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Case 1

• Male, 1966
• Admitted 9-1984 with headache, tiredness and abdominal pain.
• Spleen enlarged and painful
• Laboratory:

– Hb 6.2 mmol/L
– Reticulocytes 280
– Bilirubin 81 (direct 16)
– LD 790
– Haptoglobin 0.2
– Direct antiglobine test (Coombs): negative

• Family history: several members with splenomegaly
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Hemolytic anemia – simplified flowchart

Case 1 

• Hb-electrophoresis: normal
(PCR <M-thal normal)

• Red cell enzymes:
– G6PD: 10,9 (nl 7.1-11.5)
– HK: 1.98 (nl 1.02-1.58) 
– PK: 3.2 (nl 6.9-14.5)

• Conclusion: congenital hemolysis due to PK deficiency



Case 1

• life-long chronic hemolysis, well-compensated anemia, splenomegaly

• 1992 increase abdominal pain and hemolysis
– Appr. 20 hemolytic episodes/year (dark urine, abdominal pain, fatigue)
– Appr. 10 painful episodes/year

• 30-11-1993 splenectomy

Hb Tromb LDH Hemolytic 
episodes

Painful 
episodes

Pre-splenectomy 9.5 198 364 20/y 10/y

Post-splenectomy 10.3 396 255 8/y none

Case 1: case solved?

• PKLR analysis: heterozygous mutation (5’-splice site intron 11)

• PK deficiency is an autosomal recessive disease

• We would not expect severe hemolysis

Did we miss something?



Laboratory diagnosis of red cell membrane
disorders

1. Screening tests

- Morphology

- MCV   , RDW  , MCHC   , Retics
- DAT  neg
- Direct bilirubin

- Osmotic Fragility (OF)

Case 1: abnormal osmotic fragility

OF within the normal range 
(10-20%) does not exclude
abnormal red cells

Red blood cell membrane disorders

Morphological abnormalities !



Red blood cell membrane disorders

� Hereditary Elliptocytosis
� Hereditary Pyropoikilocytosis

� Hereditary Southeast Asian Ovalocytosis

� Hereditary Spherocytosis

� Hereditary Stomatocytosis (altered membrane transport function)

Characterized by clinical, laboratory, and genetic heterogeneity

Multiprotein complexes in the red cell 
membrane

Salomao M et al. PNAS 2008;105:8026-8031

A deficiency or dysfunction in any one of these membrane proteins can
weaken or destabilize the cytoskeleton, resulting in membrane surface area
loss and a reduced life span: hemolysis

Plasma membrane &

Integral proteins

Anchoring proteins

Cytoskeletal proteins



Horizontal interactions in the red cell membrane

Horizontal interaction

- major protein: spectrin
- heterodimer, consisting of two

subunits (a and b)
- dimers self-associate head-to-head

(200 nm tetramers)
- Spectrin–protein 4.1R association

Junction with actin network

Horizontal interactions in the red cell membrane

Horizontal interaction

hexagonal network of spectrin tetramers on the inner surface of the membrane
associated with the lipid bilayer



Horizontal interactions in the red cell membrane

Horizontal interaction

Elliptocytosis and pyropoikylocytosis is associated w ith disturbed horizontal 
interactions

Spectrin–actin–protein 4.1 junctional complex ® critical regulator of membrane 
mechanical integrity: elasticity!

Elasticity

Hereditary elliptocytosis (HE)

� HE is caused by spectrin variants (<M- 65%, <N-spectrin 30%), and protein 4.1
deficiency (5% of cases)

� Clinical severity directly related to the amount of spectrin incorporated into
the skeleton (the closer the mutation to the self-association site, the less
stable the tetramer)



Hereditary elliptocytosis (HE)

Autosomal dominant inheritance

Prevalence

� 1:5000 among Caucasians (protein 4.1 deficiency)

� 1:100 in certain African countries (spectrin mutations)

In the majority (90%) of HE individuals the anemia is very mild and often
the elliptocytes are detected during routine analysis

10% of patients have moderate to severe anemia

HE due to complete protein 4.1 deficiency is a severe hemolytic disease

Hereditary elliptocytosis (HE)

HE – no signs of hemolysis HE – protein 4.1 deficiency
Hb 5.0 mmol/L
Reticulocytes 11%
Splenomegaly



Hereditary pyropoikilocytosis (HPP)

� HPP is a severe form of HE – patients often present with severe

hemolytic anemia during the newborn period

� These patients are either homozygous or compound heterozygous for

spectrin mutations

� HPP can also be due to the co-inheritance of the low-expression allele
Sp<MLELY

Neonate, 3rd day of life
Hb 7.1 mmol/L
Anisopoikilocytosis

Vertical interactions in the red cell membrane
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Integral proteins that link the 
plasma membrane to the 
cytoskeleton network

Major proteins involved: Band 3,  
protein 4.2, ankyrin, RhAG, 
Glycophorin C, protein 4.1R

Band 3 associates with RhAG and binds to ankyrin. Glycophorin C links with protein 4.1R

® Critical role in maintaining membrane cohesion

Spherocytosis is associated with disturbed vertical interactions, i.e. disturbed
anchoring



Hereditary spherocytosis (HS)

� Vesiculation of unsupported surface components cause a progressive
reduction in membrane surface area

� Red cell shape changes from a flexible, deformable biconcave disc to a
spherical, poorly deformable red cell – the spherocyte

Hereditary Spherocytosis

� Commonest cause of inherited chronic hemolysis in Northern 
Europe and North America. Prevalence EU: 1:3000

� Inheritance:

- Dominant: 75%
- Recessive (de novo): 25%

� Abnormal red cell morphology due to deficiency of:

- Ankyrin (50-60%, recessive and dominant, decreased spectrin)

- Spectrin (20%)
- Band 3 (15-20%)

- Protein 4.2 (<5%, recessive, more frequent in Japan)

- Unknown (10%)



Hereditary Spherocytosis – Clinical features

� Severity of hemolysis depends on the extent of decrease in membrane surface

area (contents of spectrin)  

� Clinical severity of HS varies from symptom-free carrier to severe

hemolysis. 20% mild HS, 60% moderate HS, 10% moderate severe HS, 3-5%
severe HS

� The diagnosis may be made at any time of life (gallstones in mild HS)

� Clinical manifestations:

- Neonatal jaundice / intermittent jaundice
- Splenomegaly
- Anemia

- Post-infection hemolytic anemia
- Excellent response to splenectomy

Southeast Asian Ovalocytosis (SAO)

Child, 2 months of age (Molukkan)
Hb 5.1 mmol/L, MCV 81, Retics 28E9/L

� Dominant inheritance

� Very common in malaria-endemic areas in Asia, 5-25% 

� SAO SLC4A1 gene is due to a 27 bp deletion (amino acids 400-408)  
in Band 3, at the boundary of the cytoplasmic and membrane domains,
in cis with the Lys56Glu substitution

� SAO cells are rigid and hyperstable

� Hemolysis is mild or absent



Hereditary Stomatocytosis

� Splenectomy is contra-indicated because of increased
risk of trombotic complications !

� A group of very rare, dominantly inherited
hemolytic anemias with abnormal membrane
permeability to univalent cations

- Hydrocytosis
- Xerocytosis
- Cryohydrocytosis
- Familial pseudohyperkaliemia

Laboratory diagnosis of red cell membrane
disorders

Case 1: Spectrin: 100% (reference range 85-115%)  
EMA: 40% relative fluorescence (reference >80%)

Hereditary spherocytosis due to band 3 deficiency

2. Specialized tests
- Spectrin (RIA)
- EMA (Eosine-5-maleimide)

binds Lys430 of Band 3, Rh(AG), CD47
(HS: sensitivity 93%, specificity 99%)

- SDS-PAGE
- Ektacytometry, Lorrca, cation flux meas.



Case 1 – SLC4A1 analysis

c.616_620delG

Premature stop at codon 230:
Band 3 Elst

exon 8, partial DNA sequence

Heterozygous 1bp-deletion
c.616_620delG (p.207fs)

Case 1 – family screening

AH-V         
(1956)

LV         
(1941)

DvD-V         
(1950)

DV         
(1952)

BV         
(1943)

MV-B         
(1944)

HB         
(1943)

BB         
(1946)

DV         
(1966)

SB         
(1988)

PK 1618_IVS11+1delG
Band 3, delG, 9125-9129

*

AS       
(1978)

LV         
(1999)

CV         
(1996)

HV         
(1969)

MM-vdV
(1976)

DJV              
(1986)

* *

*

*

*

Phenotypic modifiers!



Case 2

• Female, 1972
• Congenital hemolysis

– Hb 5.7, MCV 105, reti 770
– LDH 166, bili 42
– Direct Coombs test: negative
– Hb-electroforesis: nl
– Osmotic fragility: nl

Hereditary red blood cell enzyme disorders

The diagnosis of HNSHA should be assumed in cases of
persistent normocytic hemolytic anemia in which hemoglobin
abnormalities and antiglobulin reactions have been excluded,
spherocytes are absent, and osmotic fragility is normal 

� Red blood cell enzymopathies cause (chronic) hereditary

nonspherocytic hemolytic anemia (HNSHA)



Metabolic pathways in the erythrocyte

Red cell enzymes

• 6-Phosphogluconate dehydrogenase
• 6-Phosphogluconolactonase
• Acetylcholinesterase

• Adenine phophoribosyl transferase
• Adenosine deaminase
• Adenylate kinase
• Aldolase
• AMP deaminase
• Bisphosphoglycerate mutase
• Carbonic anhydrase I
• Carbonic anhydrase II
• Catalase
• Cytochrome b5 reductase
• d-ALA dehydrase
• Enolase
• Galactokinase
• Galactose-1-P-uridyltransferase
• g-Glutamylcysteine synthetase
• Glucose phosphate isomerase

• Glucose-6-phosphate dehydrogenase
• Gluthathione peroxidase
• Gluthathione reductase
• Glutathione synthetase
• Glutathione-S-transferase
• Glyceraldehyde 3-phosphate dehydrogenase
• Glyoxalase I
• Hexokinase
• Hypoxanthine-guanine phosphoribosyl transferase
• ITPase
• Lactate dehydrogenase
• NADPH diaphorase
• Phosphofructokinase
• Phosphoglucomutase
• Phosphoglycerate kinase
• Pyrimidine-5’-nucleotidase
• Pyruvate kinase
• Triosephosphate isomerase
• Uroporphyrinogen 1 synthase



...disorders of which cause hematologic
disease

• 6-Phosphogluconate dehydrogenase
• 6-Phosphogluconolactonase
• Acetylcholinesterase

• Adenine phophoribosyl transferase
• Adenosine deaminase
• Adenylate kinase
• Aldolase
• AMP deaminase
• Bisphosphoglycerate mutase
• Carbonic anhydrase I
• Carbonic anhydrase II
• Catalase
• Cytochrome b5 reductase
• d-ALA dehydrase
• Enolase
• Galactokinase
• Galactose-1-P-uridyltransferase
• g-Glutamylcysteine synthetase
• Glucose phosphate isomerase

• Glucose-6-phosphate dehydrogenase
• Gluthathione peroxidase
• Gluthathione reductase
• Glutathione synthetase
• Glutathione-S-transferase
• Glyceraldehyde 3-phosphate dehydrogenase
• Glyoxalase I
• Hexokinase
• Hypoxanthine-guanine phosphoribosyl transferase
• ITPase
• Lactate dehydrogenase
• NADPH diaphorase
• Phosphofructokinase
• Phosphoglucomutase
• Phosphoglycerate kinase
• Pyrimidine-5’-nucleotidase
• Pyruvate kinase
• Triosephosphate isomerase
• Uroporphyrinogen 1 synthase

Clear cause and effect relationship

Hereditary red blood cell enzymopathies

� Most enzymopathies concern deficiencies of the respective enzymes  

� Metabolic dysfunction depends on:
- Importance of the affected enzyme (rate-limiting enzymes)
- Functional abnormalities (kinetic properties) of the mutant enzyme
- Stability of the mutant enzyme
- Possibility of compensation for the deficiency by isoenzyme

overexpression or use of alternative pathways

� No correlation between residual enzyme activity and severity of clinical
expression

� Most enzymopathies are associated with extravascular hemolysis



Hereditary red blood cell enzymopathies

In general: two groups

I. Enzyme deficiencies of glycolysis and nucleotide metabolism
continuously impaired ATP generation:
® lack of sufficient energy

ATP is required for maintenance of:
- glycolysis
- electrolyte red cell/plasma gradient
- glutathione synthesis
- membrane phospholipid asymmetry
- purine/pyrimidine metabolism

® chronic Hereditary NonSpherocytic Hemolytic Anemia (HNSHA)
Most common cause: PK deficiency

II. Enzyme deficiencies of the hexose monophosphate shunt and
glutathione metabolism
Inadequate levels of reduced glutathione (GSH):
® inability to withstand oxidative stress

GSH is required for:
- maintenance of hemoglobin’s iron in

it’s functional (ferrous) state
- protection of metabolic enzymes and

membrane proteins from oxidative
denaturation

® periodic hemolytic episodes, acute HNSHA
induced by oxidant drugs, food (favism), infection, physiologic stress 

Most common cause: G6PD deficiency

Hereditary red blood cell enzymopathies



Clinical features of HNSHA

� Severity ranges from fully compensated hemolysis (without anemia) to
severe hemolytic anemia requiring regular transfusions

� Presentation at later age vs neonatal death (hydrops fetalis)

� Exacerbation of hemolysis during infection
� Usually icterus (gall stones) and splenomegaly
� Anemia, reticulocytosis, elevated bilirubin and LD, decreased haptoglobin

� No morphological abnormalities, except for pyrimidine 5’-nucleotidase (P5N)
deficiency (basophilic stippling)

� Clinical symptoms confined to the red blood cell

In some cases also non-hematological symptoms:
- Phosphofructokinase (PFK) deficiency – myopathy
- Triosephosphate isomerase (TPI) deficiency –

severe neurological signs

In general: HNSHA is highly heterogeneous

Frequency of red cell enzymopathies

1. Most common: G6PD deficiency (400 million people affected 
worldwide)

2. PK deficiency; most frequent abnormality of glycolysis (>600 cases)
3. Glucosephosphate isomerase (GPI) deficiency (>100 cases)

4. P5N deficiency (10-100 cases), more common in Japan
5. TPI deficiency

PFK deficiency (10-100 cases)

Rare disease



Diagnostics and pitfalls

Pitfalls
• Blood transfusions

• Reticulocytosis: some red cell enzymes are red cell
age-dependent (HK, PK, G6PD, aldolase, P5N)
® density gradient separation

• Leucocyte and platelet contamination

• Enzyme deficiencies may be less
pronounced under optimized in vitro
conditions ® low [S] assays

• Storage and shipment conditions

� Demonstration of the specific enzyme defect by
measuring red blood cell enzyme activities

� Molecular characterization

Case 2

• Female, 1972
• Congenital hemolysis

– Hb 5.7, MCV 105, reti 770
– LDH 166, bili 42
– Direct Coombs test: negative
– Hb-electroforesis: nl
– Osmotic fragility: nl

Patient Reference

PK activity (IU/gHb) 9.0 6.9-14.5

HK activity (IU/gHb) 8.9 1.0-1.6

PK activity relatively decreased:  PK deficiency!



Pyruvate kinase (deficiency)

� Key enzyme of glycolysis; sole source of energy of the
red blood cell

� Metabolic consequences (decreased ATP, increased
2,3-BPG and G6P) initiates a series of events leading
to premature destruction of (young!) PK-deficient red
cells in the spleen

� Most common cause of hereditary chronic non-
spherocytic hemolytic anemia (estimated prevalence:
1:20,000)

� Highly variable phenotypic
expression!

Case 2: molecular characterization

� Most patients are compound heterozygous for (missense) mutations in
PKLR: N > 190 (www.pklrmutationdatabase.com)

van Wijk et al. Br J Haematol 2004

low expression of 
Arg479His PK monomers

Compound heterozygous:
- c.507+1G>A (intron 5)
- c.1436G>A; Arg479His (exon 10)

® affecting pre-mRNA splicing



� Altered red cell morphology: red blood cell membrane disorder

- Autosomal dominant inheritance (family history)
- Hereditary spherocytosis: most common cause of inherited hemolytic

anemia (EU) – ankyrin deficiency

- Hereditary elliptocytosis – spectrin variants 

� Normal red cell morphology: red blood cell enzymopathy

- Autosomal recessive inheritance
- Chronic nonspherocytic hemolytic anemia: PK deficiency
- Acute hemolytic episodes: G6PD deficiency

� Highly variable clinical expression – phenotypic modifiers

(e.g. genetic background, differences in splenic function/erythropoiesis,
compensation)

� In general, splenectomy may be beneficial, except for stomatocytosis

� Beware of X-linked diseases in women! (never trust a woman)

Hereditary hemolytic anemia – summary
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