleukins and glucocorticoids [2,5].

Epo is a glycoprotein of the cytokine family, which production is performed mainly by
kidney cells (90%), with a minor contribution of hepatocytes (10%). Its production is conducted by
the oxygen-sensing pathway and regulated by a family of transcription factors called Hypoxia-
Inducible Transcription Factors (HIF). HIF is a heterodimeric molecule composed by two subunits,
HIFa subunit, which has three isoforms: HIF 1a, HIF2a, HIF3a, and HIF subunit. Under hypoxia
physiological conditions, HIF2a translocates to the cell nucleus, binding to HIFp, inducing EPO

transcription, and then Epo will be released into the blood circulation. Whereas in normoxia state,
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HIF2a is hydroxylated by prolyl hydroxylase domain proteins (PHD2) and von Hippel-Lindau
tumor suppressor (VHL) signals to the ubiquitin-proteasome complex promoting the degradation

of the HIF2a molecule, performing a negative control for the Epo production [6,7,4,8].

Indeed, for proliferation and differentiation of the towards mature erythrocytes, Epo needs
to bind to a specific receptor called Erythropoietin Receptor (Epor) located at the surface of the
erythroblast. When this binding occurs, it triggers a cascade of phosphorylation by Janus kinase 2
(JAK?2)/Signal transducer activator of transcription 5 (STATS) pathway (JAK2/STATS pathway)
[9,10,2,4,8]. There are precise homeostatic mechanisms to ensure sufficiently, but not excessively,
RBC production (Figure 1). Any imbalance in those homeostatic mechanisms can lead to

pathologies such as anemia or erythrocytosis [5,6].
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FIGURE 1: Schematic representation of the genes and mechanisms involved in Congenital
Erythrocytosis (ECYT1-8) and Polycythemia Vera.

A) Oxygen sensing; B) Signaling for proliferation and differentiation of erythroblasts; C) Oxygen
transfer A) Erythropoietin (Epo) production is performed by kidney cells and hepatocytes in
response to hypoxia conditions. In normoxia conditions, the Hypoxia-Inducible Factor 2o (HIF-2a)
is hydroxylated by Propyl Hydroxylase Domain-containing Protein 2 (PHD2) and binds the von
Hippel Lindau protein (VHL) that induces its ubiquitination and degradation. In the absence of
oxygen, hydroxylase activity of the PHD?2 is reduced and HIF2a is stabilized, translocates into the
nucleus and associates to HIF-B. The active HIF transcription factor induces expression of a
number of target genes, including Epo. B) Epo is released in the circulation and is transported to
the bone marrow, Epo binds its receptor, Epor, on the erythroblast cells. Epor phosphorylates Janus
Kinase 2 (JAK2), which activates signaling cascade for proliferation and differentiation of
erythroblasts to Red Blood Cells (LNK is an inhibitor of JAK2) and C) The RBC reestablish tissue
oxygenation through of the blood flow. Hemoglobin alpha (HBA1 and HBA2) and beta (HBB)
compound tetramer protein responsible for transporting O, The regulation of hemoglobin oxygen
affinity system is controlled by endogenous heterotropic ligands, such as 2,3-bisphosphoglycerate
(2,3-BGP) The BPGM is an enzyme that catalyzes 1,3-bisphosphoglycerate (1,3-BPG) to 2,3-BPG.

21



1.2. Erythrocytosis

Erythrocytosis, also called polycythemia, is a rare disease characterized by an increase in
the erythrocytes mass. This condition was discovered 150 years ago by the French physician and
physiologist Denis Jourdanet. He studied the effects of high altitude and low partial pressure of
oxygen affecting people's health, comparing the blood of people living at high altitudes with the
blood of people living at sea level. In this study, he found that the blood of people living at higher
altitudes is more viscous than that of people living at lower altitudes [6,11]. Blood hyperviscosity,
which is a consequence of increased red cell mass and elevated Hb, can result in a variety of
nonspecific and moderate clinical features, including headache, fatigue, paraesthesia, blurred
vision, vertigo, red suffused eyes, redness of the hands, and arterial hypertension. However, critical
and potentially life-threatening situations can also occur, such as acute myocardial infarction,
stroke, or peripheral thromboembolic phenomena [6,12]. In specific situations, routine
phlebotomies should be prescribed to prevent complications and alleviate symptoms caused by
blood hyperviscosity [13,12,14,15,5].

The World Health Organization (WHO) classifies erythrocytosis as a pathology
characterized by an increase in the hematocrit (Hct) and the hemoglobin value above the reference
values for sex, age, and living at high altitude, which associates with an increase in the erythrocytes
mass in the peripheral blood. WHO’s classification defines erythrocytosis as follows: elevated mass
of RBCs (>125%) for both sex, males with Hb values greater than 18.5 g/dL or Het greater than 52
percent, females with Hb values greater than 16.5 g/dL or Hct greater than 48 percent, observed in
separate blood counts performed at different time points [5,16]. There are three different forms of
erythrocytosis, namely relative, apparent and absolute. Relative erythrocytosis occurs due to a
decrease in blood plasma associated with the use of diuretics, severe diarrhea and/or vomiting.
Apparent erythrocytosis is related to arterial hypoxia associated with smoking, exposure to carbon
monoxide and sleep apnea. Finally, absolute erythrocytosis is a pathology that can be classified as

primary or secondary, with acquired or congenital origin (Figure 2) [17,18,16].
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FIGURE 2: Classification of Absolute Erythrocytosis and associated genes.
Epo: erythropoietin.

Erythrocytosis can be congenital (CE) or acquired, according to pathophysiological
mechanisms, and based on erythropoietin (Epo) levels can be classified as primary or secondary.
The main feature of primary erythrocytosis is normal or low Epo level due to molecular defects in
JAK2, EPOR, and SH2B Adaptor Protein 3 (SH2B3), leading to changes in EPOR functionality
[9,19,20]. The acquired erythrocytosis or classical Polycythemia Vera (PV) is a myeloproliferative
disorder characterized by somatic pathogenic variants in JAK2 gene, with V617F and exon 12
variants being the most frequent and responsible for 96% of the cases described. PV can manifest
with thrombotic events, the main cause of morbidity and mortality. In fact, about one third of the
patients with PV have a thrombotic event during their lifetime, and younger patients have an
increased risk of early death from cardiovascular disease in comparison with the general population,
representing 45% of all deaths [21,12,6,22]. In order to diagnose the classical acquired form, it is
important to perform a bone marrow biopsy, allowing to confirm hypercellularity and panmyelosis,
and, additionally, a positive test for a JAK?2 variants [23—-25]. Congenital Erythrocytosis Type 1
(ECYT1) or Primary Familial and Congenital Polycythemia (PFCP) is a rare proliferative disease
of HSCs, with a dominant transmission pattern. Patients with ECYT1 have usually a strong family

history of erythrocytosis and are negative for JAK2 V617F and exon 12 variants. When suspecting
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of acquired congenital erythrocytosis, EPOR should be the first gene to be studied. However, if no
pathogenic variants is found in EPOR, other genes as SH2B3 or JAK?2 should be analysed [12,5,20].

Secondary erythrocytosis differs from primary CE because it doesn't occur due to defects
in erythroblasts, but rather in the Epo production pathway, also known as the oxygen sensing
pathway, being characterized by higher levels of Epo or inadequate normal levels [6]. Secondary
erythrocytosis can also be congenital or acquired. The acquired is form is the most frequent and is
due to some pathologies, such as cardiac and pulmonary deficiencies, renal and hepatic diseases,
erythropoietin-secreting tumors, androgen administration, or high-altitude disease. Congenital
secondary erythrocytosis is rare, 40% of the cases result from inherited genetic variants with
autosomal recessive or dominant transmission patterns [17,6,8].

Pathogenic variants in genes that participate in the oxygen-sensing pathway responsible for
producing Epo in response to the state of hypoxia, such as VHL, Egl-9 Family Hypoxia Inducible
Factor 1 (EGLNI), Endothelial PAS Domain Protein 1 (EPAS1), and EPO are well described for
causing secondary CE. High oxygen affinity Hbs causes tissue hypoxia and promotes increased
production of red blood cells, therefore Hb variants with high oxygen affinity, due to pathogenic
variants in the beta (B) or alpha (a) globin (HBB, HBA) genes or due to a 2,3 bisphosphoglycerate
(2,3-BPG) deficiency, which results from pathogenic variants in the BPGM, can also cause
secondary CE [17,18,5,26].

Patients with CE caused by high affinity hemoglobin are usually asymptomatic. Because of
this, it is crucial to distinguish it from the other forms of secondary erythrocytosis related to the
oxygen-sensing pathway. In the first case, the non-delivery of oxygen to the tissues generates a
state of hypoxia and increases the RBC production, therefore the problem is not the excess of RBC,
but the non-delivery of oxygen to the tissues. The prescription of phlebotomies can be necessary
but may be dangerous for the patient's health because, with frequent phlebotomies, the delivery of
oxygen to the tissues will be even more deficient, which may lead to functional anemia, thereupon,

needs to be taken into consideration before any suspicion [5,15,12].
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1.3. Molecular Mechanisms — Erythrocytosis

1.3.1. Polycythemia Vera

The specific variants at JAK2 (OMIM:147796 - Tablel) are associated with PV. This gene
is located on chromosome 9 at position p24.1, has 4 transcripts, and the transcript JAK2-201
(ENST00000381652.4 - NM_004972.4) has 7023 base pairs, 1132 amino acids, and 25 exons [27].
The JAK2 human (UniProt: O60674) has six important domains (Figure 3) [28]. Two N-terminal
FERM domain which are located at FERM_F1 (PF18379) p.39 - p.134 and FERM_F2 (PF18377)
p-142 - p.261. This domain is structurally similar to a Pleckstrin homology domain (Jakl Phl
domain - PF17887) and consequently is capable of binding to both peptides and phospholipids at
different sites [28-30]. The Jakl Phl, located at p.299-p.381 that is activated in response to
cytokines and interferons. The SH2 domain (PF00017), located at p.400-p.481 functions as a
regulatory module of intracellular signaling phosphorylation cascades [31]. The two Jak homology
domains (JH1 and JH2 - PF07714) are important for downstream signaling. The pseudo-kinase
domain (JH2) located at p.545—p.805, lacks catalytic activity, and it is involved in the auto-
inhibition of JAK2 [32]. The C-terminal JH1 is structurally similar to JH2, it is located at p.849-
p.1123, and is responsible for phosphorylation [28,30,33]. The JAK2 protein promotes the growth
and division, thereby the proliferation of cells. This protein participates in the JAK/STATS
signaling pathway, which transmits chemical signals from outside the cell to the cell's nucleus.
JAK?2 pathogenic variants result in the production of a constitutively activated JAK2 protein, which
seems to improve the survival of the cell and increases the production of RBCs [6,34].

The molecular basis of PV consists in somatic variants with a gain-of-function in J4K2
from the erythroid progenitors. The most common is a missense variant (¢.1849G>T) in exon 14,
with the replacement of a valine amino acid with a phenylalanine at position 617 in the protein
(p.V617F). There are also rare cases of pathogenic variants in exon 12. These variants lead to the
inactivation of the pseudokinase domain, leading to constitutive enzymatic activity and intracellular

signal transduction, and resulting in unlimited cellular proliferation [22,35,36].
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FIGURE 3: Schematic illustration of JAK2 gene and protein structure.

A) Tyrosine-protein kinase JAK2 protein (JAK2 HUMAN) has different features and 6 domains.
FERM1 domain; FERM2 domain; Jakl Phl domain; SH2 domain; and two PK Tyr Ser-Thr
domain [28,30]. Adapted from Pfam- EMBL-EBI, 2021 [22,37]. B) JAK2 gene has 25 exons [27].
C) Location of pathogenic variants associated with PV: exons 12 and 14.

1.3.2. Congenital Erythrocytosis Type 1 (ECYT1)

ECYT!1 is characterized by an autosomal dominant or de novo variants in EPOR. The EPOR
(OMIM:133171 — Tablel) is located on chromosome 19 at position p13.2, has 8 transcripts. The
transcript EPOR-201 (ENST00000222139.11 - NM_000121.4) has 2411 base pairs, 508 amino
acids, and 8 exon [38,39]. The EPOR_Human protein (UniProt: P19235) contains two functional
domains: the Erythropoietin receptor - ligand binding domain (EpoR_lig-bind - PF09067), located
at p.37-p.140, and the Fibronectin type III domain (fn3 - PF00041), located at p.146-p.232 (Figure
4) [28,30]. The main function of EPOR is activate the erythroblast to proliferation and
differentiation pathway to originate mature erythrocytes, after EPO binding [40].
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FIGURE 4: Schematic illustration of EPOR gene and protein structure.

A) Erythropoietin Receptor protein (EPOR_HUMAN) has different features and 2 domains.
erythropoietin receptor - ligand binding domain; Fibronectin type III domain. Adapted from Pfam-
EMBL-EBI [30]. B) EPOR gene has 8 exons [39]. C) Location of variants associated with ECYT1:
exon & [5].
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More than 20 variants associated with ECYT1 have been reported in this gene
(Supplementary Table 1). These variants lead to a truncated receptor and lack of an important
negative regulatory region in the cytoplasmic domain of EPOR, responsible for recruiting the Src
homology 2 domain-containing inositol polyphosphate 5-phosphatase-1 (SHP-1), which is
involved in cell signaling and is a negative regulator of the JAK/STAT pathway. EPOR pathogenic
variants lead to premature stop codon with loss of the SHP-1 docking site. Once Epo binds to the
receptor, it is turned on but not turned off again and therefore continues to drive red blood cell
production without further Epo stimulation [9,10,41,42].

When EPOR or JAK2 pathogenic variants are not found, and in accordance with clinical
patterns associated with primary congenital erythrocytosis, SH2B3 variants must be evaluated. This
protein, also known as Lymphocyte Adaptor Protein (LNK), participates in the JAK/STAT
pathway, and is encoded by the SH2B3 (OMIM: 605093 — Tablel), located on chromosome 12 at
position q24.12. LNK contains three functional domains: Phenylalanine zipper domain, followed
by central Pleckstrin homology (PH) and SH2 domains. The SH2 domain mediates most of the
biological effects of LNK through interactions with its phosphorylated signaling partners, including
EPOR and JAK2. The SH2 domain of LNK is essential for the inhibitory function of LNK, and the
PH domain also plays a significant role in the inhibitory function, but is not essential
[24,28,30,31,43-45].

LNK acts as a negative regulator of JAK2 via the EPOR/JAK2/STATS pathway. When
the JAK/STAT pathway is active, LNK adaptor protein expression is induced as a biological
response. Consequently, LNK inhibits JAK2/STAT signaling through a negative feedback loop
[22,46]. SH2B3 pathogenic variants are more commonly associated with acquired
myeloproliferative neoplasms, but rarely are also associated with CE, where the variants result in a
defective LNK that does not act as a negative regulator of the JAK/STAT pathway leading to
increased erythropoiesis. Five variations in SH2B3 gene are described associated with
erythrocytosis (Supplementary Table 7), with an autosomal dominant transmission or occurring de

novo [19,43,47].

1.3.3. Congenital Erythrocytosis Type 2 (ECYT2)

ECYT2 is molecularly characterized by homozygous, or compound heterozygous
pathogenic variants in VHL (OMIM:608537 - Table 1), which is located on chromosome 3 at
position p25.3, has three transcripts. The VHL 201 transcript (ENST00000256474.3 -
NM 000551.4) has 4414 base pairs, 213 amino acids, and 3 exons [48]. It commonly encodes 2
proteins called pVHL213, pVHL160 and in an alternative splice VHLAE2 encodes the pVHL172
protein [49-51,51]. The VHL Human protein (UniProt: P40337) contains two functional domains:
B-domain (PF01847), located at p.63—p.144, and VHL box domain or a-domain (PF17211), located
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at p.156-p.204 (Figure 5) [28,30,52]. The main function of VHL is to act as a tumor suppressor,
with the pVHL213 and pVHL160 proteins acting as signaling proteins in the ubiquitin-proteasome
degradation process [49,53]. Its main target is the hydroxylated HIF2a molecule, thus performing
upregulation in the production of erythropoietin and other genes which are transcribed by this
pathway [54,55].
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FIGURE 5: Schematic illustration of VHL gene and protein structure.

A) von Hippel-Lindau tumor suppressor (VHL HUMAN) has different features and 2 domains.
VHL beta domain and VHL box domain. Adapted from Pfam- EMBL-EBI [28,30]. B) VHL gene
has 3 exons [30,48]. Location of pathogenic variants associated with ECYT2: distributed in
between 3 exons, and in intronic region 1 [5,53]. *Stop Codon.

Pathogenic variants in the VHL are related to several disease phenotypes, such as different
types of cancers, von Hippel-Lindau disease, and ECYT2 [54,56]. Within ECYT2 about 18 variants
in VHL have been reported (Supplementary Table 2), with an autosomal recessive genetic pattern;
however, there are some clinical cases where the family genetic study demonstrates unexplained
heterozygous patterns [5]. The first variants found in VHL associated with CE, were described in
the autonomous Republic of Russia and the disease was called Chuvash polycythemia, molecularly
characterized by a homozygous missense, VHL: ¢.598C>T (p.Arg200Trp). The mutant protein has
impaired interaction with HIF-2a and reduced ubiquitination under normoxic conditions, thereby
promoting an increase in Epo levels. The other VHL variants lead to CE by the same mechanism
[57,58].

In a recent study carried out by Lenglet and coworkers [53] a new exon was discovered,
where a deep-intronic region was found between E1 and E2 a possible result of an alternative splice.
The new cryptic exon was named E1°, which combined with E1 encodes a 193aa protein called X1
(114aa from E1 and 79aa E1"). In this study, 12 independent families were studied and variants in
El' appeared in 8 of them. They found the variants in different patterns of genetic inheritance:
compound heterozygosity (c.429C>T/c.340+770T>C, ¢.598C>T/c.340+770T>C,
c.598C>T/c.340+694 711dup, c.430G>A/c.340+694 711dup), and in  homozygosity
(c.340+816A>C) [53,59]. The discovery of these variants in E1° allowed new genetic studies within
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the group of people diagnosed with idiopathic erythrocytosis, where the possible identification of

these pathogenic variants patterns could allow a definitive diagnosis.

1.3.4. Congenital Erythrocytosis Type 3 (ECYT3)

ECYT3 is a disease with an autosomal dominant inheritance pattern, which is molecularly
characterized by heterozygous loss-of-function variants in the EGLNI gene (OMIM:606425 - Table
1). This gene is located on chromosome 1 at position q42.2 and, has 7 transcripts. The EGLN1_201
transcript (ENST00000366641.4 - NM_022051.3) has 4335 base pairs, 426 amino acids, and 5
exons, that encodes the PHD2 protein [60]. The PHD2 mainly acts as an oxygen sensor, catalyzing
the prolyl hydroxylation of HIF-2a using oxygen as a substrate and directing HIF2a. to degradation,
allowing the subsequent VHL signaling to the ubiquitin-proteasome complex. However, when
oxygen levels are below normal (hypoxia), the PHD2 enzyme becomes less active, HIF stabilizes
and translocate to the cell nucleus, triggering the transcription of several genes involved in the
production of red blood cells and blood vessels [5,7,56,61]. EGLN1 _HUMAN protein or PHD2
(UniProt: Q9GZT9), contains two functional domains: MYND zinc finger domain (zfEMYND),
located at p.21-p.58 and 20G-Fe(II) oxygenase superfamily domain, located at p.298-p.391 (Figure
6) [30]. The PHD also has more two distinct isoforms: PHD1 and PHD3, which are encoded by
EGLN2 and EGLN3 genes, respectively, all 3 isoforms efficiently hydroxylate HIFa subunits under

normoxia [62].
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FIGURE 6: Schematic illustration of EFGLNI gene and protein structure.

A) Egl nine homolog 1 (EGLN1 _HUMAN) has different features and 2 domains. zf-MYND and
20G-Fell Oxy 3. Adapted from Pfam- EMBL-EBI [28,30]. B) EGLNI gene has 5 exons [48]. C)
Location of pathogenic variants associated with ECYT3: Variants are distributed among all exons,
but exon 1 has more variants than the other exons [5,53]. *Stop codon.
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Currently, 19 pathogenic variants in EGLNI are described and related to ECYT3
(Supplementary Table 3), where functional studies have shown that the mutant protein has
significantly reduced enzyme activity and consequently deregulated Epo production [5,63—65]. The
first pathogenic variant in EGLNI associated with CE was described in 2006 by Percy et al. [63]
being characterized as heterozygous conversion EGLNI : ¢.950C>G. This variant results in the
replacement of p.Pro317Arg in a highly conserved region of the protein and leads to significantly
reduced enzyme activity [5,63]. A new pathogenic variant was recently described by Bonnin ef al.
[66] in a patient who presented with moderate erythrocytosis with normal serum erythropoietin,
reported as a heterozygous nonsense in exon 1 of EGLNI, which had never been described. This
EGLNI: ¢.400C>T (p. GInl34%*) is responsible for creating a premature stop codon in the mRNA
thereby producing a truncated protein that has lost all of its catalytic domain [66].

1.3.5. Congenital Erythrocytosis Type 4 (ECYT4)

ECYT4 is molecularly characterized by gain-of-function variants in EPASI
(OMIM:603349 - Table 1). The EPASI gene is located on chromosome 2 at position p21, has 10
transcripts. The EPAS1 201 transcript (ENST00000263734.5 - NM_001430.5) has 5155 base
pairs, 870 amino acids, 16 exons, and encodes the transcription factor HIF2a [67]. HIF2a or
EPAS1 Human (UniProt: Q99814) has four functional domains (Figure 7): PAS fold domain
(PF00989), located at p.85—p.183; PAS 3 (PF08447), located at p.254—p.341; Hypoxia-inducible
factors-1 (HIF-1- PF11413), located at p.517-p.549; HIF-1 alpha C terminal transactivation
domain (HIF-1a_Ct - PF08778), located at p.833—p.869 (Figure 7) [28,30].
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FIGURE 7: Schematic illustration of EPAS! gene and protein structure.

A) Endothelial PAS domain-containing protein 1 (EPAS1 HUMAN) has different features and 4
domains. PAS fold domain; PAS 3, Hypoxia-inducible factors (HIF-1); HIF-1 alpha C terminal
transactivation domain (HIF-1a_Ct). Adapted from Pfam- EMBL-EBI [28,30]. B) EPAS! gene has
16 exons [48]. Location of pathogenic variants associated with ECYT4: distributed in exons 2, 9,
12 (majority), and 16 [5,53].
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The family of transcription factors HIF, inducing EPO gene expression and transcription,
also activates the transcription of other important genes that promote the synthesis of hemoglobin,
heme and the absorption of iron [68,6]. It is widely expressed in mammals and performs a key role
in hypoxia pathway allowing the adaptation of mammals to high altitude environments. Also, the
low level of Hb in Tibetan populations is correlated with several single nucleotide polymorphisms
(SNPs) found in EPASI [69].

The first EPASI pathogenic variants found in erythrocytosis patients were the pathogenic
missense p.Gly537Trp, p.Gly537Arg, p.Met535Val, and p.Pro534Leu [5,70,71]. At least 19
pathogenic variants in the EPASI with autosomal-dominant inheritance have been identified as
responsible for causing ECYT4 (Supplementary Table 4). However, in a recent review, Kristan et
al.[72] retrieved 20 variants in EPASI correlated to CE. All variants are heterozygous, the majority
of them located in exon 12, on the C-terminal oxygen dependent degradation domain (ODD). ODD
is the target region for regulation at the post-translational level by the hydroxylase enzyme PHD2
and by the tumor suppressor protein VHL, so it is an important domain for the stability and activity

of the HIF2a protein [6,72,73].

1.3.6. Congenital Erythrocytosis Type 5 (ECYT5)

ECYTS is molecularly characterized by a heterozygous pathogenic variants in the EPO
gene (OMIM: 133170 - Table 1). The EPO gene is located on chromosome 7 at position q22.1, has
1 transcript with 1662 base pairs, 193 amino acids, 5 exons, and encodes the Erythropoietin protein
(Epo_ Human - UniProt P01588). This protein has 1 functional domain: the
erythropoietin/thrombopoietin domain (EPO_TPO - PF00758), located at p.31-p.191 (Figure 8).
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FIGURE 8: Schematic illustration of EPO gene and protein structure.

A) Erythropoietin protein (Epo HUMAN) has different features and 1 domain.
erythropoietin/thrombopoietin domain (EPO_TPO); [28,30]. Adapted from Pfam- EMBL-EBI,
2021 [28,30]. B) EPO gene has 5 exons [74]. Location of pathogenic variants associated with
ECYTS5: distributed in 5° UTR and exon 2 [5].
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As mentioned before, Epo is a cytokine produced by kidney cells through the hypoxia
pathway. Once Epo is released into the bloodstream, it activates the JAK2/STATS5 pathway through
EPOR, promoting the differentiation and proliferation of erythrocytes; in other words, Epo controls
erythropoiesis [2,4,75,3]. Only three pathogenic variants in the EPO have been described to cause
CE (Supplementary Table 5). The first pathogenic variant linking £PO and CE was described in
2015 by Taylor et al. [26] in a study, the multidiscase WGS500 Program whole-genome
sequencing. The authors described the finding of a variation in the 5’UTR of the EPO (c.-136G>A)
in to independent families with erythrocytosis, establishing a cosegregation with the disease
[56,76,77].

A functional study with EPO variants was recently performed by Zmajkovic et al. [78],
where patients diagnosed with IE revealed a heterozygous single-base deletion in exon 2 of EPO,
¢.32delG and c.19delC variants. The ¢.32delG creates a frameshift that truncates the erythropoietin
and generates a novel peptide, terminating after an additional 51 amino acids, which would predict
a loss-of-erythropoietin-function. However, a study for functional characterization of the mutated
EPO was performed using CRISPR to introduce ¢.32delG variant into £PO in Hep3B cells, a
human hepatoma cell line. It showed that assayed erythropoietin in the supernatants of these clonal
cell lines was capable of stimulating the growth of an erythropoietin dependent cell line, therefore,
concluding that the c.32delG deletion is, in fact, a gain-of-function variant. The same study was
performed with the EPO c.19delC variant, where the long P2 and short P2 transcripts with the
¢.19delC also produced high amounts of erythropoietin that was biologically active. In conclusion,
both deletions cause a frameshift and convert a noncoding mRNA transcribed from an alternative
(P2) promoter inside £PQO intron 1 into an mRNA that produces functional erythropoietin protein.
The investigation of patients with idiopathic erythrocytosis performed by Camps ef al. [73] found
the same EPO c¢.19delC variant in a child with familial history, corroborating the relationship

between EPO pathogenic variant and CE [76,78,47].

1.3.7. Congenital Erythrocytosis Type 6-8 (ECYT 6-8) and Hb with
increased 02 affinity

ECYT 6-8 is characterized by autosomal dominant transmission in the beta globin gene
(HBB - OMIM: 141900 — ECYT6) and alpha-globin genes (HBAI- OMIM: 141800 or HBA2-
OMIM: 141850 — ECYT?7) or by autosomal recessive transmission in Bisphosphoglycerate Mutase
gene (BPGM- OMIM: 613896) or autosomal dominant transmission in Pyruvate Kinase, Liver and
RBC gene (PKLR).
. High oxygen-affinity Hb (ECYT6 - ECYT7)
HB encode alpha and beta chains of hemoglobin and are located on chromosome 16 at
position p13.3 and chromosome 11 at position p15.4, respectively (Table 1). The hemoglobin
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molecules are globular and tetramer proteins, formed by four polypeptide chains, the globins. Each
globin has a protein unit called heme, that is linked to an iron atom, a region of affinity for oxygen
molecules and may be divided into two a-subunits (a1 and 02) and two -subunits (B1 and f2). The
two af} dimers, also named a1p1 and 022, are arranged around a 2-fold axis of symmetry resulting
in a large central water cavity. This cavity has different conformations when it’s in tense (T) state,
which exhibits low affinity for O, or relax (R) state, which exhibits high affinity for O,. This system
is controlled by endogenous heterotropic ligands, such as 2,3-bisphosphoglycerate (2,3-BGP) [79—
81]. Since the first described molecular defect associated with CE, over a hundred of Hb pathogenic
variants with high affinity for O, has been described. The more frequent pathogenic variants involve
the HBB gene and are predominantly inherited, with only a few cases of de novo variants [5,80,82].

. BPGM variants - ECYTS

The bisphosphoglycerate mutase gene (BPGM- OMIM: 613896 — ECYTS) is located on
chromosome 7 at position 33 (Table 1) and encodes the multifunctional enzyme that catalyzes 1,3-
bisphosphoglycerate (1,3-BPG) to 2,3- bisphosphoglycerate (2,3-BPG). 2,3-BPG function is to
promote changes in the conformation of hemoglobin, binding to Hb and promoting the binding of
Sphingosine-1-Phosphate (S1P). This sphingolipid is known to regulate diverse biological
processes as an important signaling molecule. In this process, S1P only binds to the surface of Hb
upon binding of 2,3-BPG at the B-cleft and this process orientates the heterodimer R state to T state,
promoting the regulation of the affinity of hemoglobin for oxygen and allows the efficient
unloading of O, into tissues [42,79].

Only 5 pathogenic variants in BPGM correlated with CE have been described
(Supplementary Table 6): a compound heterozygosity for a ¢.268C>T missense variant
(p.Arg90Cys) and a deletion ¢.61delC (p.Arg21Valfs*28), and homozygosity for a missense variant
c.185G>A (p.Arg62GlIn) [6]. Petousi and collaborators [26] identified a novel heterozygous
missense variant in the BPGM, ¢.269G>A that predicts the substitution of arginine at residue 90
with histidine (R90OH). The functional effects of the variant were confirmed by showing
significantly lower levels of BPGM and its product 2,3-BPG in red blood cells [26]. The last BPMG
pathogenic variant was described in the literature by Camps [73], who developed a Next-Generation
Sequencing (NGS) panel directed to idiopathic erythrocytosis and applied it to 125 patients with
idiopathic erythrocytosis. Among these patients, one carried a new heterozygous missense variant
¢.304C>A (p.GIn102Lys) [73]. In cases, when pathogenic variants in HB or BPGM are not found,
variants in PKLR should be analysed.

PKLR (OMIM: 609712) encodes the protein pyruvate kinase that is responsible for
catalyzes the transphosphorylation of phosphoenolpyruvate to pyruvate and ATP synthesis, which
are the end products of the second phase of glycolysis. An autosomal dominant variant in PKLR

(c.110G>A- p.Gly37Glu) can lead to CE by PK hyperactivity with high ATP levels, recruitment of
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a large amount of 1,3-BPG, to the glycolytic pathway, subsequent deficiency 2,3-BPG and a
consequent increase in HB affinity for oxygen (Table 1) [83,84].

1.4. New Candidate Genes associate with IE.

» Piezo-type mechanosensitive ion channel component 1 gene (PIEZOI)

Filser and collaborators [85] described variants in a new candidate gene that can be
associated with CE, the PIEZO]I. They identified them in patients who presented with elevated Hct
and Hb concentrations [85]. This gene encodes a transmembrane non-selective cationic channel,
responsible for the modification of the lipidic bilayer in response to stress and to an increase in the
membrane tension, allowing the erythrocytes to cross the microcapillaries. Pathogenic variants in
this gene can lead to congenital hemolytic anemia (CHA) know as Hereditary xerocytosis (HX) a
rare red blood cell membrane disorder. The P/EZOI variants associated with Hereditary
xerocytosis are the gain-of-function ones, and are responsible for the abnormal activation of the
Gardos channel, enabling a massive loss of potassium and water by the cell, and leading it to
hemolysis [85-88].

In this research, Filser et al. [85] showed that 4% of the population investigated with
idiopathic erythrocytosis carry pathogenic alterations in the PIEZOI. They also found that the
venous P50 measurement was frequently low (<25 mmHg), which indicates an increase in Hb
oxygen affinity. The induction of hypoxia leads to an intense glycolytic activity in order to maintain
high ATP concentration required for cell homeostasis. Glycolysis then leads to a decrease in 2,3-
DPG concentration, associated with low P50 and erythrocytosis. This was previously reported in
HX patients with mutated PIEZO1, and recently confirmed by Kiger ef al. [89] in the metabolome
study of HX-RBC. They showed how PIEZO1 HX affects red cell glycolysis and leads to increased
Hb oxygen affinity. These two combined studies suggest that some cases of erythrocytosis are
related to PIEZO1 variants and could be considered in the diagnosis of idiopathic erythrocytosis.
The recent association of variants in PIEZOI with CE consists of four pathogenic variants: p.
Arg2110Trp, p. Thr2127Met, and p. Ala2020Thr previously reported in HX and a new PIEZO]
variant, p. [le2462Met, in a heterozygous state. They also found one more variant that was classified

as uncertain significance, p.Val12231le [85,89].
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FIGURE 9: Illustration of PIEZO1 gene and protein structure.
A) Mechanosensitive non-specific cation channel protein (PIEZ1 HUMAN - PF15917) has

different features and 2 domains. Piezo domain: located p.1235 - p.1465; Piezo non-specific cation
channel 1, R-Ras-binding domain (Piezo_RRas-bd dom - PF12166) located at p.2111 - p.2519 -
UniProt: Q92508 [28,30]. B) PIEZO1 has 51 exons [90]. C) Location of new pathogenic variants
that can be associated with IE, found by Filser ef al exons 25, 42, 44, 51 [85].

» Homeostatic Iron Regulator gene (HFE)

Pathogenic missense variants in the Homeostatic Iron Regulator gene (HFE) also are
frequently found in studies of patients with erythrocytosis, the most frequently are HFE ¢.187C>G
(p.His63Asp) and ¢.845G>A (p.Cys282Tyr) usually in a heterozygous state. Although these
variants have a very high frequency in the population (MAF: 0.073) [91], this association between
HFE variants and erythrocytosis has drawn the attention of researchers. Since 1979, Raphael and
his collaborators have described how patients with Hereditary hemochromatosis (HH) could
develop erythrocytosis [92]. Recently, this association has been widely discussed among groups
studying blood cell diseases, until now, there are no functional studies that prove the relationship
between HFE variants with the development of erythrocytosis [93-96]. HH is a syndrome of
dysregulated iron homeostasis resulting in the excessive deposition of iron in parenchymal cells.
Defects in genes encoding HFE are major causes of HH, and the most common variants are C282Y

and H63D both with autosomal recessive inheritance [95,94,93,96,91].
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1.5. Idiopathic erythrocytosis

With the advent of genomics and with novel genetic panels aiming to investigate
erythrocytosis, Next-Generation Sequencing has proven to be largely effective as a tool for
diagnoses previously given as idiopathic causes of erythrocytosis. In fact, despite a large number
of pathogenic variants already described in association to CE, approximately 60% of cases have no
identified cause and are called idiopathic erythrocytosis (IE). This fact relates to patients who have
different genetic patterns, such as unexplained heterozygotes, and also patients with family history
without a known pathogenic variants. Non-diagnosis is a problem because the therapeutic options

for a patient with IE are limited and largely unproven to be effective [34,41,73,97].

1.6. NGS Studies

The Next-Generation Sequencing (NGS) study is one of the main and most used tools for
diagnostic because it allows the sequencing of several genes, analysing not only the exons but also
non-coding regions, such as the promoter region, the introns, and the UTR regions. With the
possibility to study a large number of samples simultaneously and carry out a personalized approach
for each type of disease with exclusive design panels, this methodology is faster, more sensitive,
with high performance, and cost-effective [98,99].

Nowadays, with novel genetic panels investigating erythrocytosis, NGS has proven to be
largely effective as a tool for diagnosis of previously given as idiopathic causes. There are still
many questions about the difficulties in providing a diagnosis to patients with erythrocytosis, and
the vast majority is diagnosed as idiopathic erythrocytosis, but still, it's the better technique to use.
Other candidate genes can be studied dynamically, as genes related with the hypoxia pathway
EGLN2 (PHD1), EGLN3 (PHD3), HIF 1o, HIF3a, in addition to PKLR, SH2B3, HFE and PIEZO1
among others correlated with hematological diseases. Recent studies performed with NGS have
included findings in genes that are associated with erythrocytosis and also added new genes to this
list [72,73,85,100,101]. The big question is perhaps not about the technique used, but about which

new genes and new pathways we should explore to provide a diagnosis for IE patients.
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TABLE 1: Classification of erythrocytosis and the mutant proteins that cause the phenotype.

Gene
OMIM!

JAK?
147796

EPOR
133171

SH2B3
605093

VHL
608537

EGLNI
606425

EPASI
603349

EPO
133170

HBB
141900

HBAI
141800

HBA2
141850

BPGM
613896

PKLR
609712

Cytogenetic
location

chr9p24.1

chrl9pl3.2

chrl2q24.12

chr3p25.3

chrlq42.2

chr2p21

chr7q22.1

chrllpl5.4

chrl6pl3.3

chrl6pl3.3

chr7q33

chr1q22

Protein

Janus Kinase 2
(JAK2)

Erythropoietin
Receptor (EPOR)

Lymphocyte
Adaptor Protein
(LNK)

Von Hippel-
Lindau Tumor
Suppressor
(VHL)
Prolyl hydro-
xylase domain
containing protein
2 (PHD2)
Hypoxia-
Inducible Factor 2
Alpha (HIF2 o)

Erythropoietin
(Epo)

Hemoglobin
Subunit Beta
(HBB)
Hemoglobin
Subunit Alpha 1
(HBA1)
Hemoglobin
Subunit Alpha 2
(HBA2)
Bisphosphoglycer
ate Mutase
(BPGM)

Pyruvate Kinase,
Liver And RBC
(PKLR)

Mutant protein
effects
Gain of function -
Impaired auto-
inhibitory domain
Gain of function -
Increase activation
of signaling
cascade

Loss of function -
Impaired inhibitory
domain of
JAK2/STAT

Loss of function -
Impaired
degradation of
HIF2a
Loss of function -
Impaired
degradation of
HIF2a

Gain of function -
increase stability in
normoxia

Gain of function -
increase expression
1n normoxia
Loss of function -
increases Hb
affinity for O
Loss of function -
increases Hb
affinity for O,
Loss of function -
increases Hb
affinity for O

Loss of function -
impaired synthesis
of 2,3-BPG
Gain of function
PK hyperactivity
high ATP, reduce
2,3-BPG levels,
increases Hb
affinity for O2

Inheritance

Somatic
variants

Autosomal
dominant

Autosomal
dominant,
de novo,
Somatic
variants

Autosomal

recessive

Autosomal
dominant

Autosomal
dominant

Autosomal
dominant

Autosomal
dominant

Autosomal
dominant

Autosomal
dominant

Autosomal
recessive

Autosomal
dominant

Phenotype
MIM?

PV
133100

ECYTI
133100

133100

ECYT2
263400

ECYT3
609820

ECYT4
611783

ECYTS
617907

ECYT6
617980

ECYT7
617981

ECYT7
617981

ECYTS
222800

102900

10nline Mendelian Inheritance in Man, 2Mendelian Inheritance in Man: numerical
assignment for inherited diseases.
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2. Aims




The present study is focused on molecular pathophysiology of CE. The aim was
to contribute to the elucidation of the molecular mechanisms of congenital erythrocytosis through
the molecular characterization of a group of samples from patients with [E followed in Laboratério
de Hematologia Molecular - Centro Hospitalar e Universitario de Coimbra, during the last two

years.

From this main goal several specific objectives were considered:

e To collect and characterize a group of samples from patients with IE.

e To search for new variants and/or new candidate genes involved in the

pathophysiology of this disease using the NGS technology.

e To predict the pathogenicity of the identified variants by NGS using in silico tools.
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3. Design and methods




3.1. Cohort

A group of 77 DNA samples of individuals of European origin was recruited in the
Laboratério de Hematologia Molecular - Centro Hospitalar e Universitario de Coimbra (CHUC)
for genetic evaluation for erythrocytosis. The study was approved by the CHUC Ethical
Committees and all subjects or representatives gave their informed consent. Patients in this study
included children and adults (aged 1 to 88 years-old), men (n = 61) and women (n = 16). For all
patients the acquired causes of erythrocytosis were excluded. Diagnosis was performed based on

clinical and family history, Epo levels, and HPLC suggestive of a hemoglobin variant.

3.2. Techniques

3.21.  HPLC

The presence of hemoglobin variants was searched by High-Performance Liquid
Chromatography (HPLC) through a VARIANT II™, with the B-Thalassemia Short Program (Bio-
Rad Laboratories, Hercules, CA, USA). The samples with an abnormal variant in the

chromatogram were sequenced by Sanger sequencing (genes HBB, HBA1 and HBA?2).

3.2.2. DNA Extractions

+* Whole blood

Genomic DNA was extracted from whole blood collected in EDTA-containing tubes, by
automatic isolation with the DNA extraction kit QIAsymphony® DSP DNA Mini Kit using
QIAsymphony SP (QIAGEN) extractor, according to manufacturer's instructions.

«» Hair follicle

Genomic DNA was extracted from hair follicle by manual procedure with the DNA

extraction kit QIAamp® Tissue Kit (QIAGEN) according to manufacturer's instructions.

3.2.3.  NGS Study

To identify causal variants in these patients, a custom NGS gene panel was developed

(Table 2). This panel includes the exons, promoter regions and intronic flanking regions of the 11
genes previously described as associated with CE - including the VHL E1' - as well as of the newly
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described genes and candidate genes [53,73]. This panel was designed to include also the genes
associated with hemolytic anemia (HA), as some of them are common with CE. This has the
advantage of analyzing new variants found in genes that are associated with HA, thus looking at

all genes associated with erithropathology.

TABLE 2: Customized NGS gene panel.

A q Common for q i
Congenital Erythrocytosis both panels Hemolytic anemia
BPGM HIF1A HBA1 ABCB7 ANK1 FECH GPX1 HSPA9 PGK1 SLC4A1

NM_199186.2 NM_001530.3 NM_000558.4 NM_004299.5 NM_000037.3 NM_000140.3 NM_000581.3 NM_004134.6  NM_000291.3  NM_000342.3

EGLN1 HIF3A HBA2 ABCGS5 ATP11C G6PD GSR KCNN4 PIGA SPTA1
NM_022051.2 NM_0152795.4 NM_000517.4 NM_022436.2 NM_001010986.2 NM_001042351.2 NM_000637.4 NM_002250.2 NM_002641.3  NM_003126.3

EGLN2 JAK2 HBB ABCG8 C150RF41 GATA1 GSS KIF23 PIGT SPTB
NM_080732.3 NM_004972.3 NM_000518.4 NM_022437.2  NM_001130010.2  NM_002049.3 NM_000178.3 NM_138555.3  NM_015937.5 NM_001355436.1

EGLN3 SH2B3 HFE ALAS2 NM_000 CDAN1 GCLC GYPA KLF1 RHAG TPI1
NM_022073.4 NM_005475.2 NM_000410.3 032.4 NM_138477.3 NM_001498.3 NM_002099.7 NM_006563.4 NM_000324.2 ~ NM_000365.5
EPAS1 (HIF2A) VHL PKLR ALDOA NM_000 EPB41 GLRX5 GYPC LPIN2 SEC23B UGT1A1
NM_001430.4 NM_000551.3 NM_000298.5 034.3 NM_004437.3 NM_016417.2 NM_002101.4 NM_014646.2 NM_006363.5  NM_000463.2
VHL E1'
EPO PIEZO1 AK1 EPB42 GPI HK1 NT5C3A SLC25A38 UROS

Chr3:10142600 -

NM_000799.3 10143400

NM_001142864.3 NM_000476.2 NM_000119.2 NM_000175.4 NM_000188.2 NM_016489.12  NM_017875.3 NM_000375.2

EPOR PFKM SLC2A1

NM_000121.3 NM_000289.5  NM_0oe516.2 XK NM_021083.3

Genes associate and candidate genes for CE (red), genes that are common in both diseases (purple)
and genes associated with HA (blue). NM ref seq by Ensembl

¢ Library preparation and NGS

The sequencing libraries were prepared using the AmpliSeq Library Kit 2.0, and pooled
barcoded libraries were clonally amplified by Ion OneTouch2 both following the manufacturer’s
protocol (Thermo Fisher Scientific). The enriched template-positive particles were loaded onto an
Ion 316 or 318 chip and sequenced using lon Hi-Q Sequencing 200 Kit chemistry on an lon Torrent
PGM sequencing system (Thermo Fisher Scientific).

The NGS results were analyzed using Ion Torrent Suite™ (v3.6; Thermo Fisher Scientific)
and using T-MAP (version 3.6.58977) to align the sequences to the human genome version 19
(hg19). Variants were called using the Torrent Variant Caller, with Germ Line — Low Stringency
settings (version 3.6.59049). These were annotated using Ion Reporter ™ (Thermo Fisher
Scientific). The minimum depth of coverage required for each nucleotide in the ROI to be
identified/considered a candidate variant was > 100x. The mean coverage was highly variable;

however, the mean for all the ROIs was at least 500-fold in all patient [102].

3.2.4. Sanger Sequencing process

The Sanger sequencing was performed to confirm significant variants found in NGS,

familial inheritance of these variants, and to characterize Hb variants found by HPLC.
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« PCR Amplification

PCR was performed in order to obtain a high number of copies of fragments of specific
regions of genes to increase the amount of DNA for the next step, the Sanger sequencing procedure.
The specific primers used in this study, previously described in the literature [18] or designed in
the Laboratory of Molecular Hematology (CHUC), are detailed in Supplementary Table 8. For each

gene, different PCR reactions were made and for all PCR reactions 100 ng/uL. DNA were used.
The thermocycler used in the PCR reactions was the BioRad C1000™ Thermal Cycler and the
reagents were from QIAGEN®. PCR reactions and programs to specific primers for the genes under

study are detailed in Supplementary Table 9.

% Agarose Gel Electrophoresis

The amplification of DNA by PCR was confirmed in a 2% agarose gel. This gel was
prepared with 1g of agarose mixed in 50 mL 0.5% TBE (Tris 1.78 M; EDTA 0.04 M; Boric Acid
1.77 M). The solution was heated until the agarose was completely dissolved, and then 4 pL of
SYBR™ Safe was added. 4 uL of each PCR sample was loaded into the gel, mixed with a drop of
loading dye. Finally, the gel was run at 120 V for 30 minutes. At the end of the run, DNA fragments
were visualized with UV light and photographed.

/

« Sanger Sequencing

The Sanger sequencing technique was made using the three steps: i) EXOSAP®
purification; ii) sequencing reaction, and iii) resin column purification. After the EXOSAP®
purification of PCR products were submitted to the sequencing reactions using the BigDye®
Terminator v1.1 Cycler Sequencing kit (Applied Biosystems, Carlsbad, CA, USA) and custom
primers to sequence the region of interest. After that, the non-incorporated BigDye® was eliminated
by applying the sequencing sample to a resin column. Finally, the collected product was loaded
into a sequencing plate and analyzed on the sequencer Applied Biosystems™ SeqStudio™ Genetic
Analyzer.

The obtained sequences were read with the software Chromas version 2.6.6 (Technelysium
Pty Ltd, South Brisbane, Queensland, Australia, 2018), and aligned with Clustal Omega-EMBL-
EBI [103-105]. The reference sequence for the alignment was obtained from Ensembl Genome

online database - EMBL-EBI GRCh38.p13, all RefSeq are describe in Table 2 [104,106].
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3.3. Bioinformatic analysis

To analyze the results obtained in the NGS, the criteria used was the inclusion of variants
with MAF < 0.01 and coverage >100. All variants that resulted from these filters were searched in
the Varsome database, Human Gene Mutation Database (HGMD) and in the ClinVar database. The
results were categorized and grouped into Benign, Likely Benign (L. Benign), Variant of Uncertain
Significance (VUS), Likely Pathogenic (L. Pathogenic) and Pathogenic [107] and the ratings
obtained in these databases [ 108—110]. These results were divided into three groups of samples:

Group 1: samples with pathogenic variants in genes that were already described as causing
the CE disease.

Group 2: samples with variants in genes associated with CE pathways, but not yet
described; this group was divided into two subgroups: 2A) Primary erythrocytosis genes; 2B)
Secondary erythrocytosis genes.

Group 3: samples with variants in candidate genes not yet correlated with CE.

The obtained results are summarized in tables 4-6 in the Results section. New variants were

analysed by in silico tools to classify its pathogenicity.

% In silico analysis

In silico analysis was performed to missense variants using six tools that predict the
possible consequences of the amino acid changes on the structure and function of the proteins using
straightforward physical and comparative considerations. The impact of missense changes was
analyzed using: PROVEAN, SIFT, PolyPhen-2, MutationAssessor, MutationTaster, and
MetaDome, followed by complementary comparative analyzes in the Varsome, Clinvar and

HGMD databases. The variant classification was executed follow established pattern:

In Silico tools Verdict
4 Pathogenic Pathogenic
3 Pathogenic Likely Pathogenic
2 Pathogenic VUS
1 Pathogenic Likely Benign
0 Pathogenic Benign

NA = Not Applicable

e PROVEAN, predictions for a list of genome variants. It is based on the assembly of the

species and the Ensembl genome annotation [111].
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3.4.

SIFT, which predicts whether an amino acid substitution affects protein function based on
the degree of conservation of amino acid residues in a sequence alignment derived from
closely related sequences [111,112].

PolyPhen-2, a tool that predicts possible consequences of an amino acid substitution on the
structure and function of human proteins [113].

MutationAssessor, the functional impact is assessed based on evolutionary conservation of
the affected amino acid in protein homologs [114].

MutationTaster, employs a Bayes classifier to eventually predict the disease potential of an
alteration. The Bayes classifier is fed with the outcome of all tests and the features of the
alterations and calculates probabilities for the alteration to be either a disease variants or a
harmless polymorphism [115].

MetaDome, analyses the variant tolerance at each position in a human protein using data
from gnomAD and ClinVar. MetaDome enhances the analysis of the gene of interest by

parallel analysis of all homologous domains in the whole human genome [116].

Variants Classification

According to the American College of Medical Genetics (ACMG) standards and guidelines

for interpreting variants, are recommended that a description of the process for classifying the

variants be carried out in the three categories: i) based on criteria that use typical types of evidence

for variants, (e.g.: population data, computational data, functional data); ii) interpretation of results

by a certified laboratory and iii) certified clinical molecular geneticist or molecular genetic

pathologist or equivalent [107].
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4. Results




4.1.Cohort

A total of 77 DNA samples from individuals of European origin was selected in the
Laboratorio de Hematologia Molecular - Centro Hospitalar e Universitario de Coimbra for a genetic
evaluation of erythrocytosis. Patients in this study included children and adults with an age median
of 45 years, where the youngest is 1 year old and the oldest is 88 years old. There are 16 women
and 61 men. They are not related, except samples N41 and N69 that are mother and daughter. The
hematological pattern medians of these samples are Hb 17.6 g/dL , Het 51.35% , RBC mass 5.86
x10"12/L , and Epo 9.85 mUI/mL (Table 3).

TABLE 3: Clinical features and hematological patterns of the patients with erythrocytosis.

Sex Total of Median of Hb* Hct* RBC* Epo*
Patients Age! (g/dL) (%) x10"12/L mUI/mL

Female 16 41 16.55 50.10 5.87 8.07

[6-88] [14.2-18.9] [40.7-53.4] [4.9-6.2] [2.5-17]

Male 61 45 17.60 52.00 5.84 10.10
[1-86] [15.3-20]  [44.3-60.4] [5-6.9] [4.3-85.7]

Total 77 45 17.60 51.35 5.86 9.65
[1-88] [14.2-20]  [40.7-60.4] [4.9-6.9] [2.5-85.7]

ICurrent age; *Median of current hematological patterns [minimum and maximum values].

4.2.Molecular study of the patients with erythrocytosis

A genetic study was performed by a dedicated NGS panel and Sanger sequencing in a total
of 77 samples. 28 samples presented variants with MAF <0.01 and coverage greater than 100x, this
pool was used in this work, and represents 37% of the total. Unfortunately, until now it was not
possible to perform functional or familiar studies in some of these patients to understand the
inheritance of the variants. The other 49 samples, representing 63% of total, were annotated for
further study, as some of them had variants with MAF <0.01 in deep intronic regions or apparently

non-pathogenic variants. These patients remain as unknown cause (IE) as shown in Figure 10.
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FIGURE 10: Graphic representation of genes and variants found in the 77 patients studied.
49 patients remain as unknown (IE). 4 pathogenic variants to 5 patients and 19 new variants
distributed among genes associated with PV and CE and new candidate genes to 23 patients.
[Variant criteria: MAF < 0.01 and coverage > 100x.]

The results were grouped into three groups:

Group 1: pathogenic variants already described and associated with CE. A pool with 5
samples and 4 variants. These variants were found in genes: SH2B3 (¢.622G>C), HBB (¢.392A>G,

¢.294C>QG), and VHL ( ¢.340 + 816 A>C), as shown in Table 4.

Group 2: variants found in genes already associated with CE that were not yet classified as
causing CE disease (Table 5). A pool with 15 samples and 13 new variants. This group was divided
into 2 subgroups: 2A) 3 variants found in different genes associated with primary erythrocytosis:
EPOR (¢.296C>T), JAK2 (c.2681A>QG), and SH2B3 (¢.1393G>A); 2B) 10 variants found in
different genes associated with secondary erythrocytosis: EGLNI (c.1072C>A), EPASI
(c.181A>G, c¢.587C>T, c.1104G>A), PKLR (c.1614A>T), VHL (c.340+648T>C, c.28G>A,
c.74C>T, c.154G>T, ¢.241C>T).

Group 3: new variants found in candidate genes and that are not yet described as causing
CE (Table 6). A pool with 8 samples and 6 variants. These variants were found in genes: EGLN?2
(c.266G>A), EGLN3 (c.613A>QG), HIFla (c.1762G>A), HIF3a (c.1247G>A, c.1896C>A),
PIEZOI (c.6829C>A).

TABLE 4: Group 1. Genetic pathogenic variants already described as associated with congenital

erythrocytosis.
Group 1

i 3 Nucleotide Amino Acid .
ID* Sex Age Gene ey ey Zygosity Reference
N6 F 65 SH2B3 ¢.622G>C Glu208GIn Htz Spolverini ef al., 2013
N31 F 61 BB c.392A>G Tyr131Cys Htz Kister ez al., 2005
N16 F 11 c.294C>G His98GIn Htz Lorkin ef al., 1970
N6O M 86 Hmz

VHL .340+816A>C - Lenglet et al., 2018

N3 M 46 ¢ Hmz oo b

'ID: sample/Patient identification; 2Age at diagnosis. Htz = Heterozygous; Hmz = Homozygous.
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TABLE 5: Group 2. New variants found in genes associated with (A) Primary Erythrocytosis, (B)
Secondary Erythrocytosis.

EPOR c.296C>T Ala99Val Htz Benign
Ns5 F 8 JAK?2 c.2681A>G Asp894Gly Htz VUS
N73 M 76 SH2B3 c.1393G>A Val465lIle Htz VUS

EGLNI c.1072C>A Pro358Thr

Ns6 M 18 c.181A>G Ile61Val Htz Benign
N77 F 72 c.587C>T Thr196Met Htz L. Benign

EPASI
N41 F 59 Htz

c.1104G>A Met368lle Benign

N69 F 31 Htz
N13 M 58 Htz

PKLR c.1614A>T Glu538Asp VUS
NI§ M 53 Htz
N48 M 56 ¢.340+648T>C Intronic Htz Benign
N23 M 57 c.28G>A GlulOLys Htz VUS
N27 M 71 VHL c.74C>T Pro25Leu Htz Benign
N66 M 51 c.154G>T Glu52* Htz Pathogenic
N100 M 76 c.241C>T Pro81Ser Htz Pathogenic

ID: sample/Patient identification; 2Age at diagnosis; *Varsome Classification of variants on
Human genome (hg38) [108]. Htz = Heterozygous; Hmz = Homozygous; *Stop codon.
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TABLE 6: Group 3. New variants found in candidate genes in the hypoxia pathway.

Group 3

ID' Sex Age’ Gene Ngclzll;:r(:;i;le Argi}?:n:;id Zygosity Varsome Verdict®
N32 M 69 EGLN2 c.266G>A Arg89GIn Htz L. Benign
N51 M 1 EGLN3 c.613A>G Arg205Gly Htz L. Pathogenic
N4S M 74  HIFla c.1762G>A Ala588Thr Htz L. Benign
N64 M 82 c.1247G>A Arg416His Htz L. Benign

HIF3a
N6 M 51 c.1896C>A Asn632Lys Htz L. Benign
N30 M 29 Htz
N35 M 64 PIEZOI c.6829C>A Leu2277Met Htz VUS
N74 M 24 Htz

'ID: sample/Patient identification; 2Age at diagnosis; *Varsome Classification of variants on
Human genome (hg38) [108]. Htz = Heterozygous; Hmz = Homozygous.

The results obtained with in silico tools, predicting the effect of the new missense variants

found in the NGS study, are detailed in Table 7.

TABLE 7: In silico analysis of the new variants found by NGS study.
In Silico tools

Gene | Protein effect

Mutation | Mutation | In silico Varsome
MetaD: SIFT |PROVEAN| PolyPhen-2
ctaome olyPhen Taster | Assessor | Verdict Verdict
EGLNI Probabl;
(PGHD 2) Pro358Thr | Intolerant | Damaging | Deleterious D;fr?;giri,g Deleterious | High | Pathogenic VUS
EGLN2 Slightly . . . .
A In Tolerat Neutral B B Neutral | L. B L.B
(PHDI) rg89G! - olerated eutra enign enign eutra enign enign
EGLN3 . Probabl; . . . .
(PHD3) Arg205Gly | Intolerant | Damaging | Deleterious D;Iil:gili,g Deleterious | High | Pathogenic | L. Pathogenic
EPASI . Probabl; . . . .
lle61Val Intolerant | Damaging [ Neutral rood Y| Deleterious | Medium Pathogenic Benign
(HIF20) Damaging
EPASI Probabl . . . .
Thr196Met | Intolerant | Damaging | Deleterious rova .y Deleterious | Medium | Pathogenic L. Benign
(HIF20) Damaging
EPASI . . . .
(HIF2q) Met368l1le Intolerant | Tolerated | Neutral Benign | Deleterious | Medium VUS Benign

EPOR Ala99Val | Intolerant | Tolerated | Neutral Benign Benign Low L. Benign Benign

HIFlo | Ala588Thr | Intolerant | Tolerated | Neutral Benign Benign | Neutral | L. Benign L. Benign

Probably
Damaging

Highly

HIF3a | Argd4l6His tolerant Benign Low VUS L. Benign

Damaging | Neutral

HIF3a | Asn632Lys Neutral | Tolerated | Neutral Benign Benign NA Benign L. Benign
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Table 7- Cont.

. Probabl; . .
JAK?2 Asp894Gly | Intolerant | Tolerated | Deleterious rova .y Deleterious | Low | Pathogenic Vus
Damaging
Slightl . Probab . . IL.
PIEZO1 | Leu2277Met | . ghily Damaging| Neutral rood .ly Deleterious | Medium . VUS
intolerant Damaging Pathogenic
Slightly . .
PKLR Glu538Asp | . Tolerated | Neutral Benign | Deleterious | Neutral VUS VUS
intolerant
Slightly . . . .
SH2B3 Val465lle . Tolerated | Neutral Benign Benign | Medium | L. Benign VUS
intolerant
Hight Possibl . .
VHL GlulOLys ighly NA Neutral 581 .y Benign Neutral | L. Benign VUs
tolerant Damaging
VHL Pro25Leu Tolerant NA Neutral Benign Benign | Neutral Benign Benign
VHL Glu52* Intolerant NA NA NA Deleterious NA VUS Pathogenic
VHL Pro81Ser Intolerant | Damaging | Deleterious Probably Benign Low |Pathogenic| Pathogenic
ing Damaging g g

4.2.1. Group1l

e SH2B3 (LNK) variants

Patient N6, a 65-year-old female. The molecular study was performed by NGS and we
found a missense variant in exon 2, SH2B3:¢c.622G>C, in heterozygous state, causing the amino
acid substitution Glu208Gln [44] (Table 4). The presence of this variant was confirmed by Sanger
sequencing in DNA isolated from the hair follicle, to eliminate the possibility of a somatic variant.
The germline origin was confirmed by the presence in both cell lines, blood and hair follicle, as

shown in Figure 5.

A B
L] ] - - a ] - - - - - - - -

N |

FIGURE 11: SH2B3 gene pathogenic variant in Patient N6.

Identification of a variant in exon 2 of SH2B3 ¢.622G>C with amino acid substitution Glu208GIn
in heterozygous state. A- Sanger sequencing performed with DNA from a blood sample. B- Sanger
sequencing performed with sample DNA from the hair follicle.
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e High oxygen affinity variant - Hb variants

Two different missense heterozygous variants, in two different patients, were found in HBB
gene (Table 4). Pathogenic variants in the HBAI or HBA2 genes were not found in any of our
studied patients.

Patient N31, a 61-year-old female (Table 4). The NGS study was performed and a missense
variant (¢.392A>G), causing amino acid substitution Tyr131Cys, was found in heterozygous state,
subsequently confirmed by Sanger sequencing of the HBB exon 3 (Figure 6). This variant was
previously characterized as a Hb variant with high oxygen affinity, called Hb Montfermeil [117].

I I._ II Ill '.

L MMM VAL
FIGURE 12: HBB pathogenic variant in Patient N31.
Identification of Hb Montfermeil in HBB ¢.392A>G, by Sanger sequencing in Patient N31.

Patient N16, an 11-year-old female child (Table 4). The HPLC study was performed, and
the presence of an abnormal peak (Hbx) suggests a high oxygen affinity variant (Figure 7A). The
Sanger sequencing was made for all 3 exons of the HBB gene and the missense variant (¢.294C>G)
causing amino acid substitution His98Gln, found in a heterozygous state (Figure 7B), confirmed

the presence of Hb variant with high oxygen affinity, called Hb Malmoé [118].
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FIGURE 13: HPLC and Sanger sequencing of the Patient N16.

A- HPLC showing the presence of a peak that suggests a high oxygen affinity variant, hemoglobin

profile AXA2 - Hbx = 47%. B- Identification of Hb Malmé in HBB ¢.294C>G, by Sanger
sequencing.
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e VHL variants

In the VHL gene, the pathogenic variant was found in the deep intronic region in the
homozygous state, in two different non-consanguineous patients (Table 4).

Patient N60, a 86-year-old male, and Patient N3, a 46-year-old male (Table 4). The deep-
intronic change, ¢.340+816A>C, was found in both patients. This pathogenic variant leads to an
alternative splicing site that results in a new cryptic exon (E1”), which combined with exon 1
encodes a non-functional protein [53].

The NGS study was made for Patient N60 and N3, followed by Sanger sequencing to

confirm the pathogenic variant and the homozygous state, as shown in Figure 8.
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FIGURE 14: VHL pathogenic variant in Patient N60 and S1.

Identification of VHL deep-intronic ¢.340+816A>C variant, in homozygous state, by NGS (A) and
(B and C) Sanger Sequencing.

4.2.2. Group 2

e FEPOR variant

Patient N29 a 39-year-old male. A variant was found in exon 2 of the EPOR in heterozygous
state by NGS study, where the nucleotide change C>T in position 296 causing to the Ala99Val
amino acid substitution. The Varsome and Clinvar classify this variant as Benign (Table 5), and the
in silico analysis predicted to be Likely Benign (Table 7). The analysis performed with the
MetaDome and Pfam tools, showed that the variant is located in the non-cytoplasmic domain, at

located at p.24 - p.250 in EPOR, specifically the ligand-binding domain p.37 - p.140.

e JAK?2 variant

Patient N55, a 8-year-old female child. A variant was found in heterozygous state in J4K2
exon 20 that is nucleotide change A>G in position 2681, causing the Asp894Gly amino acid
substitution as shown in Figure 9. The Varsome classify this variant as VUS (Table 5), and the in
silico analysis predicted to be Pathogenic (Table 7). The analysis performed with the MetaDome

and Pfam tools showed that the variant is located in the JH1 domain.
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FIGURE 15: JAK?2 variant in Patient N55.
Identification of the JAK ¢.2681A>G variant, in heterozygous state, by NGS (A) and Sanger
Sequencing (B).

e SH2B3 (LNK) variant

Patient N73, a 76-year-old male. A variant was found in exon 7 of the SH2B3, in
heterozygous state, the nucleotide change G>A in position 1393 that leads to the Val465Ile amino
acid substitution (Table 5). The Varsome classify this variant as VUS, and the in silico analysis
predicted to be Likely Benign (Table 7). The analysis performed with the MetaDome and Pfam
tools, showed that variant is located 24 amino acids after Src homology 2 domain (SH2 domain -

PF00017), located at p.364 - p.441 in LNK.

e FEGLNI (PHD2) variant

Patient N20, a 88-year-old female. A variant was found in heterozygous state in EGLNI by
NGS, the nucleotide change C>A in position 1072 causing the Pro358 Thr amino acid substitution
(Table 5). The Varsome classify this variant as VUS, and the in silico analysis predicted to be
Pathogenic (Table 7). An analysis performed with the MetaDome and Pfam tools showed that the
variant is located in 20G-Fe(II) oxygenase superfamily (PF13640) domain, located at p.299 - p.390
in PHD2.

e FEPASI (HIF2a) variants

Patient N56, a 18-year-old male. A variant was found in heterozygosity of the EPASI exon
2 (¢.181A>@G), causing the amino acid substitution Ile61Val (Table 5). The Varsome classify this
variant as Benign (Score 11 Pathogenic/12 Benign), and the in silico analysis predicted to be
Pathogenic (Table 7). The analysis performed with the MetaDome and Pfam tools showed that the
variant is not located in any of the domains, and it is 24 amino acids before the PAS fold domain
located at p.85 - p.183 in HIF2a.

Patient N41 a 59-year-old female (index case) and N69 a 31-year-old female (N41’s
daughter). A variant was found in heterozygosity of the EPASI exon 9 (c.1104G>A), causing the

amino acid substitution Met368lle for both samples, mother and daughter. The Varsome and
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Clinvar classify this variant as Benign (Table 5), and the in silico analysis predicted to be VUS
(Table 7). The analysis performed with the MetaDome and Pfam tools showed that the variant is
not located in any of the domains, and it is 27 amino acids after the PAS 3 domain, located at p.254
- p.341 in HIF20.

Patient N77 a 72-year-old female. A variant was found in heterozygosity of the EPASI exon
6 (c.587C>T), causing the amino acid substitution Thr196Met (Table 5). The Varsome classify this
variant as Likely Benign (Score 15 Pathogenic/8 Benign), and the in silico analysis predicted to be
Pathogenic (Table 7). The analysis performed with the MetaDome and Pfam tools showed that the
variant is not located in any of the domains, and it is located 13 amino acids after the PAS fold

domain, at p.85 - p.183 in HIF2a.

e PKLR variant

Patients N13, a 58-year-old male, and N18, a 53-year-old male. The NGS study allowed to
identify a variant in both patients in PKLR exon 10, that is the nucleotide change A>T in position
1614, in heterozygous state, leading to GluS38 Asp amino acid substitution (Table 5). The Varsome
and Clinvar classify this variant as VUS, and the in silico analysis predicted to be VUS too (Table
7). The analysis performed with the MetaDome and Pfam tools showed that the variant is located

in PK alpha/beta domain (PF02887), located at p.453 - p.571.

e VHL variants

Patient N23, a 57-year-old male (Table 5). A variant was found in the VHL exon 1 by NGS
and confirmed by Sanger sequencing, that is the nucleotide change G>A in position 28, in the
heterozygous state, as shown in Figure 10, causing the GlulOLys amino acid substitution. The
Varsome and Clinvar classify this variant as VUS, and the in silico analysis predicted to be Likely
Benign (Table 7). The analysis performed with the MetaDome and Pfam tools showed that the
variant is not located in any of the domains of the VHL, being located 53 amino acids before the -

domain, located at p.63 - p.144.
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FIGURE 16: VHL variant in Patient N23

Variant in VHL exon 1 (¢.28G>A), in heterozygous state, by Sanger Sequencing.
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Patient N48, a 56-year-old male. The NGS study followed by Sanger sequencing (Figure
11) allowed to identify the VHL intronic variant ¢.340+648T>C in heterozygous state (Table 5).
The Varsome and Clinvar classify this variant as Benign. The in silico analysis was not performed
for this intronic variant, because the in silico tools used in this study are specific for missense and

nonsense variants.

FIGURE 17: VHL variant in Patient N48.
Identification of the VHL c.340+648T>C intronic variant, in heterozygous state, by Sanger

Sequencing.

Patient N27, a 71-year-old male. A variant was found by NGS in exon 1 of VHL, which is
a C>T nucleotide change at position 74, in the heterozygous state, causing the Pro25Leu amino
acid substitution (Table 5). The Sanger sequencing confirmed the presence of this variant (Figure
12). The Varsome and Clinvar classify this variant as Benign, as well as the in silico tools (Table
7). The analysis performed with the MetaDome and Pfam tools showed that the variant is not
located in any of the domains of the VHL, and it is located 38 amino acids before the Beta domain

(PF01847), located at p.63 - p.144.

FIGURE 18: VHL variant in Patient N27.
Identification of the VHL c¢.74C>T variant exon 1, in heterozygous state, by Sanger Sequencing.

Patient N66, a 51-year-old male. A variant was found in VHL exon 1, the nucleotide
change G>T in position 154, in heterozygous state, causing the Glu52* stop codon (Table 5), later
confirmed by Sanger sequencing (Figure 13). The Varsome and Clinvar classify this variant as
Pathogenic and VUS respectively, and the in silico analysis predicted to be VUS (Table 7).

In this patient, a second variant was found in HIF3o exon 14, which is the nucleotide
change C>A in position 1896, in heterozygous state, causing the Asn632Lys amino acid

substitution (Table 6). The Varsome classify this variant as Likely Benign, and the in silico analysis
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predicted to be Benign (Table 7). The analysis performed with the MetaDome and Pfam tools

showed that the variant is not located in any of the domains of the HIF3a.

FIGURE 19: VHL variant in Patient N66.
Identification of the VHL c.154G>T variant exon 1, in heterozygous state, by Sanger Sequencing.

Patient N10, a 76-year-old male (Table 5). A variant was found in the VHL exon 1 by NGS
and confirmed by Sanger sequencing, which consists in a nucleotide change C>T at position 241,
as shown in Figure 14, causing the Pro81Ser amino acid substitution. The Varsome and Clinvar
classify this variant as Pathogenic, as well as the in silico analysis (Table 7). The analysis performed

with the MetaDome and Pfam tools showed that the variant is located in the Beta domain

(PF01847), located at p.63 - p.143 of VHL.
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FIGURE 20: VHL variant in Patient N10.
Identification of the VHL variant ¢.241C>T, in heterozygous state, by Sanger Sequencing.

4.2.3. Group 3

e FEGLN2 (PHDI) variant

Patient N32, a 69-year-old male. A variant was found in EGLN2 exon 2, the nucleotide

change G>A in position 266, in heterozygous state, causing the Arg89GIn amino acid substitution
(Table 6). The Varsome classify this variant as Likely Benign, and the in silico analysis predicted

to be Benign (Table 7). The analysis performed with the MetaDome and Pfam tools showed that

the variant is not located in any of the domains of the PHDI.
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e FEGLN3 (PHD3) variant

Patient N51, a 1-year-old male child. A variant was found in FEGLN3 exon 3, the
nucleotide change A>G in position 613, at heterozygous state, causing the Arg205Gly amino acid
substitution (Table 6). The Varsome classify this variant as Likely Pathogenic, and in silico analysis
predicted to be Pathogenic (Table 7). The analysis performed with the MetaDome and Pfam tools
showed that the variant is located in domain: 20G-Fe(I) oxygenase superfamily (PF13640),
located at p.120 - p.213.

e HIFla variants

Patient N45, a 74-year-old male. A variant was found in HIFla exon 12, the nucleotide
change G>A in position 1762, in heterozygous state, causing the Ala588Thr amino acid substitution
(Table 6). The Varsome classify this variant as Likely Benign, and in silico analysis predicted to
be Benign (Table 7). The analysis performed with the MetaDome and Pfam tools showed that the

variant is not located in any domain of the HIF 1a protein.

e HIF3a variant

Patient N64, an 82-year-old male. A variant was found in HIF3a exon 10, the nucleotide
change G>A in position 1247, in heterozygous state, causing the Arg416His amino acid substitution
(Table 6). The Varsome classify this variant as Likely Benign, and in silico analysis predicted to
be VUS (Table 7). The analysis performed with the MetaDome and Pfam tools showed that the

variant is not located in any domain of the HIF 1a protein.

e PIEZO] variants

In this study many variants were found in PIEZOI1, as it is a highly polymorphic gene.
These variants have been annotated for further detailed study. Only one variant will be described,
as it is present in 3 different non-consanguineous patients. Patients N30, a 29-year-old male, N35,
a 64-year-old male, and N74, a 24-year-old male, showed the same variant in heterozygous state,
in PIEZO1 exon 47, which is the nucleotide change C>A at position 6829, causing the Leu2277Met
amino acid substitution (Table 6). The Varsome classify this variant as VUS, and the in silico
analysis predicted to be Likely Pathogenic (Table 7). The analysis performed with the MetaDome

and Pfam tools showed that the variant is located in Piezo RRas-bd domain.
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5. Discussion




Congenital Erythrocytosis (CE) is a rare disease that corresponds to an increase in the RBC
count, Hb concentration, and Hct above the reference range adapted to age, sex, and living altitude.
Congenital causes constitute a very rare subset compared to all acquired causes that are more
common, therefore myeloproliferative neoplasms as PV, and secondary acquired causes such as
respiratory disease are the most usual causes that course with erythrocytosis. There is no
information on the world incidence and prevalence of CE, and the information that exist is mostly
reported as individual cases in literature updates [18,119].

In the present study, the medians of hematological patterns of patients, such as Hct and Hb
levels, are close to the threshold of normal patterns (Table 3). This fact supports the treatment
offered based on their advanced age and the high risk of these patients presenting more critical
symptoms, and therefore, regular phlebotomies. The use of low-dose aspirin is usually indicated,
as these are effective treatments in myeloproliferative diseases such as PV, and commonly
prescribed in the treatment of idiopathic erythrocytosis that controls the rate of Hb, Hct, and RBC
mass [12,17]. In this study, it can also be observed that the occurrence of erythrocytosis in men is
more elevated (male n = 61; female n = 16). Disease in women could be undiagnosed, notably due
to the effect of blood loss associated with menstruation [120,121].

In congenital diseases, the symptoms are usually present in childhood or the stage of a
young adult, unlike neoplasms or myeloproliferative diseases that arise in adulthood or old age
[122]. Increased Hct and Hb levels are directly related to blood hyperviscosity, and can result in a
variety of nonspecific symptoms such as fatigue, dizziness, or headache, which can also lead to a
late diagnosis [123].

In this study the average age of patients is 45 years (Table 3), however some of these
patients have been diagnosed with idiopathic erythrocytosis a long time ago and now, with the
opportunity to perform molecular studies, their doctors advised genetic testing to find the molecular
cause of the disease. The knowledge of the molecular cause of a disease can provide personalized
and more effective treatment, in addition to the possibility of conducting family studies [5].

With a previously designed NGS panel to CE, we identified the molecular changes that
validate the CE phenotype in genes SH2B3, HBB, and VHL. The identified pathogenic variants for
a total of 5 patients are already described and associated with erythrocytosis. In a total of 15
patients, we also identified 13 new variants in genes that are already associated with CE; however,
these variants were not yet described as causing erythrocytosis; these variants were found in genes
EPOR, JAK2, SH2B3, EGLNI1, EPASI, EPO, PKLR and VHL. Finally, 6 new variants in the
candidate genes EGLN2, EGLN3, HIF 1o, HIF30 and PIEZO1 were found in a total of 8 patients.
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e JAK? variant

JAK/STATS pathway promotes survival, proliferation, and differentiation of erythroid
progenitor cells. It is well established that pathogenic variants in the J4K?2 are responsible for the
MPN phenotype, these variants target the myeloid lineage and abnormally activate the JAK2/STAT
pathway. Almost all patients with PV have a gain-of-function in JAK2, approximately 96% with
variant V617F in exon 14 and 3% with pathogenic variants in exon 12.

In this work, we found in an 8-year-old female child, with hematological patterns
suggestive of CE (Hb: 16.80 g/dL; Hct: 48.80%; RBC mass: 5.94 x10"12/L), a new variant in the
JAK?2 ¢.2681A>G (p.Asp894Gly) located at JH1 domain. The Varsome classify this variant as
Uncertain Significance (score 21 Pathogenic and 3 Benign), but in silico analysis performed in this
work predicted it to be Pathogenic. The majority of pathogenic variants in JAK2 are located in the
JH2 domain leading to a loss in the negative control region and consequently confers constitutive
activation of JAK2 [119,124], although an autophosphorylation in JH1 mechanism [125] could lead
to constant JAK?2 activity and consequently, would explain an erythrocytosis phenotype. Functional
and familial studies need to be performed to define the pathogenicity of this variant for

erythrocytosis.

e FEPOR variant

EPOR is a member of the type I cytokine receptor superfamily that is predominantly
expressed on the surface of immature erythroid cells and has a high affinity for Epo. When Epo
selectively associates with EPOR, it is active as a dimer at the cell surface and activates signaling
JAK2/STATS pathway that promotes the proliferation and differentiation of erythrocyte precursors
to mature erythrocytes [14,19,40].

We found a variant in EPOR exon 3 (¢.296C>T; p.Ala99Val) classified by Varsome as
Benign and by in silico analysis as Likely Benign. This variant is located in the extracellular region
of the protein, more specifically at the erythropoietin receptor ligand-binding site. EPOR
pathogenic variants can lead to ECYT1, and usually show an autosomal dominant pattern leading
to a premature stop codon in the cytoplasmic site with the loss of carboxy-terminal amino acids
(exon 8); these truncated EPOR lacks an important negative regulatory region
[19,101,126,127,127].

Although this patient carrying this EPOR variant has a family history of erythrocytosis and
hematological patterns that support the diagnosis of CE, the variant found does not justify the
phenotype. The in silico analyses shown that this variant is not pathogenic. The variant is not
located in the EPOR regulatory region, similar to the other variants already described in the
literature. Functional and family studies would be needed to understand better how this variant

could cause an ECYTI.
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e SH2B3 (LNK) variants

The SH2B3 encodes the LNK adaptor protein, which plays a key role as a negative regulator
of normal hematopoiesis. The identification of SH2B3 genetic variations acquired or inherited in
MPNSs, lymphoid leukemia and nonmalignant hematological diseases such as IE have demonstrated
the importance of LNK in these pathological processes [24,43—45]. In this work we found a
pathogenic variant in SH2B3 ¢.622G>C (p.Glu208Gln), first described by Oh et al [45], and a new
variant not yet described, ¢.1393G>A (p.Val4651le).

The SH2B3 ¢.622G>C (p.Glu208GIn) pathogenic variant was found in previous works with
patients diagnosed with IE [44,45,73]; however, no one of these studies described the family history
and whether this pathogenic variant was searched for in more than one cell line. The p.Glu208GIn
LNK variant affects the PH domain, which results in altering the ability to bind MPL/JAK2 and
inhibit downstream STAT activation; in other words, the missense variant affecting the PH domain
results in partial loss of LNK function[45]. To exclude the possibility of a somatic variant, we
sequenced the SH2B3 exon 2 using DNA extracted from whole blood and hair; the variant was
present in both cell lines, supporting the possibility of being a germline variant or a de novo variant.
Unfortunately, until now it was not possible to perform familiar studies to understand the
inheritance of the variant.

The new variant found in SH2B3 ¢.1393G>A (p.Val465lle) is classified as VUS in the
Varsome database (score of 3 pathogenic and 19 benign). It is not reported in Clinvar and was
identified in Ensembl as rs374482426 with a MAF of 0. According to the position in the protein
structure, the 465 residue is not localized in any important domain. /n silico analysis predicts that
this variant is Likely Benign. Functional and familial studies need to be performed to define the

pathogenicity of this variant for the erythrocytosis phenotype.

e BB variants

Hemoglobins are tetramer proteins, responsible for transporting O, from the lungs to
peripheral tissues through blood flow. Structurally consisting of four polypeptide chains, two a (al
and a2) and two B (B1 and B2), that form two aff dimers (named alP1 and a2B2) are arranged
around a 2-fold axis of symmetry resulting in a large central water cavity in the Tense (T) or
deoxygenated state and a narrower cavity in the R (Relax) or oxygenated state. Each globin subunit
has a heme pocket which is a hydrophobic V- shaped cavity, a region with iron (Fe), this
configuration allows Fe to bind O, by a covalent bond. The conformational changes between the T
state and the R state of globin chains are cooperative and regulate the high-affinity oxygen binding
[79,15,81].

Two genes encode the a globin chain, HBA1 and HBA2, and only one gene encodes the 3

globin chain, HBB. The development of secondary erythrocytosis in response to tissue hypoxia is
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a physiological response, and more than 100 high oxygen affinity hemoglobin variants are well
described, most of them being pathogenic alterations in 3 chains in an autosomal dominant pattern
[80,117,128]. In this study, two patients shown f-chain variants, which were already described as
high-affinity O, variant Hb.

The Hb Montfermeil (HBB c.392A>G, p.Tyr131Cys) was found in a 61-year-old female,
in heterozygous state. The patient has an unknown CE familial history, normal Epo, Hb 18.3 g/dL,
Hct 52.7%, and red cell mass 6.16x10"12/L. Hb Montfermeil is well described as hemoglobin with
increased oxygen affinity and classified as pathogenic by Ithanet (IthalD:1249) and Varsome
databases. Functional studies performed by J. Kister ef al[117] showed that Tyr (H8) is located
inside the Heme pocket where it interacts with other hydrophobic residues. The change of Tyr to
Cys leads to alteration in the network of hydrophobic interactions and an increase in oxygen affinity
[117,129].

The Hb Malmé (HBB ¢.294C>G, p.His98GlIn) was found in an 11-year-old female child,
with a strong CE familial history and a Hb 16.3 g/dL. Hb Malmoé is also well described as
hemoglobin with increased oxygen affinity and classified as pathogenic by Ithanet (IthalD: 1130)
and Varsome databases. The histidine is replaced by glutamine and this alteration causes a disorder
in the connection between the al-subunit and B2-subunit of the Hb structure, which implicates that
there is an increased binding for O, and decreased release of O, in tissues, associated with

physiological erythrocytosis [130,118].

e VHL variants

The main function of the VHL is to act as a tumor suppressor, where pVHL30 and pVHL19
act as signaling proteins in the ubiquitin-proteasome degradation process. Their main target is the
hydroxylated HIF2a molecule, thus performing upregulation in the transcription of PO and other
genes which are transcribed into the oxygen-sensing pathway [54]. A new exon from a deep-
intronic region was found between exon 1 and exon 2 that results from an alternative splice and
was named E1°, which together with Exon 1 encodes a 193aa protein [53].

Pathogenic variants in VHL are related to different phenotypes, such as different tumor
types, von Hippel-Lindau disease, Chuvash Polycythemia and ECYT2, the last two are
characterized by variants in VHL with an autosomal recessive pattern in homozygous or compound
heterozygous state. Moreover, there are some clinical cases where the family genetic study
demonstrates inexplicable heterozygous patterns [6,17,54]. In this study we found one VHL
pathogenic variant in two different patients, c.340+816A>C, that was already described to promote
erythrocytosis. Others five new variants were found in five different patients, in the heterozygous
state: ¢.340+648T>C, c.28G>A (p.GlulOLys), c.74C>T (p. Pro25Leu), c.154G>T (p. Glu52%*),
¢.241C>T (p.Pro81Ser).
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The intronic VHL ¢.340+816A>C was found in two different and non-consanguineous
patients, in homozygous state. The Patient N60 is a 86 year-old male, with high Epo levels (45.4
mUI/mL), and the N3 Patient is a 46 year-old man, also high Epo levels (85,7 mUI/mL); both
patients have high levels of Hct and Hb. The study performed by Lenglet et al. [53] propose that
pathogenic variants in E1' induce severe retention of this cryptic E1 exon, which correlated with a
defect in the overall expression of the VHL protein. This splicing dysregulation, with consequent
down-regulation of VHL expression, is the underlying cause of ECTY2, through insufficient levels
of VHL and not by the reduction of HIF binding by the mutant VHL.

The VHL ¢.340+648T>C, another intronic variant, was found in heterozygous state in
Patient N48, a 56 year-old male with elevated hematological patterns (Hb 20 g/dL). This variant is
classified as Benign in the Varsome and ClinVar databases. The in silico analysis was not
performed for this variant, because all tools which we used in this study are specific for missense
and nonsense variants. In the study performed by Lenglet ef al. [53], above cited, shown the same
variant in compound heterozygosity (¢.340+617C>G / ¢.340+648T>C) in a patient with VHL
disease. Therefore, we can infer that this variant is probably not responsible for the erythrocytosis
presented by the N48 patient, mainly because it was previously correlated with VHL disease and,
in this specific case, it presents a heterozygous pattern [53].

The VHL ¢.28G>A (p.GlulOLys) was found in heterozygous state in Patient N23, a 57
year-old male. The variant is classified as VUS in the Varsome and ClinVar databases (score of 4
pathogenic and 19 benign) and in silico analysis predict it as Likely Benign. This sequence change
replaces glutamic acid with lysine at codon 10 of the VHL protein. The glutamic acid residue is
moderately conserved and there is a small physicochemical difference between glutamic acid and
lysine [131]. The Mutation Update performed by Bento et al. [5] describe that a patient from France
presented a p.Glul0* also in a heterozygous state. This particular variant is located between the
two translation initiation codons and has the ability to produce a pVHL19 isoform still capable of
regulating HIF. Therefore, this fact corroborates the analyzes carried out with the in silico tools.
Perhaps this variant is not responsible for the presented phenotype, although functional studies
could better elucidate the mechanism of this variant.

The VHL c.74C>T (p. Pro25Leu) was found in heterozygous state in Patient N27, a 71
year-old male. This variant is classified as Benign in the Varsome and ClinVar databases. The in
silico analysis also predicted to be Benign. According to molecular location, this variant is not
found in any domain of the protein, and ClinVar report this variant as a conservative change: it
occurs at a poorly conserved position in the protein, it is predicted to be benign by multiple in silico
algorithms, and/or has population frequency not consistent with diseases [132]. In accordance with
the facts presented, we can infer that this variant is probably not responsible for the erythrocytosis

presented by the N27 patient.
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The VHL c.154G>T (p.Glu52*) was found in Patient N66, a 51-year-old male, with a
family history of polyglobulia and hematological pattern suggestive of erythrocytosis. The
Varsome classifies this variant as Pathogenic and ClinVar as VUS. The in silico analysis also
predicted it to be a VUS. This nonsense variant predicts translation termination of the long VHL
isoform (p30) leading to translation of only the short and alternative form of VHL (p19). Curiously,
two previous studies performed by Camps et al.[73] and Oliveira et al. [133] with IE patients also
related the same p.Glu52* variant in a heterozygous state [73,133]. Nonsense variats in the VHL are
most commonly associated with VHL disease. However, the other two nonsense variants reported
in the literature, p.E10*, and p.E46* are associated with apparently isolated erythrocytosis and with
Hippel-Lindau syndrome, respectively [5,134]. The role of the heterozygote VHL p.ES2* in the
production of erythrocytosis is not clear and, in this case, the patient should be recommended to
perform further tests to exclude the possibility of VHL disease.

The VHL ¢.241C>T (p. Pro81Ser) was found in Patient N10, a 76-year-old male, with
suggestive familiar history of the erythrocytosis. The Varsome classified this variant as Pathogenic
and ClinVar as VUS. The in silico analysis also predicted it to be Pathogenic. This variant is located
in VHL beta domain and other pathogenic variants in this site are described with increased Risk of
tumor development [135]. Intriguingly, this variant was also found in a patient with IE in a recent
study by Oliveira et al. [133] from Minnesota USA. Functional and familial studies need to be
performed to define the pathogenicity of this variant for the erythrocytosis phenotype and the
patient should be recommended to perform further tests to exclude the possibility of development

renal cell carcinoma or hemangioblastomas.

e FEGLNI- EGLN2, EGLN3 (PHD) variants

EGLNI encodes the PHD2 protein, which is described to be a key enzyme in catalyzing
the prolyl hydroxylation of HIFa. Changes in PHD2, that reduce hydroxylase activity, are
correlated with erythrocytosis [5,63]. Although, how other mutated PHD isoforms can promote
erythrocytosis remain unknown. Among all the variants identified in this study, we identified 3 new
variants in PHD, each variant in a different isoform [136,137].

The EGLNI variant ¢.1072C>A (p.Pro358Thr) was found in the heterozygous state in
Patient N20, an 88-year-old female. This variant is classified as a VUS by Varsome, and in silico
analysis predicts it as Pathogenic. Percy et al. [63,64] reported two variants p.Pro317Arg and
p.Arg371His associated with CE, they are able to reduce hydroxylase activity and promote the
erythrocytosis phenotype, after this find other variants were also found in nearby amino acids.
These variants happen within the 20G-Fe(II) oxygenase domain [5,63,64,138]. The present results
suggest that this variant may be responsible for the CE phenotype, even though family and

functional studies are needed to validate the pathogenicity of the variant.
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The EGLN2 variant ¢.266G>A (p.Arg89GIn) was found in the heterozygous state in Patient
N32, a 69-year-old male. This variant is classified as L. Benign by Varsome, and the in silico
analysis also predicts it as Likely Benign. This variant is not within any domain of PHDI, as
mentioned above, thus the mechanisms of how PHD isoforms can lead to erythrocytosis are
uncertain. Further functional studies are needed to elucidate the effects of this variant.

The EGLN3 variant ¢.613A>G (p.Arg205Gly) was found in the heterozygous state in
Patient N51, a 1-year-old child male. This variant is classified as Likely Pathogenic by Varsome,
and in silico analysis also predicts it as Pathogenic. These variant occurs within the 20G-Fe(II)
oxygenase domain of PHD3. In fact, it is important to emphasize that this variant is within an
important domain in the protein, as well as the pathogenic variants described in EGLNI that lead
to erythrocytosis. Based on the age of the patient and in their high hematological patterns (Hb 16.5
g/dL; adapted by age), we can infer that this new variant is a strong candidate for a functional and

familial study.

o EPASI (HIF2a) variants

The HIF2a is the primary transcription factor to stimulates PO expression in response to
hypoxia. Their degradation occurs by hydroxylation of the residues Pro405 and Pro531 and
subsequently VHL E3 ligase signaling to the ubiquitin-proteasome system. The first pathogenic
variants associated with CE were described by Percy ef al. [64,71] these include four variants within
the NAD domain in exon 12 lead to gain of function in HIF2a and impaired interaction of HIF-2a
with PHD2 and VHL [64,139].

The EPASI variant ¢.181A>G p.lle61Val was found in the heterozygous state in Patient
N56, an 18-year-old male. This variant is classified as Benign by Varsome (score 11 pathogenic
and 12 benign), and in silico analysis also predicts it as Pathogenic. According to InterPro database,
this variant is within the bHLH domain, a conserved protein domain [140]. The bHLH domain
function as a diverse set of regulatory factors because they recognize different DNA sequences and
dimerize with different proteins. They are involved in cell fate determination and act in
neurogenesis, cardiogenesis, myogenesis, and hematopoiesis [62,141]. To date, no variant
associated with erythrocytosis has been described within this highly conserved domain: Therefore,
functional and familial studies need to be carried out to confirm how this change could lead to the
pathogenic phenotype.

The EPASI variant ¢.587C>T (p.Thr196Met) was found in the heterozygous state in Patient
N77, a 72-year-old female. This variant is classified as L. Benign by Varsome (score 15 Pathogenic
and 8 Benign), and in silico analysis also predicts it as Pathogenic. No pathogenic variants in exon
6 associated with CE have been described to date. With a MAF <0.01 and because it is a highly

conserved exon, there is a high possibility that this variant is associated with the erythrocytosis
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phenotype. According to shared information among CE study groups in Europe, this variant was
found in a man from France with suggestive symptoms of the CE (personal communication, not
yet published). This data confirms the need to carry out functional and familial studies to elucidate
the mechanisms of this missense variant.

The EPASI variant c.1104G>A (p.Met368lle) was found in the heterozygous state in
Patient N41, a 59-year-old female, and N69, a 31-year-old female (Mother and Daughter). This
variant is classified as Benign by Varsome (score 4 pathogenic and 18 benign), and the in silico
analysis also predicts it as VUS. The p.Met368lle variant is located in an exclusive conserved site
at exon 9. Lorenzo et al. [142] found a pathogenic variant in the same exon 9 at a nearby amino
acid. As described, p.Phe374Tyr variant causes conformational changes at pVHL b-domain sites
and exhibited significant changes in impairment of ElonginC interaction, leading to gain-of-
function of HIF-2a. This pathogenic variant is associated with CE that is also associated with

multiple paragangliomas tumors.

e HIFla and HIF3a variants

In this study, we also found variants in the other isoforms of HIF, in heterozygous state and
with MAF >0.01. Two of them are in the HIF3a isoform (Arg416His, Asn632Lys) and one in the
HIFla isoform (Ala588Thr). According to evaluations performed with the in silico tools, only
HIF3a Arg416His is classified as a VUS. However, the mechanisms that can lead to CE as a result
of the changes found in the HIF1a and HIF3a isoforms are still not clearly understood. Based on
the high sequence homology of the 3 isoforms, the role of its isoforms in disease development
should not be neglected [72]. Anyway, it would be interesting to proceed with functional and family

studies of the HIF3a Arg416His in order to better understand this variant.

e PKLR variant

Pathogenic variants in PKLR can lead to CE by PK hyperactivity with high ATP levels,
recruitment of 1,3-BPG to the glycolytic pathway, subsequent deficiency 2,3-BPG and a
consequent increase in Hb affinity for oxygen. Few pathogenic variants in PKLR are described
associated with CE [83,84].

In this work we found one variation in PKLR c.1614A>T (p.Glu538Asp) in two non-
consanguineous patients, N13, a 58-year-old male, and N18, a 53-year-old male, both in
heterozygous state. The PKLR Glu538Asp is classified by Varsome and Clinvar as VUS, and the
in silico analysis performed in this work predict this variant as VUS. This variant was found by
Manco and collaborators [143] at heterozygous state in a woman from Sdo Tomé e Principe (West
Africa) and classified as a variant potentially causing Pyruvate kinase deficiency. According to the
data presented herein, a study of PK enzymatic properties and immunological specific activity, may
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help to better understand whether in these two isolated cases the erythrocytosis is caused by the

same variant.

e PIEZO variant

The recent study performed by Filser et al. [85] associates PIEZO1 pathogenic variants
with erythrocytosis by an increase in Hb oxygen affinity with intense glycolytic activity, leading to
a decreased 2,3-DPG concentration to maintain the high ATP concentration required for cell
homeostasis.

In your study we found many variants in PIEZO1 with MAF>0.01 and normally classified
by Varsome and Clinvar as benign polymorphisms; therefore, these variants were not submitted to
posterior studies. A single PIEZO] variant was chosen to be analyzed in this work because it was
present in three non-consanguineous male patients, aged 24-29 to 64 years. The PIEZOI
c.6829C>A (p.Leu2277Met), variant is located in an extracellular domain at the C-terminus of the
Piezol protein, it is classified as VUS by Varsome and as Likely Pathogenic by in silico analysis.
Based on the results found and the clinical patterns presented by the patients, this variant is a strong

candidate for family and functional studies.

68



6. Conclusions




In conclusion, this study allowed us to obtain a significant contribution to the molecular

basis underlying CE in a cohort of European patients. These are the strong acknowledgments:

v' With a previously established NGS panel of 13 genes associated with erythrocytosis, 45 genes
associated with hemolytic anemia, and 6 genes for both diseases, we identified high-reliability
variants among patients with IE and discovered other potential disease-causing variants in patients

who previously did not have one specific diagnosis.

v" We were able to provide a real genetic cause for erythrocytosis congenital for 5 patients. Other
candidate variants were evaluated by in silico tools and 11 possible variants can be disease-causing:
6 were classified as Pathogenic, 1 as Likely Pathogenic, and 4 as VUS. The other 7 variants were

classified as Benign or Likely Benign.

v’ Performing family and functional studies of the new variants found are extremely important for
a genetic study, aiming to elucidate the mechanisms of transmission, and whether these variants
are in fact congenital or acquired variants. The first step of a molecular family study by NGS was
carried out, and, as a result, mother and daughter have an EPASI variant (p.Met368lle) classified

by in silico analysis as VUS.

v" We were able to collect important information to proceed with familial and functional studies

of potentially pathogenic variants.
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7.Future Perspective




The prospect of this work for the future is the possibility of carrying out new studies, such
as family and functional studies, which can elucidate the definitive role of these new variants in the
role of erythrocytosis.

Regarding the 63% that remain patients with an unknown genetic cause, therefore being
within idiopathic erythrocytosis, the first step is to perform a Whole-genome analysis.

The epigenetic study will also be a way to better understand how methylations could alter
the production of erythropoietin or even alterations in the intrinsic control of the differentiation and
proliferation of erythroblasts.

We should not forget that erythrocytosis can be congenital or acquired, secondary to the
exposure to exogenous sources. Maybe the answer is in not look for them separately but think that
in same individuals both of the situations can be present. Probably some of the benign variants not
valuable can have an influence in the Hb levels if associated with environmental characteristics.
Research on the human Exposome is a growing area to understand the causal pathways leading to
common diseases [144—146], congenital or not, and it could also bring an answer to the unsolved

cases of CE.
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Supplementary Table 1: Previously described and novel EPOR gene pathogenic variants.

EPOR pathogenic variants (ECYT1)

Exon Nucleotide exchanged

5 c.634G>T

8 c.1013G>A

8 c.1023C>T

8 c.1138C>G

8 c.1141_1142delCC

8 c.1195G>T

8 c.1234delT

8 c.1235C>A

8 c.1242_1276del35

8 c.1249G>T

8 c.1252 1255delGGAG

8 c.1271 1272delTT

8 c.1273G>T

8 c.1278C>G

8 c.1281dupT

8 c.1282_1289dupATCCTGGA

8 c.1285delC

8 c.1288dupG

8 c.1299 1305delCCAGCTC

8 c.1300C>T

8 c.1311_1312delTC

8 c.1310G>A

8 c.1316G>A

8 c.1317G>A

8 c.1362C>G

8 c.1460A>G

8 c.1462C>T
*Stop Codon

Protein effect
p.Gly212Cys
p-Cys338Tyr
p.Thr341Met
p-Pro380Ala

p.Pro381GInfs*2
p.Glu399*
p-Ser412Argfs*41
p.Serd12*
p.Ser415Hisfs*18
p.Glu417*
p.G418Profs*34
p-Phe424*
p.Glu425*
p-Tyr426*
p.1le428Tyrfs*17
p-Asp430Glufs*26
p-Leud29Trpfs*24
p.Asp430Glyfs*15
p-GIn434Cysfs*17
p.Gln434*
p.Pro438Metfs*6
p-Arg437His
p.Trp439*
p.Trp439*
p.Tyr454*
p-Ans487Ser
p.Pro488Ser
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Supplementary Table 2: Previously described and novel VHL pathogenic variants.

VHL pathogenic variants (ECYT2)

Exon Nucleotide exchanged

1

1

ll

' ¢.340 + 694 711dup

ll

ll

3

3
*Stop Codon

c.28G>T

c.235C>T

c.241C>G

c.311G>T

¢ .340 + 574A>T

¢.340+770T>C

c.340 + 816A> C

c.370A>G
c.376G>A
c.376G>T
c.388G>C
c.413C>T
c.430G>A
c.524A>G
c.548C>T
c.562C>G
c.571C>T
c.574C>T
c.574C>A
c.586A>G
c.598C>T

Protein effect
p.Glul0*
p.Arg79Cys
p.Pro81Ala

p.Gly104Val

p-Thr124Lys
p-Aspl26Asn
p.-Asp126Tyr
p.Vall30Leu
Prol138Leu
p-Glyl44Arg
p.Tyr175Cys
p-Serl83Leu
p.Leul88Val
p-His191Asp
p.-Pro192Ser
p.Pro192Thr
p.Lys196Glu
p-Arg200Trp

References

Vainchenker
reported by Bento et al. [5]

Bento et al. [162]

Casadevall
reported by Bento et al. [5]

Cario et al. [163]
Lenglet et al. [53]
Lenglet et al. [53]
Lenglet et al. [53]
Lenglet et al. [53]
Lorenzo et al. [164]
Bond et al. [165]
Pastore et al. [166]
Pastore et al. [166]
Lanikova et al. 2013
Randi et al. 2005
Bento ef al.[162]
Bond et al. [165]
Pastore et al. [167]
Pastore et al. [167]
Pastore et al. [167]
Percy et al. [168]
Bento et al. [162]

Ang et al. [57]
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Supplementary Table 3: Previously described and novel EGLN]I pathogenic variants.

EGLNI (PHD2) pathogenic variants (ECYT3)

Exon Nucleotide exchanged

1
1

4

5
*Stop Codon

c.12C>A
c.380G>
c.400C>T
c.599C>A
¢.606delG
c.609C>G
c.610G>A
c.760G>C
c.840dupA
c.853G>C
c.872A>T
c.950C>G
¢c.1000T>C
c.1010dup
c.1112G>A
c.1121A>G
c.1129C>T

c.1192C>T 4

c.1267A>G

Protein effect
p.Asp4Glu
p-Cys127Ser
p. GIn134*
p-Pro200GIn
p-Met2021lefs*72
p-Asn203Lys
p-Lys204Glu
p-Asp254His
p.Arg281Thrfsx4
p-Gly285Arg
p-Lys2911Ile
p.Pro317Arg
p-Trp334Arg
p-Val338Glyfs*18
p-Arg371His
p.His374Arg
p.GIn377*
p-Arg398*
p-Lys423Glu

References
Lorenzo et al. [169]
Lorenzo et al. [169]

Bonnin et al. [66]
Ladroue et al. [170]
Al-Sheikh et al. [138]

Albiero et al. [171]

McMullin
reported by Bento et al. [5]

Ladroue et al. [170]

Al-Sheikh et al. [138]

McMullin
reported by Bento et al. [5]

Albiero et al. [171]
Percy et al. [63]

Bento ef al. [38]

McMullin
reported by Bento et al. [5]

Percy et al. [63]
Ladroue et al. [170]
Al-Sheikh et al. [138]
Ladroue et al. [170]

Albiero et al. [171]
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Supplementary Table 4: Previously described and novel EPAS1 pathogenic variants.

EPAS1 (HIF2a) pathogenic variants (ECYT4)

Exon Nucleotide exchanged

2

2

9

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
16

c.47_49delAGG
c.49 51delGAG

c.1121T>A
c.1573G>C
c.1594T>C
c.1597A>G
c.1601C>T
c.1601C>G
c.1603A>G
c.1603A>G
c.1604T>C
c.1605G>A
c.1609G<A
c.1609G>T
c.1609G>C
c.1615G>A
c.1617C>G
c.1620C>G
c.1620C>G
c.1631C>G
c.2120A>C
c.2465T>C

Protein effect

p.Lys16 Glul7del

p-Glul7del
p.Phe374Tyr
p-Asp525His
p-Tyr532His
p.lle533Val
p.Pro534Leu
p.Pro534Arg
p-Met535Leu
p-Met535Val
p.-Met535Thr
p-Met535Ile
p.Gly537Arg
p.Gly537Trp
p.Gly537Arg
p-Asp539Asn
p.-Asp539Glu
p.Phe540Leu
p-Phe540Leu
p.Pro544Arg
p.Lys707Thr
p-Met822Thr

References
Camps et al. [47]
Camps et al. [47]

Lorenzo et al. [142]
Schelker et al. [172]
Camps et al. [47]
Perrotta et al [173]
Furlow et al. [174]
Oliveira et al.[133]
Oliveira ef al. [133]
Percy et al.[175]
Percy et al. [176]
Martini et al. [177]
Percy et al. [176]
Percy et al. [176]
Oliveira et al. [133]
Oliveira et al. [133]
vanWijk et al. [178]
Percy et al. [175]
Percy et al. [175]
Oliveira et al. [133]
Kristan et al. [119]

Camps et al. [73]
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Supplementary Table 5: Previously described and novel EPO pathogenic variants.

EPO pathogenic variants (ECYTS5)

Exon Nucleotide exchanged Protein effect References

S'UTR c. -136G>A - Zmajkovic et al [78]
2 c.32delG p.Trp11CysfsTer52 Zmajkovic et al [78]
2 c.19delC p.Pro7LeufsTer56 Taylor et al. [77]

Supplementary Table 6: Previously described and novel BPGM pathogenic variants.

BPGM pathogenic variants (ECYTS)

Exon  Nucleotide exchanged Protein effect References
3 c.61delC p.Arg21Valfs*28 Lemarchandel ef al.[179]
3 c.185G>A p.Arg62Gin Hoyer et al.[180]
3 c.268C>T p-Arg90Cys Lemarchandel ef al.[179]
3 c.268G>A p.Arg90His Petousi et al.[26]
3 c.304C>A p.GIn102Lys Camps et al. [73]
*Stop Codon

Supplementary Table 7: Previously described and novel SH2B3 gene pathogenic variants.

SH2B3 (LNK) pathogenic variants

Exon Nucleotide exchanged Protein effect References
5 ¢.232G>A p.Glu78Lys Camps et al. [73]
5 c.622G>C p.Glu208GIn Camps et al. [73]
4 c.901G>A p.Glu301Lys Camps et al. [73]
- c.1198G>A p-Glu400Lys McMullin ef al.[181]
7 c.1244G>C p-Arg415Pro Camps et al. [73]

96



Supplementary Table 8: Primers HBB, JAK2, SH2B3, VHL genes, used for PCR and Sanger

sequencing.

Gene

HBB

HBB

HBB

JAK?2

JAK?

SH2B3
(LNK)

VHL

VHL

Exon Primer
5'- GAGCCAAGGACAGGTACGG-3'
5'- CAAAGGACTCAAAGAACCTC-3'
5'-AGACTCTTGGGTTTCTGA-3'
S'CATTCGTCTGTTTCCCATTCTA-3'
5-CAATGTATCATGCCTCTTTGCACC-3'
5'-GCAGCCTCACCTTCTTTCATGG-3'

5’- TCCTCAGAACGTTGATGGCAG-3’
14

5’- ATTGCTTTCCTTTTTCACAAGAT-3’
5-GACAGTCTGCTAATTCCAGC-3'
20 5-CTGGGCATTGGCATAAGTC-3'
5’ - CCAGCACTGGGTGTTATG - 3°
5’ - CAGCTGGAAAGCCATCAC -3

INTRON 5'- GGCCGAATAGTTTGCATTTGAA -3’

E'l 5' - TAAGCATCCTCTCCCAAGACT — 3’
5" AGCGCGTTCCATCCTCTAC — 3'

5'- GCTTCAGACCGTGCTATCGT - 3'

*used in PCR; **used in Sanger sequencing.

Sense

Forward*/**
Reverse *
Forward*/**
Reverse *
Forward*

Reverse */**

Forward*

Reverse */**

Forward*

Reverse */**

Forward*/**

Reverse */**

Forward*

Reverse */**

Forward*/**

Reverse *

T°C

Annealing

54°C

54°C

54°C

58°C

60°C

56°C

58°C

62°C
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Supplementary Table 9: PCR reactions for HBB, JAK2, SH2B3, VHL genes

HBB exons 1-2-3 SH2B3 exon2 VHL exon 1 VHL intron E1'
JAK?2 exons 14-20
Reagent Volume Reagent Volume Reagent Volume Reagent Volume
[Concentration] | uL [Concentration] puL [Concentration] ne [Concentration] ns
dH,0 21 dH,0 14 dH,0 4.5 dH,0 21
Qiagen buffer Qiagen buffer Master Mix *Glucose buffer
[10x] 2.5 [10x] 2.5 [2x] 6.25 [10x] 2.5
dNTPs Q solution Q solution dNTPs
[10 mM] 0.50 [5x] 5 [5x] 1.25 [10 mM] 0.50
Forward primer 0.50 dNTPs 0.50 Forward primer 0.50 Forward primer 0.50
[10 mM] [10 mM] [10 mM] [10 mM]
Reverse primer 0.50 Forward primer 0.75 Reverse primer 0.50 Reverse primer 0.50
[10 mM] [10 mM] [10 mM] [10 mM]
Taq polymerase Reverse primer 0.75 Taq polymerase
5 U/uL 0.2 [10 mM] ’ 5 UL 0.2
Taq polymerase
5 U/l 0.2

*Glucose buffer [10x]: Tris pH8.8 6.7 mM, (NH4),SO4 1.66 mM, Na, EDTA 6.7 uM, MgCl, 2.5
mM, BSA 16 ug/mL, B-Me 10 mM.

Projecto de investigagdo: Caracterizagdo clinica e molecular de doentes com Eritrocitose Congénita

— criagdo de um registo europeu e pesquisa de variantes patogénicas nos genes associados.

Investigadores responsaveis: Doutora Leticia Ribeiro e Dra. Celeste Bento, do Servigo de

Hematologia do Centro Hospitalar e Universitario de Coimbra.
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