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Globin Gene Organization



Expression of Different Globins



The hemoglobinopathies :

• the most common single-gene 

disorders worldwide

• recessive transmission

but rare dominant cases

• continuous clinical spectrum from 

healthy carriers to lethality at birth

Tokyo 

99



Classification:

Abnormal hemoglobins: structural abnormalities

Thalassemias: synthesis defects

the difference is not in genetics

Primary defects are similar (point mutations, deletions…)

Some mutations give rise to a mixed defect

the difference is in pathophysiology:

The protein can be functionally normal/abnormal

The protein is quantitatively deficient/absent

a

ab
b

Hb A = a2 b2



1.the thalassemias

decreased synthesis of the a or b globin chains

- a and b-thalassemias

- two types (i.e. b° or b+-thal)



1.the thalassemias

- b-thalassemias

- a-thalassemias

- thalassemias with an abnormal Hb



Pathophysiology of b-thalassemia

a/b chain disequilibrium

Excess of a-chains

Inclusion bodies,

ineffective erythropoiesis, hemolysis

Anemia

Proteolysis

Persistence of fetal hemoglobin

- cell selection

- absolute increase of HbF ?

Bone Iron Jaundice Infection

disease             loading

Cairo, January 2002



ScientificWorldJournal. 2013; 2013: 394295.

http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pmc/articles/PMC3628659/
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b-thalassemias: point mutations are the most common cause



Cao A, Moi P.

Regulation of the globin genes.

Pediatr Res. 2002 Apr;51(4):415-21. 

Rarely, b-thalassemias result from deletions

- of the structural genes

- of major regulatory regions



b-thalassaemia major:

Cooley’s anemia

a life-threatening transfusion-dependent condition

Inserm
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more than 200 b-thal mutations described to date



b-thalassaemia intermedia:

a mild transfusion-independent condition may 

result from mild mutations

D.J. Weatherall, Nature Reviews Genetics, 2001, 2/245-255 Inserm
U1134



Allelic combination* participates to 

clinical heterogeneity
*compound heterozygozity

D.J. Weatherall, Nature Reviews Genetics, 2001, 2/245-255

Mild b-thal 

alleles are 

indicated in 

bold
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1.the thalassemias

- b-thalassemias

- a-thalassemias

- thalassemias with an abnormal Hb



a-thalassemias
a a

a a

a

a a

a

a

a a

Functional

a-genes

4

3

2

2

1

0

a

normal

Heterozygous a+ -thal

Homozygous a+-thal

Heterozygous a0-thal

Hb H disease

Hydrops fetalis
with Hb Bart’s

Most commonly results from deletions Inserm
U1134



Chui DH, Fucharoen S, Chan V.

Blood. 2003 Feb 1;101(3):791-800. 

In most cases, a-thalassemias result 

from large deletions

+

+

0

0

0



Hydrops Fetalis



(-a)+ defects result from unequal crossing-over



Geographical distribution of a-thalassemia

D.J. Weatherall, Nature Reviews Genetics, 2001, 2/245-255
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3. abnormal hemoglobins

- classification

- common Hb variants

- sickle cell disease



Central cavity:

2,3-DPG binding

abnormal affinity

a1b1 contacts:

unstable Hbs

a2

b1

b2

a1b2 contacts:

abnormal affinity

Heme pocket:

Hb M

abnormal affinity

unstable Hbs

Surface:

No functional consequences

EXCEPT Hb S

Classification of hemoglobin variants

a1



Hemoglobin S (HbS) = Sickle Cell Disease

Other frequent haemoglobin variants such as HbC or HbE in 

the homozygous state result in mild haemolytic anemia or are 

asymptomatic

BUT

compound heterozygosities such as

- S/C

- E/b-thal

produce moderate to severe phenotypes

OBVIOUSLY such associations are most often encountered 

in populations in which the two types of defect coexist

Frequent Hemoglobin variants



Original geographic distribution of HbS

Hb S

Malaria
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then spread by the slave trade
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Original geographic distribution of frequent 

haemoglobin variants

HbC



Geographic distribution of haemoglobin C

gene frequency

.01

.02

.04

.08

.10

3rd most 

common variant
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Original geographic distribution of frequent 

haemoglobin variants

HbC

HbE



Geographic distribution of haemoglobin E

gene frequency

<.02

.02-.10

> .10

2nd most common

variant after HbS
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Haemoglobin E

HbE heterozygotes are asymptomatic

- with normal Hb, but microcytosis (average MCV 73 fl)

- HbE is expressed at 30-35% 

HbE homozygotes are also asymptomatic

- Hb is normal or slightly decreased

- microcytosis (average MCV 67 fl)

HbE/b-thal compound heterozygotes present with 

an often severe thalassemic syndrome

HbE results from a mixed defect which associates a 

Hb variant and a b-thalassaemia determinant



Haemoglobin E defect

HBB p.Glu26Lys HBB:c.G79A

normal splicing

alternative splicing

part of the mRNA precursor is abnormally spliced, 

resulting in a b+-thal allele 
Inserm
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5 ' 3 '
LCR   e Gg Ag d     b

Chromosome 11

bS Glu

bS globin chain

GTG codon 6

bS geneA

Va

l

oxy HbS     deoxy HbS    

Red blood cell 

Sickling

deformation

rigidification

fragilization

Vaso-occlusion

Hemolytic 

anemia

HbS

Hb S: Sickle Cell Disease

deoxy-HbS polymerization
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HbS
a2bS2

deoxyHbS polymer

B
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Normal and sickled red blood cells    
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Activation of ion 

channels and 

deshydration Inserm
U1134



Steinberg M.H.,  N Engl J Med  

1999; 340:1021-1030

However

The primary physiopatholgical 
event is insufficient to explain 
vasoocclusion since the delay 
time to HbS polymerisation is 
longer than the time required 
in the circulation to 
reoxygenate the blood.

Thus all mechanisms reducing 
blood flow may constitute a 
triggering factor

…. cell adhesion
…. vascular tone



Mohandas & Evans, Blood 1984

Adhesion of Red Cells to the Endothelium in SCD



Red blood cell adhesion 

in sickle cell disease

Three questions:

- which vascular territory?

- which red cells?

- what molecular mechanism(s)?

Inserm
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Kaul et al,

Proc Natl Acad Sci USA 1989

Vessel diameter (mm)

Adherent red blood cells/100mm2



Red blood cell adhesion 

in sickle cell disease

Three questions:

- which vascular territory?

postcapillary veinules

- which red cells?

- what molecular mechanism(s)?

Inserm
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Red blood cell adhesion 

in sickle cell disease

Three questions:

- which vascular territory?

- which red cells?

young RBC: "stress reticulocytes"
(dense cells)

- what molecular mechanism(s)?

Inserm
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Circulating stress reticulocytes express two pro-adhesion 

molecules normally found on erythroid precusors in the 

bone marrow

Elion & Labie

Hématologie 1998
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sub-endothelial matrix

IgG

FcR

laminin

VLA4

VCAM1

CD36

CD36

TSP

GP1b/2b3a-like

HMW vWF

GP1b-like

endothelial                            cells

BCAM/Lu

Increased erythropoiesis

Oxidation

dehydration

Endothelial Activation 

platelets

Blood flow
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adapted from Frenette et al, 2016 

intravital microscopy (mouse)

RBC (blue), neutrophils (red)

a cascade of interactions between RBC, neutrophils, 

platelets and activated endothelium

Vasoocclusion: a multistep mechanism



adapted from Frenette et al, 2016 

intravital microscopy (mouse)

RBC (blue), neutrophils (red)

a cascade of interactions between RBC, neutrophils, 

platelets and activated endothelium

• neutrophils activation

• increased adhesion of aged 

neutrophils

• interactions neutrophils/RBCs and  

neutrophils/platelets

Vasoocclusion: a multistep mechanism



In Sickle Cell Disease

abnormal cell-cell interaction in the microvasculature plays 
a major in targetting vaso-occlusion 

from JP Cartron                           SCADHESION project C Le Van Kim, PL Tharaux, J Elion

….but so does the vascular tone



Vascular tone

-

Two mediators produced by the endothelium are 

elevated in sickle cell disease:

 Endothelin-1      vasoconstrictor

 NO                       vasodilateur

but the increased production of NO is «futile»

because hemolysis results in NO destruction

vasoconstriction
Inserm
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Barrier between blood and the subendothelial structures

Crucial role in controlling
vascular tone
thrombogenesis
vascular remodeling

Numerous secretory properties
anti- / pro-coagulant proteins
vasodilators (NO) / vasoconstrictors (Et-1)
growth factors

Expressing membrane receptors
cell adhesion

Activated by various stimuli
hypoxia
inflammatory cytokines 

The vascular endothelium

Inserm
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Endothelium-derived nitric oxyde (NO)
is a major actor of vascular biology

- vasodilation

- inhibition of platelet activation
- endothelial expression of adhesion molecules 

NO activates the soluble guanylate cyclase (sGC) in smooth 
muscle cells               vasodilation

Haemoglobin is the most potent NO scavenger

paradox at NO working as a diffusible effector and 

its proximity to large amounts of Hb in the RBC

Inserm
U1134



but physiologically, physical and dynamical barriers 
prevent NO destruction by Hb

NO release in hypoxic tissues



Gladwin et al. Nature Medicine, 2003

but physiologically, physical and dynamical barriers 
prevent NO destruction by Hb

and rather Hb in the RBC acts as a NO transporter

NO release in hypoxic tissues



Haemolytic anaemias

NO reacts 1,000 times more rapidly with free Hb than with RBCs

NO scavenging is complete

Common vascular complications
Pulmonary hypertension, cutaneaous ulceration, acute and chronic 
renal failure

Inserm
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Kato et al Blood Reviews, 2007, 21:37-47
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p.Val6Glu → HbS

Steinberg M.H., 1999

deoxyHbS polymerisation

Vasoocclusion Acute complications

- painful crises

- dactilytis

- acute chest syndrome

- splenic sequestration

two trigerring

factors

Abnormal adhesion to 

endothelial cells

free Hb       NO 
scavenging

Haemolysis

two trigerring

factors

HbS: a single mutation but a polysystemic disease
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p.Val6Glu → HbS

Steinberg M.H., 1999

deoxyHbS polymerisation

Vasoocclusion Acute complications

- painful crises

- dactilytis

- acute chest syndrome

- splenic sequestration

two trigerring

factors

Abnormal adhesion to 

endothelial cells

free Hb       NO 
scavenging

Haemolysis

two trigerring

factors Pulmonary

Hypertension

Renal 

Failure

Osteonecrosis

Leg

Ulceration

Nonhemorrhagic

Stroke

Bacteremia

Priapism

Cholelithiasis

Polysystemic chronic complications

Haemolysis

Vasoocclusion

(VOC)

HbS: a single mutation but a polysystemic disease
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