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Definicion de Eritrocitosis

La ERITROCITOSIS ABSOLUTA se define como el incremento de la masa

eritrocitaria reflejada por el incremento de la hemoglobina y el hematocrito

por encima de los valores de normalidad, ajustado a la edad, sexo y raza.

OMS 2008: OMS 2016:

Hb> 18,5 g/dL en el hombre Hb> 16,5 g/dL en el hombre
Hb>16,5 g/dL en la mujer Hb>16,0 g/dL en la mujer

Hb> 17 g/dL en hombre y >15 g/dL en 0

mujer Sl se asocia a un incremento de Hematocrito 49% en el hombre
2 g/mL del basal individual. Hematocrito 48% en la mujer
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Clasificacion de la Eritrocitosis

mm Critrocitosis primaria

e Causada por defectos en los progenitores
hematopoyéticos. Asociada a valores bajos de

eritropoyetina sérica.

e Causada por factores externos a la médula 6sea que
estimulan la eritropoyesis. Asociada a niveles normales

o elevados de eritropoyetina sérica.

® Sempre, el pacient primer
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Clasificacion de la Eritrocitosis

-

e Causada por mutaciones
somaticas o secundaria a
diferentes patologias o

situaciones fisioldgicas

Eritrocitosis

adquirida

® Sempre, el pacient primer

~

e Causada por mutaciones
en linea germinal que
afectan alaviade Epoola

via reguladora de la

hipoxia




Patogenesis de la Eritrocitosis

Produccion Epo en células renales
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9 DEIPIE, 1 paciere prier

Bento et al. HUMAN MUTATION 2013
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Clasificacion de la Eritrocitosis

Eritrocitosis Primaria
(Epo baja)

Mutaciones en Receptor de Epo (EPOR)(ECYT1)

Policitemia Vera (Mutaciones JAK2)

Congénita

Defectos en la via reguladora la hipoxia (ECYT2-4):
* Mutaciones en VHL
* Mutaciones en EGLN1 (PHD2)
* Mutaciones en EPAS1 (HIF2A)

Desviacion a la izquierda de la curva de disociacion Hb-0,:
* Hemoglobinas de alta afinidad (Mutaciones en
HBB, HBA1, HBA2)
* Deficiencia en 2,3-BPG (Mutaciones en BPGM)

Adquirida

® Sempre, el pacient primer

Hipoxia Sistémica: EPO, fumadores, altitud, apnea del
suefio..

Hipoxia Local: Estenosis arterial renal, post-transplante
renal,...

Produccidn patoldgica de Epo: Administracion EPO o
andrégenos
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Eritrocitosis
absoluta

L

Poliglobulia
aislada, sin
esplenomegalia

L

Causas
secundarias
(pulmonares,
renales o
cardiacas)
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Diagnostico Policitemia Vera
OMS 2016

Table 4. WHO criteria for PV
WHO PV criteria

Major criteria

1. Hemoglobin =16.5 g/dL in men

Hemoglobin >16.0 g/dL in women

or,

Hematocrit >49% in men

Hematocrit =48% in women

or,

increased red cell mass (RCM)*

2. BM biopsy showing hypercellularity for age with
trilineage growth (panmyelosis) including
prominent erythroid, granulocytic, and
megakaryocytic proliferation with pleomorphic,
mature megakaryocytes (differences in size)

3. Presence of JAK2V617F or JAK2 exon 12
mutation

Minor criterion
Subnormal serum erythropoietin level

Diagnosis of PV requires meeting either all 3 major criteria, or the first 2 major criteria
and the minor criteriont

*More than 25% above mean normal predicted value.

tCriterion number 2 (BM biopsy) may not be required in cases with sustained
absolute erythrocytosis: hemoglobin levels =18.5 g/dL in men (hematocrit, 55.5%) or
>16.5 g/dL in women (hematocrit, 49.5%) if major criterion 3 and the minor criterion
are present. However, initial myelofibrosis (present in up to 20% of patients) can only
be detected by performing a BM biopsy; this finding may predict a more rapid
progression to overt myelofibrosis (post-PV MF).

® Sempre, el pacient primer Arber et al. Blood 2016
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Diagnostico Policitemia Vera
GEN JAK?2

JAK2 protein tyrosine
kinase domain

structure




Diagnostico diferencial Eritrocitosis

Eritrocitosis absoluta \
Contaje de leucocitos y plaquetas normales, sin eplenomegalia

[}
[}
* Exclusion de causas secundarias adquiridas (cardiacas, pulmonares o renales
* Exclusidon de mutaciones en JAK2 V617F

4

Niveles de eritropoyetina sérica

EPO BAJA

2

Secuenciacion JAK2 (Exén 12)

k Secuenciacion EPOR (Exon 8) /

10
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Senalizacion inducida por EPO

- /
kinase kmase STATS homo-

dimerization

@J

Gene activation and transcription of
— regulators of RBC growth and maturation

Loocox

@  Sempre, el pacient primer MM Patnaik and A Tefferi. Leukemia (2009)

o Vall d'Hebron Barcelona Hospital Campus
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Senalizacion inducida por EPO

o

Truncated Epo Receptors

Progenitores eritroides maduros

EpoR Wild-type

Progenitores eritroides inmaduros

EpoR-H

‘ Inhibitor
recruitment

nucleus

® Sempre, el pacient primer

Docking and
phosphorylation

Survival And
Differentiation
Independent of

Translocation
Into nucleus

Parallel phosphorylated
active STATS dimer

Jak2 can signal for

Phospho-tyrosines

Anti-parallel inactive
STATS5 dimer w

EpoR-HM

(MUTATED

—————— PHOSPHOTYROSINE)

Stat5 activation is
reduced

> Transcription of Bcl-xL, Transferrin Receptor, other targets

Vall d'Hebron Barcelona Hospital Campus
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ga@ Eritrocitosis Congenita tipo 1
(EPOR)

» EC tipo 1 presenta herencia autosomica dominante, con prevalencia y
penetrancia desconocida

» Diagndstico se basa en: poliglobulia aislada, P50 normal, EPO sérica baja o
normal, y historia familiar.

» Se han descrito casos esporadicos sin historia familiar y con presencia de
variantes patogénicas en heterocigosis en EPOR

24 mutaciones de tipo indel todas localizadas en el exén 8 (2017)

4 variantes missense de significado incierto
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Diagnostico diferencial Eritrocitosis

Eritrocitosis absoluta \

Contaje de leucocitos y plaquetas normales, sin eplenomegalia
Exclusidon de causas secundarias adquiridas(cardiacas, pulmonares o renales
Exclusion de mutaciones en JAK2 V617F

4

Niveles de eritropoyetina sérica

EPO 9,9 mUI/mL EPO ALTA o Normal

Determinacion de P50

® Sempre, el patTerreprrer /
vald

14




Definicidon de P50

-
N

FReePrestacsrrsssrssassssnsenssssnnd

@  Sempre, el pacient primer MM Patnaik and A Tefferi. Leukemia (2009) 23, 834-844 15
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Diagnc’)stico diferencial Eritrocitosis

p \'l
Eritrocitosis absoluta
* Contaje de leucocitos y plaguetas normales, sin eplenomegalia

* Exclusion de causas secundarias adquiridas(cardiacas, pulmonares o
renales
* Exclusidon de mutaciones en JAK2 V617F

g

EPO NORMAL O ALTA

P50 NORMAL O NO VALORADA

2

Secuenciacion VHL

ViA REGULADORA
DE LA HIPOXIA

Secuenciacion EGLN1
Secuenciacion EPAS1 (exon 12)



Via de respuesta a la Hipoxia

Nucleus 3. erogene [t Epo) Extracellular
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® Sempre, el pacient primer Bento C et al Human Mutatlon 201317
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Via requladora de la Hipoxia

Tissue
oxygenation

OH Ubiquitination
x NORMOXIA
g

HIF=2a degradation

High PHD2 actiwity

Cytosol

@ Sempre, el pacient primer Bento C et al. Human Mutation. 2013;g
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Via requladora de la Hipoxia

Nuc‘eus 3. EPO gene “ EpO]
HRE Target Genes

Other genes

- GATAT [ tHb)
ALAS2 [t Heme)
4. T ' Tfr (tIron)

Tf(tlron] !
. others T Hb, RBC

Low PHD2 activity G

® Sempre, el pacient primer
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Nucleus 3. erogene (1 Epo)
HRE Target Genes

High PHD2 activity

Cytosol

Tissue
oxygenation

Ubiquitination

T

HIF=2a degradation

Extracellular
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D

Target genes

Nucleus



Via requladora de la Hipoxia
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@ Sempre, el pacient primer Bento C et al. Human Mutation. 2013,
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Via de von Hippel-Lindau (VHL)

Functional VHL VHL Mutations
Covee |

VHL
Mutations

L

| = Apoptosis H TAngiogenesis Ht Inflammation ]

® Sempre, el pacient primer




Gen VHL

o

* 608537
VHL GENE; VHL

HGNC Approved Gene Symbol: VHL
Cytogenetic location: 3p25.3  Genomic coordinates (GRCh38): 3:10,141,634-10,153,669 (from NCEI)

Gene-Phenotype Relationships
Phenotype Phenotype
Location Phenotype MIM number Inheritance mapping key
Ip2s3 Eryithroorbosis, familial 2 263400 .-"._R B
:—Ie:n.:mg;i.-:l'bL:L-.'l:nnL:l, cereballar, somatic 3
Fheochromeoytoma 171300 Al 3
Feamal coll carcinoma, somatic 1427700 3
van Hippel-Lindauw syndrome 123300 AD 3

® Sempre, el pacient primer

Vall d'Hebron Barcelona Hospital Campus
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Eritrocitosis Congenita tipo 2 (VHL)

» EC tipo 2 presenta herencia autosomica recesiva, con prevalenciay
penetrancia desconocida

» Diagndstico se basa en: poliglobulia aislada, P50 normal, EPO sérica alta o
normal, y sin historia familiar.

» Las mutaciones encontradas son en homocigosis, heterocigotos
compuestos.

Policitemia Chuvash es endémica, causada por c.598C>T en homocigosis
Mayor prevalencia de trombosis venosa y arterial, y eventos hemorragicos

No se ha descrito mayor incidencia de neoplasias

® Sempre, el pacient primer Ben | HUMAN MUTATIO! ’ 2013 24
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Via de von Hippel-Lindau (VHL)

® Sempre, el pacient primer

Normal

Linehan 2013

25



Factores inducibles por hipoxia (HIFs)

bHLH PASA _ PASB ODDD _ NAD D CAD
HIF-1. [T T [ ] [ ]
99% 91%  96% 81% 87%

2. [T =il []
HIF-3a [ B

:

TACGTG

Core HRE HIF-1p/
ARNT [I .

TAD

@ Sempre, el pacient primer K Lisy and D J Peet-. Cell Death and Differentiation. 200826




o

Estructura del gen EPAS1 (HIFa2)

02+ 2-oxoglutarate E‘.Dz + succinate

PHDs FIH-1
i CBPI/
405 =531 347
P N p3oo
bHLH TAD -
DNA ARNT 0,-dependent
binding dimerization degradation

® Sempre, el pacient primer

Patel S and Simon C. Cell Death Differ. 2008 27
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Eritrocitosis Congeénita tipo 4 (EPAS)

» EC tipo 4 presenta herencia autosomica dominante, con prevalencia y
penetrancia desconocida

» Diagnostico se basa en: poliglobulia aislada, P50 normal, EPO sérica alta o
normal, y sin historia familiar.

Mutaciones en heterocigosis localizadas en el exén 12

Se ha reportado la mutacion en el exon 9 p.Phe374Tyr en un paciente con

policitemia y feocromocitoma/paraganglioma

28



Isoenzimas PDH

El gen EGLN1 codifica PDH2

PDH2 enzima clave hidroxilacion HIF2a

® Sempre, el pacient primer Melanie J et al.Haematologica 2008

H

L1
11§

ol
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Eritrocitosis Congenita tipo 3 (EGLN1)

o

>

EC tipo 3 presenta herencia autosomica dominante (mutaciones en heterocigosis),
con prevalencia y penetrancia desconocida, mutaciones en heterocigosis

Diagndstico se basa en: poliglobulia aislada, P50 normal, EPO sérica normal y

historia familiar.

La mutacion p.His374Arg reportada en un paciente con policitemia y

feocromocitoma/paraganglioma

Table 4. Previously described and novel oxygen-sensing pathway gene mutations leading to CE

Gene Nucleotide exchange Exon Protein effect References
EGLNI(PHD2) c.12C=A 1 p-Asp4Glu® Lorenzo et al. (2010)
c.380G=>C 1 P Lorenzo et al. (2010)
cA471G>C 11/ p.GIn157His® Albiero et al. (2011); Ladroue et al. (2012)
C.599C=A p-Pro200GIn Ladroue et al. (2012)
c.606delG 1 p-Met2021lefs* 72 Al-Sheikh et al. (2008)
c.609C=G 1 p-Asn203Lys Albiero etal. (2012)
c.610G>A 1 p-Lys204Glu McMullin (this report)
c.760G>C 1 p-Asp254His Ladroue et al. (2012)
c.840dupA 1 p-Arg281Thrfs*4 Al-Sheikh et al. (2008)
c.853G>C 1 p-Gly285Arg McMullin (this report)
c.B72A>T 1 p-Lys291lle Albiero et al. (2012)
c950C=>G 2 p-Pro317Arg Percy et al. (2006)
. 1000T=C 2 p-Trp334Arg Bento et al. (2013b)
c.1010dup 3 p-Val338Glyfs*18 McMullin (this report)
c.1112G=A 3 s 2 i Percy et al. (2007); Ladroue et al. (2012)
c.l121A>G 3 Ladroue et al. (2008)
c.1129C=>T 3 p.GInsvy Al-Sheikh et al. (2008)
c.1192C>T 4 p-Arg398* Ladroue et al. (2012)
c.1267A>G 5 p-Lys423Glu Albiero et al., (2012)

® Sempre, el pacient primer

Paraganglioma

Bento et al HUMAN MUTATION, 2013 3p

Vall d'Hebron Barcelona Hospital Campus



Via reguladora de la Hipoxia,
genes mutados

EPOR
()
VHL tm: transm.embrane _
NRD: negative regulatory domain
DBD: DNA binding
P317 ODD: oxygen-dependent degradation domain
PHD2
HIF-2a

® Sempre, el pacient primer

Melanie et al. Haematologica July 2008
.+ Vall d'Hebron Barcelona Hospital Campus
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Diagnc’)stico diferencial Eritrocitosis

p \'l
Eritrocitosis absoluta
* Contaje de leucocitos y plaguetas normales, sin esplenomegalia

* Exclusion de causas secundarias adquiridas (cardiacas, pulmonares o
renales
* Exclusidon de mutaciones en JAK2 V617F
* Epo sérica normal
4

EPO NORMAL O ALTA

P50 BAJO

‘ TRANSPORTE

OXIGENO POR
HEMOGLOBINA

Secuenciacion HBB, HBA1, HBA2

Secuenciacion BPGM
Secuenciacion Sistema NADH-metahemoglobina reductasa

32




o

Deficiencia de Bifosfoglicerato mutasa

Oxygen Binding and Unloading

Oxyhaemoglobin Deoxyhaemoglobin
Increasing pH
! Bz Increasing 2,3-DPG %
Falling [O,]
_
Rising [O,] 2
Relaxed Binding Structure TightBinding Structure

® Sempre, el pacient primer

Vall d'Hebron Barcelona Hospital Campus
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o

Deficiencia de Bifosfoglicerato mutasa

Chyraiys ERITROCITO
l I Rapoport-Luebering-Zyklus
1,3-Diphosphoglycerat
: BPGM
1 Phospho- (Bisphosy fase)
glyceratkinase BPGM

(Bisphosphoglyceratphosphatase)
3-Phosphoglycerat 2,3-Diphosphoglycerat

l Phospho- I I BPGM
glyceratmutase (Monophosphogiyceratmutase)
2-Phosphoglycerat

b

Gluconeogenese

Mutaciones:
c268C>T (p.Arg90Cys) c.61delC (pArg21Valfs*28) heterocigoto compuesto

¢.185G>A(p.Argb62GIn) homocigoto

® Sempre, el pacient primer

Vall d'Hebron Barcelona Hospital Campus
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Metahemoglobina

SISTEMA NADH-METAHEMOGLOBINA REDUCTASA

NADH Methemoglobin Leukomethylene NADP+ Glucose-6-
\/ = Fot+t blue \/‘ \/ phosphate

NADH cytochrome S NADPH .'
Glycolysis by methemoglobin | ° \ methemoglobin G6PD
reductase p- reductase
o L
Glucose-6- NAD+ Hemoglobin Methylene blue NADPH 6-Phospho-
phosphate gluconate
. Homeostasis o I Methylene Blue Rescue Ethway "

ods

® Sempre, el pacient primer

35
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Metahemoglobina

* Deficiencia de citocromo b5R (AR)
* Deficiencia de citocromo b5 (AR)

¢ Enfermedad de hemoglobina M (AD)

h’ ©J O@Q"tmxwf il

Jb\ﬁj,i.mw#n o &

ZH,Owew:;"ate'd
CyBS5R Desaturase sz

@ Sempre, el pacient primer Elian F. Crit Rev Biotechnol, 2014 36
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Hemoglobinas de alta afinidad
(HBB, HBA1, HBA?)

Deoxihemoglobina Oxihemoglobina

\@at 11p15.5

HS54 32 1 € Gy Ay ynm 3 B

LCR
A % HBA at 16pr
HS-40 i. | yo o 2l 6 /
o1 'l (HHHE
® Sempre, el pacient primer -14 gene
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Hemoglobinas de alta afinidad

o

Journal of Clinical

Vol. 45, No. 6, 196

I;ue:ﬁgaﬁou

101 Hb alta afinidad (2017)

Polycythemia Associated with a Hemoglobinopathy *

SAMUEL CHARACHE,f DAvID J. WEATHERALL, AND JoHN B. CLEGG

(From the Departments of Medicine and Biophysics, Johns Hopkins University School of

Medicine and Johns Hopkins Hospital, Baltimore, Md.)

® Sempre, el pacient primer

Variantes en alf2

H146D (Hiroshima)

H146P (York)
H146L (Cowtown)

2,3DPG
D9SN (Kempsey)

K82M (Helsinki)
K82N (Providence)
K82T (Rahere)

N102T (Kansas)

V111F (Peterborough)

P119S (Groene Hart)

H103Y (Lombard)
H103R (Contaldo)

A128D (J-Guantanami

R31S (Prato)

P124R (Khartoum) =

F117S (Fogaia)

Thom et al. Cold Spring- Harb-Pers

Vall d'Hebron Barcelona Hospital Campus



* Vardn de 25 anos con poliglobulia mantenida, Hb 19 g/dl y HTC 56 %

* Poliglobulia aisladoa con eritrocitosis absoluta y sin eplenomegalia

* Exclusion de causas secundarias adquiridas (cardiacas, pulmonares o
renales)

* Exclusion de mutaciones en JAK2 V617F

* Epo sérica normal, P50 no determinado

HbVar: A database of Human Hemoglobin Variants and Thalassemias

Hemoglobina Olympia heterocigota

Detail page display

Hb Olympia
1 HbVar ID 257
HGVS name HBB:c 61G>A
Category
Hb variants
Mutation location
exon
1 hgl9: chrll 5248191
Click on this button to view this variant as an user track
| PSU Genome Browser |

IR mITE T
AGGTGAACRT GG ATG

3D position
External

A Hematology and Clinical Presentation

[l A [li
N

111

|

i

| 111

|

| |}
\ \
1] ‘ | |
\ |
1
/ ! |
1 |

310
® Sempre, elpacient primer

Clinical presentation Laboratory findings Comments

« Hb17-184 g/dL

o MCVEE-931{L

« PCV051-034LLT

« RBC55-6.210"12L1

Heterozyvgote * marked Ervthrocytosis

39
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Table 1. Causes of erythrocytosis.

Primary erythrocytosis (typically low Epo levels)

Congenital Acquired
Epo receptor mutations Polycythemia vera
including JAK? mutations
Secondary erythrocytosis (high or normal Epo levels)
Congenital (inherited) Acquired (Epo-mediated)
Defects in oxygen-sensing pathway: Systemic hypoxia:
VHL mutations (e.g. Chuvash polycythemia) Chronic lung disease
EGLNT (PHD2) mutations Right-to-left cardiopulmonary vascular shunts
EPAST (HIF2A) mutations Smoker’s erythrocytosis
Nocturnal hypoventilation syndromes
(e.g. obstructive sleep apnea)
Other congenital defects High altitude
High-oxygen affinity Hb Local hypoxia:
Bisphosphoglycerate mutase deficiency Renal artery stenosis

Renal cysts (polycystic kidney disease)

Post-renal transplant erythrocytosis

Pathological Epo production (tumors)

Brain (cerebellar hemangioblastoma, meningioma)
Renal cell carcinoma

Hepatocellular carcinoma

Phechromocytoma

Drug-associated:

Erythropoletin/androgen administration

@ Sempre, el pacient primer Petousi N et al. Haematologica 2014; 99:e201 4o
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Algoritmo Diagnaostico Eritrocitosis

Eritrocitosis absoluta, contaje dentro de la normalidad de leucocitos y plaguetas, sin
esplenomegalia. Descartar causas secundarias (cardiacas, pulmonares o renales)
JAK2 V617F no mutado

: L. . 3 Secuenciacién EPOR (Exdn 8)
Niveles de\flPO >erica _)@ Secuenciaciéon JAK2 (Ex6n12 ) _)m

Normal o alto

Variante de Hb de
JI s i hEE Lo alta afinidad
Determinacion P50 =2 P50 bajo | =—> ecuenc!ac!c?n ) e a4 Deficiencia de
¢ Secuenciacion BPGM BPG
P50 normal o no determinada Secuenciacién HBB, HBA 5, Variante de Hb de

alta afinidad

v

Historia familiar

— Secuenciacion EPOR (exdn 8) ECtipo 1
Positiva Secuenciacién EGLN1 BN EC tipo 3
Secuenciacién EPAS1 (exdn 12) EC tipo 4

e Negativa | =——=2> Secuenciacién VHL m
[ ] empre, el pacient primer
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Eritrocitosis Congénita

Table 1. Congenital erythrocytosis—OMIM classification, genes, and proteins associated

Disease group Gene (MIM
(MIM number) number) Location Inheritance Protein Protein function
ECYT1 (133100) EPOR (133171) 19p13.2 Dominant (de novo cases  Epo receptor (EPOR) cognate receptor for EPO
described) activates JAK/STATS pathway
promotes survival, proliferation and differentiation of
erythroid progenitor cells.
ECYT2 (263400) VHL (608537) 3p25.3 Recessive (dominant Van Hippel Lindau E3 ligase
cases described) (VHL) involved in the ubiquitination and degradation of HIFe
isoforms
targets HIFw for proteasomal degradation
ECYT3 (609820) EGLNI (606425) 1g42.1 Dominant Prolyl hydroxylase oxygen sensor of HIF pathway
domain-containing hydroxylates prolines in HIFe isoforms
protein 2 (PHD2) requires O, Fe, 20g for activity/function.
ECYT 4 (611783) EPASI (603349) 2p2l Dominant Hypoxia Inducible Factor part of HIF2 transcription complex
2o (HIF2a) hydroxylated by PHD2
targeted to proteosome by VHL
controls Epo synthesis
High oxygen affinity: HBB, HBA 11p15.4; 16p13.3 Dominant Hemoglobin (Hb) tetramer made up of two alpha and two beta chains
Variant Hbs, BPGM oxygen transport from the lung to the peripheral tissues
BPGM 7q33 Recessive Bisphosphoglycerate regulation of hemoglobin affinity for oxygen
mutase controls the levels of 2,3-BPG
@ Sempre, el pacient primer Bento et al HUMAN MUTATION, 2013 42
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Algoritmo diagnostico de EC

— .,

Mormal Epo level JAKZVS617F or Exon 12

| — e,
|

|

|

~ -
~ - ~—)

Low Epo level

Pa0<Z2 6mmHg

- i
Seq. HEB, HBA Megative family history Positive family history
(+) \\\
(-
ol « Seq, EPAS1 [exon 12]
w 7 ced- gene VL g Seq. EGLN
. -
™,

T

Seq. BPGM

) -
(-)

BPGM deficiency

b &
Iy
HH""'H-\.__

s
.

Sequencing of genes associated with CE not yet screened or new candidate genes [NGS) |

® Sempre, el pacient primer

Bento et al HUMAN MUTATION, 2013 43
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