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ABSTRACT:

The aim of this research is to make a contribution to the molecular pathogenesis of
erythroenzymopathies, rare hereditary disorders causing nonspherocytic hemolytic anemia. This work
represents an advanced and up-to-date knowledge in the field of red blood cells enzyme deficiencies in
the Czech and Slovak populations since the nineteen-eighties when mutations in Czech and Slovak
subjects resulting in glucose-6-phosphate dehydrogenase (G6PD) and pyruvate kinase (PK)
deficiencies were described. Both deficiencies are the most common erythroenzymopathies
worldwide. Since 2013, our laboratory has focused on the introduction of direct enzyme assays
followed by genetic testing in patients with hemolytic anemia with suspected erythroenzymopathy.
To date, several different enzyme defects were diagnosed in twenty-four patients. Except G6PD and
PK deficiencies (9 and 12 cases), 2 families with glucose phosphate isomerase (GPI) defect and 1
family with very rare hexokinase (HK) deficiency have been identified. The last two deficiencies were
diagnosed in the Czech and Slovak populations for the first time. Among the 22 identified mutations,
5 of them, namely G6PD p.(Phe216Tyr), PK p.(Arg518Leufs*12), p.(Asp293Val) and GPI
p-(Ser160Pro), p.(Argd72Cys) were novel and have not been previously reported in literature.

Furthermore, this thesis describes a pathogenic mechanism of several novel mutations responsible for
deficiencies of hexokinase (HK), phosphoglycerate kinase (PGK) and phosphofructokinase (PFK)
in more detail. HK deficiency is a very rare disorder that has been rarely studied at molecular level.
In collaboration with other research centers, the largest cohort of HK deficient patients was selected
and extensively studied. Using molecular techniques and in silico analyses, potential pathogenic
mechanisms of novel mutations p.(His867Tyr), p.(Thr600Met), ¢.873-2A>G and c. 493-1G>A have
been elucidated. Further, we contributed to the identification and characterization of a novel intronic
mutation ¢.756+3A>G in PGKI in two brothers with PGK deficiency. Although PGK deficiency
is mostly associated with hemolytic anemia and neurological impairment, muscle weakness and
myopathy were the only clinical features in these cases. Finally, we contributed to the detection
of a novel mutation p.(Asp309Gly) in PFKM gene, the first case of a rare PFK deficiency diagnosed

in a 65-year-old female of Spanish origin.

Characterization of erythroenzymopathies by biochemical and molecular analyses can contribute
to a better understanding of pathophysiology of this rare disorder. Furthermore, the direct enzyme
assays may have a wide variety of scientific/diagnostic applications; it may improve diagnostic testing

of other disorders or it may be useful to study the mechanism of drug's actions.



ABSTRAKT:

Tato prace se zabyva studiem molekularni patogeneze enzymopatii - vzacného onemocnéni
zpusobujici vrozenou nesférocytarni hemolytickou anémii. Deficit glukosa-6-fosfatdehydrogenasy
(GPD) a pyruvatkinasy (PK) byl v Ceské a slovenské populaci popsan jiz v 80. letech. Nicmén¢ az tato
studie predstavuje zatim chybéjici uceleny piehled o vyskytu tohoto onemocnéni v Ceské a slovenské
populaci, zvlasté pak jeho vzacnéjsi formy. Od roku 2013 se naSe laboratoi zabyva metodou primého
stanoveni enzyml s naslednym genetickym vySetfenim u pacienti se suspektni enzymopatii.
V soucasné dobé& jsme jedinou specializovanou laboratoii zabyvajici se touto diagnostikou v Ceské
republice resp. ve stfedni Evropé. Doposud byl enzymovy deficit diagnostikovan u dvaceti Ctyt
pacientl. Vedle nejcastéjSich deficitt G6PD a PK (9 a 12 pripadl), byly identifikovany 2 rodiny
s deficitem glukosafosfatisomerasy (GPI) a 1 rodina s velmi vzdcnym deficitem hexokinasy (HK).
Deficit GPI a HK byl v ceské a slovenské populaci diagnostikovan poprvé. Celkové bylo
identifikovano dvacet dva kauzalnich mutaci, z nichz pét nebylo doposud v literatufe popsano - G6PD

p.(Phe216Tyr), PK p.(Arg518Leufs * 12), p.(Asp293Val), GPI p.(Ser160Pro) a p.(Argd72Cys).

Soucasné tato prace studuje patogenni mechanismy vybranych mutaci vedouci k deficitu HK,
fosfoglyceratkinasy (PGK) a fosfofruktokinasy (PFK). Deficit HK byl pouze vyjimecné studovan na
molekularni Grovni. Na zakladé zahrani¢ni spoluprace jsme vytvorili a detailnéji prostudovali nejvetsi
soubor pacientli s timto deficitem. Patogenni mechanismus kauzalnich mutaci p.(His867Tyr),
p-(Thr600Met), c.873-2A>G a ¢.493-1G>A byl objasnén pomoci molekularnich technik a in silico
analyz. Dale jsme identifikovali a charakterizovali novou intronovou mutaci ¢.756+3A>G v genu
PGK1 vedouci k PGK deficitu. Ve vétSin€ piipadd je deficit PGK spojen s hemolytickou anémii
a neurologickymi poruchami. AvSak v tomto pfipadé byla svalova slabost a myopatie jedinym
klinickym pfiznakem. Déle jsme u pacientky Spanélského piivodu identifikovali a charakterizovali
novou mutaci p.(Asp309Gly) v genu kodujici PFK. Jedna se o prvni piipad PFK deficitu

ve Spanélsku.

Charakterizace erytroenzymopatii pomoci biochemickych a molekularnich analyz miize pfispét
k porozuméni patofyziologie tohoto vzacného onemocnéni. Navic metoda piimého stanoveni
erytrocytarnich enzymt muze vést ke zlepSeni diagnostiky jinych onemocnéni ¢i je mozné ji vyuzit pii

studiu farmakologickych sloucenin.
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1 INTRODUCTION

A major part of the theoretical background related to erythroenzymopathies was quoted verbatim from
my first-authored publication “Rare hereditary red blood cell enzymopathies associated with
hemolytic anemia — pathophysiology, clinical aspects, and laboratory diagnosis” (Koralkova et
al., 2014). Several sections were expanded and updated to complete current knowledge. All references

were cited accordingly.

1.1 ERYTHROPOIESIS

Erythropoiesis is a highly regulated process characterized by proliferation and progressive maturation
of hematopoietic stem cells through lineage—committed progenitors and erythroblast precursors
to mature enucleated red blood cells (RBCs). Erythroid progenitors emerge from two distinct sources
during the mammalian development. The early erythropoiesis, primitive erythropoiesis, occurs
in “blood islands” within the yolk sack. Primitive erythroblasts arise from mesodermal cells and
provide a transient pool of unique erythroid progenitors (EryP-CFC) (Palis, 2014; Palis et al., 2010).
Definitive erythropoiesis takes place in fetal liver and postnatal bone marrow. Burst-forming unit
erythroid (BFU-E) and colony-forming unit erythroid (CFU-E) are the most immature erythroid
progenitors. They further progress to nucleated pro-erythroblast, basophilic, polychromatophilic
and orthochromatic erythroblast. The erythroid maturation results in enucleation and reticulocytes
formation (Figure 1). Whereas reticulocytes undergo rapid maturation, the extruded nuclei in form
of pyrenocytes are engulfed by macrophages (Migliaccio, 2010; Palis, 2014). The erythroid
differentiation is regulated at multiple levels by many hormones/cytokines, transcription factors and
nutritional supply. The most important cytokine of erythropoiesis is erythropoetin (EPO). At early
stages of erythroid differentiation (CFU-E stage to basophilic pro-erythroblasts), EPO induces
erythropoiesis by promoting proliferation and inhibiting apoptosis. Several transcription factors, such
as GATA-1 (GATA-binding factor 1), KLF1 (Kriippel like factor 1) or NF-E2 (nuclear factor-
erythroid-derived 2), are implicated in erythroid specific gene expression (Chateauvieux et al., 2011;
Tsiftsoglou et al., 2009). Furthermore, many nutritions, such as folate, vitamin B;, and iron, are

important for hemoglobin synthesis and normal RBC maturation (Koury and Ponka, 2004).
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Figure 1: A schematic overview of different erythroid differentiation stages. Differentiation of the most
immature progenitors - burst-forming unit erythroid (BFU-E) and colony-forming unit erythroid (CFU-E)
to mature erythrocyte (Koury and Haase, 2015).

1.2 THE RED BLOOD CELL METABOLISM

During maturation RBCs lose their nucleus, mitochondria and other organelles. Thus, they are unable
to conduct oxidative phosphorylation and protein/lipid synthesis. Despite this limited metabolic
machinery, RBCs are able to fully perform their functional role which mainly involves the transport
and delivery of oxygen to tissue. Metabolic pathways involved in cellular function and survival
comprise anaerobic glycolysis, hexose monophosphate shunt, glutathione metabolism and nucleotide
salvage pathway (Arya et al., 1995; Jacobasch and Rapoport, 1996; Prchal and Gregg, 2005; van Wijk
and van Solinge, 2010). These pathways serve to maintain (1) the integrity and flexibility of the RBC
membrane, (2) hemoglobin in its reduced state, (3) the redox balance of the glutathione pool, and (4)

the adenine pool. The simplified RBC metabolism is shown in a schematic overview (Figure 2).

Anaerobic glycolysis, also known as the Emden-Mayerhof pathway, is the sole source of energy for
the RBC. Glucose is metabolized in a multi-step process resulting in the production
of pyruvate/lactate, ATP and NADH. ATP drives proper function of K'/Na" pumps which are
involved in maintenance of flexibility and integrity of the red blood cell membrane. NADH is
a cofactor of NADH-cytochrome b5 reductase, playing a key role in the reduction of oxidized
hemoglobin. The Rapoport—Luebering shunt is unique to the red cell. This bypass step of glycolysis
serves mainly the production of 2,3-bisphosphoglycerate which together with ATP regulates
the affinity of oxygen to hemoglobin (Rapoport and Luebering, 1950). Under standard physiological
conditions 90% of glucose is metabolized through anaerobic glycolysis to produce ATP.

The remaining amount of glucose is metabolized through the hexose monophosphate shunt whose
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main function is the production of redox potential in the form of NADPH. It is the only way
of NADPH formation in RBC. NADPH acts as a cofactor for glutathione reductase which maintains
glutathione in its reduced state, thereby provides protection against oxidative stress (van Zwieten et
al., 2014). RBC nucleotide metabolism contributes to maintaining the energy balance in erythrocytes.
Nucleotide content in mature erythrocytes is predominantly regulated by the intracellular purine
metabolic cycle (Dudzinska et al., 2006). Pyrimidines are degraded by pyrimidine—5’-nucleotidase
during reticulocyte maturation and are present only as trace amounts in the mature RBC. In contrast,
adenine derivatives (AMP, ADP, ATP) represent about 97% of the total nucleotide pool (Valentine
and Paglia, 1980a). Because mature RBCs lack phosphoribosyl—1—-pyrophosphate, an essential enzyme
for de novo synthesis of purines, purine derivatives are reconstituted from intermediates of purine

catabolism. This mechanism is known as a salvage pathway (Dudzinska et al., 2006).

Page |3



EMBDEN-MEYERHOF PATHWAY GLUTATHIONE METABOLISM
ATP ADP

Glucose
Glutamate + cysteine —> y-glutamylcysteine
Yy - GLUTAMYLCYSTEINE

ATP
HEXOKINASE SYTHETASE
GSH GLUTATHIONE ATP/glycine

ADP
SYNTHETASE ADP
Glucose-6-phosphate  \ \pp NADP GLUTATHIONE REDUCTASE
G((,C GSSG
GLUCOSEPHOSPHATE 0@6,0&6:
R NADPH ——> NADPH €—— NADPH

ISOMERASE "0p A,
%,
a3 NADP f
6-phosphogluconolactone 6-phosphogluconate

Fructose-6-phosphate
PHOSPHOFRUCTOKINASE HEXOSE MONOPHOSPHATE SHUNT

ATP
ADP TRANSALDOLASE
Fructose-1,6-phosphate Ribose-5-phosphate
TRANSKETOLASE
ALDOLASE
Dihydroxyacetone
Glyceraldehyd-3-phosphate

phosphate g oSEPHOSPHATE ISOMERASE
GLYCERALDEHYDE-3-PHOSPHATE

o X NADS ) DEHYDROGENASE
MetHb NADH
RAPOPORT-LUEBERING SHUNT

CYTOCHROM-b5-

REDUKTASE 1,3 b[sphOSphOglycerate BISPHOSPHOGLYCERATE-
MUTASE
PHOSPHOGLYCERATE
KINASE 2,3-bisphosphoglycerate
BISPHOSPHOGLYCERATE-
MUTASE

3-phosphoglycerate

MONOPHOSPHOGLYCERATE- V
MUTASE
Adenine
ADENINE
2-phosphoglycerate \L PHOSPHORIBOSYL-
TRANSFERASE
NUCLEOTIDE AMP sesesesssnasasnnnans
ENOLASE METABOLISM \l,
v
Adenosine ——>Inosine

Phosphoenolpyruvate  App ADP
X
ATP AmP

PYRUVATE ADP

ATP KINASE ADENYLATE ADENOSINE
KINASE KINASE
Pyruvate
NADH LACTATE 5’-ribonuclsec;::iseoﬂl‘s;?:zznuc'e“ide
DEHYDROGENASE
NAD
Lactate

Figure 2: A schematic overview of red blood cell metabolic pathways. Hb — hemoglobin, MetHb

methemoglobin, GSH — reduced glutathione, GSSG — oxidized glutathione
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1.3 ANEMIA

Anemia, the most common blood disorder, is the major source of morbidity and mortality worldwide
(Sankaran and Weiss, 2015). Anemia is characterized by a reduced red blood cell count mostly
resulting in a decrease of hemoglobin (Hb) or hematocrit (Htc) under the control range depending
on the age and the human race (white population: men — Hb: 135 g/L, Htc: 38.8; women — Hb: 120
g/L, Htc — 34.9) (Brugnara, 2014). Anemia can be classified according to multiple attributes — red
blood cell mass, red blood cell morphology, pathophysiology etc. Based on the red blood cell mass,
anemia is classified as absolute and relative. Absolute anemia may result from (1) decreased red cell
production, (2) increased red cell destruction or (3) blood loss and blood redistribution. Relative
anemia reflects increased plasma volume which is typically observed during pregnancy

or macroglobulinemia. The detailed classification of anemia is listed in Table 1 (Prchal, 2015).

Table 1: Classification of anemia (based on (Prchal, 2015))

ABSOLUTE ANEMIA
A. Decreased red cell production
1. Acquired 2. Hereditary
a) Pluripotential hematopoietic a) Pluripotential hematopoietic stem cell
stem cell failure failure
b) Erythroid progenitor cell failure b) Erythroid progenitor cell failure
¢) Functional progenitor ¢) Functional progenitor impairment due
impairment due to nutritional to nutritional and other causes
and other causes

B. Increased red cell destruction (Hemolytic anemias)

1. Acquired 2. Hereditary

a) Mechanical a) Hemoglobinopathies

b) Antibody mediated b) Red cell membrane disorders
¢) Hypersplenism c) Red cell enzyme defects

d) Red cell membrane disorders

C. Blood loss and blood redistribution
RELATIVE ANEMIA
a) Macroglobulinemia
b) Pregnancy
c) Athletes
d) Postflight astronauts
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1.3.1 HEMOLYTIC ANEMIA

The survival of RBCs in the circulation is approximately 115 days (Franco, 2012). During
microcirculation and aging, RBCs decrease cell volume, surface charge and metabolic activity
and increase cell density. These changes affect cell deformability (phosphatidylserine externalization,
CD47 and sialic acid decrease etc.), which further leads to the destruction of RBCs by macrophages
(erythrophagocytosis) mainly in the spleen and also in the liver. Under physiological conditions,

the rate between erythropoiesis and hemolysis is maintained in the balance (Huang et al., 2011).

Hemolytic anemia (HA) is a group of heterogeneous disorders characterized by a premature
destruction and removal of RBCs from bloodstream. RBCs can be destroyed by two distinct
mechanisms. Intravascular hemolysis, the less common mechanism, is associated with the direct
destruction of RBCs in the circulation releasing hemoglobin into the plasma. In case of extravascular
hemolysis, RBCs are phagocytized by macrophages in the spleen and liver. The causes of HA can be
extrinsic (mechanical stress, complement system activation or various infections) or intrinsic (defects
of Hb synthesis, abnormal membrane composition or defected RBC metabolism). While the extrinsic
causes are mostly acquired, the intrinsic factors are mainly associated with inherited defects (Dhaliwal

et al., 2004).

The increased RBC destruction leads to an extensive breakdown of hemoglobin resulting
in unconjugated hyperbilirubinemia clinically apparent as jaundice, increased lactate dehydrogenase
(cellular destruction), reticulocytosis or cholelithiasis. Beside this, decreased levels of plasma
haptoglobin, a marker of RBC destruction, are evidenced regardless the site of hemolysis
(intravascular or extravascular) (Barcellini and Fattizzo, 2015; Ruiz and Cervantes, 2015). HA can be
present as chronic or acute; hemolytic crisis is observed in several cases. Clinical severity of HA
greatly differs among patients. Some patients may exhibit well-compensated HA with no clinical
signs of hemolysis; others show life-threatening HA hardly controlled by RBC transfusions. The topic
of this thesis focuses on the inherited causes of HA. Thus, only these disorders will be further
discussed according to the interest — especially the red blood cells enzymopathies as the main subject

of the thesis and the membrane defects on which I focused during my doctoral study as well.

1.3.1.1 HEMOGLOBINOPATHIES

Hemoglobin, the most abundant protein inside the RBC, has multiple biological functions. The major
task of hemoglobin is to provide oxygen transport from lungs to tissues and cells (Giardina et al.,
1995). A hemoglobin molecule is a tetramer composed of a prosthetic heme group with a central iron
(Fe’) and two distinct pairs of globin chains (a, B, v, 3, {, &). The synthesis of globin chains is

controlled by separate o—like and f—like globin gene clusters located on human chromosomes 16
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and 11, respectively (Thom et al., 2013). The proportion of individual globin chains in a hemoglobin
molecule differs with prenatal gestation time and postnatal age (Forget and Bunn, 2013). The overall
composition of hemoglobin in adults is Hb A; (95-98%), Hb A, (2-3%) and Hb F (<1%) (Brugnara,
2014).

Up to date, over 1000 globin mutations associated with aberrant hemoglobin synthesis
and/or structure/function have been reported. Hemoglobin disorders can be divided into two major
groups 1) thalassemia syndromes and 2) structural hemoglobin variants. Thalassemia syndromes are
characterized by an imbalance in production of globin chains, thus, are referred as quantitative defects.
The most common thalassemia syndromes are a- and B-thalassemias, however, defects in delta (6)— or
gamma (y)—globin chains have been described. Although majority of these defects cause inherited
autosomal recessive disorders, several patients exhibit acquired form of a-thalassemia in association
with myelodysplastic syndrome (Forget and Bunn, 2013). Several families with thalassemia
syndromes have been previously reported in the Czech and Slovak populations (Indrak et al., 1992).
Recent molecular—genetic screening of patients from the Czech Republic and the Slovak Republic
revealed 29 P-thalassemia mutations in 356 heterozygotes from 218 unrelated families. Most of
the mutations were of Mediterranean origin (82% of cases); five mutations have not been previously
reported (Divoka et al., 2016a). In most cases the phenotype corresponds to B-thalassemia minor;
rarely to f—thalassemia intermedia or major. In addition, deletions of variable size were identified in
alpha-globin gene cluster of eighty Czech patients or immigrants living in the Czech Republic.
Besides common Mediterranecan and Asian deletions (especially -03.7 and —SEA), large deletions
encompassing entire alpha globin locus or only the HS-40 regulatory region were detected in several

cases (Divoka et al., 2016b).

Structural hemoglobin variants are qualitative defects in which mutations predominantly alter
hemoglobin structure and/or its biochemical properties, further affecting oxygen affinity and/or
hemoglobin stability (Thom et al., 2013). The endemic hemoglobin variants HbS, HbC and HbE are
among the most studied and frequent pathologies. In the HbS variant (B7 Glu—Val), deoxygenated
HbS polymerizes inside the RBCs and decreases RBC deformability. It damages a RBC membrane
cytoskeleton which accounts for the irreversibly sickled RBCs seen in the peripheral blood.
Furthermore, sickle RBCs enable adhesive interactions with endothelial cells and together with other
factors may result in vasoocclusions. The homozygous form of HbS is responsible for the most
common and most severe variant of the sickle cell disease. On the other hand, heterozygosity for HbS
has a protective effect to malaria parasitization of RBCs (Frenette and Atweh, 2007; Steinberg, 2008).
The HbE variant (26 Glu-Lys) is extremely frequent in Asian population (Fucharoen and
Weatherall, 2012; Orkin et al., 1982). The mutation slightly affects oxygen affinity, thermal stability
and sensitivity to oxidation stress. In addition, G to A substitution activates a cryptic splice site that

further affects mRNA processing (Orkin et al., 1982). A homozygous form of HbE is associated with
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mild anemia and marked morphological abnormalities. Both HbS and HbE variants have been detected
in Czech population, but mainly in immigrants living in the Czech Republic (Divoky, 2005). The HbC
(B7 Glu-Lys) variant forms insoluble crystals which in RBCs, however, do not polymerize as seen
in HbS. Thus, while HbC crystals reduce red cell deformability, HbC itself cannot induce
vasoocclusion. There are many other unstable Hb variants (Hb Boras, Hb Bristol, Hb Brockton, etc.)
or hemoglobin M variants (HbM Boston, Hb Milwaukee-I). However, they are less prevalent in the
populations (http://globin.cse.psu.edu/hbvar/menu.html) (Patrinos et al., 2004).

Although hemoglobin disorders predominantly occur in malaria areas, several families with structural
hemoglobin variants have been detected in the Czech and Slovak populations. The presence of
endemic variants is likely a consequence of migration (similarly to thalassemias). However, unstable
variants or variants with altered oxygen affinity result from de novo mutations. Previously reported
unstable hemoglobin variants — Hb Sydney, Hb K6ln, Hb Nottingham, Hb Santa Ana, HbM-Saskatoon
and Hb Saint Louis — have been identified among these families. Moreover, three unique Hb variants
were characterized in three Czech families and were detaily studied (Divoky, 2005; Indrak et al.,
1998). The first variant, unstable Hb Hradec Kralové, manifests as severe transfusion dependent HA.
It is caused by an Ala-Asp substitution at position 115 in the B-globin chain resulting in high
instability of the B-globin chain (Divoky et al., 1993). The second unstable Hb variant, Hb Hana,
is a result of a His to Asn substitution at residue 63 in the B-globin chain. The clinical manifestation of
this unstable Hb variant was worsened by partial glutathione reductase deficiency (Mojzikova et al.,
2010). The third variant is caused by an Ala to Asp substitution in the f-globin chain leading to Hb
Olomouc. Unlike the previous variants, the mutation does not affect the stability but it increases

oxygen affinity resulting in erythrocytosis (Indrak et al., 1998; Indrak et al., 1987).

Affected individuals with mild anemia or compensated hemolysis do not require any treatment. In case
of chronic hemolysis, supplementation of folic acid is recommended. Supportive therapy (blood
transfusions) and chelation therapy to avoid the adverse effects of iron overload are required in severe

hemolytic crisis.

High-performance liquid chromatographic methods and hemoglobin electrophoresis are commonly
used as screening methods for diagnosis of thalassemias and hemoglobin variants (Ou and Rognerud,
2001). Direct sequencing is considered the golden standard to screen for all mutations including
common, rare, and yet unknown mutations (Harteveld, 2014). However, many other molecular
techniques have been developed to identify a pathological mutation causing hemoglobinopathies at
DNA level. Multiplex Ligation-dependent Probe Amplification (MLPA) assays enable to detect large
deletions or duplications (known or unknown) within a- and B-globin gene clusters (Gallienne et al.,
2009). In endemic hemoglobinopathy regions or in isolated ethnic groups, detection of the most

prevalent mutations may be performed using restriction enzyme digestion of PCR products or other
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PCR-based techniques, such as amplification refractory mutation system (ARMS) or reverse dot-

blotting (Harteveld, 2014).

1.3.1.2 RED BLOOD CELL MEMBRANE DISORDERS

RED BL.OOD CELL MEMBRANE STRUCTURE

The biconcave shape, cytoplasmic viscosity and large membrane deformability enable RBCs
to provide an adequate gas transport between blood and tissues (Mohandas and Gallagher, 2008).
The majority of critical features of their biological function are mainly determined by the structural
organization of the RBC membrane (Da Costa et al., 2013). The RBC membrane is composed of
a lipid bilayer and a spectrin-based cytoskeleton. The lipid bilayer consists of two asymmetrical
phospholipid leaflets and various membrane proteins which together act as a selective barrier for
certain molecules and ions. In addition to the transport function, the membrane proteins are
responsible for the mechanical capacity and antigenic properties of the RBC membrane. The inner
cytoskeleton network, mainly composed of spectrin and actin, is connected to the lipid bilayer via the
ankyrin and 4.1R complexes (King et al., 2015) (Figure 3). The precise transport regulations as well as
structural organization of membrane proteins are essential for the maintenance of volume, biconcave
shape, integrity and deformability of RBCs. Any imbalance or pathological alterations associated with
a decrease or increase of a surface area and/or abnormal deformability may lead to premature removal

of the RBC from bloodstream (Mohandas and Gallagher, 2008).
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Figure 3: Structural organization of the RBC membrane. The RBC membrane is composed of a lipid bilayer
and a spectrin-based cytoskeleton which are interconnected via the ankyrin and 4.1R complexes (Mohandas and

Gallagher, 2008)
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HEREDITARY SPHEROCYTOSIS

Hereditary spherocytosis (HS) is one of the most common RBC membrane disorders in the world with

a prevalence of 1 out of 2000-3000 affected cases in North America and Northern European countries
(Da Costa et al., 2013). In 75% of cases, HS is inherited in an autosomal dominant manner (An and
Mohandas, 2008). The remaining cases are associated with a recessive pattern of inheritance
and de novo mutations (Barcellini et al., 2011). HS is caused by mutations in genes encoding for
various red cell membrane proteins including ankyrin, band 3, protein 4.2, a or B-spectrin and Rh-
associated glycoprotein (RhAG) (Da Costa et al., 2013). The defective protein destabilizes the vertical
linkages between the phospholipid bilayer and the membrane cytoskeleton, which results in a loss of
surface area and an associated decreased surface area—to—volume ratio. These changes account for the
spheroidal shape of RBCs, the common characteristic of HS (Da Costa et al., 2013; Mohandas and
Gallagher, 2008). Patients with HS exhibit a broad clinical phenotype and variable disease severity
ranging from mild to very severe according to the decrease of RBC surface area. However, “typical”
HS consists of evidence of hemolysis with anemia, jaundice, reticulocytosis, gallstones, splenomegaly

as well as spherocytes on peripheral blood smear (An and Mohandas, 2008).

HEREDITARY ELLIPTOCYTOSIS

Hereditary ellipctocytosis (HE) is an autosomal dominant disorder resulting from a protein 4.1R

deficiency or spectrin malformations, affecting the horizontal interaction of the red cell cytoskeleton
(King et al., 2015).The world-wide prevalence has been estimated to be 3 to 5 in 10 000 individuals
but a higher prevalence occurs in malaria endemic regions (Da Costa et al., 2013). A majority of HE
patients are asymptomatic (no anemia or hemolysis) and the only laboratory finding is the presence of
elliptocytes on peripheral blood smear. Approximately 10% of HE patients exhibit mild to moderate
HA with reticulocytosis. The laboratory findings include the presence of elliptocytes and fragmented
cells on peripheral smear, positive markers of hemolysis and abnormal EMA binding test and osmotic

fragility test (Gallagher, 2013).

HEREDITARY STOMATOCYTOSIS

Hereditary stomatocytosis (HSt) is an autosomal dominant disorder characterized by the presence of
variable numbers of stomatocytes on peripheral blood smear (Barcellini et al., 2011). Affected
individuals usually exhibit mild to moderate HA with reticulocytosis and marked macrocytosis. The
HSt results from an increase of red cell membrane cation permeability and the cell’s inability to
regulate its cation homeostasis (Barcellini et al., 2011; Delaunay et al., 1999; Flatt and Bruce, 2009).
The changes in cation content affect water balance and, thus, red cell volume homeostasis. According
to the red cell hydration, HSt is classified into two major types: A) overhydrated stomatocytosis and

B) dehydrated stomatocytosis.
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Overhydrated stomatocytosis (OhSt) is characterized by increased intracellular sodium and a slight

decrease in intracellular potassium. In addition to increased cation permeability, RBCs of many
affected individuals lack the membrane protein stomatin (Fricke et al., 2003; Glogowska and
Gallagher, 2015). Nevertheless, no mutation in gene encoding stomatin (EPB72 or STOM) has been
identified. Thus, whether the stomatin loss is a consequence or a cause of the red cell membrane defect
have not been clearly established yet (Badens and Guizouarn, 2016). Recently, mutations in RhAG
have been considered the cause of this sydrome. Other two proteins, Band 3 and Glut 1, are associated

with OhSt with cation leak at a low temperature.

Dehydrated stomatocytosis (DhSt) (also known as hereditary xerocytosis) is the second type of HSt.
RBCs of affected individuals exhibit reduced intracellular potassium and increased sodium content
(Badens and Guizouarn, 2016). Variable numbers of stomatocytes are seen on peripheral blood and in
mild cases can be easily overlooked. The definitive diagnosis of DHSt is ascertained by osmotic
gradient ektacytometry, which shows a leftward shift of the bell-shaped curve (Andolfo et al., 2013).
To date, a total of 2 membrane proteins have been reported to be responsible for DhSt. Several
mutations have been reported in FAM384 gene encoding mechanosensitive channel PIEZO1
(Albuisson et al., 2013; Andolfo et al., 2013; Bae et al., 2013; Beneteau et al., 2014; Shmukler et al.,
2014; Zarychanski et al., 2012). More recently, defects in the Gardos channel have been linked to
DhSt (Andolfo et al., 2015; Rapetti-Mauss et al., 2015).

Treatment of anemia (transfusion and chelation therapy) depends on the cause and severity.

Splenectomy is useful.

In 2015, International Council for Standardization in Hematology released a new guideline for the
laboratory diagnosis of nonimmune hereditary red cell membrane disorders. In addition to “classical”
blood smear examination, several screening methods are currently available for identification of
membrane disorders. Typical HS cases with positive family history can be confirmed by osmotic
fragility test (OF), acid glycerol lysis time test (GLT) or eosin—5’—maleimide binding test (EMA).
Quantitative membrane defects, mainly associated with typical HS and HE, can be identified using
SDS—polyacrylamide gel electrophoresis (SDS-PAGE). All three defects (typical HS, typical HE and
HSt) can be detected using ektacytometry (or Laser-assisted optical rotational red cell analyzer), the
only simple and reliable screening test for the diagnosis of HSt. Molecular genetic analysis is usually
applied in recessive mode of inheritance, and in cases of suspected de novo mutation or compound

heterozygosity (King et al., 2015).

Several novel mutations in band 3 or spectrin genes associated with HS have been described in
patients of Czech origin (Hassoun et al., 1997; Jarolim et al., 1996; Jarolim et al., 1995). Currently,
only a couple of laboratories in the Czech Republic offer screening tests (EMA test, OF test, GLT,
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cryohemolysis test and Pink test) for membrane defects. Nevertheless, lack of molecular analysis

hampers the diagnosis of membrane defects in atypical cases.

1.3.1.3 RED BLOOD CELL ENZYMOPATHIES

Hereditary red blood cell enzymopathies are disorders arising from mutations (point mutations,
insertions, deletions, splice defects, etc.) in genes coding for red cell metabolic enzymes (Figure 2).
Deficiencies or malfunctions of these enzymes generally impair cellular energy balance and/or
increase the levels of oxidative stress. A lack of energy and reduced reductive power of red blood cells
ultimately affects cellular integrity, leading to premature removal in the spleen and, consequently,
decreased red blood cell survival (Arya et al., 1995; van Wijk and van Solinge, 2010). Most enzyme
disorders are inherited in an autosomal recessive form with hemolysis occurring only in homozygous
or compound heterozygous individuals. Some enzyme deficiencies are X-linked; adenosine deaminase
deficiency is autosomal dominant. A summary of clinically relevant erythroenzymopathies and their

main characteristics is presented in Table 2.

The degree of hemolysis depends on the affected metabolic pathway, the role of the mutated enzyme
in this pathway, the functional abnormalities introduced by the underlying mutation, and
the possibility for the cell to compensate for the loss of enzymatic activity (Jacobasch and Rapoport,
1996). The severity of hemolysis is variable, ranging from mild or fully compensated hemolysis
without apparent anemia to fatal anemia at birth, severe transfusion—dependent hemolysis, and even
death in early childhood. Typical clinical symptoms further include splenomegaly, jaundice,
gallstones, and iron overload (also in non-transfused patients). Notably, some enzyme deficiencies are
associated with systemic (non-hematological) manifestations, such as neurological dysfunction,

mental retardation, myopathy and susceptibility to infection (van Wijk and van Solinge, 2010).
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Table 2: A summary of clinically relevant enzyme disorders

Enzyme Clinical manifestation Neurological Myopathy Gene.tlc. No. of reported cases, mutations
symptoms transmission
Embden-Meyerhof pathway
Hexokinase HNSHA; chronic - - AR 30 cases, 10 mutations
Glucose phosphate isomerase HNSHA,; chronic +/- - AR > 55 families, 31 mutations
Phosphofructokinase HNSHA,; chronic (mild) - + AR 100 families, 23 mutations
Aldolase HNSHA; chronic +/- +/- AR 8 cases, 8 mutations
Triosephosphate isomerase HNSHA,; chronic (severe) + - AR 40 cases, 19 mutations
Phosphoglycerate kinase HNSHA; chronic + + X—linked 40 cases, 23 mutations
Bisphosphoglyceratemutase erythrocytosis - - AR 4 cases, 4 mutations
Pyruvate kinase HNSHA; chronic - - AR > 500 families, > 260 mutations
Hexose monophosphate shunt
Glucose-6-phosphate dehydrogenase HNSHA; induce by oxidant - - X-linked 400 million cases, 186 mutations
drugs/infections, favism
Glutathione metabolism
Glutathione synthetase HNSHA; chronic + - AR >50 families, 33 mutations
y—glutamylcysteine synthetase HNSHA; chronic + - AR 12 families, 5 mutations
Glutathione reductase HNSHA; induce by oxidant - - AR 2 families, 3 mutations
drugs/infections, favism
Nucleotide metabolism
Adenosine deaminase (hyperactivity) HNSHA; chronic - - AD 3 families, no mutations
Adenylate kinase HNSHA; chronic - - AR 12 families, 7 mutations
Pyrimidine—5’—nucleotidase HNSHA,; chronic - - AR > 60 families, 26 mutations

HNSHA - chronic nonspherocytic hemolytic anemia; AR - autosomal recessive, AD - autosomal dominant.
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ENZYME DISORDERS OF THE EMBDEN - MEYERHOF PATHWAY

The Embden-Meyerhof pathway (Figure 2) transforms glucose to pyruvate or lactate, and generates
ATP. This metabolic pathway is regulated by three rate-limiting steps, involving the catalytic action
of hexokinase (HK), phosphofructokinase (PFK), and pyruvate kinase (PK). Cellular NADH and ATP
levels also control glycolytic flux. Most enzyme disorders of this pathway are associated with chronic
nonspherocytic hemolytic anemia (HNSHA). Except for phosphoglycerate kinase (PGK) deficiency,
which is X-linked, all enzyme disorders of anaerobic glycolysis are transmitted in the autosomal

recessive manner (van Wijk and van Solinge, 2005).

Pyruvate kinase deficiency. The most prevalent enzyme disorder of anaerobic glycolysis is PK
deficiency. The estimated frequency of PK deficiency is 1:20,000 in general white population (Beutler
and Gelbart, 2000). PK is an allosteric enzyme which catalyzes the irreversible transfer of high-energy
phosphate group from phosphoenolpyruvate to ADP, generating ATP and pyruvate. The enzyme is
allosterically regulated by fructose—1,6-bisphosphate (positive regulation) and inhibited by its product
ATP. There are four mammalian isozymes of PK: M1, M2, L and R, encoded by 2 different genes.
PKLR, localized on chromosome 1 (1g21) (Kanno et al., 1992), directs the expression of PK-R and
PK-L in red blood cells and liver, respectively. The deficiency of PK—R has two major metabolic
consequences: depletion of ATP, and accumulation of 2,3-bisphosphoglycerate (Valentine and Paglia,
1980b). The lack of ATP eventually leads to premature removal of red blood cells from the circulation
whereas increased levels of 2,3—bisphosphoglycerate decrease the affinity of hemoglobin for oxygen.

The latter partly compensates for tissue hypoxia due to anemia (Oski et al., 1971).

More than 260 different mutations in PKLR gene associated with PK deficiency are known
(http://www.hgmd.org/) (Canu et al., 2016). Most of the mutations are single nucleotide substitutions
(72%) leading to mainly amino acid substitutions; in twelve cases a stop codon formation. The clinical
features of PK deficiency are highly variable, ranging from a fully compensated hemolysis to severe
transfusion—dependent hemolytic anemia (Canu et al., 2016; Zanella et al., 2005). A few cases of
hydrops fetalis and death in neonatal period due to severe PK deficiency have been reported (Ferreira
et al., 2000). The severity of anemia is usually stable in adulthood but may worsen during infections or
other forms of physiological stress (Zanella et al., 2007). Iron overload, occurring in the most PK
deficient patients, is considered to be multifactorial (Zanella et al., 1993). There is no link among the
residual PK activity, degree of hemolysis and clinical severity of PK deficiency. A high rate of
reported mutations (60%) are distributed in Europe (Canu et al., 2016). Among these, the 1456T
mutation and the 1529A mutation are the most prevalent (Lenzner et al., 1997; Zanella et al., 2005).
Several mutations p.(Gly332Ser), 1060delAAG, p.(Asn361Asp), p.(Argd86Trp), p.(Argd98His),
p-(Arg532Trp) and 101-1G>A have been previously identified in Czech population (Lenzner et al.,
1997). Distribution of other identified mutations in the Czech and Slovak populations will be

discussed in section 4.2.
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Glucose-6-phosphate isomerase (GPI) deficiency. The second most frequent glycolytic enzyme
disorder is GPI deficiency. To date, 34 mutations in more than 55 families with GPI deficiency have
been identified (Adama van Scheltema et al., 2015; Manco et al., 2016). In the most affected
individuals, residual GPI activity is less than 25%. Low enzyme activity results from impaired kinetic
properties, reduced thermostability of the mutant enzyme, or defective protein folding (Lin et al.,
2009). Clinical features in GPI activity range from mild to severe hemolytic anemia. Hydrops fetalis
appears to occur more often in GPI deficiency than in other erythroenzymopathies (Matthay and
Mentzer, 1981). Most affected individuals are diagnosed during the neonatal and childhood period
(Adama van Scheltema et al., 2015). GPI deficiency may also be associated with non-hematologic
symptoms, in particular neurologic impairment or mental retardation (Schroter et al., 1985; van Wijk

and van Solinge, 2005).

Phosphofructokinase (PFK) deficiency, aldolase deficiency (ALD) and triosephosphate (TPI)
deficiency. PFK, ALD and TPI deficiencies are more rare enzyme disorders. Erythrocyte PFK is
composed of two types of subunits: PFKL (liver) and PFKM (muscle) that may form 5 different
isozymes (My, M;L;, M,L,, M,L;, L,). In case of a mutated PFKM subunit, only a functional PFKL
subunit is expressed in red blood cells, causing a partial deficiency of PFK. Thus, patients with PFK
deficiency usually exhibit mild or fully compensated hemolytic anemia. Since muscle cells contain
only PFKM, the deficiency is more pronounced in muscle cells, leading to myopathy (Nakajima et al.,
2002). TPI deficiency is the most severe enzyme defect of anaerobic glycolysis, frequently leading to
death in early childhood. TPI catalyzes the interconversion between dihydroxyacetone phosphate
(DHAP) and glyceraldehyde—3—phosphate (GAP). In red blood cells the deficiency leads to hemolytic
anemia which may occur due to accumulation of DHAP (Ahmed et al.,, 2003). However, the
deficiency is associated with more severe consequences, such as mental retardation and other
neurological dysfunctions. These may occur because of the formation of toxic protein aggregates,
induced by misfolded TPI (Ahmed et al., 2003; Orosz et al., 2009). Moderate to severe hemolytic
anemia is observed in patients with aldolase deficiency. As in TPI deficiency, defects of aldolase are
associated with neurological disorders (Beutler et al., 1973). A few affected individuals have been
reported, showing recurrent episodes of rhabdomyolysis and muscle weakness (Kreuder et al., 1996;
Yao et al., 2004). Severe defects of aldolase probably lead to death in embryonic state (Esposito et al.,
2004).

Hexokinase (HK) deficiency. HK catalyzes the initial step of the Embden-Meyerhof pathway, the
transfer of a phosphoryl group from ATP to glucose. Hexokinase is the enzyme with the lowest
in vitro activity of all glycolytic enzymes (van Wijk and van Solinge, 2005). Two different HK
isozymes, HK—1 and HK-R, are present in human RBCs. Both HK isozymes originate from the same
gene HKI, however, their transcriptions are controlled by alternative promoters. While HK-R isozyme

is present only in RBCs, HK~1 isozyme is expressed in various mammalian tissues (Murakami et al.,
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2002). Deficiency of this key regulatory enzyme is generally associated with severe hemolytic anemia,
and may lead to death in the neonatal period (Kanno et al., 2002). To date, 30 cases of hexokinase

deficiency have been described (de Vooght et al., 2009; Koralkova et al., 2016; van Wijk et al., 2003).

Phosphoglycerate kinase (PGK) deficiency. PGK is the only enzyme of glycolysis whose gene is
X-linked. PGK deficiency is associated with chronic hemolysis, neurologic impairment (including
mental retardation and ataxia) and myopathy (exercise intolerance or muscle weakness) (Fermo et al.,
2012). There are only a few affected individuals who suffer the full spectrum of clinical features.
Thus, PGK deficiency shows a very wide clinical phenotype. Some cases of PGK deficiency with
myopathy but without hemolysis have been described (Beutler, 2007; Cohen-Solal et al., 1994; Fermo
et al., 2012; Sotiriou et al., 2010; Spiegel et al., 2009).

Deficiencies of other glycolytic enzymes glyceraldehyde-3-phosphate  dehydrogenase,
monophosphoglycerate mutase, and enolase have been described but they appear not to be associated

with hemolysis (Beutler, 1979).

ENZYME DISORDERS OF THE HEXOSE MONOPHOSPHATE SHUNT AND
GLUTATHIONE METABOLISM

The red blood cell is continuously exposed to various forms of oxidative stress. To protect cellular
hemoglobin and other macromolecules against oxidative damage, reductive power is required. The
reduced form of glutathione (GSH) constitutes the cell’s main source of reductive power. NADPH,
generated by the hexose monophosphate shunt, is required to maintain glutathione in its reduced form.
The key enzymes of this defense mechanism are glucose-6-phoshate dehydrogenase,
glutamate cysteine ligase, glutathione synthetase, and glutathione reductase (van Zwieten et al., 2014).
Generally, disorders of these enzymes cause hemolysis only under conditions of increased levels

of oxidative stress (acute hemolytic anemia).

Glucose-6-phosphate dehydrogenase (G6PD) deficiency. G6PD catalyzes the first step of the
hexose monophosphate shunt thereby producing NADPH. The human G6PD monomer (515 amino
acids) consists of two domains: the coenzyme (N-terminal) domain, and the other, larger, a+3 domain.
Both domains are connected by an a helix consisting in fully conserved region, which serves as
a substrate binding site. The enzyme is active as a tetramer or dimer, in a pH-dependent equilibrium
(Cappellini and Fiorelli, 2008). G6PD deficiency is the most common enzyme defect with estimated
400 million individuals affected worldwide (Nkhoma et al., 2009). The highest prevalence is observed
in Asia and sub-Saharan Africa (Howes et al., 2012). G6PD deficiency is an X-linked disorder
associated with mutations in G6PD gene consisting of 13 exons. This gene is highly polymorphic;
more than 400 G6PD variants have been described, among which 186 mutations are associated with

G6PD deficiency. Majority of the mutations are single nucleotide substitutions, however, deletions
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and intronic mutations (G6PD Varnsdorf, G6PD Zurich) have also been identified (Efferth et al.,
2004; Minucci et al., 2012; Xu et al., 1995). G6PD-deficient variants are divided into five classes
according to the level of residual activity and severity of phenotype. Most of the variants belong to
classes II, III, or IV and are associated only with acute hemolysis. In contrast, the rare class I variants,
characterized by a very low activity of G6PD (<1%), are associated with chronic HNSHA. The class I
mutations are usually located in exons6, 10 and 13 encoding the regions that bind the enzyme
substrate, dimer interface and NADP" structural site, respectively (Minucci et al., 2012). Class II and
IIT mutations are highly distributed in malaria-endemic regions, among which the G6PD variant A
(c.376A>G and c.202G>A) has the highest frequency (90%) in Africa. The second most frequent
G6PD variant, G6PD Mediterranean (¢.563C>T), is present in the Mediterranean countries. However,
it is also widespread in the Middle East, including Israel, where it accounts for almost all G6PD
deficiency in Kurdish Jews, India, and Indonesia (Cappellini and Fiorelli, 2008). Most G6PD-deficient
individuals are asymptomatic but may develop acute hemolytic crises upon conditions that increase
the levels of oxidative stress, such as the intake of specific drugs, fava beans, or the occurrence of
infections (Cappellini and Fiorelli, 2008; Minucci et al., 2009). Although, in general,
no morphological abnormalities are associated with enzyme disorders, Heinz bodies (precipitated
hemoglobin) are typically found in G6PD-deficient individuals. Two single nucleotide substitutions
(G6PD Praha, G6PD Olomouc) and one intronic mutation (G6PD Varnsdorf) have been previously
described in Czech population (Xu et al., 1995). Distribution of other mutations in both the Czech
Republic and Slovak Republic will be discussed in section 4.2.

>

Figure 4: A peripheral blood smear of a G6PD deficient patient showing a presence of Heinz bodies
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Glutathione reductase (GR) deficiency. GR is important in the regeneration of GSH from oxidized
glutathione (GSSG). Hereditary GR deficiency is a very rare autosomal recessive disorder
characterized by increased susceptibility to oxidative stress. The clinical phenotype resembles
a deficiency of G6PD with affected individuals being generally asymptomatic and with the induction
of acute hemolytic crisis by the intake of drugs or fava beans (Kamerbeek et al., 2007; van Zwieten et
al., 2014). Importantly, acquired deficiency of GR may also occur as a result of insufficient flavin
intake. GR requires flavonoids for enzymatic activity. Such acquired deficiencies do not themselves
lead to a clinical phenotype (Beutler, 1979). A partial GR deficiency has been described in two Czech
patients who were concomitantly carriers of the unstable hemoglobin variant Hana. The combination
of both defects resulted in methemoglobinemia and Heinz body hemolytic anemia (Mojzikova et al.,

2010).

v—glutamylcysteine synthetase (y—GCS) and glutathione synthetase (GS) deficiencies.
The tripeptide glutathione is synthesized in red blood cells from cysteine, glutamine, and glycine in a
2-step process catalyzed by y—GCS and GS, respectively. Defects of both enzymes decrease cellular
GSH content and, hence, increase cellular susceptibility to oxidative stress. Disorders caused by
deficiencies of bothof these enzymes are rare: >50 families with GS deficiency have been described
whereas only 12 families with y—GCS deficiency have been reported. Apart from acute hemolytic
episodes, the deficiency may display additional non-hematological symptoms, such as mental

retardation (y—GCS deficiency) and 5-oxyprolinuria (GS deficiency) (Ristoff and Larsson, 2007).

Deficiencies of glutathione peroxidase and other enzymes involved in red blood cell anti-oxidant
defense, such as catalase, have been reported. However, they are not associated with hemolysis

(Beutler, 1979).

ENZYME DISORDERS OF NUCLEOTIDE METABOLISM

Purine metabolism maintains the red blood cell ATP and GTP levels. Ninety-seven per cent of total
nucleotides are adenine derivatives (AMP, ADP, ATP). Guanine derivatives constitute 1-3%.
Pyrimidines are removed during the maturation process and are therefore only present in trace
amounts (Valentine et al., 1974; Valentine and Paglia, 1980a). There is a number of enzymes involved
in nucleotide metabolism. The most important ones are pyrimidine-5’-nucleotidase (pyrimidine
metabolism), and adenylate kinase and adenosine deaminase (purine metabolism) (Figure 1). Defects

of all three enzymes are associated with HNSHA.

Pyrimidine-5’-nucleotidase (P5N) deficiency. Erythrocyte P5N is a cytosolic enzyme which
catalyzes the hydrolysis of cytidine/uridine monophosphates, rendering diffusible cytidine/uridine and
inorganic phosphates (Rees et al., 2003; Valentine et al., 1974). P5SN deficiency is probably the third
most prevalent enzyme disorder associated with HNSHA. P5SN deficiency is an autosomal recessive

disorder associated with mild to severe chronic hemolytic anemia, splenomegaly and jaundice.
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P5N deficiency results in the accumulation of pyrimidine nucleotides. They form insoluble aggregates
which are visible as basophilic stippling on a peripheral blood smear. Although not specific, prominent
basophilic stippling is characteristic of PSN deficiency (Zanella et al., 2006). To date, it is not known
how the accumulation of pyrimidine nucleotides contributes to the hemolytic process. However,
extensive studies of P5N deficient patients revealed that other laboratory parameters, such as GSH
levels, ribose-phosphate pyrophosphokinase activity and transketolase levels, are markedly altered
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Figure 5: A pronounced basophilic stippling in PSN deficient RBCs (Koralkova et al., 2014)

Adenylate kinase (AK) deficiency and adenosine deaminase (ADA) hyperactivity. AK and ADA
are both important in maintaining the adenine pool. Deficiency of both AK and hyperactivity of ADA
probably deplete the cell from adenine nucleotides and, consequently, ATP, eventually resulting in
chronic hemolytic anemia. AD deficiency is an autosomal recessive disorder which has been described
only in 12 families. Affected individuals exhibit moderate or severe hemolytic anemia. Some patients
with psychomotor impairment have been reported (Abrusci et al., 2007). Hyperactivity of ADA is
a very rare autosomal dominant disorder for which no causative mutations have been described yet
(Chen and Mitchell, 1994). The elevated ADA activity is also seen in Diamond-Blackfan anemia and
in patients with AIDS or tuberculosis. On the other hand, adenosine deaminase deficiency is one cause

of severe combined immunodeficiency.

DIAGNOSTIC APPROACH AND THERAPY

Red blood cell enzymopathies are associated with normocytic normochromic anemia and common
signs of hemolysis, i.e. increased plasma levels of bilirubin and lactate dehydrogenase, low levels of
haptoglobin and high reticulocyte count (Tefferi, 2003). The diagnosis of HNSHA due to a red blood
cell enzymopathy is generally a diagnosis that is based on exclusion: a negative direct Coombs test,
a normal osmotic fragility/cryohemolysis test, no specific morphological abnormalities, and no

evidence for abnormal hemoglobin. A differential diagnosis of a red blood cell enzymopathy requires
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a demonstration of reduced enzymatic activity and confirmation of the diagnosis on the DNA level.
Importantly, there is no relationship between the degree of loss of enzymatic activity and clinical

severity.

Nowadays, there are several quantitative or semi-quantitative screening assays for determination of the
most prevalent erythroenzymopathies (deficiencies of G6PD and PK). G6PD deficiency screening
tests, such as fluorescent spot tests or cytochemical assays, are based on the direct/indirect detection
and/or quantification of NAPDH produced by G6PD (Cappellini and Fiorelli, 2008). Direct tests
measure the production of NAPDH which has it absorption maximum at 340 nm and fluorescence
emission at 460 nm. Indirect tests translate NADPH production into a colorimetric readout using
chromophores like brilliant cresyl blue, resazurin, or formazan derivatives (Shah et al., 2012).
PK deficiency screening tests are usually indirect colorimetric assays based on the detection of
chromophore products. Although these assays are usually rapid and inexpensive, they are able to
detect only the most common enzyme defects. Thus, the classical methods described by Beutler still
represent the method of choice for the diagnosis of erythroenzymopathies (Beutler, 1984). The general
basis comprises the determination of a specific enzyme activity using a spectrophotometric assay.
Enzymatic activity is directly related to changes in absorbance over time. Specific reactions need to be
prepared for each enzyme and changes in substrate (either NAD', NADP', NADH, or NADPH) are
monitored at 340 nm for a set amount of time. The specific enzymatic activity of each particular
enzyme is expressed as U/gHb (Beutler, 1984). In red blood cell enzymopathies, enzyme activity of
affected individuals is usually reduced to 25% of the normal. As stated, there is no correlation between
the residual activity of the enzyme and severity of the clinical picture. Despite the many benefits of
these assays (high sensitivity and high specificity), there are several pitfalls which may influence
results and their interpretation. Enzymatic activities are influenced by factors such as (1) the
conditions during storage and shipping of blood samples (i.e. in vitro stability of enzymes), (2) the
proper removal of leukocytes and platelets from the red blood cell sample (leukocytes and platelets
may express isozymes, encoded by other genes, which interfere with red cell enzyme activity
measurements), (3) blood transfusions (blood sample will contain donor erythrocytes), (4) the age of
the patient (the expression of many enzymes is age-related), and (5) the presence of a high number of
reticulocytes in the patient’s blood sample. The activity of many enzymes (HK, PK, G6PD and P5N)
is red blood cell age-related. Thus, the youngest cells have the highest enzymes activity. In the case of
a high reticulocyte count, any deficient enzyme may show a normal or even increased in vitro activity
(Arya et al., 1995; Beutler, 1984). This masking effect can be eliminated when activity of age-related
enzymes (PK, G6PD, P5N) is normalized to activity of HK.

As stated, morphological abnormalities of red blood cells associated with red blood cell
enzymopathies are generally nonspecific. Prominent basophilic stippling is present in PSN deficiency.

In addition, Heinz bodies (precipitated hemoglobin) may occur in G6PD deficiency or enzyme
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deficiencies of glutathione metabolism. However, the occurrence of both abnormalities is also related
with other disorders. Pronounced basophilic stippling can also be seen in patients with sideroblastic
anemia, thalassemia, or lead poisoning, whereas Heinz bodies may be present in red blood cells from
patients with unstable hemoglobin or thalassemia. Besides both mentioned morphological
abnormalities, other various abnormal types of red blood cells associated with erythroenzymopathies
can be seen on blood smear. “Bite” cells, keratocytes or blister cells may occur in G6PD deficiency as
the result of oxidative stress and acute hemolysis (Bain, 2005); anisocytosis, poikilocytosis and

contracted echinocytes can be present in PK deficiency (Zanella et al., 2005).

A number of methods (radioactive, capillary electrophoresis or high-perform liquid chromatography)
have been described for determination of red cell PSN activity (Zanella et al., 2006). However, the
reproducibility of most of these methods does not meet the standards for use in clinical practice.
A simple screening test of PSN deficiency, or any other enzyme involved in nucleotide metabolism,
comprises the spectrophotometric measurement of pyrimidine and purine nucleotides in deproteinized
hemolysate. This method uses the differences in absorption maxima of purines (260 nm) and
pyrimidines (280 nm) (Beutler, 1984). The ratio between these reflects overall cellular purine and
pyrimidine content. For instance, an accumulation of pyrimidine nucleotides, as seen in P5N

deficiency, decreases the purine/pyrimidine nucleotide ratio.

In case of a suspected red blood cell enzyme deficiency the molecular characterization of the defect on
the DNA level is essential for confirmation of the diagnosis. Mutations are usually unique, which
makes it necessary to sequence the entire coding region, including flanking intronic splice site
sequences. Importantly, cis-acting, often erythroid-specific, regulatory regions may harbour mutations
interfering with gene expression and thereby causing a red cell enzyme disorder (de Vooght et al.,
2009; van Wijk et al., 2003). The identification of a causative mutation enables proper genetic
counseling and prenatal diagnosis. DNA investigations may be the only way to establish the diagnosis
in neonatal patients or patients who are transfusion-dependent. Moreover, molecular characterization
is required for a better understanding of the complex genotype-to-phenotype correlation in

erythroenzymopathies.

No curative therapy is available for enzyme defects. Affected individuals with mild anemia or
compensated hemolysis do not require any treatment. In more severe cases, treatment mainly consists
of supportive therapy (blood transfusions) and chelation therapy to avoid the adverse effects of iron
overload. In some cases, splenectomy may be considered. Generally, spleen removal can increase
hemoglobin levels but the effect is variable and difficult to predict (Zanella et al., 2005). Patients with
deficiency of enzymes involved in the protection against oxidative stress should avoid the intake of

oxidative drugs or food.
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Interestingly, novel drugs, AG-348 and AG-519, have recently been introduced as a potential therapy
of PK deficiency. Both compounds act as activators which increase activity of mutated PK enzyme
and restore ATP levels. Although the study is ongoing, the preliminary data show rapid and sustained
Hb increase in treated patients (Hixon et al., 2016; Hixon et al., 2013; Chen et al., 2016).
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2 AIMS OF THE THESIS

The presented work is focused on molecular pathogenesis of rare anemias — enzymopathies.

It was aimed to identify genetic background, etiology and pathogenesis of enzyme disorders

associated with HNSHA.
Specific aims:
1. Critically review the literature concerning congenital hemolytic anemias.

2. Perform direct enzyme assays and genetic testing in selected Czech and Slovak patients

with hemolytic anemia of unknown etiology.
3. Investigate the impact of selected HK mutations to the pathogenesis of HK deficiency.
4. Describe the molecular mechanism of a novel non-hemolytic anemia variant of PGK.

5. Characterize a novel mutation in PFKM gene using in silico modelling.
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3 MATERIALS AND METHODS

Laboratory equipment and software

Thermocycler MJ Mini™ Personal Thermal Cycler (BioRAD); ThermoblockBio TDB-100 (Biosan);
Vortex Bio V1 (Biosan); Centrifuge Hettich Mikro 200R (Hettich); Centrifuge 5415 D (Eppendorf);
Centrifuge Jouan BR4i (Thermo Fisher Scientific); PowerPac™ Basic Power Supply (BioRAD);
UV-transilluminator (UltraLum); Genetic analyzer ABI PRISM® 3100 (Applied Biosystems); ABI
3130 automated sequencer (PE Applied Biosystems); Spectrophotometer Infinite 200 Nanoquant
(Tecan); Software i-control 1.6 (Tecan), pH meter 3510 (Jenway); Odyssey Infrared Imaging System
(LI-COR Biosciences); ViiA™ 7 Real-Time PCR System (Life Technologies); Casy Cell Counter and
Analyzer (Roche Life Science); NanoVueTM (GE Healthcare Life Sciences); The PyMOL Molecular
Graphics System (Version 1.7.4 Schrédinger, LLC); PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/); GraphPad® Prism (GraphPad Software, Inc.); SIFT
(http://sift.jcvi.org/); Human Splicing Finder (http://www.umd.be/HSF3/).

Biological material
Peripheral blood samples from patients and donors were collected into EDTA and/or heparin tubes.
Each study was performed according to the Helsinki international standards. The informed consent

was obtained from all patients, family members and donors.

Enzymes, substrates, cofactors, nucleotides

Glucose-6-phosphate dehydrogenase (S. cerevisiae, Sigma-Aldrich, USA); Lactate dehydrogenase
(rabbit muscle, Sigma-Aldrich, USA); D-glucose-6-phosphate (Sigma-Aldrich); D-fructose-6-
phosphate (Sigma-Aldrich); Phosphoenolpyruvate (Sigma-Aldrich); D-fructose-1,6-biphosphate
(Sigma-Aldrich); 6-phosphogluconate (Sigma-Aldrich); D-(+)-glucose (Sigma-Aldrich); NADH
(Serva); NADP'(Serva); NADPH (Serva); NAD'(Serva); ATP (Sigma-Aldrich); ADP (Sigma-
Aldrich); AMP (Sigma-Aldrich).

Other chemicals

TRIzol Reagent (Thermo Fisher Scientific); Chloroform (Penta); Phenol(Serva); Hydrochloric acid
(Penta); SDS (Serva); Agarose (Invitrogen); Microcrystalline cellulose (Sigma-Aldrich); a-cellulose
(Sigma-Aldrich); Tris (Promega); Na,EDTA (Serva); MgCl, (Chemos); KCI1 (Fischer Scientific);
NaCl (LachNer); Ethanol pro UV (LachNer); 2-mercaptoethanol, 55 mM (Serva); Specific primers for
HKI1, G6PD, PKLRand PGKI (Eastport, Sigma-Aldrich); Proteinase K (Sigma-Aldrich, USA); 2-log
DNA ladder (Qiagen); DNA loading buffer (Qiagen); Triton X-100 (Sigma-Aldrich); GelRed
(Biotium); NuSieve Agarose 3:1 (Lonza); RIPA buffer (Teknova), Protease inhibitors (100 x, Thermo
Scientific); 8% precast SDS-PAGE gel (Bolt® Bis-Tris Plus gel, Life Technologies); PVDF
membrane (Immobilion-FL, Millipore); Antibody anti-HK-1 (1:250; Abcam); Antibody Anti-actin
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(Merck Millipore); Alexa Fluor® 680-conjugated goat anti-mouse and goat anti-rabbit (1:7500;
Invitrogen); Odyssey® Blocking Buffer (Li-COR); Ficoll-Paque (GE Healthcare); StemSpan SFEM
(Stemcell Technology); Human stem cell factor (Amgen); Erythropoietin (Eprex); Interleukin-3
(Sigma-Aldrich); Dexamethasone (Sigma-Aldrich); SyntheChol™ NSO Supplement (Sigma-Aldrich);
Percoll (GE Healthcare).

Commerecial kits

Geneaid Gel/PCR DNA Fragments Extraction Kit (Geneaid); QIAquick Gel Extraction Kit, MinElute
PCR Purification Kit (Qiagen); NucleoSpin Gel and PCR Clean-up (Macherey-Nagel); HotStarTaq
Master Mix Kit — HotStarTaqg DNA Polymerase, PCR Buffer with 3 mM MgCl,, and 400 uM of each
dNTP (Qiagen); MasterAmp Taq DNA Polymerase (Eppicentre); PCR buffer (Applied Biosystems);
dNTP (Applied Biosystems); BigDye® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems,
USA); (BigDye Xterminator purification kit, Applied Biosystems); GeneAmp® RNA PCR Core Kit
(Applied Biosystems); SuperScriptTM I First-Strand Synthesis SuperMix (Invitrogen); FastStart
SYBR Green Master (Roche); ROX Passive Reference (BioRad); TOPO® TA Cloning® Kit for
Sequencing (Invitrogen); High-Speed Plasmid Mini Kit (Geneaid); CutSmart buffer and restriction
endonuclease MsiI (NEB).

General laboratory reagents and buffers

0.9% M sodium chloride (NaCl); 0.1 M MgCl,; 1 M KCI; 10 mM Tris (pH=8.0); 10% SDS (w/v,
pH=7.2); Tris — HCI buffer (pH=8.0) — 1 M Tris, 5 mM Na,EDTA; 1% SDS (w/v); 2 mM EDTA (pH
8.0); RBC lysis solution — 1.5 M NH,Cl, 100 mM NH4HCO;, 10 mM Na,EDTA; 1xTBE buffer
(pH=8.3) — 0.89 M Tris, 0.89 M boric acid, 0.2 mM Na,EDTA; Stabilization solution — 2.7 mM
Na,EDTA, 0.7 mM 2-merkaptoethanol; 10 mM phosphate buffered saline(PBS, pH=7.4) — 0.137 M
NaCl, 2.7 mM KCl, 8.2 mM Na,HPO,, 1.8 mM KH,PO,; Blotting buffer — 25 mM Tris, 192 mM
glycine; TBS — 10 mM Tris, 150 mM NaCl, pH=7.4; 1xTBS (pH= 7.5) — 25mM Tris, 140mM NaCl,
and 3.0mM KCI;
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3.1 ISOLATION OF RBCS FROM PERIPHERAL BLOOD
AND HEMOLYSATE PREPARATION

A filtration column was prepared from a 5 mL syringe tube, filter paper and a mixture of equal
weights of microcrystalline cellulose and a-cellulose. A small piece of filter paper was placed at the
bottom of the syringe tube which was then fixed in a vertical position in 15 mL tube. The mixture
of celluloses was mixed with 0.9% NaCl and poured to the 2 mL mark of the syringe tube.
The column was washed with 2 mL of 0.9% NaCl and then 1 mL of whole blood was pipetted onto the
column. The column was washed with additional 2-5 mL of 0.9% NaCl. Isolated RBCs were collected
in the 15 mL tube, then spinned down at 590g for 5 min at 4°C. The leukocyte/platelet-free RBC pellet
was washed with 5 mL of 0.9% NacCl, centrifuged at 590 g for 5 min at 4°C and aliquots were stored
at -80°C(Beutler et al., 1977). Prior to the analyses, 50 uL of each RBC aliquot was mixed with 950

pL of stabilizing solution.

3.2 ENZYME ANALYSIS

All enzyme assays were performed in leukocyte/platelet-free erythrocyte lysates as described above.
The composition of each assay mixture is listed below. After 10 min incubation, the reactions were
started by adding substrate or hemolysate and mixing properly. Then, 200 uL of each reaction mixture
was transferred into a 96-well plate and changes in absorbance were recorded at 340 nm at 1 min
intervals for 20—30 min. All assays were run in triplicates and specific enzyme activity was calculated

using the Lambert-Beer law.
activity = (AAx V/(ex1xt)) x f

(A: changes in absorbance, V: volume of reaction mixtures — 200 uL, &: absorption coefficient of
NAD(P)H at 340 nm — 6220 L.mol™.cm™, 1: inside depth of well — 0.58 c¢m, t: time — min, f: dilution

factor)
activity [U=pumol.min™'] = AA x 0,055 x f
activity [U] = AA x 0,028 x f
specific activity [U/g Hb] = (AA x 0,028 x f )/myy,

(myp:  hemoglobin levels in leukocyte/platelet-free erythrocyte lysates was determined

spectrophotometrically at 414 nm) (Magnotti et al., 2009)
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Composition of assay mixtures

HK assay — 0.1 M Tris-HCL/0.5 mM EDTA, pH=8.0; 0.01 M MgCL,; 2 mM glukose; 2 mM ATP;
0.2 mM NADP"; 0.1 U/mL G6PD; 50 pL 1:20 hemolysate; 10 min incubation at 37°C; 30 min

measurement; blank without ATP.

GPI assay — 0.1 M Tris-HCI1/0.5 mM EDTA, pH=8.0; 0.01 M MgCl,; 0.2 mM NADP"; 0.1 U/mL
G6PD; 2 mM F6P; 10 min incubation at 37°C; start by addition of 5 uL 1:20 hemolysate; 20 min

measurement; blank without F6P.

6PGA assay — 0.1 M Tris-HC1/0.5 mM EDTA, pH=8.0; 0.01 M MgCL,; 0.2 mM NADP"; 20 uL of
1:20 hemolysate; 10 min incubation at 37°C; start by addition of 0.6 mM 6PGA; 20 min measurement,
blank without 6PGA.

G6PD assay — 0.1 M Tris-HC1/0.5 mM EDTA, pH=8.0; 0.01 M MgCl,; 0.2 mM NADP"; 20 puL of
1:20 hemolysate; 10 min incubation at 37°C; start by addition of 0.6 mM 6PGA + 0.6 mM G6P;
20 min measurement, blank without 6PGA+G6P.

PK assay — 0.1 M Tris-HCI/0.5 mM EDTA, pH=8.0; 0.01 M MgCl,; 0.1 M KCI; 1.5 mM ADP;
0,2 mM NADH; 6 U/mL LDH; 20 puL of 1:20 hemolysate; 10 min incubation at 37°C; start by
addition of 5 mM PEP; blank without ADP and PEP; 20 min measurement.

A complete panel of RBC enzyme assays (including aldolase, phosphofructokinase, triosephosphate
isomerase, phosphoglycerate kinase, bisphosphoglyceromutase, adenylate kinase) was applied
in several cases to exclude other but very rare enzymopathies causing HA. The detailed composition
of these assay mixtures is described in a research paper by Beutler and colleagues (Beutler et al.,

1977).

3.2.1 DETERMINATION OF MICHAELIS-MENTEN
CONSTANT (Ky) FOR GLUCOSE AND ATP

All assays were run in the standard HK reaction mixture containing different concentrations of
glucose: 0.0125-2.0 mM and/or ATP 0.25-10 mM. The reactions were run in a 1 mL disposable
plastic cuvette and changes in absorbance at 340 nm were recorded at 20 s intervals for 30 min.

The Ky values were determined by non-linear regression using the Michaelis-Menten model

(GraphPad® Prism).

3.2.2 ENZYME STABILITY ASSAYS

The thermal stability assays of HK mutants involved determining the half-life (T;,) and the half-
inactivation temperature (Tso). Both thermal stability assays were performed in the standard HK

reaction mixture, routinely containing 2 mM glucose and 10 mM ATP. For the T, assay, RBC lysate
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was pre-heated to 40°C for 5-40 min followed by cooling on ice (2 min). After the pre-heating step,
50 pL of the RBC lysate was used in the reaction mixture as described above. T;, was defined as the
time needed to reach a 50% reduction in the initial activity (Rijksen and Staal, 1978). For the Ts,
assay, RBC lysate was pre-incubated at different temperatures (37—44°C) for 5 min, followed by
a cooling period (2 min) on ice. The Ts, was defined as the temperature at which HK maintains 50%
of its activity. The pH stability assay was carried out in a 0.1 M Tris-HCI/0.5 mM EDTA buffer of
different pH values (6.0-10.0) (Beutler et al., 1977; Rijksen et al., 1983).

3.3 CELL CULTURE OF HUMAN NUCLEATED
ERYTHROID CELLS

Human peripheral blood mononuclear cells (PBMCs) were isolated from individuals carrying
a heterozygous splice site ¢.873-2A>G mutation in HK/ or a hemizygous ¢.756+3A>G mutation in
PGK1 and healthy donors.

3.3.1 ISOLATION OF MONONUCLEAR CELLS FROM
HUMAN PERIPHERAL BLOOD BY DENSITY

GRADIENT CENTRIFUGATION
50-100 mL of peripheral blood was diluted with PBS buffer (1:2). The resulting cell suspension was

layered over an equal volume of Ficoll-Paque (GE Healthcare) in a 50 mL conical tube. The tubes
were centrifuged at 470g for 30 min at 20°C in a swinging-bucket rotor without brake. The upper layer
was aspirated and the interphase containing the mononuclear cells was transferred into a new 50 mL
conical tube and filled with PBS. The tube was mixed by inverting and centrifuged at 600g for 5 min
at 20°C. The supernatant was completely removed and the cell pellet was resuspended in 50 mL of
PBS and centrifuged at 220g for 5 min at 20°C. The supernatant was completely discarded and the
washing step was repeated. After the second wash, the pellet was resuspended in 12.5 mL of cold red
cell lysis buffer and incubated for 10 min at room temperature (RT). The tube was then centrifuged
at 600g for 5 min at 4°C and the supernatant was removed. The isolated PBMCs were resuspended
in 10 mL of StemSpan SFEM (Stemcell Technology) and counted using the Casy Cell Counter and
Analyzer (Roche Life Science).

3.3.2 SELECTION OF PRO-ERYTHROBLASTS

The cells were resuspended to a density 5-10x10° cells/mL in StemSpan supplemented with human
stem cell factor (hSCF, 100 ng/mL; Amgen), erythropoietin (EPO, 2 U/mL; Eprex), interleukin-3
(IL-3, 1 ng/mL; Sigma-Aldrich), dexamethasone (Dex, 1 pmol/L; Sigma-Aldrich) and SyntheChol™
NSO Supplement (Chol, 200-times diluted; Sigma-Aldrich). The cells were cultured at 37°C in a

humidified atmosphere of 5% CO, in air. After 24 h, the cells were counted and then the culture
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medium was replaced with StemSpan supplemented with hSCF (100 ng/mL), EPO (2 U/mL), Dex (1
pmol/L) and Chol (200-times diluted). At day 5-6, the cell suspension was layered over 20 mL of
Percoll (GE Healthcare) in a 50 mL conical tube and centrifuged at 470g for 30 min at 20°C in
swinging-bucket rotor without brake. The upper layer was discarded and the interphase layer was
transferred into a new 50 mL conical tube. The cell suspension was washed twice with PBS and

centrifuged at 600g for 5 min at 20°C.

3.3.3 EXPANSION OF PRO-ERYTHROBLAST

The cell pellet was resuspended in StemSpan, supplemented with hSCF (100 ng/mL), EPO (2 U/mL),
Dex (1 pmol/L) and Chol (200-times diluted), to get a final cell concentration of 1.5x10° cells/mL.
The cell suspension was plated in a culture dish and incubated at 37°C with 5% CO,. The cells were
maintained at 1.5x10° cells/mL by daily cell counts and partial medium changes. At day 7-8,
the erythroblasts were harvested without a disturbance of the monocyte and macrophage layer. The
cell suspension (mainly pro-erythroblasts) was centrifuged at 600g for 5 min at 20°C and one half of
the medium volume was replaced by StemSpan supplemented with hSCF (100 ng/mL), EPO (2
U/mL), Dex (1 pmol/L) and Chol (200-times diluted). The cells were maintained at 1.5 x 10° cells/mL
by daily cell counts and partial medium changes. After 10-12 days of erythroid proliferation, cells
(mainly pro-erythroblasts) were harvested (600g, 5 min at 20°C) to isolate total RNA and/or carry out

a Western blot analysis.

The PBMC isolation and maintenance of the cell culture of the patients’ samples were done by my
colleague Brigitte van Oirschot, Department of Clinical Chemistry and Hematology, University
Medical Center Utrecht. Both procedures were done by me for a donor sample which was used in the

section 4.4.

3.4 GENOMIC DNA ISOLATION FROM WHITE BLOOD
CELLS

Genomic DNA was isolated from peripheral blood using Gentra-Puregene Kit (Qiagen). Lymphocytes
from all the blood were separated by lysing RBCs using ice-cold lysis buffer.

5-10 mL of peripheral blood was filled up to 50 mL with ice-cold lysis buffer and mixed by vortexing
and inverting. The tube was incubated on ice for 30—40 minutes with occasional mixing. The tube was
then centrifuged at 590g for 4 min (4°C). The supernatant was mostly discarded and the pellet was
resuspended in 15 mL of ice-cold lysis buffer and kept on ice for 10 min. After incubation, the
centrifugation step was repeated. The supernatant was discarded, the pellet was resuspended in 15 mL
of ice-cold PBS buffer and centrifuged at 590g for 4 min (4°C). After the final wash, the supernatant

was discarded leaving approximately 10-200 ulL of the residual liquid. The supernatant was

Page | 29



resuspended in the residual liquid and placed into a new sterile 1.5 mL tube. Then, 300-600 pL of cell
lysis solution was added and mixed by vortexing for 10 s. The tube was kept for 1-14 days at RT.
Then, 100—600 pL of protein precipitation solution was added and mixed by vortexing for 20 s at high
speed. The tube was then centrifuged at 16 000g for 2 min. The supernatant was then transferred into
anew 1.5 mL tube with 300 pL of isopropanol. The tube was gently mixed by inverting until the DNA
was visible. The tube was centrifuged at 16 000g for 2 min and the supernatant was completely
discarded. The pellet was resuspended in 500 pL of 70% ethanol and inverted several times. The tube
was centrifuged at 16 000g for 2 min. The supernatant was carefully discarded and dried for 2—5 min
at 50°C. Then, 100 uL of DNA hydratation solution was added and the tube was mixed by vortexing
for 5 s. The tube was incubated at 65°C for 5 min and then gently shaked overnight at RT. The DNA

samples were stored at -80°C.

3.5 PCRREACTION

PCR reactions were performed in a volume of 50 uL (for HK and PGK primers) or 25 uL (for PK
primers). The 50 uL PCR reaction was composed of 0.3 uM of each forward and reverse primer,
1.25 U of MasterAmp Taq DNA Polymerase (Eppicentre), 1x PCR buffer (Applied Biosystems),
200 uM of each dANTP (Applied Biosystems) and 100400 ng of genomic DNA. The 20uL. PCR
reaction was prepared using 1x HotStarTaq Master mix (Qiagen), 0.5 uM of each forward and reverse
primer and 100400 ng of genomic DNA. All PCR reactions were performed using GeneAmp ® PCR
System 2700 (Applied Biosystems) or MJ Mini (Bio-Rad). The list of primers and reaction conditions
are listed in the section 8 (Table S 1, Table S 2, Table S 3,Table S 4 and Table S 5).

The PCR products (5-10 pL) were separated in 1-1.5% agarose gel and visualized using ethidium
bromide or GelRed (Biotum). The rest of reactions was purified using PCR purification kit (Qiaquick
PCR purification kit, MinElute PCR Purification Kit, Qiagen; NucleoSpin Gel and PCR Clean-up;

Macherey-Nagel) and forwarded for cycle sequencing.

3.6 CYCLE SEQUENCING

Each 20 uL sequencing reaction contained 1x Ready Reaction Premix, 1x BigDye Sequencing Buffer,
2.3 pM of either forward or reverse PCR primer and 3—10 ng of PCR product. The sequencing reaction

conditions are described inTable S 6.

The sequencing products were purified using commercial purification kit (BigDye Xterminator
purification kit, Applied Biosystems) according to the manufacture protocol or ethanol precipitation as

described further down.

Each sequencing reaction was transferred into a new 1.5 mL tube. Then 64 pL of cold 96% ethanol

and 16 uL of cold water were added and the tubes were mixed by vortexing. The tubes were incubated
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in the dark for 20 min at RT. After the incubation, the tubes were centrifuged at 16 000g for 20 min
(RT). The supernatant was carefully discarded and the pellet was washed with 250 pL of cold 75%
ethanol. The tubes were mixed by vortexing and centrifuged at 16 000g for 10 min (RT). The
supernatant was drained off and the unsealed tubes were placed in a heat block at 90°C for 1 min.
Then, the pellet was dissolved in 25 pL. of formamide at 95°C in the heat block for 2 min. Immediately
after that, the tubes were placed on ice for 5 min. The sequencing analysis was performed on ABI
3130 automated sequencer (PE Applied Biosystems) or ABI PRISM® 3100 analyzer (Applied
Biosystems). The electropherograms were analyzed using sequencing analysis software (Finch TV,

version 1.4.0), genome browser BLAST and genome database ENSEMBL.

3.7 RESTRICTION ANALYSIS

A restriction analysis was performed to estimate the frequency of the mutation IV7+3A>G in a control
population of >100 normal alleles (53 control subjects). A region encompassing intron 7 of PGK1 was
amplified using PCR according to the previously described conditions (the section 3.5). Then, 25 uL
of each PCR product was mixed with 1x CutSmart buffer (NEB) and 10 U/mL of restriction
endonuclease Ms/l (NEB). After 60 min digestion at 37°C, the restriction reaction was terminated by
heating at 80°C for 20 min. The products were resolved on 1% agarose gel and visualized using
GelRed (Biotum). The patients carrying the mutation IV7+3A>G served as a positive control for each

set of samples.

3.8 TOTAL RNA ISOLATION FROM HUMAN
PRO-ERYTHROBLAST CELLS

The human pro-erythroblasts were lysed by adding 0.75 mL of TRIzol (Thermo Fisher Scientific)
reagent per 5—-10x10° cells and resuspended by pipetting up and down several times. After 5 min
incubation at RT, 0.2 mL of chloroform per 1 mL of TRIzol was added. The tube was vigorously
shaked by hand for 15 s and incubated for 2—3 min at RT. The tube was centrifuged at 12 000g for
15 min at 4°C. The upper aqueous phase of the sample was placed into a new 1.5 mL tube and 0.5 mL
of 100% isopropanol per 1 mL of TRIzol was added into the tube. The tube was incubated at RT for
10 min. Then, the tube was centrifuged at 12 000g for 10 min at 4°C. The supernatant was removed
and the pellet was washed with 1 mL of 75% ethanol. The tube was briefly mixed by vortexing and
then centrifuged at 7500g for 5 min at 4°C. The wash was removed and the RNA pellet was dried at
55°C in a heat block for 5-10 min. The RNA pellet was resuspended in Rnase-free water (50—-800 pL)
and incubated in the heat block at 55-60°C for 10-15 min. Then, the RNA purity and concentration
was determined by NanoVue™ (GE Healthcare Life Sciences). All RNA samples were stored at -80°C

until the use.
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3.9 REVERSE TRANSCRIPTION POLYMERASE CHAIN
REACTION (RT-PCR)

Reverse transcription was carried out using a two-step GeneAmp® RNA PCR Core Kit (Applied
Biosystems) or SuperScriptTM III First-Strand Synthesis SuperMix (Invitrogen)/HotStarTaq Master
mix (Qiagen) according to the manufacturers’ procedures. First-strand cDNA was synthesized
in a 20 uL. volume and the reaction mix contained 1 mM each of deoxynucleotide (dATP, dCTP,
dGTP, dTTP), 5 mM MgCl,, 1x PCR buffer, 1 U/mL RNAase inhibitor, 2.5 U/mL reverse
transcriptase (MuLV, Moloney Murine Leukemia Virus), 2.5 uM of random hexamers and 1-2 pg of
RNA. The reaction conditions are listed in Table S 7.

The PCR was carried out in 50 pL reaction volume containing 10 uL. of cDNA, 2 mM MgCl, 1 x PCR
buffer, 0.3 uM of each forward and reverse primer (Table S 8) and 25 U/mL of AmpliTaqg DNA

polymerase. The reaction conditions are listed in Table S 9.

The RT-PCR products (40 uL) were resolved on a high agarose gel (NuSieve Agarose 3:1, Lonza) and
visualized using GelRed (Biotum). The RT-PCR products of HKI and the most abundant product
of PGK1 were extracted from the gel, purified (NucleoSpin Gel and PCR Clean-up; Macherey-Nagel)

and DNA sequences were determined according to the previously described protocol (the section 3.6).

3.10 QUANTIFICATION OF HK-R AND PGK1
TRANTSCRIPTS IN PATIENTS’ PRO-ERYTHROBLAST
CELLS

Quantitative PCR (qPCR) was performed using FastStart SYBR Green Master (Roche) and ROX
Passive Reference Dye (BioRad). Each reaction contained 1x FastStart SYBR Green Master mix,
1x ROX dye, 0.5 ug of ¢cDNA and a pair of specific primers (300 nM) (Table S 10) to avoid the
contribution of aberrantly spliced RT-PCR variants in the tested samples. A real-time analysis was
performed using ViiA™ 7 Real-Time PCR System (Life Technologies) according to the following
cycling conditions: 10 min 95°C, 40 cycles: [30 s 94°C, 30 s 63°C, 45 s 72°C].qPCR specificity was
verified by melting curve analysis and agarose electrophoresis. Beta-actin (ACTB) was used as
an internal standard. Relative quantification was evaluated on the basis of the comparative CT method

(2*AACT) )
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3.11 “TOPO CLONNING” OF ABERRANT PGK1
TRANSCRIPTS

3.11.1 TRANSFORMATION OF ONE SHOT® TOP10

The less abundant RT products encompassing exons 7 and 8 of PGKI, produced in the section 3.9,
were subcloned into pCR™4-TOPO vector (TOPO® TA Cloning® Kit for Sequencing, Invitrogen)
according to the manufacturer’s protocol. Briefly, the fresh RT-PCR product (2 uL) was mixed with
salt solution (1 uL), water (2 uL) and TOPO vector (1 uL). After gentle mixing, the mixture was
incubated for 5 min at RT and then chilled on ice. Then 2 pL of the cloning mixture were added into
a vial of One Shot® chemically competent E. coli, mixed gently and incubated for 5 min on ice. The
competent cells were transformed by a heat-shock method (30 s in a 42°C water bath) and
immediately placed on ice. Further, 250 pL of S.0.C medium was added into the vial which was
shaken at 37°C for 1 h. After shaking, 40 uL of the vial content was mixed with 20 puL of S.0.C
medium and the mixture was spread on pre-warmed LB (Luria broth) plates containing kanamycin

(50 pg/mL) and incubated overnight at 37°C.

3.11.2 ANALYSIS OF TRANSFORMANTS

Each colony was analyzed for the specific region encompassing exons 7 and 8 of PGKI using colony
PCR. Each colony was picked with a sterile pipette tip and resuspended in PCR reaction mixture
containing 1x HotStarTaq Master mix (Qiagen) and 0.5 uM of each forward and reverse primer
(5’-CCGAGCTTCACTTTCCAAGC-3’;  5-CCAGTGCTCACATGGCTGAC-3’). PCR  was
performed using the previously described PCR profile (Table S 1).

The PCR products were separated on 1.5% agarose gel and visualized using GelRed. Each positive
colony was transferred into 3 mL of LB media containing 50 pg/mL of kanamycinand cultured

overnight at 37°C.

3.11.3PLASMID DNA ISOLATION
After 24 h, plasmid DNA isolation was performed using High-Speed Plasmid Mini Kit (Geneaid)

according to the manufacturer’s protocol. Briefly, the harvested bacterial cells were resuspended in
200 pL of PD1 buffer and mixed by vortexing. The resolved bacterial cells were lysed using 200 pl of
PD2 buffer and gently mixed by inverting the tube. After 2 min incubation, 300 pl of PD3 buffer was
added into the tube and again gently mixed by inverting. The tube was centrifuged at 14-16 000g for
3 min. The supernatant was placed on a PD column with a 2 mL collection tube and centrifuged
at 14-16 000g for 30 s. The column was washed with 600 pL of wash buffer and then centrifuged
at 14-16,000 g for 30 s. Finally, the column was dried at 14—16 000g for 3 min and then placed
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into a new 1.5 mL tube. Plasmid DNA was eluted using 30 pL of elution buffer and the sequence was

determined as previously described.

3.12 IMMUNOBLOT ANALYSIS

The cultured pro-erythroblasts of a heterozygous individual carrying mutation c.873-2A>G and
a healthy donor were treated with RIPA buffer (Teknova) containing protease inhibitors (100x;
Thermo Scientific) and incubated for 45 min on ice. A protein concentration was determined using
Bradford method according to the standard procedures. Total cell lysates (23 pg of proteins) were
loaded onto a 8% precast SDS-PAGE gel (Bolt" Bis-Tris Plus gel, Life Technologies) and
subsequently transferred to a PVDF membrane (Immobilion — FL, Millipore) using a wet tank method.
The membrane was further blocked in Odyssey blocking buffer for 2 h and incubated with primary
antibodies (anti-HK-1, 1:250, Abcam; anti-actin 1:10 000, Merc Millipore) overnight at 4°C. After the
overnight incubation, the membrane was washed out two times with 1XTBS + 0.1% Tween and
1xTBS. The membrane was incubated with secondary antibodies Alexa Fluor® 680-conjugated goat
anti-mouse and goat anti-rabbit (1:7500; Invitrogen) for 1.5 hour at RT. After the subsequent washing
steps (3-times, 1xTBS), the blot was imaged with an Odyssey Infrared Imaging System.

3.13 INSILICO ANALYSIS, 3D STRUCTURAL ANALYSIS,
MULTIPLE SEQUENCE ALIGNMENT

In silico analysis and multiple sequence alignment of mutations (p.(Asp293Val), PKLR gene;
p.(Phe216Tyr), G6PD gene; p.(Ser160Pro), p.(Argd72Cys), GPI gene; p.(His867Tyr), p.(Thr600Met),
HKlIgene) were generated by PolyPhen (http://genetics.bwh.harvard.edu/pph2/) and SIFT

(http://sift.jcvi.org/). Possible deleterious effects of novel splice site mutations c¢.873-2A>G,
c.493-1G>A (HKI gene) and mutation c.756+3A>G (PGKlIgene) were assessed using Human

Splicing Finder (http://www.umd.be/HSF3/). To investigate the structural and functional consequences
of four novel missense mutations (p.(His867Tyr), p.(Thr600Met), p.(Ser160Pro), p.(Argd72Cys)),
3-dimensional (3D) structural modeling of the mutants (PDB entry 1DGK (Aleshin et al., 2000); 1IAT
(Read et al., 2001)) was performed using the PyMOL program (The PyMOL Molecular Graphics
System, Version 1.7.4 Schrédinger, LLC.).
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4 RESULTS AND DISCUSSION

4.1 THE LITERATURE REVIEW

The presented article provides a comprehensive overview of the current knowledge regarding red
blood cell enzymopathies. It summarizes clinically relevant enzymes, their role in RBC metabolism,
pitfalls and prospects in the diagnosis of these rare disorders. The meeting abstracts, presented as oral
presentations, summarized the current knowledge of the molecular pathophysiology of enzymopathies,
highlighted the advances in diagnosis of enzymopathies in our laboratory and evaluated the prevalence

of these rare disorders in the Czech and Slovak populations.
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4.2 DIFFERENTIAL DIAGNOSIS OF CZECH AND SLOVAK
PATIENTS WITH HEMOLYTIC ANEMIA OF UKNOWN
ETIOLOGY

I declare that my role in the presented results was following: enzyme assays and molecular analyses
(PKLR, G6PD and HK1 genes) of the majority of studied patients, in silico analyses, 3D modelling of

the GPI mutants and manuscript preparation.

The presented study was embodied in a grant project which aimed to characterize the genetic
background of alpha-thalassemia and erythroenzymopathies. This section includes two articles and
two meeting abstracts. In 2013, performing enzyme assays together with mutation screening became
routine methods of diagnosis of patients with HA of unknown etiology in our laboratory. The standard
enzyme panel includes four enzyme activity assays determining activities of G6PD, PK, GPI and HK.
Furthermore, an extensive panel of RBC enzyme assays comprising determination of PGK, ALD,
PFK, bisphosphoglycerate mutase (BPGM), AK, TPI, cytochrome-b5-reductase (Cb5SR) is available to
exclude very rare enzyme defects. These diagnostic methods are provided only in the specialized
laboratories including our department — the only laboratory in the Czech Republic, or possibly in

Central Europe which offers the diagnosis of a comprehensive panel of enzymopathies.

Until now, we have analyzed 80 individuals with HA of unknown etiology. Twenty-four Czech and
Slovak patients were diagnosed with different types of RBC enzymopathies. Except for the most
common erythroenzymopathies, G6PD and PK deficiencies (9 and 12 cases), 2 families with GPI and
1 family with a rare HK deficiency were identified. The defects of GPI and HK were identified

in the Czech and Slovak populations for the first time.

Pyruvate kinase deficiency

Pyruvate kinase deficiency is the most common enzyme defect of the Embden-Mayerhof pathway
causing HNSHA. PK deficiency has been previously reported in the Czech and Slovak populations
(Lenzner et al., 1997). We further diagnosed another 12 patients with PK deficiency (Mojzikova et al.,
2014). All patients suffered from hemolysis and hyperbilirubinemia of different severity. None of the
affected individuals had a positive family history for HA. The majority of patients were transfusion
dependent. Concomitantly, three of them underwent a chelation therapy. The selected laboratory data

are summarized in Table 3.
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Table 3: Selected laboratory parameters of the studied patients

Origin Sex Age RBC: Hb [g/L] Ret Bili Regular
[year] [x10°7] [0.5-3.0 %] [0-17 pmol/L]  transfusions

1 CZ M 6m 2.76 77 7.2 33 Yes
2 0/4 M 7 3,12 97 8.1 39 Yes*
3 CzZ F 7 2.82 95 10.6 35 Yes*
4 Cz M 10 m 2.56 75 7.5 59 Yes

SK M 9 2.65 79 32 38 Yes
6 CZ F 42 2.95 103 59 50 Yes+
7 CzZ F 22 1.81 65 80.5 139 Yes
8 CzZ F 31 3.05 95 6.6 34 Yes
9 0/4 M 3m 2.49 70 2.1 172 Yes
10 0/4 F 25 2.3 73 253 124 Yes
11 CzZ M 50 3.4 121 5.2 49 No
12 CzZ M 21 2.10 72 60.6 ND Yes

CZ — the Czech Republic; SK — the Slovak Republic; Age = age at the diagnosis; Ret = reticulocytes; Bili = bilirubin

All but two patients showed a decrease in PK activity below 50% of the control range. In patients 7
and 12, a high reticulocyte count masked a low PK activity, thus the PK deficiency was suspected
based upon the PK/HK ratio (Table 4). Mutation screening identified eleven mutations in the PKLR
gene (Table 4). The mutations p.(Arg510Gln), p.(Argd98His), p.(Arg532Trp), p.(Ser332Gly),
p.(Argd86Trp) have been previously reported in the Czech and Slovak populations (Lenzner et al.,
1997). The most common mutations in our patient group were mutations p.(Arg510GIn) and
p-(Arg532Trp). The substitution p.(Arg510Gln) is also one of the most frequent PKLR mutation in
Northern and Central Europe (Zanella et al., 2005). The mutations p.(Argl16-L117delinsGInHisCys),
p-(Gly275Arg), p.(Alal54Thr) and c.1618+1delG have been described in the literature (Pissard et al.,
2006; van Wijk et al., 2009; van Zwieten et al., 2015; Zanella et al., 1997), however, none of these has
been detected in the Czech or Slovak populations. Furthermore, the mutations p.(Asp293Val) and
p.(Arg518Leufs*12) have not been previously described in the literature.
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Table 4: Biochemical and molecular data of patients with PKLR mutation

PK PK/HK
Patient PKLR mutation Exon
activity ratio

¢.1553delG/1553delG
1 1.63 1.63 11/11
p-(ArgS18Leufs*12/ArgS18Leufs*12)

c.1493G>A/1529G>A
2 1.73 1.75 ) 11/11
p-(Arg498His/Arg510GlIn)

¢.1529G>A/1594C>T
3 1.43 0.51 11/11
p-(Arg510GIn/Arg532Trp)

¢.1529G>A/1594C>T
4 1.14 0.46 11/11
p-(Arg510GIn/Arg532Trp)

¢.347-350delinsAACATTG/347-350delinsAACATTG

5 2.64 0.78 p-(Argl16-L117delinsGInHisCys/Argl16- 4/4
L117delinsGlnHisCys)
c.1456C>T/1594 C>T
6 1.16 0.84 11/11
p-(Arg486Trp/Arg532Trp)
¢.1594C>T/1594C>T
7 6.58 1.6 11/11
p-(Arg532Trp/Arg532Trp)
c.878A>T/1529G>A
8 1.56 0.81 7/11

p.(Asp293Val/Arg510Gln)

c.823G>A/1594C>T
9 1.72 2.07 7/11
p-(Gly275Arg/Arg532Trp)

c.1529G>A/1529G>A
10 2.32 1.12 11/11
p-(Arg510GIn/Arg510GlIn)

c.994G>A/1456C>T
11 1.54 1.14 8/11
p-(Ser332Gly/Argd86Trp)

c. 460G>A/1618+1delG
12 6.09 1.40 S/intr 11
p-(Ala154Thr/-)

PK [4.6-6.28 U/g Hb]; PK/HK ratio [3.6-6.3 U/g Hb]; intr = intron; novel mutations in bold

The novel mutation p.(Asp293Val) was present together with the mutation p.(Arg510Gln) in patient 8.
Multiple sequence alignments revealed that Asp293 is located in a highly conserved region. Detailed
in silico analyses by PolyPhen and SIFT predicted that Asp to Val substitution may be deleterious.
The pathogenic nature of this mutation is supported by the fact that both amino acids display different
physical-chemical properties, therefore Asp to Val replacement may affect protein folding and/or

catalytic activity of the enzyme.

The second novel mutation p.(Arg518Leufs*12) was associated with atypical severe transfusion

dependent HA and neonatal hyperferritinemia. The patient was found to be homozygous for this
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mutation. His mother was a heterozygous carrier and the father was unknown. The mutation resulted
in a shift of the reading frame, leading to the formation of a premature stop codon. The PK protein (if
produced) is predicted to lack the C-terminal end (45 amino acids), which includes the activator
binding site Arg532, facilitating enzyme catalysis. Although iron overload is the major factor
contributing to pathogenesis of PK deficiency (Zanella et al., 2005), in this case dramatic
hyperferritinemia suggested an additional congenital defect. However, mutation screening of genes
associated with primary hemochromatosis (HFE, HFE2, HAMP, SCL40A41 and TFR2) did not show
any causative mutation. The patient was only a carrier of several single nucleotide polymorphisms
(SNPs) in these genes which, however, were also present in other PK-deficient patients. This fact ruled
out their contribution to the severe phenotype of this patient and could not explain his iron overload.
To exclude other causes of severe hyperferritinemia, such as sideroblastic anemia and hereditary
hyperferritinemia cataract syndrome, we evaluated the number of ring sideroblasts in the patient’s
bone marrow and performed molecular screening for the mutation in the IRE (iron responsive
element) region of the L-ferritin gene (FTL). However, we did not detect the presence of either ring
sideroblasts or a causal mutation in FTL gene. At the age of 2.5 years, surprisingly, the patient
exhibited normal ferritin levels. This may be a result of a combined chelation therapy and a prolonged
interval between transfusions. Thus, the severe phenotype involving neonatal hyperferritinemia was

likely caused by the p.(Arg518Leufs*12) mutation itself.

Other enzyme deficiencies

As mentioned above, other enzyme defects were detected among the 80 individuals with idiopathic
HA. We further diagnosed 9 cases of G6PD deficiency (manuscript in preparation), 2 families with
GPI deficiency (manuscript accepted for publication) and 1 patient with very rare HK deficiency

(a detailed description is provided in the section 4.3).

GO6PD deficiency is the most frequent enzyme disorder in the world. The majority of G6PD mutations
are asymptomatic, only small percentage of G6PD deficient patients suffers from HNSHA. Based on
the severity of clinical manifestations, G6PD deficiency is classified into five classes, from the mildest
(Class V) to the most severe (Class I). Class I mutations more frequently affect the exons 6, 10 and 13
encoding the regions that bind the enzyme substrate, dimer interface and NADP" structural site,

respectively (Minucci et al., 2012).

A few mutations in G6PD gene have been previously identified in Czech population (Xu et al., 1995).
All these GO6PD variants (G6PD Praha, G6PD Olomouc, G6PD Varnsdorf — the first described splice
site mutation in the G6PD gene) belong to the class I mutations which are associated with HNSHA
(Minucci et al., 2012).

Our patient group consisted of 7 men and 2 women. All analyzed patients displayed a reduced G6PD
activity suggesting G6PD deficiency as the underlying cause of HNSHA. Clinical features of the
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patients varied from well compensated hemolysis to severe transfusion dependent HA. Patient 8
suffered from mild methemoglobinemia (7-11%) with no signs of hemolysis. A female patient 9 was
a heterozygous carrier of the sickle cell gene; however, hematological characteristics suggested that
other defect has modulated her phenotype. The detailed hematological and biochemical data are listed
in Table 5.

Table 5: Hematological data of the selected patients

Patient  Origin Sex Age Hb Ret Bili G6PD
[year] [g/L] [%] [umol/L]  [U/g Hb]

1 Cz M 7 111 7.5 70 0.11
2 Cz M 31 121 5.7 67 2.26
3 Cz M 36 136 9.2 ND 0.12
4" (074 M ND ND ND ND ND
5" SK M 16 100 17.8 93 0.38
6" SK M 1 99 3.7 58 1.73
7 (074 M 39 150 1.4 233 0.1
8¢ SK F 13 137 1.9 9.2-17.6 2.83
9% (74 F 32 125 1.5 12.1 1.81

CZ —the Czech Republic; SK — the Slovak Republic; Age = age at the diagnosis; Ret = reticulocytes [0.5-3.0 %] ;
Bili = bilirubin [0-17 pmol/L];" siblings; * siblings; ¢ a carrier of a heterozygous mutation in HK/ gene (c.278A>G;
p.(Arg93Gln); * a HbS carrier

Molecular screening of the G6PD gene revealed seven different mutations among the analyzed
patients (Table 6). The G6PD variant Olomouc (c.1141T>C, p.(Phe318Leu)) was detected repeatedly
in Czech population. Other identified G6PD variants (G6PD Seattle, G6PD Torun, G6PD
Mediterranean, G6PD Gond) have been reported in both Czech and Slovak populations for the first
time. While patients with the variants G6PD Torun and G6PD Olomouc suffered from severe
HNSHA, other detected G6PD variants were characterized by mild or well compensated HA. Clinical
manifestation of all studied patients corresponded to the clinical features described by previous studies
(Jablonska-Skwiecinska et al., 1999; Minucci et al., 2012; Xu et al., 1995). Furthermore, we identified
a novel G6PD variant, ¢.647T>A, p.(Phe216Tyr), which was also associated with a severe phenotype.
The residual activity of the mutant enzyme was < 1% of the control range. Predictions by PolyPhen
and SIFT showed that the Phe216Tyr substitution has a potentially damaging effect on the G6PD
enzyme. Multiple sequence alignment and a structural model of G6PD revealed that the residue
Phe216 is located in a highly conserved region of the substrate binding site. Thus, the substitution
Phe216Tyr may abolish enzyme catalysis by affecting the substrate binding. All these findings
indicate the pathogenic nature of this G6PD variant; severe phenotype and low residual activity

classify p.(Phe216Tyr) into class 1.
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Table 6: Molecular screening of the G6PD gene among the studied patients

Patient G6PD mutation Exon G6PD variant
c.647T>A .
1 6 New variant
p-(Phe216Tyr)
¢.844G>C
2 p.Asp282His 8 G6PD Seattle
c.1141T>C
' 1 PD Ol
3 p.(Phe318Leu) 0 G6PD Olomouc
c.1141T>C
' 1 PD Ol
! p.(Phe318Leu) 0 G6PD Olomouc
. ¢.1006A>G
> 9 GO6PD Torun
p.(Thr336Ala)
" ¢.1006A>G
6 9 G6PD Torun
p-(Thr336Ala)
c.563C>T
7 6 G6PD Mediterranean
p-(Ser188Phe)
c.477G>C/477G>C
5 5 G6PD Gond
p.-(Met1591le/Met15911e)
c.202G>A/376 A>G
? 4/5 _

p.(Vale68Met/Asn126Asp)

G6PD [5.36-7.04 U/g Hb]; novel mutations in bold; * siblings; * siblings

GPI deficiency is the second common enzyme defect of the Embden-Meyerhof pathway. Clinical
features in GPI deficiency range from mild to severe hemolytic anemia. GPI deficiency may also be
associated with non-hematologic symptoms, in particular with neurologic impairment or mental

retardation.

We diagnosed three GPI-deficient patients from two unrelated families. All patients suffered from
severe transfusion dependent HA. No neurological defects were present in any of the studied patients.
Patients’ parents have no signs of chronic hemolysis. All analyzed patients exhibited reduced GPI
activity, which reached 15% of the control range. Molecular screening of the GPI gene showed that
patient 1 was a compound heterozygote for mutations c.478T>C, p.(Ser160Pro) and c.1414C>T,
p-(Argd72Cys). Both patients 2 and 3 were homozygotes for the mutation c.1414C>T, p.(Argd72Cys)
(Table 7). Both identified mutations are novel, however, substitution of the same residue Arg472
(Argd472His) has been previously identified in a Hispanic patient. A homozygous mutation
p-(Argd72His) was associated with a severe phenotype and residual activity of this mutant GPI was
around 25% of the control range. A detailed characterization of the recombinant GPI mutant
demonstrated increased Ky for F6P, decreased k., and reduced thermal stability (Beutler et al., 1997;
Lin et al., 2009).
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Table 7: Summary of the studied GPI-deficient patients

Patient 1 Patient 2* Patient 3*
Origin CZ SK SK
Sex M M F
Age [years] 11 19 10
Hb [g/L] 90 101 86
Ret [%] 16.3 334 45.6
Bili [pmol/L] 84 127 83
GPI [U/g Hb] 8.51 5.94 6.75
c.478T>C/1414C>T c.1414C>T/1414C>T c.1414C>T/1414C>T

GPI mutations
p-(Ser160Pro/Argd72Cys)  p.( Argd72Cys/Argd72Cys)  p.( Argd72Cys/Argd72Cys)

CZ — the Czech Republic; SK — the Slovak Republic; Age = age at the diagnosis; Ret = reticulocytes [0.5-3.0 %] ; Bili = bilirubin
[0-17 pmol/L];* siblings, GPI[ 53 — 62 U/g Hb]

Results from in silico analyses (Polyphen and SIFT) revealed that both detected mutations
p-Argd72Cys and p.Ser160Pro are not tolerated. To study the probable mechanism by which both
mutations affect the protein function, we performed in silico modelling of the GPI mutants.
The analyses demonstrated that the residue Arg472 is a part of the dimer-domain at the edge of the
large external loop domain, a major contact region contributing to the dimer stability. The Argd72Cys
substitution likely destabilizes interactions within the dimer interface, and thus may affect either the
dimer formation and/or dimer stability. The residue Ser160 is located in the close proximity of the
active site, facilitating the binding of the substrate phosphate group. This suggests that the substituted
proline likely impairs the binding of the substrate, and thus inhibits catalytic activity of the mutant

enzyme (Read et al., 2001).
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Figure 6: In silico modelling of the Ser160Pro and Arg472Cys GPI mutants. A) Serl160 (corresponding to Ser
160, shown in purple) is a part of the phosphate-binding site (blue) responsible for the potential hydrogen bond
interaction with phosphate group of the GPI substrate (the sulphate was used to mimic the substrate phosphate
group). B) Serl60Pro substitution likely results in a disruption of the hydrogen bond (a black dotted line)
between the residue at position 159 and the substrate phosphate group and, thus, destabilizes the substrate-
enzyme complex. C) Arg472 (corresponding to Arg471, shown in purple) is located at the edge of the large
external loop (LEL, 438—468 residues) directly interacting (hydrogen bonding) with neighboring Gly469 residue
and with 1le394 of the second monomer, and thus D) disruption of these interactions by Arg472Cys
mutationleads to conformational changes within the LEL, serving as a dimer stabilizing hook, and thus to
generation of a more labile GPI-dimer. The amino acid numbering begins with alanine as residue 1 instead of
initial methionine. The structure illustrations were created with PyYMOL program based on Protein data bank ID
1IAT. Black dot lines represent hydrogen bonds.

Kinetic studies of the mutation p.(Argd72Cys) revealed decreased affinity to FOP and strongly reduced
thermal stability. Furthermore, the enzyme activity was almost abolished after short incubation at
45°C. These findings are consistent with the previous functional study of p.Arg472His GPI mutant
(Lin et al., 2009) and all together correspond to the model of the proposed pathogenic mechanism.
The Ser160Pro mutation was characterized in the individual who was a compound heterozygous with
p-(Argd72Cys) mutation. Thus, the contribution of the second mutation has to be expected.
Biochemical characteristics of the compound heterozygous mutant showed decreased Ky, values and
its thermal stability was only slightly affected which may indicate that Argd72Cys homodimers

represent only a minor proportion of the mixed dimers pool.
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HK deficiency was diagnosed in a patient with severe transfusion dependent HA. The patient was
found to be homozygous for mutation c.278A>G, p.(Arg93Gln). Interestingly, another two cases with
HKI] mutation were identified. One patient was a heterozygous carrier of mutation ¢.493-1G>A.
However, phenotype more severe than expected for an HK/ mutation carrier was probably caused by
Gilbert syndrome. The second patient possessed mutation c.278A>G, p.(Arg93Gln). The female
patient was also homozygous for mutation ¢.477G>C p.(Met1591le) in the G6PD gene (Table 6).
Detailed description of HK deficiency is in the section 4.3.

In general, enzyme defects are associated with classical hallmarks of hemolysis with no abnormalities
in RBC morphology. Routinely used hematology methods are unable to point out a particular enzyme
defect. Due to the lack of adequate diagnostic methods, enzymopathies have been previously
considered as medical conditions belonging to the category of diagnosis by exclusion. In 1977, the
International Committee for Standardization in Hematology established “recommended methods” for
the assaying of RBC enzymes (Beutler et al., 1977). These direct activity assays followed by an
identification of a causative mutation at DNA level are the only worldwide accepted procedures for
erythroenzymopathies diagnosis in current clinical practice. Our laboratory is the only laboratory in
the Czech Republic, or possibly in Central Europe which offers a diagnosis of the whole panel of

enzymopathies.

In addition to diagnosis of erythroenzymopathies, the direct enzyme assays have been also found to be
an effective method for diagnosis of Diamond Blackfan anemia (DBA) and/or to test, for example, the
effects of therapeutics on cellular processes. Alterations of erythrocyte ADA activity are observed in
the majority of “classical” DBA patients (Fargo et al., 2013). Recently, we have established a direct
enzyme assay for erythrocyte ADA in our laboratory. Upregulated ADA activity has become a useful
diagnostic maker in a “classical” form of DBA. With regard to testing the effects of potential
therapeutics, we studied (in collaboration with a research group from Tiibingen), the effect of
pharmacologic NF-xB inhibitors, Bay 11-7082, parthenolide and dimethyl fumarate DMF on red
blood cell survival and on mechanism of GSH depletion. The inhibitory effects of these
pharmacologic compounds were evaluated by monitoring enzymatic activities of G6PD, 6PGD and
GR, the key players of cellular redox homeostasis in red blood cells (Ghashghaeinia et al., 2016).
Furthermore, the enzyme assays were used for the assessment of anti-oxidative defense in erythrocytes

with deficiency of the divalent metal transporter 1 (Zidova et al., 2014).

Taken together, characterization of RBC enzymopathies by biochemical and molecular analyses
contributed to a better understanding of pathophysiology of these rare disorders. The direct enzyme
assays have a large variety of scientific applications which may help to improve diagnostic testing as

well as therapeutic interventions.
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4.3 STRUCTURAL AND FUNCTIONAL
CHARACTERIZATION OF VERY RARE HEXOKINASE
MUTANTS CAUSING HNSHA

I declare that my role in the presented results was following: summarization of the hematological and
biochemical data from all the studied patients, enzyme assays and molecular analyses of the studied
patients except the patients from Denmark and the Netherlands, kinetic studies of the selected patients,
RNA isolation, RT-PCR, qPCR, western blot analysis, in silico analyses, 3D modelling of selected HK

mutants and manuscript preparation.

The major part of the experimental work was carried out during my fellowship at the Department of
Clinical Chemistry and Hematology, University Medical Center Utrecht, the Netherlands. This section
contains one original research paper and three meeting abstracts. The publications presented here
resulted from collaboration with research groups from the Netherlands, Ireland, Spain and the Slovak
Republic. The article describes molecular analysis of six HK-deficient patients representing the largest
group studied thus far. It summarizes the current knowledge about HK deficiency and unifies
numbering for previously detected mutations according to the erythroid specific HK-R transcript (HK-

R NM_033496.2).

Hexokinase is the key enzyme of the Embden-Meyerhof pathway that catalyzes the ATP-dependent
phosphorylation of glucose, on which red cell energy metabolism is fully dependent. HK deficiency is
an autosomal recessive disorder associated with chronic HSNHA. Affected individuals exhibit mild to
severe lifelong HA. However, a complete loss of HK1 is apparently incompatible with life (Kanno et

al., 2002).

We analyzed seven patients from 6 unrelated families with a suspected enzyme deficiency. Standard
methods including peripheral blood smear examination, cryohemolysis/Pink test, osmotic fragility test,
(EMA) binding test, hemoglobin stability test (isopropanol test), and hemoglobin SDS-PAGE were
used to exclude hemoglobinopathies and membrane defects. The majority of the patients suffered from
chronic hemolysis with variable clinical severity (Table 8). All but one patient showed a decreased HK
activity below 50% of the control range and/or increased PK/HK ratio (Table 8). So far, 24 cases of
HK deficiency associated with HNSHA have been reported (Mentzer and William, 2014) and only
6 mutations as an underlying cause of HK deficiency have been detected (Bianchi et al., 1998; de
Vooght et al., 2009; Kanno et al., 2002; van Wijk et al., 2003). Molecular analysis of our patient group
revealed 6 different mutations in HK/ gene, four of them were novel: ¢.2599C>T p.(His867Tyr),
c.1799C>T p.(Thr600Met), ¢.873-2A>G and c. 493-1G>A (Table 9, novel mutations in bold).
To clarify the pathogenic nature of the novel mutations we performed biochemical and/or RNA

studies, a 3-D structural analysis and in silico analyses by PolyPhen and SIFT.



Table 8: Hematological and biochemical data of the studied patients

Patient 1° Patient 2° Patient 3 Patient 4 Patient 5 Patient 6 Patient 7
Origin Ireland Ireland Czech Republic Denmark Netherlands Czech Republic Slovak Republic
Sex M M M M M F F
Age [year] 2 4 &m 2 22 12 12
RBCs [x10"] 2.57; (*--) 2.76; (*--) 2.40; (*--) 2.90; (*--) 4.40; (*--) 4.25; (-*-) 4.58; (-*-)
Hb [g/L] 79; (*--) 95; (*--) 74; (*--) 86; (*--) 160; (-*-) 135; (-*-) 137; (-*-)
Ret [%] 8.8; (--*) 6.2; (--*) 6.3; (--%) 4.7; (--%) 6.0; (--%) 3.1; (--%) 1.9; (--%)
Bili [pmol/L] 54; (--*) 62; (--*) 120; (--*) 124; (--*) 24; (--%) 100; (--¥) 17.6; (-*-)
Transfusion therapy Yes® No Yes Yes No No No
Other diagnosis ND ND ND ND GS GS G6PD Gond
Enzyme activities
HK 0.64* 0.58* 0.71" 114 0.65" 0.37" 0.33
PK 12.3* 12.6" 3.3 12.5 12.2* 7.2" 6.2"
PK/HK 19.2* 21.7* 9.5" 10.90 18.7* 19.3" 18.7"

S — siblings; Age — age at diagnosis of HK deficiency, m — months; RBCs — red blood cells; Hb — hemoglobin, M — male; F — female; ND — not determined, GS — Gilbert syndrome.
G6PD — glucose-6phosphate deficiency, variant — GOND; *Transfusion therapy has been stopped at the age 3; comparison of hematological data with a reference range: (*--) — low; (-*-) — normal; (—*) — high.
*¥HK [0.80-1.50 U/g Hb], PK[6.1-12.3 U/g Hb], PK/HK [4.8-11.9]; "HK [0.80-1.65], PK[5.1-5.8], PK/HK [3.6 -6.3]; "HK [0.62-1.26], PK [8.4-15.2], PK/HK [7.2-15.6].



Table 9: Molecular analysis of HK-deficient patients

Allelel Allele 2
Localization Localization
c.-193A>G c.873-2A>G
Patient 1
Erythroid promotor Intron 7
c.-193A>G c.873-2A>G
Patient 2
Erythroid promotor Intron 7
c.278A>G, p.(Arg93Gln) c.278A>G, p.(Arg93Gln)
Patient 3
Exon 3 Exon 3
¢.2599C>T, p.(His867Tyr) ¢.2599C>T, p.(His867Tyr)
Patient 4
Exon 17 Exon 17
¢.1799C>T, p.(Thr600Met) Normal
Patient 5
Exon 12 -
c.493-1G>A Normal
Patient 6
Intron 4 -
c.278A>G, p.(Arg93Gln) Normal
Patient 7
Exon 3 -

The mutations are numbered according to the erythroid specific transcript HK-R (NCBI Reference Sequence:

NM_033496.2). Novel mutations are in bold.

The novel splice site mutation ¢.873-2A>G was found in both patients 1 and 2 who
concomitantly possessed a mutation c¢.-193A>G. The maternally inherited mutation
¢.-193A>G, located in a promotor region, has been previously characterized (de Vooght et
al., 2009). A reduced activity of the erythroid specific promoter has been postulated as the
underlying mechanism for HK deficiency associated with this mutation (de Vooght et al.,
2009). The novel splice site mutation ¢.873-2A>G was inherited from the patients’ father
who was found to be a heterozygous carrier of this mutation. /n silico analysis by Human
Splicing Finder predicted that this A>G substitution abolishes the intron 7 acceptor site. To
determine how this A>G substitution affects mRNA processing, we performed detailed RNA
studies. Sanger sequencing analysis of RT-PCR products revealed that the ¢.873-2A>G
mutation resulted in abnormally spliced transcripts lacking either exon 8 alone or both exons

8 and 9 (Figure 7).
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Figure 7: RNA studies of a splice site mutation c.873-2A>G. Agarose electrophoresis. Visualization
of RT-PCR products (a region spanning exons 7 to 9) revealed two additional fragments in the
heterozygous subject carrying the mutation ¢.873-2A>G (line 1) compared to the healthy donor
(line 2). Lines 3 and 4 served as negative controls for RT and PCR. Bands of 834 bp (lines 1 and 2)
corresponded to a normally spliced variant A. Fragments of 735 bp and 470 bp (line 1) corresponded
to the abnormal transcripts B and C lacking either exon 8 or both exons 8 and 9.

The aberrant proteins (if produced) would lack either the substrate binding site or the
substrate binding site and the G6P binding site. Furthermore, pre-mRNA expression of the
normally spliced variant of the heterozygous ¢.873-2A>G carrier was more than 50% lower
than in controls (Figure 8). Subsequently, western blot analysis on in-vitro cultured
pro-erythroblast revealed a marked down-regulation of HK at protein level (Figure 8). Based
on these findings, we could conclude that the ¢.873-2A>G mutation affects pre-mRNA

processing, which results in a down-regulation of HK on the protein level.
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Figure 8: qPCR analysis. A down-regulated expression of the normally spliced HK transcript of the
heterozygous carrier (P) was observed compared to healthy donors (D). Data were normalized to
ACTB gene. Western blot analysis. Immunoblotting of ex-vivo cultured pro-erythroblasts
demonstrated a marked decrease of HK protein, which corresponded with the decreased expression of
thenormally spliced HK transcript. M — marker, D — donor, P — the heterozygous subject carrying the
mutation c.873-24>G.

A homozygous mutation ¢.278A>G, p.(Arg93GIn) was detected in patient 3 who suffered
from severe transfusion dependent HA, psychomotor retardation and epilepsy (Table 9).
Although psychomotor retardation has been previously described in HK deficiency (Gilsanz
et al., 1978; Goebel et al., 1972; Magnani et al., 1985), in this case the malformations were
likely associated with parental consanguinity and/or CNS bleeding that has occurred during
the labor and delivery. Recently, de Voogth et al. have reported this mutation ¢.278A>G,
p.(Arg93Gln) in the heterozygous form in patient with mild HA. They hypothesized that the
mutation resulted in a formation of truncated HK variants which are most likely inactive and
unstable (de Vooght et al., 2009). Despite the homozygous form of the mutation in our
patient, the normally spliced HK variant carrying the ¢.278 A>G mutation is produced in
patients’ RBCs. However, further examination of the residual HK protein showed a high

instability (Figure 9), an increased ATP affinity and a reduced affinity for glucose.
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Figure 9: Thermal stability assay. A high instability of the residual HK protein carrying the
¢.2784>G mutation (patient 3, colored in orange) compared to the control range

Interestingly, the same heterozygous mutation ¢.278A>G, p.(Arg93Gln) was detected in
another Czech patient (patient 7). In addition to this, the female patient had a homozygous
mutation ¢.477G>C, p.(Met1591le) in G6PD (Table 6). Despite these molecular defects,

no hemolysis was observed and only slight methemoglobinemia (7—11%) was the clinical

presentation of this patient.

The novel homozygous mutation ¢.2599C>T, p.(His867Tyr) was associated with severe HA
requiring exchange transfusions and chelation therapy (Table 8, Table 9). In silico analysis
by PolyPhen-2 and SIFT predicted that a substitution of His to Tyr, respectively, is not
tolerated. Subsequent 3D structural analysis of this mutation revealed that His867 is located
near the ADP-ligated active site, providing high energy transfer of phosphates to glucose
(Figure 10). Any disruption of this process suggested an alteration of enzyme Kkinetic
properties. Subsequent kinetic studies confirmed that the patient’s Ky, for ATP was 3.3-times

increased compared to controls and the Ky for glucose was slightly increased.

The same catalytic process was probably impaired due to a heterozygous mutation
c.1799C>T p.(Thr600Met) detected in patient 5 (Table 9). Contrary to the previous
substitution, no changes in hydrogen bonds among the affected residues were observed.
In this case, the catalytic mechanism was probably disrupted due to the presence of weakly

reactive methionine which indirectly inhibits glucose-6-phosphate biding (Figure 10).



Figure 10: 3D crystal structure of HK-R mutants His867Tyr and Thr600Met (PDB 1DGK — protein
databank). A) His867 (corresponding to His868 in HK-1, shown in red) is located between ADP-
ligated active sites (green). No direct interaction between ADP (blue) and His has been described.
However, His substitution with Tyr probably leads to a disruption of multiple hydrogen bonds (black
dotted lines) among residues Phe871, His870 and to a formation of new hydrogen bonds with Glu791
and Ser827. The changes in hydrogen bonding likely affect electrostatic interactions through the
ADP-ligated active site, leading to interaction impairments within the ADP/glucose-complex. B)
Met601 (corresponding to Met600 in HK-1, shown in red) is in close proximity of loop 532—-539
(green) which is involved in productive binding of ADP (blue) and Ser603 (orange) directly
interacting with a molecule of glucose (purple). Although no changes in hydrogen bonding were
observed, the Met substitution with Thr in this position may impair electrostatic interactions within an
enzyme catalysis site affecting the mechanism of phosphate transfer.

The novel mutation ¢.493-1G>A in the heterozygous form was identified in patient 6. The
female patient was first diagnosed with Gilbert syndrome, but persistent mild hemolysis and
reticulocytosis pointed to the presence of an additional modulator. In silico analysis of the
mutation c.493-1G>A predicted an activation of a cryptic splice site within intron 4,
resulting in formation of aberrant HK variant(s). Based on current findings we can conclude
that the aberrant splicing is likely the major factor contributing to HK deficiency in this
patient. However, it is not clear whether or not heterozygosity for this mutation is sufficient

to modulate patient’s phenotype.



This work characterizes genetic background of six patients with a very rare HK deficiency,
to our knowledge the largest cohort of studied HK deficient patients. Detailed investigations
on the selected mutations clarify their pathogenic nature and thus this work contributes to

better understanding of the genotype-phenotype correlation in HK deficiency.
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44 MOLECULAR CHARACTERIZATION OF A NOVEL
NON-HEMOLYTIC ANEMIA VARIANT OF PGK

I declare that my role in the presented research was following: molecular analysis of the studied
patients, cell culture of a donor sample, restriction analysis, RNA isolation, RT-PCR, qPCR

analysis, TOPO cloning, in silico analyses and participation in the manuscript preparation.

The major part of the experimental work was carried out during my fellowship at the Department
of Clinical Chemistry and Hematology, University Medical Center Utrecht, the Netherlands.
The project was conducted in collaboration with research centers from Belgium and the
Netherlands. This section contains one research paper and one meeting abstract. They describe
molecular characterization of PGK deficiency in two patients with myoglobinuria, mental

retardation, but no signs of hemolysis.

PGK deficiency is a rare X-linked disorder associated with multiple clinical manifestations
including hemolytic anemia, mental retardation, exercise intolerance, myoglobinuria,
rhabdomyolysis and/or parkinsonism. The majority of patients suffer from hemolytic anemia
combined with neurological defects. Myopathy and muscle weakness as the predominant clinical
features have been described in several cases. Conversely, a full spectrum of clinical manifestations

is rarely present (Beutler, 2007; Sotiriou et al., 2010).

The studied patients were two brothers from healthy, non-consanguineous parents. They suffered
from mild retardation, recurrent episodes of muscle weakness and pain after moderate exercise
since the age of 4. The younger brother experienced an episode of myoglobinuria and seizures.
In the further clinical course, laboratory parameters did not show any signs of hemolysis but
a markedly decreased activity of PGK (<15% of the reference range) was detected in both patients.
A slight reduction in PGK activity was observed in patients’ mother; father was within the control
range. To confirm PGK deficiency at the molecular level, we performed mutation screening of the
PGK1 gene. The analysis revealed the presence of hemizygous mutation ¢.756+3A>G in intron 7
in both patients. The heterozygous form of this mutation was identified in their mother; no
mutation was detected in the patients’ father. To exclude this mutation as neutral polymorphism,
we performed screening of >100 alleles from control subjects. The mutation was not present in the
control population. Thus, we analyzed the possible effect of the A>G substitution on the mRNA
splicing processing using Human Splicing Finder. This in silico analysis predicted that the affected
region abolishes the intron 7 donor splice site. To confirm the particular effect of the mutation, we
isolated total RNA from ex-vivo cultured proerythroblasts of the respective patients and conducted
detailed RNA studies. Visualization of RT-PCR fragments of both patients showed two additional

fragments compared to a control subject (Figure 11). Unfortunately, the low concentration of both
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fragments precluded direct Sanger sequencing. Therefore, to analyze the specific sequence of these

abnormal fragments, we subcloned them into pCR™4-TOPO vector.
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Figure 11: Visualization of RT-PCR fragments of hemizygous c.756+34>G mutation carriers and
a control subject. A region spanning exons 7 and 8 of PGKI were amplified. Presence of two additional
fragments was observed in both patients (Pl and P2) compared to healthy donor (D). Lines NI and N2
served as negative control for reverse transcription and PCR.

The sequencing analysis of positive colonies revealed the presence of two additional aberrant
transcripts. Thus, a total of four different PGK variants was detected in the hemizygous carriers of
c.756+3A>G mutation compared to the control subject (Figure 11). The most abundant PGK
variants A and B consist of 52 bp of intron 7 and/or a complete sequence of intron 7. Both variants
result in the introduction of a premature stop codon. The predicted protein (if translated) lacks the
C-terminal end, containing 165 amino acids, which facilitates nucleotide binding. The aberrant
PGK transcript A, encompassing 52 bp of intron 7, has been previously reported in patients with
PGK Fukuroi (c.756+5G>A) and with PGK Antwerp (c.755A>C, p.(Glu252Ala)). Both patients
also exhibited recurrent episodes of rhabdomyolysis, myoglobinuria without HA. However,
additional clinical manifestations (abnormal brain activity and/or slight changes in muscle fiber

morphology) have been reported in both patients (Ookawara et al., 1996; Shirakawa et al., 2006).

The transcripts C and D were characterized by a loss of either 18 bp of exon 7 and/or a complete
region of exon 7. The variant lacking 18bp of exon 7 results in deletion of six amino acids (residues
247-252). The loss of complete exon 7 causes a premature codon formation and the predicted
protein (if translated) lacks the C-terminal end. None of these PGK variants has been described in

the literature (Figure 12).
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| wT I I mRNA Exon 6 Exon 7 Exon 8 Exon 9 mRNA >

Insertion of 52 bp of intron 7

gtg’ gga aac aaa tgc caa gtg gat gtg aaa tag ctc tcc atg ata ata gca g
Val Gly Asp Lys Cys GIn Val Asp Val Lys Stop

Insertion of intron 7

gtg’ gga aac aaa tgc caa gtg gat gtg aaa tag ctc tcc atg ata ata gea g.. .. v v o
Val Gly Asp Lys Cys GIn Val Asp Val Lys Stop

Deletion of 18 bp of exon7

GTG CTC AAC AAC ATG GAG
Val Leu Asn Asn Met Glu

|

I Transcript C l I mRNA Exon 6 Exon 7 Exon 8 Exon 9 mRNA >

Deletion of exon7

Transcript D mRNA Exon 6 Exon 8 Exon 9 mRNA

‘_> AAG AGG GAG CCA AGA TTG TCA AAG ACC TAA tgtccaaag
Lys Arg Glu Pro Arg Leu Ser Lys Thr Stop

Figure 12: A schematic overview of all detected PGK variants. The variant WT corresponds to normally
spliced variant (band 410 bp). Aberrantly spliced transcripts A and B retain 52 bp of intron 7 or the
complete sequence of intron 7. Two additional transcripts C and D, less abundant fragments, lack 18 bp of
exon 7 or a region spanning complete exon 7.
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Despite of all these aberrant PGK variants, normal pre-mRNA processing does occur. To quantify
the expression levels of the normally spliced variant, we designed a specific pair of primers to
avoid the contribution of the additional aberrant PGK variants, and performed qPCR. The analysis
showed that the level of the normally spliced PGK variant was 8.5 times down-regulated compared

to the healthy individual (Figure 13).

1004

Expression levels [%]

Q R
Figure 13: Expression levels of normally spliced PGK pre-mRNA. ACTB was used as an internal standard.

Relative quantification was evaluated based on the comparative CT method (2-A4CT). D — donors,
P — patients.

Taken together, this study showed that c.756+3A>G mutation results in aberrant splicing and

ineffective protein production, most likely the underlying cause of PGK deficiency in both patients.
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with phosphoglycerate kinase deficiency. Neuromuscul Disord. 2016; 26(3):207-10.

Abstract meetings:
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phosphoglycerate kinase deficiency. 19" International Congress of The World Muscle Society —
Berlin, Germany (October 7—11, 2014), Neuromuscular Disorders Volume 24, Issues 9-10, p. 873.
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4.5 INSILICOMODELLING OF ANOVEL MUTATION
OF PFKM GENE ASSOCIATED WITH PFK
DEFICIENCY

I declare that my role in the presented research was following: in silico analyses, 3D structural

modelling of the PFK mutant and participation in the manuscript preparation.

This section includes one article. The publication resulted from collaboration of Dr. van Wijk
laboratory with research centers from Spain and the Netherlands. The presented article describes

the first case of a rare PFK deficiency diagnosed in a 65-year-old female of Spanish origin.

PFK deficiency is a very rare disorder associated with multiple clinical manifestations including
muscle cramps, exercise intolerance, myoglobinuria and/or hemolysis. Erythrocyte PFK is
composed of PFKL (liver) and PFKM (muscle) subunits which form their hybrids (M4, L4, M3L,
M2L2, and ML3). In case of a mutated PFKM subunit, only PFKL subunits remain fully functional
in erythrocyte PFK leading to only a partial deficiency of PFK. Thus, patients with PFK deficiency

usually exhibit mild or fully compensated hemolytic anemia (Nakajima et al., 2002).

The female patient suffered from recurrent episodes of spasm with muscle weakness and pain after
moderate exercise since her childhood. She had a laboratory evidence of moderate anemia. Direct
enzyme assays revealed a reduced PFK activity (<30% of the control range) and subsequent
molecular screening of PFKM gene identified a point homozygous mutation ¢.929A>G in exon 11.
The mutation resulted in the substitution of Asp to Gly at position 309. The mutation has not been
described in the literature, thus, in silico analyses (SIFT, Polyphen, 3D structural modelling) were
performed to test whether or not the substitution p.(Asp309Gly) is the cause of decreased PFK
activity and HA due to PFK deficiency.

Both in silico tools predicted that the substitution p.(Asp309Gly) is likely deleterious. Subsequent
in silico 3D structure analysis (a model of rabbit muscle type PFK, PDB entry 308L) showed that
the residue Asp309 is located in close proximity of the nucleotide (ADP) binding site in the center
of PFKM subunit (Figure 14). Interaction between ADP molecule and the ADP binding site
initiates a positive allosteric modulation of PFKM enzyme (Banaszak et al., 2011). Although no
direct interactions between Asp309 and ADP molecule are observed, the substitution of aspartic
acid to glycine likely disrupted multiple hydrogen bonds (Gly177, Gly179, Ser180 and Ser306)
closely located to the ADP binding site. This loss of hydrogen bonds may cause a change of
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polarity and electrostatic interactions which may affect side-chains of amino acids facilitating ADP
binding within the activated allosteric site of the PFKM enzyme; in particular with the neighboring
Phe308, which makes stacking interactions with the adenine ring of ADP molecule. This proposed
pathogenic mechanism corresponds to the previous study of PFKM Asp543Ala mutation.
The Tarui disease-causing mutation Asp543Ala blocks ADP binding and mediates its disastrous

effect by increasing allosteric inhibitory efficiency of ATP (Bruser et al., 2012).

Based on these findings, we suggest that p.(Asp309Gly) mutation reduces PFK activity due to
decreasing binding of the allosteric activator ADP and increasing the allosteric inhibitory efficiency

of ATP.

Figure 14: A) 3D crystal structure of PFK subunit from rabbit skeletal muscle. The ADP binding site
(purple) and ADP molecule as positive modulator (atom coloring: carbon — green, nitrogen — blue, oxygen —
red, phosphor — orange) in the center of the rabbit subunit of PFKM. B) 3D model of mutation Asp309Gly
in PFK subunit. The residue Asp309Gly is located in close proximity of the allosteric nucleotide (ADP)
binding site. The substitution Asp to Gly disrupts multiple hydrogen bonds — Glyl77, Gly179, Ser180 and
Ser306 (black dotted lines). Purple-colored amino acids directly interact with molecule ADP. (PDB 308L —
protein databank)
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mutation in the PFKM gene. Front Physiol. 2013; 4:393.
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5 SUMMARY

Erythroenzymopathies are a group of inherited disorders arising from deficiency or malfunction of
RBC enzymes participated mainly in the Embden-Meyerhof pathway and the hexose
monophosphate shunt (Beutler, 1979)

In 2013, direct enzyme assays followed by genetic testing became a routine part of methods applied
to patients with HA of unknown etiology in our laboratory. These diagnostic methods are
performed only in the specialized laboratories including our department — the only one laboratory
in the Czech Republic, or possibly in Central Europe which offers diagnostic testing for the
comprehensive panel of enzymopathies. Until now, we have analyzed eighty Czech and Slovak
patients with HA of unknown etiology; twenty-four patients were diagnosed with different types of
enzyme defect. Except for the most common enzymopathies, G6PD and PK deficiencies (9 and 12
cases), 2 families with GPI and 1 family with a rare HK deficiency were identified. Among the 22
identified mutations, 5 of them have not been described in literature yet. The novel mutations were
identified in genes encoding PK (p.(Arg518Leufs*12), p.(Asp293Val)), G6PD p.(Phe216Tyr) and
GPI ((p.(Ser160Pro), p.(Argd72Cys)). Furthermore, several G6PD variants (G6PD Seattle, G6PD
Torun, G6PD Mediterranean, G6PD Gond) and PKRL mutations (p.(Argll6-
L117delinsGInHisCys), p.(Gly275Arg), p.(Alal154Thr), ¢.1618+1delG)) have been reported in the

Czech and Slovak populations for the first time.

In collaboration with research centers from the Netherlands, Spain, Ireland and the Slovak
Republic, we have established the molecular basis of HK deficiency in a relatively large number of
patients. Among the 6 detected mutations, four of them were novel: p.(His867Tyr), p.(Thr600Met),
¢.873-2A>G and ¢.493-1G>A. Further investigations of the selected mutant HKs confirmed their
pathogenic nature and indicated possible mechanisms in the pathogenesis of HK deficiency.
Through other European collaborations (Belgium, the Netherlands, Spain), we contributed to
a characterization of a novel PGK variant ¢.756+3A>G and to a description of the first case of PFK

deficiency in Spain (mutation p.(Asp309Gly)).

Although most enzyme disorders are very rare disorders, these results suggest that the true
incidence of these disorders may be higher, and thus direct enzyme activity assays should be
considered gold standard procedure in current clinical practice. This work summarizes current
knowledge of the molecular pathophysiology of enzymopathies, highlights pitfalls and prospects in
the diagnosis of these rare disorders and, as we believe, helps to raise awareness of the prevalence

of these rare disorders in the Czech and Slovak populations.
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8 SUPPLEMENTS

The PCR reactions were performed according to two standard protocols:

Table S 1: PCR conditions for mutation screening

PK primers HK & PGK primers

95°C 15 min 95 °C 10 min

95°C 30s 95°C 30s

T, 30s 30 cycles T, 30s 35 cycles

72 °C 30s 72 °C 45s

72 °C 2 min 72 °C 10 min

Table S 2: List of PK primers
Primer
Exon 5°-3" sequence T, [°C] Product length [bp]
name

PK prF promoter TCAAGGTACCATCTTGGGTTCAAAC 60 500
PK prR promoter GCTGCGGGACCATGGAAT 60
PK1F 1 TGGGTGTGCCCCTTTTCTCT 65
PKI1R 1 CCGTGGCTTACATGCTGTGG 65 30
PK2F 3 ACGAAGGCATGGGGAGGAAG 65
PK2R 3 TCTACTCCCAGGGCCCAAAA 65 409
PK3 4F 4,5 AATGGGTTGGATTTGGTTGC 65
PK3 4R 4,5 TGAGTTCTGAGCCCCGGAGT 65 9
PKSF 6 GAGCAGTGGGGCTGGGACT 65
PKS5R 6 ATCGGTCTGAGGGCTGATGG 65 405
PK6F 7 TCCAAGCCCCAGTGTCCTCT 65
PK6R 7 CGTCGCTCACCTCCAGGATT 65 476
PK7F 8 CCACGAAGGCGTGAAGAGGT 65
PK7R 8 CGGTCACCTGTAATCCCCACT 65 9
PK8 9F 9,10 GGGTGTCAGAGAAGTAGCTTGG 65
PK8 9R 9,10 TGGACACTCTTCACCCCTGGT 65 000
PK10F 11 TGACACCTGGAACTGGAACAAAGA 65
PK 10 R 11 AGGGAAAACCTGGGACCACA 65 3
PK11F 12 CTGCAACCTCTACCTCCTGA 65
PK11R 12 GGACTTAAAGGTGGGGCTTTGG 65 104
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Table S 3: List of PGK1 primers

Primer name Exon 5°-3" sequence T, [°C] Product length [bp]
PGK1 SUTR F SUTR GCCAATAGCGGCTGCTCA
PGK1 SUTR R 5UTR GGCCCAGCCAAAAGCTAAAA 63 378
PGKI1-EX1F 1 CGGTGTTCCGCATTCTGCAA
PGKI-EXI1R 1 CTTAGAGCACGAGAGAACA 63 290
PGKI1-EX2F 2 CCCATGACTAACCACTATTTITG
PGKI1-EX2R 2 ACATTTCATCCTGTGTACCTAC 63 300
PGKI1-EX3F 3 CAATAAGCTAGTTCCCACTAATT
PGK1-EX3R 3 AAACCAGTAACAACGTGCTTGA 60 320
PGKI1-EX4F 4 TGCTGGTAGACTTTGTGGCG
PGKI1-EX4R 4 TGTGTCGGCATTGTATGCTTC 63 423
PGKI1-EX5F 5 AGAGGTAAAGCCATCGTTCAGGA
PGKI1-EX5R 5 AGAGCCATAGTGGCAGTTCCAAT 63 505
PGKI1-EX6F 6 ATTTTAGTGATAAGGAGCTGGC
PGKI1-EX6R 6 CACCATGCCCAGCCTGTAGTT 63 371
PGKI1-EX7F 7 GTGCCTTGAAATAGAAACTCAG
PGKI1-EX7R 7 GGGAATTTTCAGGGCTCATGT 63 332
PGKI1-EX8F 8 ACATGAGCCCTGAAAATTCCC
PGK1-EX8R 8 ATGCTTGTTGATTGGCTGAATC 63 424
PGKI1-EX9F 9 CAGCCCTGAGTTCTGGTCTT
PGKI1-EX9R 9 AAGTTCTCCATTCCACCTTCC 63 352
PGKI1-EX10F 10 GGAGCACACTGCCTTACAGT
PGKI1-EX10R 10 CACTCCATTCTACCCACCTC 63 303
PGKI1-EX11F 11 TGGCATGTTATTGGGAAGATAAA
PGKI-EX11R 11 ACTAGCTGAATCTTGACATGGA 63 256
Table S 4: List of HK-R primers
Primer name Exon 5°-3" sequence T, Product length
[°C] [bp]
HK-R pr F SUTR TTGGGGTCTTCCTGAGGATCC
HK-R pr R SUTR GCACCTCGACAGGGCAAACT 6 470
HK-R 1F 1 CAAGATGGCCCACCTGTGG 65 241
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HK-R IR
HK-R 2F
HK-R 2R
HK-R 3F
HK-R 3R
HK-R 4F
HK-R 4R
HK-R 5F
HK-R 5R
HK-R 6_7F
HK-R 6_7R
HK-R 8F
HK-R 8R
HK-R 9F
HK-R 9R
HK-R 10F
HK-R 10R
HK-R 11F
HK-R 11R
HK-R 12F
HK-R 12R
HK-R 13F
HK-R 13R
HK-R 14F
HK-R 14R
HK-R 15F
HK-R 15R
HK-R 16F
HK-R 16R
HK-R 17F
HK-R 17R
HK-R 18F
HK-R 18R

—_

AR W WD

O O 0 o AN N W W

L e T e S T e e S T T e e T =
(o eI e e Y R - T "> I VS T S B O R e R e}

TCGCCGCTCATATTCCCTTC
GTGCGTGTTCCTGTGCCTGT
TGGATGGGAGAGCAGATTGATG
GGGAGGCAGACAGGGCCTAC
TTGGGATGCCAGTGCTTTGA
TGTGTGTGGGAGGGAATGGTT
CAACAAAGGGGAAAAGTTGTGGAG
GCCCCTATGGGCTTCTGCTT
ACTCTCCCCTGCCTGGGTCT
CACTTCTGCCAAGCGCTGTT
TGCCCTTTTCATCTCCCATCC
GTCTGTCCCAGCCCTCGTGT
CACGGACCCAGAAAGCCATG
GCTGTCCCTTTCCAGCACCT
CCCCGACCACCATTGTCTTG
AAGAAAGGGTGGCCGGAGGT
GAAGGCATCCACTGGCGAAT
TCCTAAAGGGAGGAGTTGCAGCT
GGCGGATTTTGGTCATCACG
TTTTGCCATGCCTGGCTTGT
GGCTGGAGAAGGCCTCAAGG
TGAACTCCGTCTCCGATGTTG
TATTGCCCGGGCTGGTCTAG
GGCTCTCTGACTGCAGTGCAAC
CCAAGCTGCTGGGCCAAG
CCCTGCCTGTGGAACCTCAG
CTTGAAACCTCTGTTCAGACCTCTCC
ACGCGGAGTGACCGTGAGAC
TGCCCAGGGTCTGCTATTCC
GGGCGTCCTTTGGACGTG
TCCCCAGCGTAAACCACACC
CCCATCACAAAGTCGAAGAATCC
GCGTCTCCCAGCGCAACT

65

65

65

65

65

65

65

65

65

65

65

65

65

65

65

65

399

340

297

331

555

353

444

471

368

389

400

278

399

384

399

368
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Table S 5: List of G6PD primers

Primer name Exon 5°-3" sequence T, [°C] Product length [bp]
G6PD 2 F 2 AATGCCCAGCCGTTCACAAG
G6PD 2 R 2 TGATCCTGGCGCACTAGCAG . i
G6PD 3 4F 3,4 CCCAGATCACCAAGGGTGGA
G6PD 3 4R 3,4 GGGCAGGAGAGGAGGAGAGC . 444
G6PD 5 F 5 GTGGGACGGGGACACTGACT
G6PD 5 R 5 CCCCGGACACGCTCATAGA 6 il
G6PD 6 7F 6,7 GCGAGGAGGTTCTGGCCTCT
G6PD 6 7R 6,7 GGACCCCAAACAAGGCTTCC 6 874
G6PD 8 F 8 CCAAGCACCCCACGGTTTTA
G6PD 8 R 8 CTTCTCCGGGGTTGAGGACA 6 10
G6PD 9 F 9 GCAGGGTGAGCAGAGCCAAG
G6PD 9 R 9 GGTGTGGACCAGTGCGTGAG 6 A
G6PD 10 _11F 10,11 CACTCACGCACTGGTCCACA
G6PD 10_11 R 10,11 TGAAAATACGCCAGGCCTCA 6 o7
G6PD 12 13 F 12,13  GGGAGCCAGATGCACTTCGT
G6PD 12 13 R 12,13  GCTGGGCTCGGGTAGTAGCA 6 o7
Table S 6: Cycle sequencing conditions
t [°C] Time
Initial denaturation 96 1 min
Denaturation 95 10s
Hybridization 50 5s 25 cycles
Elongation 60 4 min
Table S 7: Conditions of the first step of RT-PCR
t [°C] Time [min]
Extension of hexameric primers RT 10
Reverse transcription 42 15
1 cycle
Denaturation 99 5
Cooling 5 5
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Table S 8: List of primers for RT-PCR

Primer name  Exon 5°-3" sequence T, [°C] Product length [bp]
HK1 7-9F 7-9 TGCCAACATCGTAGCTGTGG 63
HK1 7-9R 7-9 TGGAAATGAGCCAGGGTCTC 63 534
PGK1_6-9F 6-9 CCGAGCTTCACTTTCCAAGC 63
PGK1_6-9R 6-9 CCAGTGCTCACATGGCTGAC 63 733

Table S 9: Conditions of the second step of RT-PCR

t [°C] Time
Initial denaturation 95 95s
Denaturation 95 30s
Annealing 63 30s
35 cycles
Extension 72 1 min
Final extension 72 7 min
Table S 10: List of primers used for gPCR
Primer name Exon 5°-3" sequence T, Product length
[°C] [bp]
qPCR _HK1 EXON7 8F 7-8 TGCCAACATCGTAGCTGTGG
gPCR_HK1 EXON7 8R 7-8 TGGAAATGAGCCAGGGTCTC o 3
qPCR PGKI1 EX/EX7F 7-9  CCGAGCTTCACTTTCCAAGC
gPCR PGKI1 EX/EX7R 7-9 CCAGTGCTCACATGGCTGAC o 230
qPCR-ACTB_F 2-4 CATGGAGAAAATCTGGCACCA
qPCR-ACTB_R 2-4 CCATCTCTTGCTCGAAGTCCA o 0
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9

ACRONYMS

6PGA
ACTB
AD
ADA
AK
ALD
AR
ARMS
BFU-E
Bili
CFU-E
Chol
Cz
Dex
DHAP
DhSt
EMA
EPO

G6PD
GAP
GATA-1
GLT
GPI

GR

GS

GSH
GSSG
HA

Hb

HE

HK
HNSHA
HS

6-phosphogluconolactone dehydrogenase

Actin

Autosomal dominant
Adenosine deaminase
Adenylate kinase
Aldolase

Autosomal recessive

Amplification refractory mutation system

Burst-forming unit erythroid
Bilirubin

Colony-forming unit erythroid
SyntheChol™ NSO Supplement
The Czech Republic
Dexamethasone
Dihydroxyacetone phosphate
Dehydrated stomatocytosis

Eosin eosin-5’-maleimide binding test
Erythropoietin

Female

Glucose-6-phosphate dehydrogenase
Glyceraldehyde-3-phosphate
GATA-binding factor 1

Acid glycerol lysis time test
Glucose phosphate isomerase
Glutathione reductase

Glutathione synthetase

Reduced form of glutathione
Oxidized form of glutathione
Hemolytic anemia

Hemoglobin levels

Hereditary elliptocytosis
Hexokinase

Nonspherocytic hemolytic anemia

Hereditary spherocytosis
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hSCF
HSt
Htc
IL-3
Intr
KLF1
Kwm

M
metHb
MLPA
MuLV
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SUMMARY

Hereditary red blood cell enzymopathies are genetic disorders
affecting genes encoding red blood cell enzymes. They cause a spe-
cific type of anemia designated hereditary nonspherocytic hemo-
lytic anemia (HNSHA). Enzymopathies affect cellular metabolism,
which, in the red cell, mainly consists of anaerobic glycolysis, the
hexose monophosphate shunt, glutathione metabolism, and nucle-
otide metabolism. Enzymopathies are commonly associated with
normocytic normochromic hemolytic anemia. In contrast to other
hereditary red cell disorders such as membrane disorders or hemo-
globinopathies, the morphology of the red blood cell shows no
specific abnormalities. Diagnosis is based on detection of reduced
specific enzyme activity and molecular characterization of the
defect on the DNA level. The most common enzyme disorders are
deficiencies of glucose-6-phosphate dehydrogenase (G6PD) and
pyruvate kinase (PK). However, there are a number of other
enzyme disorders, often much less known, causing HNSHA. These
disorders are rare and often underdiagnosed, and the purpose of
this review. In this brief review, we provide an overview of clini-
cally relevant enzymes, their function in red cell metabolism, and
key aspects of laboratory diagnosis.

METABOLISM OF THE RED BLOOD CELL

During maturation red blood cells lose their nucleus,
mitochondria, and other organelles. Thus, they are
unable to conduct oxidative phosphorylation and pro-
tein/lipid synthesis. Despite this limited metabolic
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machinery, red blood cells are able to fully perform
their functional role which mainly involves the trans-
port and delivery of oxygen to tissue. Metabolic path-
ways involved in cellular function and survival
comprise anaerobic glycolysis, the hexose mono-
phosphate shunt, glutathione metabolism, and the
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nucleotide salvage pathway [1-4]. These pathways
serve to maintain (i) the integrity and flexibility of the
red blood cell membrane, (ii) hemoglobin in its reduced
state, (iii) the redox balance of the glutathione pool, and
(iv) maintenance of the adenine pool. Red cell metab-
olism is shown in schematic overview in Figure 1.

Anaerobic glycolysis, also known as the Embden—
Meyerhof pathway, is the sole source of energy for
the red blood cell. Glucose is metabolized in a multi-
step process resulting in the production of pyruvate/
lactate, ATP, and NADH. ATP drives proper function
of K*/Na* pumps, which are involved in maintenance
of flexibility and integrity of the red blood cell mem-
brane. NADH is a cofactor of NADH-cytochrome b5
reductase, playing a key role in the reduction of oxi-
dized hemoglobin. Unique to the red cell is the Rapo-
port—Luebering shunt. This bypass step of glycolysis
serves mainly the production of 2,3-bisphosphoglycer-
ate, which together with ATP regulates the affinity of
oxygen to hemoglobin [5].

Under standard physiological conditions, 90% of
glucose is metabolized through anaerobic glycolysis to
produce ATP. The remaining amount of glucose is
metabolized through the pentose phosphate pathway
whose main function is the production of redox
potential in the form of NADPH. NADPH acts as a co-
factor of glutathione reductase, which maintains glu-
tathione in its reduced state (GSH), thereby providing
protection against oxidative stress [6].

Red cell nucleotide metabolism contributes to main-
taining the energy balance in erythrocytes. Nucleotide
content in mature erythrocytes is predominantly regu-
lated by the intracellular purine metabolic cycle [7].
Pyrimidines are degraded by pyrimidine-5'-nucleotid-
ase (P5'N) during reticulocyte maturation and are pres-
ent only as trace amounts in the mature red blood cell.
In contrast, adenine derivatives (AMP, ADP, and ATP)
represent about 97% of the total nucleotide pool [8].
Because mature red blood cells lack phosphoribosyl-1-
pyrophosphate, an essential enzyme for de novo synthe-
sis of purines, purine derivatives are reconstituted from
intermediates of purine catabolism. This mechanism is
known as the salvage pathway [7].

RED BLOOD CELL ENZYMOPATHIES

Hereditary red blood cell enzymopathies are disorders
arising from mutations (point mutations, insertions,

© 2014 John Wiley & Sons Ltd, Int. Jnl. Lab. Hem. 2014, 36, 388-397

deletions, splice defects, etc.) in genes coding for red
cell metabolic enzymes. Deficiencies or malfunctions
of these enzymes generally impair cellular energy bal-
ance and/or increase the levels of oxidative stress.
Lack of energy and reduced reductive power of red
blood cells ultimately affects cellular integrity, leading
to premature removal in the spleen and, conse-
quently, decreased red blood cell survival [1, 3]. Most
enzyme disorders are inherited in an autosomal reces-
sive form with hemolysis occurring only in homozy-
gous or compound heterozygous individuals. Some
enzyme deficiencies are X-linked. A summary of red
blood cell enzymopathies and some of its main
characteristics is presented in Table 1.

The degree of hemolysis depends on the affected
metabolic pathway, the role of the mutated enzyme
in this pathway, the functional abnormalities intro-
duced by the underlying mutation, and the possibility
for the cell to compensate for the loss of enzymatic
activity [2]. The severity of hemolysis is wvariable,
ranging from mild or fully compensated hemolysis
without apparent anemia to fatal anemia at birth,
severe transfusion-dependent hemolysis,
death in early childhood. Typical clinical symptoms
further include splenomegaly, jaundice, gallstones,
and iron overload (also in nontransfused patients).
Notably, some enzyme deficiencies are associated with
systemic (nonhematological) manifestations such as
neurological dysfunction, mental retardation, myopa-
thy, and susceptibility to infection [3].

No curative therapy is available for enzyme defects.
Affected individuals with mild anemia or compensated
hemolysis do not require any treatment. In more
severe cases, treatment mainly consists of supportive
therapy (blood transfusions) and chelation therapy to
avoid the adverse effects of iron overload. In some
cases, splenectomy may be considered. Generally,
spleen removal can increase hemoglobin levels but
the effect is variable and difficult to predict [9].
Patients with deficiency of enzymes involved in the
protection against oxidative stress should avoid the
intake of oxidative drugs or food.

and even

ENZYME DISORDERS OF THE EMBDEN-
MEYERHOF PATHWAY

The Embden-Meyerhof pathway transforms glucose to
pyruvate or lactate and generates ATP. This metabolic
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Figure 1. Schematic depiction of the main red blood cell metabolic pathways: the Embden-Meyerhof pathway
(anaerobic glycolysis), Rapoport-Luebering Shunt, hexose monophosphate shunt, glutathione pathway, and
nucleotide metabolism.
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pathway is regulated by three rate-limiting steps,
involving the catalytic action of hexokinase (HK),
phosphofructokinase (PFK), and PK. Cellular NADH
and ATP levels also control glycolytic flux. Most
enzyme disorders of this pathway are associated with
chronic HNSHA. Except for phosphoglycerate kinase
(PGK) deficiency, which is X-linked, all enzyme disor-
ders of anaerobic glycolysis are transmitted in an
autosomal recessive manner [10].

The most prevalent enzyme disorder of anaerobic
glycolysis is PK deficiency. The estimated frequency of
PK deficiency is 1 : 20 000 in the general white popu-
lation [11]. PK is an allosteric enzyme, which cata-
lyzes the irreversible transfer of high-energy
phosphate group from phosphoenolpyruvate to ADP,
generating ATP and pyruvate. The enzyme is allosteri-
cally regulated by FBP (positive regulation) and inhib-
ited by its product ATP. There are four mammalian
isozymes of PK: M;, M,, L, and R, encoded by 2 dif-
ferent genes. PKLR, localized on chromosome 1
(1g21) [12], directs expression of PK-R and PK-L in,
respectively, red blood cells and liver. Deficiency of
PK-R has two major metabolic consequences: deple-
tion of ATP and accumulation of 2,3-bisphosphogly-
[13]. Lack of ATP eventually
premature removal of red blood cell from the circula-
tion, whereas increased levels of 2,3-bisphosphogly-
cerate decreases

cerate leads to

the affinity of hemoglobin for
oxygen. The latter partly compensates for tissue
hypoxia due to the anemia [14]. More than 220 dif-
ferent mutations in PKLR gene associated with PK
deficiency are known (http://www.hgmd.org/). Most
of the mutations are missense mutations (70%) lead-
ing to single amino acid substitutions. The clinical fea-
tures of PK deficiency are highly variable, ranging
from a fully compensated hemolysis to severe transfu-
sion-dependent hemolytic anemia [9]. Few cases of
hydrops fetalis and death in neonatal period due to
severe PK deficiency have been reported [15]. The
severity of anemia is usually stable in adulthood but
may worsen during infections or other forms of physi-
ological stress [16]. Iron overload, occurring in the
most PK-deficient patients, is considered to be multi-
factorial [17]. There is no link among the residual PK
activity, degree of hemolysis, and clinical severity of
PK deficiency.

The second most frequent glycolytic enzyme disor-
der is glucose-6-phosphate isomerase deficiency (GPI).

More than 50 cases with GPI deficiency have been
described. In most affected individuals, residual GPI
activity is less than 25%. Low enzyme activity results
from impaired kinetic properties, reduced thermo sta-
bility of the mutant enzyme, or defective protein fold-
ing [18]. Clinical features in GPI activity range from
mild-to-severe hemolytic anemia. Hydrops fetalis
appears to occur more often in GPI deficiency than in
other enzymopathies [19]. GPI deficiency may also be
associated with nonhematological symptoms, in par-
ticular neurological impairment or mental retardation
[10, 20].

Phosphofructokinase (PFK), aldolase, and triose-
phosphate (TPI) deficiencies are more rare enzyme
disorders. Erythrocyte PFK is composed of two types
of subunits: PFKL (liver) and PFKM (muscle) that
may form 5 different isozymes (My, MsL;, M,L,,
M,L;, and L4). In case of a mutated PFKM subunit,
only a functional PFKL subunit is expressed in red
blood cells, causing only a partial deficiency of PFK.
Thus, patients with PFK deficiency usually exhibit
mild or fully compensated hemolytic anemia. As mus-
cle cells contain only PFKM, the deficiency is more
pronounced in muscle cells, leading to myopathy
[21]. TPI deficiency is the most severe enzyme defect
of anaerobic glycolysis, frequently leading to death in
early childhood. TPI catalyzes the interconversion
between dihydroxyacetone phosphate (DHAP) and
glyceraldehyde-3-phosphate (GAP). In red blood cells,
the deficiency leads to hemolytic anemia, which may
be due to accumulation of DHAP [22]. However, the
deficiency is associated with more severe conse-
quences such as mental retardation and other neuro-
logical dysfunctions. These may occur because of the
formation of toxic protein aggregates, induced by
misfolded TPI [22, 23].

Moderate-to-severe hemolytic anemia is observed
in patients with aldolase deficiency. As in TPI defi-
ciency, defects of aldolase are associated with neuro-
logical disorders [24]. Few affected individuals have
been reported, showing recurrent episodes of rhabd-
omyolysis and muscle weakness [25, 26]. Severe
defects of aldolase probably lead to death in embry-
onic state [27].

Hexokinase is the enzyme with the lowest in vitro
activity of all glycolytic enzymes. Deficiency of this
key regulatory enzyme is generally associated with
severe hemolytic anemia and may lead to death in
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the neonatal period [28, 29]. To date, only 20 cases of
hexokinase deficiency have been described, making
this deficiency a rare red cell enzyme disorder.
Phosphoglycerate kinase (PGK) is the only enzyme
of glycolysis in which gene is X-linked. PGK defi-
ciency is associated with chronic hemolysis, neurologi-
cal impairment (including mental retardation and
ataxia), and myopathy (exercise intolerance or muscle
weakness) [30]. There are only few affected individu-
als who suffer the full spectrum of clinical features.
Thus, PGK deficiency shows a very wide clinical phe-
notype. Some cases of PGK deficiency with myopathy
but without hemolysis have been described [30-34].
Deficiencies of other glycolytic enzymes glyceralde-
hyde-3-phosphate dehydrogenase, monophosphogly-
cerate mutase, and enolase have been described but
they appear not to be associated with hemolysis [35].

Enzyme disorders of the hexose monophosphate shunt
and glutathione metabolism

The red blood cell is continuously exposed to various
forms of oxidative stress. To protect cellular hemoglo-
bin and other macromolecules against oxidative dam-
age, reductive power is required. The reduced form of
glutathione (GSH) constitutes the cell’s main source
of reductive power. NADPH, generated by the hexose
monophosphate shunt, is required to maintain gluta-
thione in its reduced form. Key enzymes of this
defense mechanism are G6PD, glutamate cysteine
ligase, glutathion synthetase, and glutathione reduc-
tase [6]. Generally, disorders of these enzymes cause
hemolysis only under conditions of increased levels of
oxidative stress (acute hemolytic anemia).

G6PD catalyzes the first step of the hexose mono-
phosphate shunt thereby producing NADPH (Fig-
ure 1). G6PD deficiency is an X-linked disorder and
the most frequent enzyme disorder worldwide with
more than 400 million people affected worldwide
[36]. G6PD-deficient variants are divided into five
classes according to the level of residual activity and
the severity of phenotype. Most variants belong to
classes II, III, or IV and are associated only with acute
hemolysis. In contrast, the rare class I variants, char-
acterized by very low activity of G6PD (<1%), are
associated with chronic HNSHA. Most G6PD-deficient
individuals are asymptomatic but may develop acute
hemolytic crises upon conditions that increase the

© 2014 John Wiley & Sons Ltd, Int. Jnl. Lab. Hem. 2014, 36, 388-397

levels of oxidative stress such as the intake of specific
drugs, fava beans, or the occurrence of infections. For
further reading on G6PD-deficiency, we refer the
reader to excellent reviews [37, 38] and references
herein.

Glutathione reductase (GR) is important in the
regeneration of GSH from oxidized glutathione
(GSSG) (Figure 1). Hereditary GR deficiency is a very
rare disorder characterized by increased susceptibility
to oxidative stress. The clinical phenotype resembles a
deficiency of G6PD with affected individuals being
generally asymptomatic and the induction of acute
hemolytic crisis by the intake of drugs or fava beans
[6, 39]. Importantly, acquired deficiency of GR may
also occur, as a result of insufficient flavin intake. GR
requires flavonoids for Such
acquired deficiencies conse-
quences [35].

The tripeptide glutathione is synthesized in red
blood cells from cysteine, glutamine, and glycine in a
2-step process catalyzed by, respectively, glutamate
cysteine ligase (GCL) and glutathione synthetase (GS).
Defects of both enzymes decrease cellular GSH con-
tent and, hence, increase its susceptibility to oxidative
stress. Both disorders are rare: >50 families with GS

enzymatic activity.
are without clinical

deficiency have been described, whereas only 12 fam-
ilies with GCL deficiency have been reported. Apart
from acute hemolytic episodes, the deficiency may
display additional nonhematological symptoms such
as mental retardation (GCL deficiency) and 5-oxypro-
linuria (GS deficiency) [40].

Deficiencies of glutathione peroxidase and other
enzymes involved in red blood cell anti-oxidant
defense such as catalase have been reported. They do
not cause hemolysis [35].

Enzyme disorders of nucleotide metabolism

Purine metabolism maintains red blood cell ATP and
GTP levels. Ninety-seven percent of total nucleotides
are adenine derivatives (AMP, ADP, and ATP). Guan-
1-3%. Pyrimidines are
removed during the maturation process and are there-
fore only present in trace amounts [8, 41]. There are
a number of enzymes involved in nucleotide metabo-
lism. The most important ones are pyrimidine-5'-
nucleotidase (pyrimidine metabolism) and adenylate
kinase and adenosine deaminase (purine metabolism)

ine derivatives constitute
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(Figure 1). Defects of all three enzymes are associated
with HNSHA.

Pyrimidine-5'-nucleotidase  (P5N) deficiency is
probably the third most prevalent enzyme disorder
associated with HNSHA [42]. During red blood cell
maturation, P5N removes pyrimidine nucleotides from
the red blood cell by catalyzing the hydrolysis of UMP
and CMP, rendering diffusible nucleosides and free
phosphates [41, 43]. P5N deficiency results in the
accumulation of pyrimidine nucleotides. They form
insoluble aggregates, which are visible as basophilic
stippling on a peripheral blood smear (Figure 2).
Although not specific, prominent basophilic stippling
is characteristic of P5N deficiency. P5SN deficiency is
an autosomal recessive disorder associated with mild-
to-severe chronic hemolytic anemia, splenomegaly,
and jaundice [42].

Adenylate kinase and adenosine deaminase are
both important in maintaining the adenine pool. Defi-
ciencies of both adenylate kinase and hyperactivity of
adenosine deaminase probably deplete the cell from
adenine nucleotides and, consequently, ATP, eventu-
ally resulting in chronic hemolytic anemia. Adenylate
kinase deficiency is an autosomal recessive disorder,
which has been described only in 12 families. Affected
individuals exhibit moderate or severe hemolytic ane-
mia. Some patients with psychomotor impairment
have been reported [44]. Hyperactivity of adenosine
deaminase is a very rare autosomal dominant disorder

Figure 2. Peripheral blood smear of a patient with
pyrimidine-5’-nucleotidase deficiency showing
prominent basophilic stippling.

for which no causative mutations yet have been
described [45].

LABORATORY DIAGNOSIS OF RED BLOOD
CELL ENZYME DISORDERS

Red blood cell enzymopathies are associated with
normocytic normochromic anemia and common signs
of hemolysis, that is, increased plasma levels of biliru-
bin and lactate dehydrogenase, low levels of haptoglo-
bin and high reticulocyte count [46]. The diagnosis of
HNSHA due to a red blood cell enzymopathy gener-
ally is a diagnosis that is based on exclusion: a nega-
tive direct Coombs test, a normal osmotic fragility/
cryohemolysis test, no specific morphological abnor-
malities, and no evidence for an abnormal hemoglo-
bin. Differential diagnosis red blood cell
enzymopathy requires demonstration of
enzymatic activity and confirmation of the diagnosis
on the DNA level. Importantly, there is no relation-
ship between the degree of loss of enzymatic activity
and clinical severity.

Nowadays, there are a number of quantitative or
semiquantitative screening assays for determination of
the most prevalent enzymopathies (deficiencies of
G6PD and PK). G6PD deficiency screening tests such
as fluorescent spot tests or cytochemical assays are
based on the direct/indirect detection and/or quantita-
tion of NAPDH produced by G6PD [37]. Direct tests
measure the production of NAPDH which has its
absorption maximum at 340 nm and fluorescence
emission at 460 nm. Indirect tests translate NADPH
production into a colorimetric readout using chromo-
phores such as brilliant cresyl blue, resazurin, or for-
mazan derivatives [47]. PK deficiency screening tests
are usually indirect colorimetric assays based on the
detection of chromophore products. Although these
assays are usually rapid and inexpensive, they are able
to detect only the most common enzyme defects.
Thus, the classical methods described by Beutler still
represent the method of choice for the diagnosis of
red blood cell enzymopathies [48]. The general basis
comprises the determination of a specific enzyme
activity using a spectrophotometric assay. Enzymatic
activity is directly related to changes in absorbance
over time. Specific reactions need to be prepared for
each enzyme, and changes in substrate (either NAD™,
NADP*, NADH, and NADPH)

of a
reduced

are monitored at
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340 nm for a set amount of time. The specific enzy-
matic activity of each particular enzyme is expressed
as IU/gHb [48]. In red blood cell enzymopathies,
enzyme activity of affected individuals is usually
reduced to 25% of normal. As stated, there is no cor-
relation between the residual activity of enzyme and
severity of the clinical picture. Despite the many ben-
efits of these assays (high sensitivity and high specific-
ity), there are several pitfalls, which may influence
results and their interpretation. Enzymatic activities
are influenced by factors such as (i) the conditions
during storage and shipping of blood samples (i.e., in
vitro stability of enzymes), (ii) the proper removal of
leukocytes and platelets from the red blood cell sam-
ple (leukocytes and platelets may express isozymes,
encoded by other genes, which interfere with red cell
enzyme activity measurements), (iii) blood transfu-
sions (blood sample will contain donor erythrocytes),
(iv) the age of the patient (the expression of many
enzymes is age-related), and (v) the presence of a
high number of reticulocytes in the patient’s blood
sample. The activity of many enzymes (in particular
HK, PK, G6PD and P5N) is red blood cell age-related.
Thus, the youngest cells have the highest enzymes
activity (Figure 3). In the case of a high reticulocyte
count, any deficient enzyme may show a normal or
even increased in vitro activity [1, 48]. The evaluation
of the activity of an age-dependent enzyme (e.g., PK)
should therefore always be related and compared with
another such enzyme (e.g.,, HK). If for instance PK is
normal or low normal but HK is increased, this is
indicative of a (masked) PK deficiency.

Enzyme activity versus reticulocyte percentage
120

——GEPD
100

——PK

go | =—e=—HK (x10)
G0

40

Enzyme activity (IU/gHb)

20

0% 95%
Reticulocytes (%)

Figure 3. Influence of reticulocytosis on enzymatic
activities of hexokinase, pyruvate kinase, and
glucose-6-phosphate dehydrogenase.
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As stated, red blood cell morphology in enzymopa-
thies is essentially normal. However, some nonspecific
abnormalities may be present. For example, P5N defi-
ciency is accompanied by prominent basophilic stip-
pling. Basophilic stippling, however, can also be seen
in patients with sideroblastic anemia, thalassemia, or
lead poisoning. Heinz bodies (precipitated hemoglo-
bin), blister cells, bite cells may occur in G6PD
deficiency or enzyme deficiencies of glutathione
metabolism [49]. Heinz bodies can also be found in
red blood cells from patients with unstable hemoglo-
bin or thalassemia. Anisocytosis, poikilocytosis, and
contracted red blood cells (echinocytes) can be present
in PK deficiency [9].

A number of methods (radioactive, capillary elec-
trophoresis, or high-perform liquid chromatography)
have been described for determination of red cell P5N
activity [42]. However, the reproducibility of most of
these methods does not meet standards for use in clin-
ical practice. A simple screening test P5SN deficiency,
or any other enzyme involved in nucleotide metabo-
lism, comprises the spectrophotometric measurement
of pyrimidine and purine nucleotides in deproteinized
hemolysate. This method wuses the differences in
absorption maxima of purines (260 nm) pyrimidines
(280 nm) [48]. The ratio between these reflects over-
all cellular purine and pyrimidine content. For
instance, an accumulation of pyrimidine nucleotides,
as seen in P5N deficiency, decreases the purine/pyrim-
idine nucleotide ratio.

In case of a suspected red blood cell enzyme defi-
ciency, the molecular characterization of the defect
on the DNA level is essential for confirmation of the
diagnosis. Mutations are usually unique, which
makes it necessary to sequence the entire coding
including flanking intronic splice site
sequences. Importantly, cis-acting, often erythroid-
specific, regulatory regions may harbor mutations
interfering with gene expression and thereby causing
a red cell enzyme disorder [50, 51]. The identification
of a causative mutation enables proper genetic coun-
seling and prenatal diagnosis. DNA investigations
may be the only way to establish the diagnosis in

region,

neonatal patients or patients who are transfusion-
dependent. Moreover, molecular characterization is
required for a better understanding of the complex
genotype-to-phenotype correlation in red blood cell
enzymopathies.
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Souhrn

Ugel studie: Deficit pyruvétkindzy (PK) je druhy nej&astéjsi enzymaticky defekt vedouci k hemolytické
anemii. Cilem prdce je demonstrovat klinické a laboratorni nélezy u deficitu PK u prvnich détskych pa-
cient v Ceské republice definovanych na molekuldrni arovni.

Pacienti a metody: Ctyfi déti (10 mésicu - 7 let) byly vySetieny pro zdvaznou nesférocytdrni hemolytic-
kou anemii s hladinou hemoglobinu 64-97 g/I. VSechny déti vyZzadovaly po porodu fototerapii a transfuzi,
dvé dokonce vyménnou transfuzi. V klinickém ndlezu dominovala bledost, subikterus skiér a kuze. Stan-
dardnimi metodami byla vylouéena porucha membrdny erytrocytu, hemoglobinopatie a kongenitaini
dyserytropoetickd anemie. Byla stanovena aktivita PK a provedena sekvenace genu kédujiciho PK. Pro
zvyseni hladin feritinu byla vySetiena hladina hepcidinu.

Vysledky: Vsechny déti maji makrocytdrni anemii. Hodnoty bilirubinu se pohybuji v rozmezi
38-89 umol/I. Aktivita PK je u vSiech déti snizend (23-32 %). Dva pacienti jsou smiseni heterozygoti pro
mutace c.1529C>A (p.Arg510GIn) a c¢.1594C>T (p.Arg532Trp) a jeden pro mutace c.1493G>A
(p.Arg498His) a c.1529C>A (p.Arg510GIn). V jednom pfipadé se jednd o homozygotni deleci v exonu
11, kterd nebyla dosud popsdna. Tento pacient s nejtézsim prilbéhem nemoci md vysokou hladinu fe-
ritinu, aviak snizenou hladinu hepcidinu, coZ se mizZe podilet na pretizeni Zelezem. Byla vylouéena ko-
incidence s hemochromatézou typu I.

Zaveér: Deficit PK muzZe byt u novorozence piic¢inou zdvazné anemie a hyperbilirubinemie vyZadujici né-
kdy vyménnou transfuzi a opakované podadni transfuzi v kojeneckém véku, jejichz frekvence se vétsinou
postupné snizuje. Deficit PK mUZe byt provazen i prefizenim Zelezem s nutnosti chelataéni Ié€by. V Eeské
populaci je onemocnéni zatim poddiagnostikovéno.

Klicova slova: glykolyza, pyruvétkindza, nesférocytarni hemolytickd anemie, pretizeni Zelezem, hepci-
din

Summary

Pyruvate kinase deficiency in children

Purpose of the study: Pyruvate kinase deficiency (PK) is the second most common enzymatic defect
leading to hemolytic anemia. The aim is to demonstrate the clinical and laboratory findings in PK defi-
ciency in the first pediatric patients in the Czech Republic who were defined at the molecular level.

Patients and methods: Four children (10 months — 7 years) were examined for severe nonspherocytic he-
molytic anemia with hemoglobin levels 64-97 g/I. All the children required transfusions and phototherapy
after delivery, two of them even an exchange transfusion. The clinical finding was dominantly characte-
rized by pallor, subicterus of sclerae and skin. Erythrocyte membrane disorder, hemoglobinopathies and
congenital dyserythropoietic anemia were excluded using standard methods. PK activity was determi-
ned and sequencing of the gene encoding PK was done. Because of increased ferritin levels, hepcidin le-
vel was measured.

Results: All children have macrocytic anemia with bilirubin values from 38 to 89 micromol/I. PK activity
is decreased in all children (23-32%). Two patients are mixed heterozygotes for mutations ¢.1529C>A
(p.-Arg510GIn) and ¢.1594C>T (p.Arg532Trp) and one for the ¢.1493G>A (p.Arg498His) and c¢.1529C>A




(p-Arg510GIn) mutations. In one case, a homozygous deletion in exon 11, which has not yet been descri-
bed, was found. This patient with the most severe course of the disease has a high ferritin level, but a re-
duced level of hepcidin, which may contribute to iron overload. Coincidence with type | hemochroma-

tosis was excluded.

Conclusion: PK deficiency in the newborn may cause severe anemia and hyperbilirubinemia someti-
mes requiring an exchange tfransfusion and repeated administration of transfusions in infancy; their fre-
quency is usually gradually reduced. PK deficiency may also be associated with iron overload and the
need for chelation therapy. In the Czech population this disease is still underdiagnosed.

Key words: glycolysis, pyruvate kinase, nonspherocytic hemolytic anemia, iron overload, hepcidin

Ces-slov Pediat 2012; 67 (3): 152-159

UvOoD

Deficit pyruvatkinazy (PK) je nej¢ast&jsi enzyma-
tickou abnormalitou glykolytické drahy a spolu
s deficitem glukézo-6-fosfatdehydrogenazy (G6PD)
nejcast€jsi pricinou nesférocytadrni hemolytické
anemie [1, 2]. Poprvé byl popsan pocatkem Sedesa-
tych let minulého stoleti Valentinem a spolupra-
covniky [3]. Jedna se o vrozené autozomalné rece-
sivné dédi¢né metabolické onemocnéni s prevalenci
1:20 000 [2].

Pyruvatkinaza hraje klicovou roli v glykolytické
draze. Katalyzuje jeden ze dvou krokt pfi tvorbé
adenozintrifosfatu (ATP).

Vzhledem k tomu, Ze zralé ¢ervené krvinky ne-
obsahuji mitochondrie, je glykolyza jedinou drahou
generujici ATP, ktery je nezbytny pro dalsi metabo-
lické pochody, pro zpétnou regulaci glykolyzy,
membranovy transport a pro zachovani flexibility
a integrity membrany erytrocytu. Mimo jiné zde do-
chazi ke generaci redukované formy nikotinamida-
denindinukleotidu (NADH) nezbytného pro redukci
methemoglobinu na hemoglobin a 2,3 difosfoglyce-
ratu (2,3-DPG), regulatoru afinity hemoglobinu ke
kysliku. Deficit PK se tak projevi neefektivni glyko-
lyzou vedouci ke sniZzené Zivotaschopnosti erytro-
cytll a extravaskularni hemolyze.

PK je aktivni ve formé tetrameru. U savcl byly
popsany ¢tyfi razné izoenzymy PK (M1, M2, L, R),
které jsou specifické pro jednotlivé tkané [4], z nichZ
pouze R forma se vyskytuje vyhradné v ¢ervenych
krvinkach [5]. Jaterni (PK-L) a erytrocytarni (PK-R)
izoenzymy jsou kédovany genem PKLR, ktery se na-
chézi na chromozomu 1 (1g21) [4]. Kédujici oblast je
rozdélena do dvanacti exonu [6]. Exon 1 je speci-
ficky pro transkripci erytrocytarni formy, exon 2 pro
jaterni formu, zbyvajici exony pak jsou spole¢né.
Dva dalsi izoenzymy PK-M1 a PK-M2 jsou kdédovany
genem PKM nachéazejicim se na 15. chromozomu.
PK-M1 se vyskytuje prevazné v srdci, mozku a kos-
ternim svalstvu, PK-M2 ve fetalnich tkanich, leuko-
cytech a trombocytech. Dosud bylo popsano pies
180 mutaci PKLR genu, které jsou asociovany s de-
fektem PK. VétSinou se jedna o mutace meénici
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smysl kodonu a zptisobujici jednoduchou aminoky-
selinovou zaménu, ktera ma za nasledek sniZeni en-
zymové aktivity na riiznych trovnich [7]. Mezi nej-
Castéjsi mutace patfi: 1) c.1529G>A typicka pro
USA a severni a stfedni Evropu, 2) ¢.1456C>T casta
v jiZzni Evropé a 3) ¢.1468C>T vyskytujici se v Asii
2, 3, 7]

Klinické symptomy deficitu pyruvatkinazy se ob-
jevuji u jedinctt s homozygotni mutaci nebo u slo-
Zenych heterozygotti. Heterozygoti jsou prenaseci
bez projevit onemocnéni, vyjimecné se u nich mo-
hou projevit pfiznaky mirné hemolyzy. Prabéh one-
mocnénti je velmi variabilni, od kompenzované ane-
mie bez klinickych projevii pres lehkou anemii
s exacerbacemi hemolyzy pfi infekcich az po téZkou
anemii s nutnosti opakovaného podavani transfuzi.
Vzdy je pritomna retikulocytéza. U novorozenct
s deficitem PK se pomérné ¢asto objevuje vyznamna
anemie a hyperbilirubinemie s rizikem rozvoje ja-
drového ikteru, ktera si v nékterych pripadech
muZze vyZzadat vyménnou transfuzi. Byly popsany
i pripady hydropsu plodu [8] a Zivot ohroZujici ane-
mie u novorozence. U nemocnych s chronickou
anemii se mohou vyvinout Zlucové kameny, a to jiz
v prvni dekadé Zivota. U pacientt s deficitem PK
byly popsany i tranzientni aplastické krize zptiso-
bené parvovirem B19. K vzacnym komplikacim pa-
tri chronické viedy na dolnich koncetinach, akutni
pankreatitidy, abscesy slinivky, ttlak michy extra-
medularni hematopoetickou tkani a tromboembo-
lickd onemocnéni [9]. Hemolyza nebyva provoko-
vana léky, nékteri autofi vSak popisuji zvySeni
hemolyzy po podani vysSich davek salicylatt.

Podezreni na enzymovy deficit obecné podporuje
obraz normocytarni, méné ¢asto makrocytarni ane-
mie. Biochemické parametry, jako je zvySeni ne-
konjugovaného bilirubinu a laktatdehydrogenazy
(LD) a sniZeni hladiny haptoglobinu, odpovidaji
zndmkam extravaskularni hemolyzy. Pfi morfolo-
gickém hodnoceni erytrocytti v natéru periferni
krve byva pfitomna polychromazie, anizocytéza,
v nékterych pripadech ojediné€lé normoblasty (ja-
derné erytroidni buriky), vzacné echinocyty a akan-

tocyty.
Vzhledem k absenci jednozna¢ného klinického
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i laboratorniho diagnostického znaku, ktery by od-
povidal deficitu PK, je vZdy nutné nejprve vyloucit
bézné se vyskytujici vrozené hemolytické anemie,
zejména hereditarni sférocytézu, pripadné nesta-
bilni hemoglobinopatie. K odliSeni sférocytézy je
mozné pouZit test kryohemolyzy a test s eosin-5-
-maleimidem, jejichZ vysledky jsou u enzymového
defektu normalni. K vylouc¢eni hemoglobinopatii je
vhodné provést elektroforézu hemoglobinu, isopro-
panolovy test ¢i test tepelné stability erytrocytq,
které jsou u enzymopatii negativni. Vyskyt Heinzo-
vych télisek muze odpovidat nestabilni hemo-
globinopatii nebo souviset s enzymopatiemi v me-
tabolismu glutathionu (G6PD aj.). Pomocnym
vySetfenim muiZe byt test autohemolyzy, ktery je
u vétSiny pacientti patologicky a v pripadé deficitu
PK se upravuje pouze po pridani ATP, nikoli vSak
glukézy. K presné diagnéze deficitu PK v8ak stejné
tak jako ostatnich erytrocytarnich enzymopatii
slouzi prukaz sniZzené kinetické aktivity enzymu.
Diagnoézu definitivné potvrzuje molekularné gene-
tické vySetfeni na DNA/RNA trovni prokazujici
kauzalni mutaci genu PKLR.

Terapie onemocnéni je symptomaticka, kauzalni
lécba zatim neexistuje. Néktefi nemocni jsou zavisli
na transfuzni 1é¢bé€. Splenektomie je vyhrazena pro
u kterych mutiZe vést k omezeni nutnosti transfuzni
1é¢by a ke stabilizaci hodnot hemoglobinu. U ¢asti
pacientti s deficitem PK se rozviji pretiZeni orga-
nismu Zelezem, které si muZe vyZzadat 1é¢bu chela-
tory. Byla popsana i tiispé€Sna transplantace kostni
drené u malého ditéte [10]. Je zkoumana moznost
genové l1écby.

V ¢Eeské populaci bylo popsano jen nékolik pri-
padt dospélych pacientt s deficitem PK s prokaza-
nou mutaci genu pro PK [11]. V tomto ¢lanku pre-
zentujeme klinicky a laboratorni profil prvnich
détskych pacienti s priukazem kauzalni mutace
pro PK.

PACIENTI

Soubor pacientt tvori ¢tyri déti ve véku 10 mé-
sicti — 7 let s diagnézou chronické hemolytické ane-
mie nejasné etiologie. U vSech pacienta byla pfi za-
kladnim vySetfeni krevniho obrazu a markera
hemolyzy zjisténa rtizné€ zavazna anemie s projevy
extravaskularni hemolyzy.

Pacienti ¢c. 1 a 2

Prvni dva pacienti jsou sourozenci, dévce a chla-
pec ve véku 4 roky a 10 mésict. Obé déti se naro-
dily v terminu, divka byla hypotroficka s porodni
hmotnosti 2100 g a porodni délkou 44 cm, chlapec
se narodil s hmotnosti 3130 g a délkou 51 cm.
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Obé¢ déti mély protrahovany novorozenecky ikte-
rus s nutnosti fototerapie, u chlapce bylo dokonce
nutné provést vyménnou transfuzi. Makrocytarni
anemie s vyraznou retikulocytézou je u obou déti
provazena mirnou hyperbilirubinemii a v prvnim
roce zivota si u obou vyzadala opakované podani
transfuze erytrocytarni masy. V klinickém nalezu
u déti dominuje bledost a subikterus sklér a ktiZe,
mirna hepatosplenomegalie a systolicky Selest
v prekordiu bez prakazu vrozené srde¢ni vady pfi
echokardiografickém vySetreni.

Po prvnim roce véku byly u divky podavany
transfuze erytrocytarni masy jiZ méné casto, vétsi-
nou pri poklesu hemoglobinu v souvislosti s infekci.
U divky a obou rodi¢ti nebyly prekvapivé pfi scree-
ningovém vySetfeni aktivity G6PD a PK na jiném
pracovisti prokazany patologické hodnoty. Rodice
déti jsou zdravi, netrpi ZAdnym hematologickym ani
metabolickym onemocnénim.

Pacient ¢. 3

Tretim nemocnym je 11meési¢ni chlapec, ktery
byl po propusténi z novorozeneckého oddéleni
odeslan na hematologickou ambulanci pro su-
spektni vrozenou hemolytickou anemii. Je z prv-
niho té€hotenstvi Sestnactileté matky. Ma zavaznou
perinatalni anamnézu. Byl narozen v terminu s po-
rodni hmotnosti 3020 g, po porodu byl téZce hypo-
xicky a byla nutna intubace a napojeni na umélou
plicni ventilaci po dobu 6 dnti. Thned po porodu
byla zjisténa vysoka hladina bilirubinu (90 pmol/1),
téZka anemie a trombocytopenie. Byla provedena
vyménna transfuze. V dals$im prabé&hu byla nutna
po dobu 5 dni fototerapie a opakované byla podana
transfuze erytrocytarni masy.

Pti klinickém vySetfeni v hematologické ambu-
lanci byl napadny mirny ikterus s Sedym nadechem
ktiZe ditéte, lehce ikterické skléry a vyrazna hepa-
tosplenomegalie. Dité bylo prijato k hospitalizaci
k vySetfeni pro anemii a pro podezreni na vrozenou
metabolickou vadu. Otec neZije s rodinou a o jeho
zdravotnim stavu nelze ziskat dostacujici infor-
mace.

Pacient ¢. 4

Posledni pacient je 7lety chlapec odeslany k do-
vySetfeni anemie nejasného ptavodu. Chlapec byl
anemicky jiZ v novorozeneckém véku, po porodu
mél ¢asnou nekonjugovanou hyperbilirubinemii,
bez sérologického konfliktu, ktera si vyzadala
osmidenni fototerapii. Vzhledem k postupné ane-
mizaci v mésici véku byla nutna dalsi transfuzni
lé¢ba. Koncentrace hemoglobinu (Hb) se pohybo-
vala kolem 60 g/1, hyperbilirubinemie (224 pmol/])
pretrvavala. K vylouceni poruchy membrany ery-
trocytu byl proveden test kryohemolyzy s negativ-
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nim nalezem. Byl vySetren test stability Hb, fetalni
hemoglobin (HbF) alkalickou denaturaci a autohe-
molyza, vSe s negativnim vysledkem.

Pacient v roce véku podstoupil punkci kostni
drené, pfi které byla zjiSténa aktivovana erytro-
poeza bez dalSich specifickych patologickych na-
lezti. V dalSim sledovani mél stfedné téZkou ma-
krocytarni anemii s hladinou Hb kolem 100 g/1,
retikulocytézu a lehkou nekonjugovanou hyperbili-
rubinemii (30 pmol/]). Pfi screeningu enzymopatii
na jiném pracovisti rovnéZ nebylo potvrzeno sniZeni
aktivity PK nebo G6PD. Matka 7letého chlapce
drive uZivala preparaty Zeleza pro sideropenickou
anemii.

METODY

U vSech déti bylo provedeno opakované stan-
dardni vySetfeni krevniho obrazu véetné natéru pe-
riferni krve a biochemické vySetreni markert he-
molyzy a metabolismu Zeleza. Test kryohemolyzy,
elektroforéza hemoglobinti, prukaz Heinzovych téli-
sek a test tepelné stability byly provedeny podle
standardnich postupu.

Stanoveni aktivity pyruvatkinazy a G6PD

Aktivita G6PD byla stanovena spektrofotome-
tricky pomoci komeréniho kitu (The Microplate Ne-
onatal G6PD Screening Assay, Bio-Rad Laborato-
ries, UK).

Aktivita PK byla stanovena nasledovné: Pro pri-
pravu enzymovych lyzata byla pouzita periferni
krev (heparin) s naslednym odstranénim leukocyta
a desticek filtraci pfes smés mikrokrystalické celu-
16zy s a-celul6zou. Po odstranéni plazmy centrifu-
gaci byla pripravena bunééna suspenze ve fyziolo-
gickém roztoku (1:1). Vysledny enzymovy lyzat byl
pfipraven pridanim buné¢né suspenze do stabili-
zacniho roztoku obsahujictho EDTA a merkapto-
ethanol (1:9).

Aktivita pyruvatkinazy (E.C.2.7.1.40) byla stano-
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vena spektrofotometricky v temperované smeési
(37 °C) obsahujici laktatdehydrogenazu, ADP, fos-
foenolpyruvat a NADH sledovanim poklesu absor-
bance pri 340 nm (Infinite 200 NanoQuant, Tecan,
Svycarsko). Specificka aktivita (U/g), ktera se uvadi
v literature, byla vztaZzena k mnoZstvi hemoglobinu
v lyzatu stanoveném rovnéz spektrofotometricky pii
414 nm [12].

Sekvenace genu PKLR a HFE1

Genomicka DNA byla izolovana z periferni krve
pomoci QIAamp DNA kitu (Qiagen, USA). VSechny
exony byly amplifikovany pomoci PCR (PCR primery
a podminky jsou k dispozici na vyzadani). Pro se-
kvenaé¢ni reakci odpovidajicich PCR fragmentti byl
pouzit BigDye terminator kit v 1.1 (Applied Biosys-
tem, USA) a sekvenacni analyzy byly provedeny na
sekvenatoru ABI Prism 3100 (Applied Biosystems,
USA).

Stanoveni hladiny hepcidinu

Hladiny hepcidinu (bioaktivni forma hepcidinu-
-25) byly stanoveny v plazmé. Cast plazmy uréena
k méreni hladiny hepcidinu byla rozdélena do ali-
kvotti, aby se predeslo opakovanému rozmrazovani,
a zamrazena pii -80 °C. K méreni hladin hepcidinu
byl pouzit komeréni ELISA kit (DRG Instruments,
Némecko).

Parametry metody podle vyrobce byly nasledu-
jici: dynamicky rozsah 0,9-140 ng/ml, senzitivita
této metody byla stanovena na 0,9 ng/ml, repro-
dukovatelnost — intra assay CV 4,86 %, inter assay
test CV 11,42 %.

VYSLEDKY

U 3 déti (pacienti 1, 2 a 4) se jednalo o makrocy-
tarni, v jednom pripadé o prechodné normocytarni
anemii (vysledek zkreslen predchozi aplikaci ery-
trocytarni masy — pacient ¢. 3). Hladina Hb se po-

Tab. 1. Vysetreni krevniho obrazu a biochemickych nalezli u pacientu.

_ Vek/ Hemo- | prvirocyty| MoV MCH Retiku- | gijirybin LD Feritin
Pacient €.| pohlavi globin locyty

(mésice) (9/1) (109/1) (f1) (pg) (umol/1) | (ukat/l) (ng/1

1 50/7 71 2,20 102,3 32,3 0,124 54 15,40 19

2 10/M B4 2,46 92,6 31,5 0,190 81 13,16 716

3 11 /M 77 2,76 90,5 27.9 0,101 89 3,75 | 4853

4 86/M g7 3,12 88,8 31,1 0,081 38 5,58 205

MCV: stredni objem erytrocytt
MCH: stredni koncentrace hemoglobinu
LD: laktatdehydrogenaza

U vsech pacientt je pritomna kolisava makrocytoza a vyrazna retikulocytoza, mirna hyperbilirubinemie a vyrazne zvyseni

LD. U pacientd &. 2 a 3 je wrazné zvysena hladina feritinu.
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Obr. 1. Schéma glykolytické drahy.

PGK: fosfoglyceratkinaza, G3PD: glyceraldehyd-3-fosfat-
dehydrogenaza, TPI: triczofosfatizomeraza, DPGM: difos-
foglyceratmutaza

Glykolyza je metabolicka draha premeény glukézy na dvé mo-
lekuly pyruvatu za cistého vytézku dvou molekul ATP a dvou
molekul NADH. Probiha v cytosolu bunék. Sklada se z de-
seti kroku, kazdy z nich katalyzuje jiny enzym. Poslednim ne-
vratnym krokem je premeéna fosfoenolpyruvatu na pyruvat
za vzniku ATR Tato preména je katalyzovana pyruvatkina-
zou. Prenosem vodiku z NADH na posledni produkt glykolyzy
— pyruvat dochazi k redukci pyruvatu na laktat.

Fig. 1. Diagram of glycolytic pathway.

PGK: phosphoglycerate kinase, G3PD: glyceraldehyde-3-
phosphate dehydrogenase, TPI: triosaphosphateisome-
rase, DPGM: diphosphogylcerate mutase

Glycolysis is the metabolic pathway of conversion of glucose
into two molecules of pyruvate, a pure yield of two molecu-
les of ATP and two molecules of NADH. It takes place in the
cytosol of cells. It consists of ten steps, each is catalysing
another enzyme. The last step is the irreversible conversion
of phosphoenolpyruvate to pyruvate to produce ATF This
transformation is catalyzed by py-
ruvatekinase. The hydrogen trans-
fer from NADH to the last product
of glycolysis - pyruvate is causing
a reduction of pyruvate to lactate.

hybovala v rozmezi 62 az
100 g/1 a retikulocyty byly
v rozmezi 10-19 %. Pfi bio-
chemickém vySetfeni byla
u vSech pacientt vyrazné zvy-
Sena hladina LD a jen lehce

7 VY .Y OV O v
Glukéza Laktat 0.0 ® o O° 0 %%¢q o° & %o
) o0 °0% & Thil- S0

| »are e 000”00 ® 0 99,9 o0
| Laktat-denydrogensza » Op-. o ¢ _o Oo 0090,
o 4] | nADH 4 o ~ O o o 09 0o °0® o

¥ > AP Pyruvat o © O b) s
oo = [¢) 00 0 o o

) Pyruvétkinaza ) o °o 0© o° = °O o ©® o ° )
Glukszofostétizomeriza | P‘;p Po e o © © 0-°.00 0@00. o4
A O 00° O, 0@ ©°° 0% 0.0
v o o929 Vo ® O 0 0%

F%P !Enouu 090 ; oo{) %%000% °O ?:’goé’o

ATP (o] L*) Oa0” o .

Fosfofruktokinaza C Y ©o %¢° 06) 209 P °%.0 o 22 o

. A | Fostosycertmutiz el oO 003 s, (Z?Oo %o°o°~ OOO
F16P . o Qo O o 20 00 “ o0
Aldoliza | i A o o0 oo L] (4 g % Oo %09

AD,,)/* 090 o © 0 . g00 ©
Hags BupR™ S ©0 © 0 o% Co@e® ...af

DHAP <— s — G3P 4—mmm—3p 1,3 DPG—mmm—p-2 3 DPG

L S - Obr. 2. Natér periferni krve pacienta &. 3 - anizocytoza,

polychromazie (a), ojedinélé stomatocyty (b) a tercovité
erytrocyty (c).

Fig. 2. The No. 3 patient’s blood smear - anisocytosis,
polychromasia (a), isolated stomatocytes (b) and target
erythrocytes (c).

specifické zmény morfologie erytrocytt: polychro-
mazie, anizocyt6za a u pacientt1 €. 2 a 3 rovnéz ter-
Covité erytrocyty a stomatocyty. U pacienta ¢. 3 byly
navic pritomny echinocyty a ojediné€lé normoblasty.

Porucha membrany erytrocytt a nestabilni he-
moglobinopatie byly u vSech déti vylouceny testem
kryohemolyzy, elektroforézou hemoglobint, pruka-
zem Heinzovych télisek a testem tepelné stability,
které byly ve vSech pripadech negativni.

VySetreni kostni dfené€ u pacientti ¢. 1, 3 a 4 pro-
kéazalo vyraznou akcentaci prekurzorovych bunék
erytropoezy (40 az 74,1 %) se znamkami mirné dy-
splazie, avSak bez nalezu zvySeného procenta vice-
jadernych erytroblastt a prstencitych sideroblastu.
Byla tedy vylou¢ena kongenitalni dyserytropoeticka
anemie i sideroblastickd anemie.

vys8s8i hladina nekonjugova-
ného bilirubinu (tab. 1). U pa-
cientd ¢. 2 a 3 byla prokazana
vyrazné zvySena hladina feri-
tinu: 716 pg/1 a 4853 pg/l.
V natéru periferni krve byly
u vSech pacientti patrné ne-

ni bunky.

leated erythroid cells.

Obr. 3. Detail natéru periferni krve pa-
cienta €. 3 s nalezem jaderné erytroid -

Fig. 3. Detail of the patient’s peripheral
blood smear No. 3 with finding of nuc-

Obr. 4. Detail natéru periferni krve pa-
cienta €. 2 s ojedinélymi echinocyty.

Fig. 4. Detail of the patient’s peripheral
blood smear No. 2 with isolated echi-

nocytes.
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Tab. 2. Vysledky biochemickych a molekularné genetickych analyz.

Aktivita GEPD Aktivita PK Mutace EryLapOs 2SR e dlin
v kostni dreni
(U/g Hb) (U/g Hb) (%) (ng/ml)
Pacient ¢. 1 8,48 1,43 c.1528C>A/c.1594C>T 74,1 54,3
Pacient ¢. 2 8,13 1,14 c.1529C>A/ ¢.1594C>T - 53,2
Pacient €. 3 5,83 1,63 homozygotni delece 73,2 11,8
Pacient ¢. 4 5,77 1,73 c.1493G>A/c.1529C>A 40 24,5
Kontroly 5,0-9,93 4,6-6,28 -

G6PD - glukézo-6-fosfatdehydrogenaza; PK — pyruvatkinaza, aktivity GEPD a PK a koncentrace hepcidinu byly stanoveny
v tripletech, normaini hladiny: 13,3-54,4; rozmezi kontrolnich hodnot aktivit GEPD a PK bylo stanoveno u 10 zdravych

kontrol

U vS8ech nemocnych byla stanovena aktivita py-
ruvatkinazy, ktera byla ve vSech pfipadech sniZena
a odpovidala pribliZzné¢ 30 % hodnoty kontrolnich
aktivit. Sekvenovanim genu pro PK byla u vSech
4 pacientt prokézana kauzalni mutace. Oba sou-
rozenci (pacienti €. 1 a 2) jsou smiSenymi heterozy-
goty pro znamé mutace c.1529C>A (p.Arg510GIn)
a ¢.1594C>T (p.Argb32Trp) nachazejici se v exonu
11. U pacienta ¢. 3 se jedna o dosud nepopsanou
homozygotni aminokyselinovou deleci v exonu 11,
ktera vede k posunu ¢teciho ramce a tvorbé pro-
teinu, kterému chybi ¢ast aktivacni domény. Tato
mutace nebyla doposud popsana a jeji funkéni stu-
die dale probihaji. Pacient €. 4 je také smiSeny he-
terozygot pro dvé jiZz popsané mutace, a to mutaci
c. 1493G>A (p.Arg498His) a opét c.1529C>A
(p.-Arg510GIn).

Vzhledem ke zvySeni hladiny feritinu byla
u vSech pacienta vySetfena hladina hepcidinu,
ktera byla u pacienta ¢. 3 sniZzena (11,3 ng/ml),
u pacienta ¢. 2 na dolni hranici normy. U pacienta
¢. 1 a 4 byla hodnota hepcidinu normalni.

Vzhledem k neobvykle vysoké hladiné feritinu
bylo u pacienta ¢. 3 provedeno i molekularné gene-
tické vySetreni k vylou¢eni soucasné pritomné mu-
tace pro hemochromatézu typu 1 (HFE), aby se vy-
lou¢ila nebo potvrdila moZna koincidence deficitu
PK s nékterou z dalSich poruch metabolismu Zeleza
— vrozenou hemochromatézou. NejéastéjsSi mutace
spojené s HFEl1l - ¢.845C>A (p.Cys 282Tyr),
c.187C>G (p.His63Asp), ¢.193A>T (p.Ser65Cys) —
vSak nebyly sekvenac¢ni analyzou prokazany.

DISKUSE

Na popsaném souboru pacientli poukazujeme na
ruznorodost klinickych projevti pfi deficitu PK. Za-
jimavé je, Ze mutace c.1529C>A, kterou jsme dete-
kovali u 3 pacientti, je svym nalezem sice typicka
pro stredni a severni Evropu, ale ve slovanské po-
pulaci, pro kterou je charakteristicky nalez mutace
¢.1594C>T, se objevuje jen zridka [11].

I presto, Ze neni znadma prima korelace mezi ge-

notypem a fenotypem u rtiznych mutaci, da se
predpokladat, Ze mutace meénici ¢teci ramec, pro-
motorovou oblast nebo vétsi delece, které vedou
k vyrazné redukci aktivity PK, mohou vést k zavaz-
nému fenotypu, jako je intrauterinni smrt plodu
nebo Zivot ohrozujici anemie u novorozence. Na za-
kladé studie italskych autorti [7], ktera se zabyva
vztahem mezi zavaznosti anemie a konkrétnimi
mutacemi, se da predpokladat, Ze nékteré homozy-
gotni mutace, které mohou byt i dusledkem kon-
sanguinity, odpovidaji lehkému, stfednimu nebo
téZkému stupni anemie. U pacientt s mutaci
c.1456C>T a ¢.1594C>T jde tak ¢asto o mirnou
anemii (vice neZ 100 g/1 Hb). Mutace c.1529C>A by
méla podle uvedenych autorti vést ke stredné tézké
anemii (Hb 80-100 g/1, 10 a méné transfuzi) [3, 7].
U smiSenych heterozygotti se da fenotyp odhadnout
jen obtizné, coZ potvrzuji i klinické projevy u obou
sourozencu (pacienti €. 1 a 2). I pfesto, Ze oba jsou
smiSenymi heterozygoty pro mutace c.1529C>A
a ¢.1594C>T, které jsou zminiované spiSe s mirnéj-
S§imi projevy anemie, oba sourozenci maji téZkou
formu anemie s nutnosti opakovanych transfuzi.

Na patogenezi rozvoje pretiZeni Zelezem u pacien-
ta s deficitem PK se mohou podilet opakované trans-
fuze, hemolyza, ale i neefektivni erytropoeza. K pre-
tiZeni Zelezem muiZe prispivat i koincidence deficitu
PK s vrozenou poruchou metabolismu Zeleza. AZ
20 % evropské populace ma mirnou alteraci v meta-
bolismu Zeleza spojovanou s heterozygotnim prena-
Secstvim mutaci c.187C>G (p.His63Asp) a ¢.845C>A
(p.Cys282Tyr) v HFE genu zpUsobujicich vrozenou
hemochromatézu. Posledni studie prokazaly abnor-
mality v HFE genu u 35 % pacientt s PK deficitem,
kteri nejsou zavisli na transfuzich [13]. Tyto abnor-
mality jsou spojeny se zvySenim hladiny Zeleza (Fe)
v séru a feritinu [14]. PretiZeni Zelezem i bez mutace
genu pro hemochromatézu bylo popsano u poly-
transfundovanych pacienti a pacientti s PK defici-
tem po splenektomii [14].

Diskutuje se i o moZné roli sniZeni hladiny hep-
cidinu, kli¢ové molekuly regulujici prisun Zeleza do
organismu [15]. Hladina hepcidinu je kontrolovana
zejména erytropoetickou aktivitou prostfednictvim
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signalnich molekul GDF15 a TWSG1, které reaguji
na anemii. Stav erytropoezy je pravdépodobné nad-
fazenym faktorem vSem ostatnim mechanismtim
ovliviiujicim metabolismus Fe a hladinu Zeleza v or-
ganismu. Hladina hepcidinu se sniZuje u anemii,
predevsim u stava se zvySenou potfebou Fe, jako
je sideropenicka anemie, coZ vede ke zvySenému
vstfebavani Zeleza ze stfeva. ZvySuje se naopak
u stavli s vysokou hladinou Zeleza v organismu,
napf. u vrozenych hemochromatéz nebo chorob
spojenych se sekundarnim pretiZzenim Zelezem
a nezavisle u akutniho zanétu. Bylo prokazano, Ze
u deficitu PK se kombinuji oba faktory regulujici
protichtdné produkci hepcidinu: na jedné strané
anemie s vySS§imi naroky na pfisun Zeleza pfi vét-
$im obratu erytropoezy a na strané druhé zvySena
nabidka Zeleza s vysokou hladinou feritinu. TéZka
anemie je v tomto pfipadé nadrazena signalim
o pretiZeni organismu Zelezem a produkce hepci-
dinu je negativné regulovana cestou aktivace GDF
15. Vysledkem je potom sniZeni jeho hladiny s na-
slednym zvySenim resorpce Fe i pfes jeho zvySené
zasoby, coZ muiZe prispivat ke zvySovani zasobniho
Zeleza a k rozvoji pretiZzeni Zelezem. U pacienta ¢. 3
jsme také prokazali sniZeni hladiny hepcidinu,
kterd se mohla spolupodilet na neobvykle vysoké
hladiné feritinu. U pacienta ¢. 2 byla hladina hep-
cidinu na dolni hranici normy i pfi vysoké hladiné
feritinu. Pri pretrvavajici vyrazné hyperferitinemii
bude potreba u pacienta ¢. 3 zvazit sekvenovani
HFEZ2A genu kédujictho hemojuvelin a HFE3 genu
koédujiciho transferinovy receptor 2 [16].

I kdyZ je deficit pyruvatkinazy nejc¢astéjsi enzyma-
tickou abnormalitou glykolytické drahy, ktera zpu-
sobuje dédi¢nou nesférocytarni hemolytickou ane-
mii, bylo v Ceské republice u déti zatim popsano
pouze nékolik pripadd. A to i presto, Ze podle celo-
svétové prevalence 1:20 000 [2, 7] by v Ceské repub-
lice meélo byt teoreticky diagnostikovano 500 osob
trpicich touto nemoci. Jednou z pri¢in mutiZze byt ur-
¢eni nespravné diagnoézy, a to z nékolika moZznych
dtvodt. U polytransfundovanych pacienti mtzZe byt

Ces-slov Pediat 2012; 67 (3): 1562159

stanovena aktivita PK zkreslen4, zejména pokud se
stanovuje v odbéru bezprostredné po transfuzi nebo
v kratkém intervalu od transfuze, protoZe se tak méri
vlastné i aktivita PK darcovskych erytrocytti. Je proto
dulezité, aby se v téchto pripadech aktivita PK sta-
novovala aZ ve vzorku odebraném tésné pred dalsi
transfuzi, kdy uz prakticky nehrozi ,kontaminace*
darcovskymi erytrocyty. Dal$im faktorem zkresluji-
cim vySetfeni miiZze byt pritomnost leukocytti a trom-
bocytti ve vySetfovaném materialu, protoZe jak leu-
kocyty, tak trombocyty obsahuji jinou izoformu
enzymu (PK-M2), ktera ma az 300krat vyssi aktivitu
neZ erytrocytarni forma PK-R [7]. Vzhledem k tomu,
Ze aktivita rady enzymu souvisi se stafim populace
¢ervenych krvinek, mutiZe mit i zvySeny pocet retiku-
locyttt za nasledek zvySeni aktivity nékterych en-
zymu, zejména hexokinazy a pyruvatkinazy.

ZAVER

Cilem tohoto sdé€leni, které popisuje soubor
prvnich détskych pacientti s prukazem kauzalni
mutace genu PKLR, je upozornit na variabilitu kli-
nickych i laboratornich priznaktl u pacienta s defi-
citem PK, kterd mtiZe byt vzacné provazena zavaz-
nym pretiZenim Zelezem, a na uskali diagnostiky
této enzymopatie.

U pacientt1t s deficitem PK a s rozvojem zava-
Zzného pretiZeni Zelezem je vZdy nutno zvaZzit moz-
nost vyskytu pridruZené vrozené hemochromatézy.
Je treba peclivé monitorovat stav zasob Zeleza
a v indikovanych pripadech véas zah4jit chelata¢ni
lécbu jako prevenci rozvoje cirhézy jater pri nelé-
¢ené hemosideréze jater [14].

Prace byla podporovana grantem NS9951 [IGA
MZ CR], NT11208 [IGA MZ CR] a Studentskymi
projekty LF-2011-006 a LF-2011-011 Univerzity
Palackého v Olomouci.
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Rodice déti s diabetem, stejné jako i edukacni sestry, se setkavaji s fadou si-
tuaci, které musi spravné vyfesit, aby pfedesli akutnimu nebo dlouhodobému
zhor8eni nemoci.

Pravé jim je ur€ena naSe knizka — tedy pfedevSim tém, ktefi se k lé¢bé inzuli-
novou pumpou u déti chystaji anebo pravé zacali. Méla by jim byt kazdodennim
pomocnikem pfi zvladani nejriiznéjsich problémi tak, aby byl ditéti umoznén co
nejbohatsi vybér ¢innosti a cukrovka nezasahovala do jeho psychického, do-
vednostniho a socialniho vyvoje.

Krok za krokem jsou probrany jednotlivé faze a mozné situace, pocinaje uvod-
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matiku.
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Iron status in patients with pyruvate kinase deficiency:
neonatal hyperferritinaemia associated with a novel
frameshift deletion in the PKLR gene (p.Arg518fs), and low
hepcidin to ferritin ratios
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Erythrocyte pyruvate kinase (PK) deficiency, the most com-
mon cause of nonspherocytic haemolytic anaemia in central
and northern Europe, is characterized by a variable degree of
haemolysis and increased risk of iron overload. The mecha-
nism of haemolysis is not clearly understood; however, the
disruption of glycolysis leading to ATP depletion is one of
the major contributing factors (Zanella et al, 2005). An
appropriate diagnosis can be made only by measuring the

First published online 18 February 2014
doi: 10.1111/bjh.12779

Summary

Pyruvate kinase (PK) deficiency is an iron-loading anaemia characterized
by chronic haemolysis, ineffective erythropoiesis and a requirement for
blood transfusion in most cases. We studied 11 patients from 10 unrelated
families and found nine different disease-causing PKLR mutations. Two of
these mutations - the point mutation c.878A>T (p.Asp293Val) and the
frameshift deletion c.1553delG (p.(Arg518Leufs*12)) - have not been previ-
ously described in the literature. This frameshift deletion was associated
with an unusually severe phenotype involving neonatal hyperferritinaemia
that is not typical of PK deficiency. No disease-causing mutations in genes
associated with haemochromatosis could be found. Inappropriately low lev-
els of hepcidin with respect to iron loading were detected in all PK-defi-
cient patients with increased ferritin, confirming the predominant effect of
accelerated erythropoiesis on hepcidin production. Although the levels of a
putative hepcidin suppressor, growth differentiation factor-15, were
increased in PK-deficient patients, no negative correlation with hepcidin
was found. This result indicates the existence of another as-yet unidentified
erythroid regulator of hepcidin synthesis in PK deficiency.

Keywords: red blood cell, pyruvate kinase deficiency, iron overload, hepci-
din, ferritin.

erythrocyte PK enzyme activity and by direct mutation analy-
sis of the gene encoding PK (PKLR). More than 220 muta-
tions in the PKLR gene (1q22) have been identified
worldwide since the first mutation was described in 1961
(Valentine et al, 1961). The disease is transmitted as a reces-
sive trait, usually affecting only homozygotes or compound
heterozygotes. The clinical manifestations vary from mild to
severe anaemia requiring repeated transfusions. Rare cases of

© 2014 John Wiley & Sons Ltd
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neonatal death and non-immune hydrops foetalis have also
been reported (Ferreira ef al, 2000). Similar to patients with
B-thalassaemia, PK-deficient patients may develop secondary
iron overload. Although repeated blood transfusions were
considered to be the major cause, iron accumulation also
affects non-transfused PK-deficient patients (Zanella et al,
1993). The pathogenesis of iron overload appears to be
multifactorial, involving chronic haemolysis, ineffective
erythropoiesis, splenectomy and, eventually, coinheritance of
hereditary haemochromatosis (Zanella et al, 2001). Impor-
tantly, the levels of hepcidin, the negative regulator of iron
absorption in the gut and iron recycling from macrophages
(Ganz, 2004), are reduced in patients with PK deficiency
(Finkenstedt et al, 2008). Based on recent analyses, growth
differentiation factor-15 (GDF15) is one of the candidate
molecules proposed to suppress hepcidin production and
enhance iron loading in the setting of ineffective erythropoie-
sis (Tanno & Miller, 2010; Tanno et al, 2010). The negative
correlation between hepcidin and GDF15 was first reported
in patients with [-thalassaemia (Tanno et al, 2007).
Although GDF15 levels are increased in PK deficiency, the
magnitude of GDF15 elevation is markedly lower than that
in B-thalassaemia (Tanno ef al, 2010). Here, we analysed
PKLR mutations and iron status parameters in a cohort of
11 patients with PK deficiency. Our genetic data, together
with calculations of the hepcidin/ferritin ratio, indicate the
involvement of an as-yet unknown erythroid-derived hepci-
din suppressor in PK deficiency.

Design and methods

Patients, haematological and biochemical analysis

We investigated 11 patients with congenital nonspherocytic
haemolytic anaemia from 10 unrelated Czech and Slovak fam-
ilies. The patient cohort consisted of five adults, three children
and three infants. The Ethics Committee of Palacky University
Hospital approved the collection and analysis of samples.
Informed consent was obtained according to the Declaration
of Helsinki. Red blood cell parameters were measured using a
Sysmex XE-500 analyser (Sysmex Corp., Kobe, Japan). Serum
parameters of iron metabolism, including iron, ferritin and
transferrin saturation as well as bilirubin levels, were deter-
mined with standard biochemical methods. PK and hexoki-
nase (HK) activities were measured in erythrocyte lysates that
were free of leucocytes and platelets according to the methods
recommended by the International Committee for Standardi-
zation in Haematology (Beutler et al, 1977). PK and HK activ-
ities were expressed as u/g haemoglobin (Hb). HK activity was
included to estimate the contribution of young red blood cells
to the total PK activity. The reference values for enzyme activ-
ities were established from 10 normal subjects. GDF15 serum
concentrations were measured with an enzyme-linked immu-
nosorbent assay (ELISA) kit for human GDF15 according to
the manufacturer’s instructions (R&D Systems, Minneapolis,

© 2014 John Wiley & Sons Ltd
British Journal of Haematology, 2014, 165, 556-563
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MN, USA). The normal range for GDFI5 was determined
from eight healthy controls (four children and four adults).
The serum erythropoietin (EPO) concentrations were mea-
sured by radioimmunoassay (Zadrazil et al, 2007).

Hepcidin measurement

The method for hepcidin measurement was established based
on the protocol published by Li et al (2009). Briefly, each
sample was prepared from 200 pl of human serum. Calibra-
tion standards were prepared from unmodified synthetic
human hepcidin (DTHFPICIFCCGCCHRSKCGMCCKT) dis-
solved in rabbit serum. Hepcidin labelled with a stable iso-
tope ["*Cy, ">N,-Phe,] (50 ng) was added to each sample as
an internal standard. Both hepcidin variants were synthesized
by Thermo Fisher Scientific (Ulm, Germany). The samples
were extracted on an Oasis HLB pElution plate and separated
by reverse-phase liquid chromatography using an UltiMate
3000 Nano LC System (Thermo Fisher Scientific, Sunnyvale,
CA, USA) coupled to a QTRAP 5500 mass spectrometer (AB
SCIEX, Framingham, MA, USA). Subsequent detection of
hepcidin was performed by selected reaction monitoring
method. The acquired data were processed using Analyst®
software (AB SCIEX, version 1.5.1). The assay was validated
by Intrinsic LifeSciences LLC (La Jolla, CA, USA), and the
normal control range was determined in 18 healthy individu-
als (10 children and eight adults).

Molecular analysis

Genomic DNA was isolated from peripheral blood drawn in
EDTA using a QIAamp DNA Blood Maxi Kit (Qiagen,
Valencia, CA, USA). The exons of the following were ampli-
fied by polymerase chain reaction (PCR): PKLR (accession:
NM_000298.5) (Lenzner et al, 1997); genes known to be
responsible for hereditary haemochromatosis (Camaschella &
Poggiali, 2011), including HFE (accession: NM_000410.3),
HFE2 (haemojuvelin) (accession: NM_213653.3), HAMP
(hepcidin) (accession: NM_021175.2), TFR2 (transferrin
receptor 2) (accession: NM_003227.3) and SLC40AI1 (ferro-
portin 1) (accession: NM_014585.5); and a gene encoding
the light chain of ferritin (FTL) (accession: NM_000146.3).
The iron response element (IRE) regions of the 5-UTR of
SLC40A1 and FTL were also amplified. PCR primers and
conditions are available upon request. The PCR products
were purified with a QIAquick kit (Qiagen) and sequenced
using the BigDye terminator kit (Applied Biosystems, Foster
City, CA, USA). Sequence analysis was performed using the
ABI Prism 310 Genetic Analyser (Applied Biosystems) with
software provided by the manufacturer.

Statistical methods

Student’s t-test was used to determine the statistical
difference between the patients and controls using Origin 6.1
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software (OriginLab Corporation, Northampton, MA, USA).
The Spearman coefficient for correlation analyses was calcu-
lated using Statistica 10 software (StatSoft, Inc., Tulsa, OK,
USA). P values <0-05 were considered statistically significant.

Results

Patients’ characteristics and PK activity

The clinical findings of nine unrelated patients and two sib-
lings obtained at the time of diagnosis are summarized in
Table I. All patients suffered from mild to severe haemolytic
anaemia (with Hb levels ranging from 65 to 121 g/I) and
hyperbilirubinaemia (33 to 172 pmol/l). All but one of these
patients had increased reticulocyte counts (4-8 to 80-5%).
Neonatal jaundice was reported in most of the patients.
Seven patients were transfusion-dependent; three were
concomitantly treated with chelators and two underwent
splenectomy. Two paediatric patients received transfusions
during infancy, one adult patient was on intermittent trans-
fusion therapy and only one patient had never received a
10 patients, erythrocyte
PK activity was below the normal reference values (4-60—
6-28 u/g Hb) (Table II). In one case (Patient 7), the activity
was false normal (6-58 u/g Hb) due to substantial reticulocy-
tosis (80-5%) and PK deficiency was therefore established
based on low PK/HK activity ratio (1-6; normal range 3-6—
6-3) (Table II). Reduced PK activity compared with the

controls was also detected in the available healthy parents,

transfusion in his lifetime. In

Table I. Clinical and haematological data of the patients.

confirming a congenital defect in the child. All parents tested
were later shown to be heterozygous carriers of specific PKLR
mutations (Table II).

Mutational analysis of the PKLR gene

Direct sequence analysis of the PKLR gene in the patient
cohort revealed nine different mutations in either the homo-
zygous state (four patients) or the compound heterozygous
state (seven patients) (Table II). Seven of the mutations are
known; five of these (c.1594C>T, ¢.1529G>A, c.1493G>A,
¢.1456C>T, and ¢.994G>A) have previously been identified
in Czech and Slovak populations (Lenzner et al, 1997).
The ¢.823G>A substitution and the insertion-deletion
(c.347_350delinsAACATTG) were identified in these popula-
tions for the first time. The clinical picture and the severity
of the disease in our patients bearing the above-mentioned
PK mutations were comparable to the phenotype previously
reported for patients with identical mutations (Baronciani
et al, 1995; Zanella et al, 1997, 2005, 2007). The c.878A>T
and c¢.1553delG mutations are novel and have not been
previously described in the literature.

The maternally inherited c.878A>T missense mutation was
detected in a heterozygous state with the previously repor-
ted, paternally inherited ¢.1529G>A substitution (Fig 1A,
Table II), which is the most common PKLR mutation in the
northern and central European population (Zanella ef al,
2005). The ¢.878 A>T mutation involves the alteration of pos-
itively charged aspartic acid to hydrophobic valine on the

Bilirubin, Ferritin, Hepcidin, GDF15, EPO,
Neonatal Hb,  Ret,% pmol/l ug/l TES ug/l ng/l iu/l
Patient Sex Age jaundice ExTx Spleen g/l [0-5-3-0] [0-23] [6-200]* [0-21-0-48] [13-1-104-8] [166-344] [4-3-29]
1 M 9 years Yes Yes  Out 79 32 38 2000§ 0-79 n.d. 3052 n.d
2 M 6 months  Yes Yes In 77 72 33 4852 0-97 90-7 935 462
33 months 98 48 49 145§ n.d. 16 1399 78-1
3 F 7 years Yes Yest In 95 106 35 16 0-26 57 851 454
4 M 10 months Yes Yes In 75 75 59 303 n.d. 15-5 876 123
5 M 7 years Yes Yest In 97 81 39 205 0-50 245 386 n.d
6 F 42 years No Yesi In 103 59 50 645 0-37 11-4 2581 46-8
7 F 22 years Yes Yes Out 65 805 139 372§ 0-88 91 514 122
8 F 31 years Yes Yes In 95 66 34 948 0-54 29-1 805 126
9 M 3 months  Yes Yes In 67 21 172 802 n.d. n.d. 2163 n.d
10 F 25 years Yes Yes In 73 253 124 297 0-20 5.7 1259 n.d
11 M 50 years No No In 121 52 49 906 0-34 68-8 854 51-5

Patients 3 and 4 are siblings; ExTx: exchange transfusion; TfS: transferrin saturation; GDF15: growth differentiation factor-15; EPO (serum eryth-

ropoietin); n.d.: not determined.

*normal range for ferritin levels, women: <200, men: <300, children: <70 pg/l (Brugnara, 2009). The control range for GDF15 was determined

from eight healthy controls (four children and four adults).

fDependent on blood transfusion during the first year of life due to severe anaemia.

iIntermittent ExTx.

§Patients on chelation therapy. Two sets of data are shown for Patient 2; the first set represents values at the time of diagnosis, the second corre-

sponds to values after 6 months of chelation therapy.
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Table II. Biochemical and molecular data of the patients and their family members.
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PK activity,

Patient u/g Hb PK/HK PKLR mutation Amino acid alteration
1 2-64 0-78 c.[347_350delinsAACATTG]; p-[Argl16_Leull7delinsGInHisCys];
[347_350delinsAACATTG] [Argl16_Leull7delinsGInHisCys]
1 (mother) 2:19 2:92 ¢.[347_350delinsAACATTG];[=] p.[Argl16_Leull7delinsGInHisCys];[=]
1 (father) 2:19 1.97 ¢.[347_350delinsAACATTG];[=] p-[Argl16_Leull7delinsGInHisCys];[=]
2 1-63 1-63 c.[1553delG];[1553del G] p.[Arg518Leufs*12];[Arg518Leufs*12]
2 (mother) 2:57 23 c.[1553delG;[=] p.[Arg518Leufs*12];[=]
3 1-43 0-51 c.[1529G>A];[1594C>T] p-[Arg510GIn];[Arg532Trp]
4 1-14 0-46 c.[1529G>A];[1594C>T) p-[Arg510GIn];[Arg532Trp]
4 (mother) 1-33 1-75 c.[1529G>Al;[=] p.[Arg510GIn];[=]
4 (father) 1-57 1-51 c.[1594C>T];[=] p-[Arg532Trpl;[=]
5 1-73 1-75 c.[1493G>A];[1529G>A] p-[Arg498His];[Arg510Gln]
6 1-16 0-84 c.[1456C>T];[1594C>T] p.[Arg486Trp];[Arg532Trp]
7 6-58 1-6 ¢.[1594C>T];[1594C>T] p-[Arg532Trpl;[(Arg532Trp)]
8 1-56 0-81 c.[878A>T];[1529G>A] p-[Asp293Val];[Arg510Gln]
8 (father) 3-41 3.48 c.[1529G>Al;[=] p.[Arg510GIn];[=]
8 (mother) 4-04 3.98 c.[878A>T];[=] p-[Asp293Val];[=]
9 1.72 2.07 .[823G>A];[1594C>T] p.[Gly275Arg];[Arg532Trp]
9 (father) 2-45 2:62 c.[823G>Al;[=] p.[Gly275Arg];[=]
9 (mother) - c.[1594C>T;[=] p-[Arg532Trpl;[=]
10 2.32 112 .[1529G>A];[1529G>A] p.[Arg510GIn];[(Arg510Gln)]
11 1-54 1-14 c.[994G>A];[1456C>T] p.[Gly332Ser];[Arg532Trp]

PK: pyruvate kinase (normal activity range: 4-60—6-28 u/g Hb); PK/HK: pyruvate kinase and hexokinase activity ratio (normal range: 3-6-6-3).

The normal activity range was determined in 10 healthy controls.
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Fig 1. Detection of two novel PKLR mutations by sequencing amplified DNA. (A) In the family of Patient 8, the propositus carried the newly
described ¢.878A>T mutation in exon 7 and the ¢.1529G>A mutation in exon 11; the mother was heterozygous for the ¢.878 A>T mutation, and
the father was heterozygous for the ¢.1529G>A mutation. (B) In the family of Patient 2, the propositus was homozygous for the second newly
described mutation in the PKLR gene, a single nucleotide deletion (c.1553delG) in exon 11 leading to a frameshift (p.(Arg518Leufs*12)) and a
premature stop codon. One allele was inherited from his heterozygous mother; his father was unavailable for the analyses.
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surface of the A domain of PK. This alteration might
increase the hydrophobicity of PK, which is thermodynami-
cally less favourable for protein folding. PK activity was
markedly reduced to 1.56 u/g Hb in an affected patient
(Patient 8) who presented with a mild phenotype (Hb 95 g/l,
reticulocytes 6-6%, and bilirubin 34 pmol/l; Table I).

The novel PKLR frameshift deletion associated with
atypical severe phenotype involving neonatal
hyperferritinaemia

Patient 2 carried the second previously unidentified
frameshift deletion, c.1553delG (p.(Arg518Leufs*12), short
p-Arg518fs), in a homozygous state; the mother is a heterozy-
gous carrier of this deletion (Fig 1B, Table II). Because the
father is unknown and thus unavailable for analyses, a possi-
ble hemizygous genomic deletion (loss of heterozygosity) was
excluded by quantitative PCR-based copy number analysis
(Supplementary methods; data not shown). The mutation
causes premature termination of translation at codon 529,
with predicted formation of a truncated protein lacking 46
C-terminal amino acids including the critical activator bind-
ing site Arg532 (Valentini et al, 2002). The activity of PK was
reduced in both the patient (1-63 u/g Hb) and his mother
(2-57 u/g Hb). The patient’s clinical picture was very severe
from birth, with a need for repeated blood transfusions. The
patient exhibited profound anaemia (Hb, 77 g/1), with signs
of hypoxia, neonatal jaundice (bilirubin, 90 pmol/l), throm-
bocytopenia, prominent hepatosplenomegaly and dramatic
hyperferritinaemia (in the range of 3500-5000 pg/l), and
transferrin saturation reaching almost 100%. Elevated levels
of liver enzymes (not shown) suggested possible liver damage,
which led us to perform liver biopsy. Massive iron deposits in
both hepatocytes and Kupffer cells corresponding to grade IV
haemosiderosis were detected. Taken together, these findings
suggested the presence of another co-inherited defect in the
child aside from PK deficiency. Sideroblastic anaemia was
ruled out by the absence of sideroblasts in the bone marrow.
The nucleotide sequence of the IRE region of the FTL gene,
which encodes L-ferritin, was not mutated; thus, a possible
association with hereditary hyperferritinaemia cataract syn-
drome (HHCS) was excluded (Brooks et al, 2002). Sequence
analysis of all known genes that cause primary haemochroma-
tosis (HFE, HFE2, HAMP, SLC40A1 and TFR2) (Camaschella
& Poggiali, 2011) did not reveal any causative mutations.
Only five different previously described SNP variations were
identified in TFR2 (c.2255G>A (p.Arg752His) - rs41295942),
SLC40A1 (c.44-24G>C - 151439816, c.-330CGG[8] -
rs16836041, c.663T>C (p.Val221 =) - rs2304704) and FTL
(c.163T>C (p.Leu55 = )) (Table SI). Of these polymorphisms,
only rs1439816:G>C was previously shown to be associated
with the clinical aggressiveness (liver damage) of hereditary
haemochromatosis 1 caused by the p.Cys282Tyr HFE muta-
tion; however, this SNP had no effect on ferritin levels in
the control group, and it was therefore concluded that the
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negative effect of the rs1439816:C allele was restricted to path-
ological conditions (Altes et al, 2009). Because nine of our
remaining PK-deficient patients were also homozygous for
the rs1439816:C allele (Table SI), this polymorphism probably
does not contribute to the severe phenotype of this patient
and cannot explain his iron overload. Recently, at an age of
two and a half years, the patient’s ferritin levels dramatically
decreased (to 145 pg/l), which may be a result of combined
chelation therapy lasting 6 months and a prolonged interval
between transfusions. Based on these new findings, we con-
clude that the severe neonatal phenotype of this patient was
caused by the PKLR mutation itself.

Iron status in PK-deficient patients

One of the main health complications in PK deficiency is
secondary iron overload with multifactorial pathogenesis
(Zanella et al, 1993, 2001). In our cohort, nine patients had
elevated serum ferritin (median, 724 pg/l), including the
patient with no transfusion history (Patient 11). Of nine
available cases, five showed a concomitant increase in trans-
ferrin saturation (from 0-50 to 0-97) (Table I).

Firstly, we assessed a possible effect of splenectomy on
iron loading. One of our two splenectomized patients
(Patient 7) showed a progressive increase in ferritin levels
after spleen removal. Nevertheless, sustained haemolysis was
observed in this patient after spleen surgery, which probably
contributed to a further increase in her ferritin levels. On the
other hand, no significant difference in ferritin was recorded
for the second splenectomized patient (Patient 1); splenec-
tomy improved this patient’s anaemia, nevertheless his pre-
splenectomy ferritin levels were already dramatically elevated
(2213 pg/l). This patient is a child; thus, the contribution of
spleen removal to iron loading may become more apparent
over time.

We next searched for the presence of known HFE muta-
tions (p.His63Asp, p.Cys282Tyr), which have been proposed
as a condition that may predispose a patient to increased
iron absorption (Arruda et al, 2000; Zanella et al, 2001).
Abnormal HFE genotypes were identified in four of our
patients (Table SI). One of these patients (Patient 3), who
was a p.[His63Asp];[Cys282Tyr] HFE compound heterozy-
gote, was the only paediatric patient from the group with
normal ferritin levels.

Hepcidin levels in PK deficiency

To address the role of hepcidin in the pathogenesis of iron
overload in our patient cohort, we established a proteomics-
based method for hepcidin measurement. As expected, the
levels of hepcidin were reduced in PK-deficient patients
(median, 15-8 pg/l) (Table I) compared with healthy age-
matched controls (median, 27-6 pg/l) (Table I), reflecting the
impact of ineffective erythropoiesis in PK deficiency. The
difference, however, was not statistically significant. We

© 2014 John Wiley & Sons Ltd
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therefore calculated the hepcidin/ferritin ratio which repre-
sents a more accurate estimation of proper hepcidin produc-
tion with respect to iron loading, and found it to be very
low in our PK-deficient patients (median, 0-06) compared
with a healthy age-matched group of controls (median, 0-35)
(Fig 2). Even the patient with the highest hepcidin level
(Patient 2) showed a dramatically reduced ratio, which was
detected in repeated measurements (ranging from 0-01 to
0-04) and eventually increased to 0-11 as a response to
6 months of chelation therapy and improved anaemia (Hb,
98 g/l) (Table I and Fig 2). The direct effect of chelation
therapy on hepcidin levels and hepcidin/ferritin ratio is diffi-
cult to address in our cohort, given the complexity of posi-
tive and negative signals regulating hepcidin, the small
number of patients receiving chelation therapy, and the lack
of hepcidin pre-chelation values for remaining patients.

Candidate erythroid signals regulating hepcidin

To clarify the involvement of erythropoiesis in iron metabo-
lism in PK deficiency, serum levels of GDF15 and EPO, two
markers of erythropoietic activity known to be associated
with hepcidin production, were evaluated. The levels of
GDF15, a putative negative regulator of hepcidin production
in the setting of ineffective erythropoiesis (Tanno & Miller,
2010), were determined using a commercial enzyme-linked
immunosorbent assay. PK-deficient patients showed elevated
GDF15 compared with healthy age-matched controls
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Fig 2. Hepcidin/ferritin ratio in PK-deficient patients. The hepcidin/
ferritin ratio was significantly lower in PK-deficient patients com-
pared to healthy controls (P < 0-05). The red dots in the graph indi-
cate the hepcidin/ferritin ratio calculated from five repeated
measurements (1-5 months, 9-5 months, 10 months, 20-5 months,
and 33 months) for Patient 2 with a p.(Arg518Leufs*12) mutation
in the PKLR gene, which is associated with hyperferritinaemia occur-
ring from the neonatal period through to infancy (2 years of age).
Only two hepcidin/ferritin ratios (calculated from those hepcidin
and ferritin values shown in Table I) were included into the statisti-
cal analysis for this patient. The thick horizontal lines represent the
medians for each group. PKD, pyruvate kinase-deficient.
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(median, 905-5 ng/l and 223 pg/l, respectively) (Table I),
confirming previously reported results (Zanella et al, 2005).
Importantly, no correlation between GDF15 and hepcidin or
GDF15 and hepcidin/ferritin ratio was observed. In addition,
all available patients from our cohort showed increased levels
of EPO (median, 100-1 iu/l) (Table I), probably reflecting
tissue hypoxia. Also, EPO levels did not correlate with hepci-
din or hepcidin/ferritin ratio.

Lastly, as inflammatory processes are known to indepen-
dently influence hepcidin levels (Ganz, 2004), it is important
to note that none of our patients had signs of inflammation
at the time of the analyses. In concordance, a substantial
increase in hepcidin (from 90-7 pg/l to 386 pg/l) was
observed in one of our patients (Patient 2) during bacterial
infection.

Discussion

In this report we characterized PKLR mutations and systemic
iron metabolism in eleven patients with PK deficiency from
ten unrelated families. Nine different disease-causing PKLR
mutations were identified; two of these mutations - the point
mutation c.A878T (p.D293V) and the frameshift deletion
c.1553delG (p.R518fs) - were novel. The patient affected by
the frameshift deletion presented with an unusually severe
phenotype involving neonatal hyperferritinaemia, which
eventually ameliorated by two and a half years of age, proba-
bly in response to combined chelation therapy and a pro-
longed interval between transfusions.

PK-deficient patients usually develop secondary iron over-
load over time as a consequence of chronic haemolysis, inef-
fective erythropoiesis and transfusion therapy; splenectomy
and inheritance of HFE mutations have been proposed as
additional risk factors (Zanella et al, 2001). Consistently, all
our transfusion-dependent patients presented iron overload;
one patient has developed hyperferritinaemia independently
of blood transfusions. Similar findings, iron overload inde-
pendent of blood transfusions in PK deficiency, were previ-
(1993).  Although
splenectomy reduces the symptoms of haemolysis, it is also

ously reported by Zanella et al

known to be a risk factor for iron loading. Due to a low
number of splenectomized patients in our cohort, however,
the involvement of spleen surgery cannot be adequately
addressed. The contribution of co-inherited HFE mutations
to excessive iron accumulation is also difficult to assess,
especially because three of the HFE mutant patients were
children and HFE-related haemochromatosis is an adult-
onset disease (Pietrangelo, 2010). Moreover, one paediatric
patient with abnormal HFE genotype did not have any signs
of iron overload. Based on these observations we can con-
clude that the HFE genotype does not play a major role in
determining iron loading in PK-deficient paediatric patients;
however, it may be important to follow up these patients
due to a potential higher risk of iron overload in adulthood
(Zanella et al, 2001).
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Analysis of factors regulating iron homeostasis revealed
that hepcidin levels were relatively low for the degree of
iron loading in all PK-deficient patients with increased
ferritin. Similar results were published for B-thalassaemia in-
termedia (Kearney ef al, 2007; Origa et al, 2007), which
clearly confirm the suppression of hepcidin by an erythroid
signal that overrides iron loading-induced signalling.
Although the levels of the putative hepcidin suppressor,
GDF15, were increased in our patient cohort, the levels
were considerably lower than those reported for B-thalassae-
mia (Tanno et al, 2010). No correlation between GDFI5
and hepcidin or hepcidin/ferritin ratio indicates that GDF15
can only be used as a marker of accelerated ineffective
erythropoiesis in PK deficiency (Tanno & Miller, 2010;
Tanno et al, 2010).

Besides elevated GDF15 in the patients’ serum, we also
found increased levels of EPO (Ashby et al, 2010; Ganz,
2011) that again did not correlate with hepcidin. This evi-
dence further suggests that EPO by itself is an indirect sup-
pressor of hepcidin as mice with disrupted erythropoiesis are
not able to attenuate hepcidin synthesis in response to EPO
administration (Pak et al, 2006; Vokurka et al, 2006). In
addition to GDF15 and EPO, a suppressive effect of twisted
gastrulation protein homolog 1 (TWSG1) (Tanno et al,
2009) and hypoxia (Yoon et al, 2006; Ganz, 2011) should be
considered with respect to the regulation of hepcidin produc-
tion. Nevertheless, the role of TWSGI has not been clearly
confirmed so far (Tanno et al, 2010). Although hypoxia
inducible factor (HIF) signalling was reported to directly and
also indirectly (through EPO) downregulate hepcidin (Gor-
deuk et al, 2011), the exact signalling remains elusive. Alto-
gether, our findings indicate that the main erythroid-derived
regulator of hepcidin synthesis in PK deficiency remains to
be identified.

In conclusion, we have shown that the hepcidin/ferritin
ratio is consistently low in PK deficiency, which reflects rela-
tively low hepcidin levels, even in PK deficiency associated
with hyperferritinaemia.
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Supplementary Method.

Copy number of PKLR exon 10 was assessed by SYBR Green I based absolute quantification,
using standard curve method. Concentration values of PKLR were normalized to RPPHI
housekeeping gene that is commonly used as a copy number variation (CNV) reference, as
it’s an autosomal gene with no reported CNV in population. The reaction was run in
triplicates. The copy number value of Patient 2 was compared to six non-PK-deficient patient

samples. The primer sequences are available upon request.



Table SI. HFE, TFR2 and SLC40A1 SNPs.

Patient HFE mutation TFR2 SLC40A41 SLC40A41
p-Arg752His CGG(7_8) c.44-24G>C
1 wt wt CGGI[7];[8] [CL:[C]
1 (mother)  wt wt CGGI8];[8] [CL:[C]
1 (father) wt wt CGGI[7]:[7] [CL:[C]
2 wt [Arg752His];[=] CGG[8];[8] [CL:[C]
2 (mother)  wt wt CGGI8];[8] [CL:[C]
3 [His63Asp];[Cys282Tyr] wt CGGI8];[8] [CL:[C]
4 [His63Asp];[=] wt CGGI8];[8] [CL:[C]
3,4 (mother) [Cys282Tyr];[=] wt CGGI8];[8] [CL:[C]
3.4 (father) [His63Asp];[=] wt CGGI[7];[8] [CL:[C]
5 [His63Asp];[=] wt CGGI8];[8] [CL:[C]
6 [His63Asp];[(His63Asp)] wt CGGI8];[8] [CL:[C]
7 wt wt CGGI7];[8] [CL:[C]
8 wt wt CGG[7];[8] [CLIC]
8 (mother)  wt wt CGGI[7]:[7] [CL:[G]
8 (father) wt wt CGGI[7];[8] [CL:[C]
9 wt wt CGGI[7];[8] [CL[G]
9 (mother)  wt wit CGG[8];[8] [CLIC]
9 (father) wt wt CGGI[7];[8] [Cl:[G]
10 wt wt CGGI8];[8] [CL:[C]
11 wt wt CGGI8];[8] [CL:[C]

Rem.: HFE screened for p.Cys282Tyr, p.His63Asp, p.Ser65Cys, and p.Val256lle; TFR2 for
p.Arg752His and SLC40A1 for microsatellite polymorphism ¢.-330CGG(7_8) and c.44-
24G>C.
CGGJ7];[8] in SLC40AIcolumn is short for c.-330CGG[7];[8]. [C];[C] and [C];[G] in
SLC40A Icolumn is short for ¢.[44-24G>C];[ 44-24G>C] and c.[44-24G>C];[=], respectively.
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Abstract

Glucose-6-phosphate isomerase (GPI) deficiency, a genetic disorder responsible for chronic
nonspherocytic hemolytic anemia, is the second most common red blood cell glycolytic
enzymopathy. We report three patients from two unrelated families of Czech and Slovak
origin with macrocytic hemolytic anemia due to GPI deficiency. The first patient had 15% of
residual GPI activity resulting from two new heterozygous missense mutations ¢.478T>C and
c.1414C>T leading to substitutions p.(Serl60Pro) and p.(Argd72Cys). Two other patients
(siblings) inherited the same c.1414C>T p.(Argd72Cys) mutation in a homozygous
constitution and lost approximately 89% of their GPI activity. Erythroid hyperplasia with
dysplastic features was observed in the bone marrow of all three patients. Low
hepcidin/ferritin ratio and elevated soluble transferrin receptor detected in our GPI-deficient
patients suggest disturbed balance between erythropoiesis and iron metabolism contributing to

iron overload.

Key words: Glucose-6-phosphate isomerase deficiency, Hemolytic anemia, Dysplastic

erythropoiesis, Hepcidin to ferritin ratio, Soluble transferrin receptor, Iron loading

Introduction

Glucose-6-phosphate isomerase (GPI, EC 5.3.1.9) is a homodimeric enzyme, which
participates in the second step of glycolysis in interconversion of glucose-6-phosphate (G6P)
and fructose-6-phosphate (F6P). The GPI gene is located at the 19q13.1 and has 18 exons
spanning 59 kb. It encodes 558-aminoacid monomer with a molecular weight of 63 kDa [1].
The human GPI crystal structure [2] provides a framework for modeling of GPI mutations.
GPI deficiency is the third most common cause of hereditary nonspherocytic hemolytic
anemia (HNSHA), after glucose-6-phosphate dehydrogenase (G6PD) and pyruvate kinase
(PK) deficiencies, and is inherited in autosomal recessive fashion [3]. Thirty five mutations
(29 missense, 3 nonsense, 2 splice site and 1 frameshift) [1,4,5,6,7] have been reported since
GPI deficiency was first described in 1967 [8]. The phenotype varies from mild to severe
anemia associated with splenomegaly in homozygotes and compound heterozygotes; simple
heterozygotes are hematologically normal. GPI deficiency may be associated with hydrops
fetalis during the neonatal period [9]. Some patients may also exhibit neurological

dysfunction [10,11,12], which is explained by neuroleukin function of GPI in its monomeric



form [13,14,15], and granulocyte dysfunction associated with rare GPI variants with very low
residual GPI activity [10,16]. Coincidence of GPI and G6PD deficiencies has been reported in
some cases [6,17,18]. The clinical and biochemical features of mouse model of GPI
deficiency resemble those present in human patients [19]. GPI deficiency is one of the few
erythroenzymopaties which benefits from splenectomy just as pyruvate kinase,
phosphoglycerokinase and hexokinase deficiencies [20].

Analyses of diverse erythroid and iron metabolism defects have shown that disrupted
erythropoiesis negatively affects iron homeostasis and vice versa. In many cases, the
molecular pathophysiology involves disordered production of hepcidin; the key molecule
inhibiting iron absorption, mobilization, and recycling [21]. It has been shown that anemias
characterized by ineffective erythropoiesis, like [-thalassemia [22] and congenital
dyserythropoietic anemia [23], are associated with hepcidin suppression. As a result, iron
absorption and recycling are augmented, leading to the development of secondary iron
overload independently of transfusions. We recently published on disturbed balance between
erythropoiesis and iron metabolism in two other types of hereditary hemolytic anemia: PK
deficiency [24] and erythrocyte membrane defects [25]. Also in these disease states
stimulated, ineffective erythropoiesis causes disordered production of hepcidin. Active
erythropoiesis in the bone marrow is essential for hepcidin suppression as patients with
Diamond Blackfan anemia (DBA), characterized by red cell aplasia, or mice with ablated
bone marrow hematopoiesis are unable to attenuate hepcidin production [26,27,28]. The
information on iron homeostasis in GPI deficiency has been limited; several cases with
ferritinemia developed independently of transfusions have been reported in the literature
[7,29].

Here we present, for the first time in the Czech and Slovak populations, two families with
three cases of GPI deficiency caused by two novel GPI mutations, p.(Serl60Pro) and
p.(Argd72Cys). We performed kinetic, thermostability and molecular modeling study to
determine how these mutations could affect enzyme structure and function. In addition, we
evaluated patients' bone marrow and revealed erythroid hyperplasia with dysplastic changes
and reduced granulopoiesis. We also demonstrate disrupted balance between erythropoiesis
and iron metabolism in these patients; this imbalance should be considered as a contributing

factor for the development of iron overload in GPI deficiency.



Patients and methods

We investigated three patients with chronic nonspherocytic macrocytic hemolytic anemia
from two unrelated families of Czech and Slovak origin (Table 1). Patient 1 is a 10-year-old
Czech boy who suffered from severe transfusion-dependent hemolytic anemia (Hb 90 g/L,
reticulocytes 4.5%) since birth till the age of 6 years when he was splenectomized and regular
blood transfusions were eliminated. Bone marrow biopsy showed hypercellular bone marrow
with reduced granulopoiesis, erythroid hyperplasia and dysplastic changes in late erythroid
precursors; however, no mutations in CDANI gene (for codanin-1) were found. Patients 2 and
3 are 19- and 11-year old siblings (boy and girl born to non-consanguineous parents) of
Slovak origin with chronic hemolysis (Hb 76-101 g/L and reticulocytes 13-14%) and severe
neonatal jaundice treated with exsanguination transfusion. Normo-/hypercellular bone marrow
with erythroid hyperplasia showing dysplastic features and reduced granulopoiesis were also
noted in these patients (Figure 1). Both patients were regularly transfused until the
splenectomy was performed at the age of his 6 and her 7 years. Due to persistent
hyperferritinemia, both patients are subjected to Exjade-chelation therapy. Before
splenectomy, all patients presented with splenomegaly. Neurological functions of the patients
were normal and no clinical signs of neutrophil dysfunction were observed. The parents, free
of any signs of chronic hemolysis or other clinical symptoms, were undertaken for
investigations as well.

All participants gave informed consent to this study which was approved by the Ethics
Committee of Palacky University Hospital.

Hematological and enzyme studies

Routine hematological and biochemical studies were performed according to standard
methods. Erythrocyte enzyme activities were determined based on previously described
standardized procedures [30]. For the platelet-leukocyte assay, 5 pul of packed 200-times
diluted platelet-leukocyte cells were added to the same 1 mL reaction mixture and the specific
leukocyte GPI activities were expressed as the enzyme activity per milligram of total protein
measured by the Biuret assay.

Km values for GPI wild-type and mutant enzymes for G6P and F6P were measured as
described previously [5]; G6P concentration varied between 0.1 and 2.5 mM and F6P between
25 and 1000 uM. Lineweaver-Burk plot was used to analyze enzyme data.



Heat stability of GPI variants was determined in hemolysate in 0.1 M Tris/0.5 mM EDTA
buffer (pH 8.0) with 0.5% BSA, incubated at 37°C, 40°C and 45°C for 10-60 minutes. The Ts
(incubation temperature leading to 50% enzyme inactivation in 10 minutes) was elevated
from incubation conducted between 30°C and 90°C. A control sample exposed to 30°C for 10

minutes has served as the reference value for 100% activity.

Growth differentiation factor 15 and hepcidin measurements

Serum growth differentiation factor-15 (GDF15) and hepcidin concentrations were measured
by commercial ELISA kit and by previously described quantitative SPE-LC-MS/MS assay,
respectively [24].

Molecular analysis and enzyme modeling

DNA analyses are described in the Supplemental methods (Online supplemental documents).
A ribbon plot of the structure of GPI monomer was obtained from the crystallographic
structure of the dimer (protein data bank 1IAT). The 3D models of the mutant forms of GPI

were generated using program PyMOL (www.pymol.org).

Results

Patients’ characterization

The patients exhibited severe macrocytic hemolytic anemia associated with reticulocytosis,
hyperferritinemia (Table 1) and erythroid hyperplasia in the bone marrow (Figure 1).
Although marked dysplastic changes were noted in the erythroid precursors of all patients, no
mutation in genes known to be associated with congenital dyserythropoietic anemia including
CDANI, SEC23B, and KLFI has been detected. Serum vitamin B12 and folic acid levels were
within normal limits in all studied patients (not shown). Other tests and values, such as direct
Coombs’ test, Ham’s test, sucrose lysis test, heat instability test, cryohemolysis test, Hb-
electrophoresis and HbA, and HbF values were negative/normal. No Heinz bodies were seen

with brilliant cresyl blue staining.

Glycolytic enzyme activities

The peripheral blood glycolytic enzyme activities in the patients and their parents are
summarized in Table 2. Elevation in erythrocyte enzyme activities, such as hexokinase (HK),

G6PD, gluconolactone dehydrogenase (GLD) and PK is likely caused by contribution of
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relatively young erythrocyte populations. Both, PK/HK and G6PD/GLD ratios were within
the control range. All three patients have low residual erythrocyte GPI activities — reduced by
more than 85%. The parents showed decreased GPI activities as well, corresponding to about
30% of normal control activity. The patients’ platelet-leukocytes GPI activities reached
approximately 30%, whereas the parents’ ones showed intermediate enzyme activities (data

not shown).

GPI sequence analysis

DNA sequencing revealed that Patient 1 (family 1) is a compound heterozygote for ¢.478T>C
(exon 5) and ¢.1414C>T (exon 16) mutations in GPI gene that lead to p.(Ser160Pro) and
p.(Argd72Cys) substitutions, respectively (Figure S1, Online supplemental documents). His
father is a heterozygote for c.478T>C and his mother is a heterozygote for c.1414C>T
mutation. Patients 2 and 3 (family 2) are homozygotes for the same c.1414C>T mutation
p.(Argd72Cys) (Figure S1, Online supplemental documents). Their parents are carriers of this
mutation. Both mutations were confirmed by Haelll and MI/uCI digestion. Mutation
c.478T>C creates a new restriction site for Haelll, whereas ¢.1414C>T mutation for MuClI

endonuclease (Figure S2, Online supplemental documents).

GPI kinetic studies and in silico modeling

The results from kinetic experiments of GPI variants are shown in Table 3. While in the
Patient 1 the kinetic properties and thermostability resulted from the putative heterogeneous
mixture of the enzyme hetero- or homodimers, the homozygosity of p.(Argd72Cys)
substitution in the Patient 2 and 3 allowed precise characterization of this variant. The GPI
mutant from the compound heterozygous Patient 1 showed an increased affinity for G6P
and/or F6P. Its thermal stability was only slightly affected; T, was within normal limits,
whereas Tso was decreased. The homozygous p.(Argd72Cys) mutant had a decreased affinity
for F6P and a slightly increased G6P affinity. Its thermal stability was strongly reduced.
Furthermore, the enzyme activity was almost abolished after short incubation at 45°C.

Analysis of the 3D GPI structure using in silico modelling (Figure 2) showed that Ser160
interacts with the substrate phosphate group and directly participates in the enzyme catalysis.
The Ser160Pro substitution likely alters binding to the substrate, and thus affects catalytic
activity of the mutant enzyme. Arg472 is a part of a dimer-domain located at the edge of the

large external loop (LEL), which stabilizes both GPI monomers into a dimer conformation.



Argd72 forms hydrogen bonds with residues Gly470 and I1e395 (located on other monomer).
The Arg472Cys mutation likely leads to a disruption of these interactions which probably

destabilizes the GPI dimer conformation (Figure 2).

Erythropoietic activity, iron metabolism and hepcidin

The information on iron status and erythropoietic activity in GPI deficiency has been limited
[7,29]. Two our patients showed signs of iron overload i.e. increased serum iron, transferrin
saturation (TSAT) and ferritin (Table 4). One patient had normal iron status parameters
(Table 4) as a result of chelation therapy, which had been initiated because of persistent
hyperferritinemia, before and after splenectomy (ferritin 540+70 pg/L, TSAT 77%).
Nevertheless, the analysis of hepcidin and hepcidin/ferritin ratio revealed inappropriately low
hepcidin levels with respect to the iron stores in all three patients (0.089, 0.039 and 0.001;
control range: 0.2-2.2) (Table 4). This suggests pathological hepcidin suppression likely by
stimulated erythropoiesis as documented by increased levels of soluble transferrin receptor
(sTfR — 17, 24.5 and 21.6; control range: 1.9-4.4 mg/L) (Table 4), erythropoietin (EPO; 34.1,
63.8 and 147; control range: 4.3-29 IU/L) and in agreement with erythroid hyperplasia in their
bone marrow (Figure 1). In addition, two patients showed marked elevation of GDF15 (777
and 989; control range: 166-344 ng/L) (Table 4), a marker of ineffective erythropoiesis [31].
This is also consistent with dyserythropoiesis and dysplastic changes in erythroid precursors

detected in patients' bone marrow (Figure 1).



The combination of hepcidin with ferritin and sTfR levels can differentiate patients with
thalassemia trait and erythrocyte membrane defects from healthy controls and may be helpful
in assessing disease severity [25,32]. We have, therefore, reevaluated our published patients
with PK deficiency [24] and included into comparative analysis also transfusion-dependent
patients with DBA, who presented with iron overload, but had hepcidin levels appropriate for
the degree of iron loading, because of the absence of erythropoiesis in their bone marrow [26].
As can be seen from Figure 3A, all disease categories (GPI deficiency, PK deficiency and
DBA) differ from healthy controls and show altered (hepcidin/ferritin)/sTfR index (Figure
3B). DBA patients are shifted left in the graph and have increased (hepcidin/ferritin)/sTfR
index due to low sTfR (Figure 3) reflecting erythroid aplasia. All patients with GPI
deficiency and the majority of PK-deficient patients are shifted to the right and top in the
graph and have reduced (hepcidin/ferritin)/sTfR index (Figure 3) reflecting inappropriate

hepcidin suppression by stimulated/ineffective erythropoiesis.

Discussion

GPI deficiency is the second most common human erythrocyte enzymopathy of glycolysis
leading to chronic hemolytic anemia after PK deficiency. However, GPI deficiency occurs
quite rarely and is characterized by relatively high heterogeneity of GPI gene mutations. Up
to now, around 50 GPI-deficient cases have been reported [7].

Here, we report on two novel GPI mutations p.(Arg472Cys) and p.(Ser160Pro) associated
with HNSHA. The p.(Arg472Cys) mutation was found in the homozygous state as well as in
the compound heterozygous form with p.(Ser160Pro) mutation. /n silico analysis by Polyphen
and SIFT revealed that both substitutions p.(Arg4d72Cys) and p.(Ser160Pro) are not tolerated.
Interestingly, substitution of the same residue Arg472 has been previously reported; the
Argd472His mutant was distinguished by increased Ky for F6P, decreased k., and low thermal
stability [33,34]. A 3D structural model of the Argd472 GPI mutant showed that the
Arg472Cys substitution likely destabilizes interactions within the dimer interface, and thus
may affect either the dimer formation and/or dimer stability [2]. Indeed, kinetic studies of
p.(Argd72Cys) mutant revealed decreased affinity to F6P and strongly reduced thermal
stability. These findings are consistent with the previous functional study of the
p.(Argd72His) GPI mutant and all together correspond to a model of the proposed pathogenic

mechanism.



Based on 3D modelling of the p.(Serl60Pro) mutant, we found that the substituted proline
likely affects binding of the substrate, and thus inhibits GPI catalytic activity. Biochemical
characteristics of the heterozygous p.(Arg472Cys)/p.(Ser160Pro) mutant showed decreased
Kwm values. Ky with approximately one half the value of control indicates higher affinity for
G6P and F6P and their tighter binding to the enzyme and reduced release of the product
leading to delayed enzyme catalysis. Its thermal stability was only slightly affected which
may indicate that Argd472Cys homodimers represent only minor proportion of the mixed
dimers pool. Thus it seems that the impaired kinetic properties altered by Serl1 60Pro mutation
have the main impact on the red blood cell metabolism in the case of a compound
heterozygous state (p.(Argd72Cys)/p.(Ser160Pro)). However, in order to determine the
Ser160Pro mutant pathophysiology unambiguously it would be necessary to analyze its
homozygous form.

Analyses of erythropoietic markers together with iron status parameters revealed that
inappropriately low hepcidin production caused by stimulated/ineffective erythropoiesis is
making GPI deficient patients susceptible to iron overload independently of transfusions,
similar to patients with B-thalassemia [22], PK deficiency [24] or erythrocyte membrane
defects [25]. In connection with two other risk factors for iron loading present in GPI
deficiency, splenectomy and chronic hemolysis [35], these patients should be carefully
monitored in order to overcome potential damaging effect of excessive iron stores. As
proposed by Guimaraes et al. [32], the (hepcidin/ferritin)/sTfR index can be used to monitor
possible disease development especially with respect to more profound disruption of
erythropoiesis-hepcidin-iron store axis.

In summary, we describe new p.(Arg4d72Cys) and p.(Ser160Pro) GPI mutations in the first
cases of GPI deficiency in the Czech and Slovak populations. As the p.(Arg472Cys) mutation
occurs in homozygosity, we were able to characterize its consequences on enzyme kinetic,
thermostability and structural properties. We also present bone marrow abnormalities in all
three GPI-deficient patients, i.e. erythroid hyperplasia with dysplastic features and reduced
granulopoiesis, without coexistence of congenital dyserythropoietic anemia. In addition, we
detected imbalance between erythropoiesis and iron metabolism in GPI-deficient patients, as
evidenced by inappropriately low levels of hepcidin with respect to their iron loading.
Elevated markers of erythropoietic activity (sTfR and EPO) and ineffective erythropoiesis
(GDF15) in patients with PK deficiency (our earlier work [24]) and GPI deficiency (this

study) suggest major role of stimulated/ineffective erythropoiesis on hepcidin suppression in
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these red blood cell glycolytic enzymopathies similar to other types of iron-loading anemias
[21]. In this regard, the role of erythroferrone (ERFE), an erythroid regulator for hepcidin
suppression, needs to be considered [36]. ERFE is produced by erythroid precursors in the
bone marrow in response to EPO via JAK2/STATS signaling pathway. The inability of Erfe'/ i
mice to downregulate hepcidin effectively after phlebotomy or EPO administration [36]
together with elevated ERFE expression in B-thalassemia intermedia mouse model [37]
confirms its involvement in both acute hepcidin response to increased erythroid activity and
hepcidin suppression by ineffective erythropoiesis. However, determination of ERFE levels in
different pathological conditions including GPI deficiency depends on a completion of
development and full validation of ELISA assay for ERFE measurements in the human

plasma [38].
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Table 1: Laboratory values of the GPI-deficient patients and their family members.

Parameters Family 1 Family 2

Patient 1 Father Mother Patient 2 Patient 3 Father Mother
Age*/Sex 11/M 39/ M 36/F 19/M 10/F 42/M 39/F
RBC (10'%/L) 2.53 4.83 3.89 2.51 2.21 5.01 4.18
Hb (g/dL) 90 152 128 101 86 161 126
Htc 0.3 0.44 0.38 0.34 0.29 0.46 0.37
MCV (fL) 119 91.3 96.4 133 136 91.6 89.2
Ret (%) 16.3 0.6 1.1 334 45.6 1.3 1.0
Bilirubin (umol/L) |84 5 11 127 83 - -
Haptoglobin (g/L) |<0.04 - - <0.04 <0.04 - -
LDH (pkat/L) 4.58 2.83 2.49 11.42 17.86 - -

Legends:*Age at diagnosis of GPI deficiency; Normal control ranges: RBC (children: 4.5-5.3; female: 3.8-4.9; male: 4.3-5.7 x10'%/L); Hb (children: 13-16;
female: 12-16; male: 13-18 g/dL); MCV (78-100 fL), reticulocytes (0.5-3.0 %); bilirubin (0-23 pmol/L); haptoglobin (0.3-2 g/L); LDH (2.34-4.68 pkat/L).
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Table 2: Panel of red blood cell enzymes assayed in both patients’ families.

Enzyme Control range | Family 1 Family 2

Patient 1 Father Mother Patient 2 Patient 3 Father Mother
G6PD [IU/g Hb] [5.36-7.04] 10.50+0.478  6.34+0.066  6.44+0.456 |8.43+0.815 10.86+1.760  6.69+0.833 7.09+£1.045
GLD [IU/g Hb] [5.87-6.71] 10.54+0.494  6.05+0.42 7.23+£0.32 9.814+0.635 10.39+£0.660  6.05+0.114 8.86+0.611
PK [1U/g Hb] [5.12-5.78] 10.55+0.241  7.01£0.314  6.65+0.234 |16.28+0.373  15.5+1.962 5.84+0.414 7.31+0.194
GPI[IU/gHb]  [53-62] 8.51+1.404 29.05+4.13  21.56+1.25 |5.94+0.3112 6.75+0.570 21.18+0.733  33.42+1.400
P5'N (pyr/pur) [1.8<] 2.29 2.21 1.95 2.04 2.37 2.01 2.16
HK [IU/g Hb] [0.81-1.65] 2.74+0.768 1.59+£0.061 1.29+0.071 |5.62+0.048 5.85+0.284 0.93+0.078 1.29+0.022
G6PD/GLD [0.80-1.20] 1.00 1.05 0.89 0.86 1.05 1.11 0.80
PK/HK [3.60-8.17] 3.85 4.41 5.16 2.90 2.65 7.48 5.67

Legends: G6PD: glucose-6-phosphate dehydrogenase; GLD: gluconolactone dehydrogenase; PK: pyruvate kinase; GPI: glucosephosphate

isomerase; P5'N: pyrimidine-5"-phosphate nucleotidase; HK: hexokinase; enzyme activities are shown as average + SD of three independent

measurements.

16



Table 3: Molecular and biochemical data for the newly described GPI-variants.

Parameter Family 1 Family 2 Control (wt)

Nucleotide substitutions c.[478T>C];[1414C>T] c.[1414C>T;[1414C>T] -
Amino acid substitutions  p.[Ser160Pro];[Arg472Cys] p.[Argd72Cys];[Arg472Cys] -

GPI activity (%) 15 11 100
Tipat37°C >120 min >120 min >120 min
Ty, at 40 °C >120 min 6 min >120 min
Ty, at 45 °C >120 min 1 min >120 min
Tso 47 39 50

Ky for G6P (mM) 0.861+0.220 1.22+0.168 2.04+0.615
Ky for F6P (uM) 31.38+1.638 155.06+25.668 57.82+1.414

Legends: Ty,: the half-time of enzyme inactivation; Tso: temperature of 50% enzyme inactivation (in
10 minutes); wt: wild-type; patients’ Ky values are results of three measurements (normal Ky, values
were evaluated from three healthy controls); for DNA numbering, the initiation codon is 1; GPI

human gene: NM 001184722.1 and NP _001171651.1.
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Table 4: Parameters of iron status and erythropoietic activity.

Parameters Family 1 Family 2

Patient 1 Father Mother Patient 2 Patient 3 Father Mother
Serum Fe (umol/L) 51 - - 20.4 33.1 - -
TSAT (%) 86 - - 39 84 - -
Ferritin (ug/L) 327 32 68 143 1006 144 11
Hepcidin (ng/L) 28.88 15.74 95.99 5.6 7.9 75.8 2.8
Hepcidin/ferritin ratio |0.089 0.492 1.412 0.039 0.001 0.526 0.255
sTfR (mg/L) 17 - - 24.5 21.6 - -
GDF15 (ng/L) 465 - - 989 777 - -
EPO (IU/L) 34.1 - - 63.8 147 - -

Legends: Serum Fe (10.6-28.3 umol/L); TSAT - transferrin saturation (21-48%); Ferritin (<200 female, <300 male and <70 pg/L children); Hepcidin (13.1-
104.8 ug/L); Hepcidin/ferritin ratio (0.2-2.2) [24]; sTfR: Soluble transferrin receptor (1.9-4.4 mg/L); GDF15: Growth differentiation factor-15 (166-344 ng/L)
[24]; EPO: Serum erythropoietin (4.3-29 TU/L).

18



Legends to figures

Fig. 1. Bone marrow abnormalities in GPI-deficient Patient 1. Erythroid hyperplasia with
dysplastic changes in erythroid precursors: binuclearity and cytoplasmic bridging were
detected in Patient 1. Bone marrow of Patient 2 and 3 showed similar features (see the
description in Patients and Methods).

Fig. 2. Ribbon plot of the 3D GPI-mutant structures suggested putative changes caused
by the mutations. A) Ser159 (shown in purple) is a part of the phosphate-binding site (blue)
responsible for the potential hydrogen bond interaction with phosphate group of the GPI
substrate (the sulfate was used to mimic the substrate phosphate group). and B) Ser159Pro
substitution likely results in a disruption of the hydrogen bond (a black dotted line) between
the residue at position 159 and the substrate phosphate group and thus destabilizes the
substrate-enzyme complex; C) Arg471 is located at the edge of the large external loop (LEL,
438-468 residues) directly interacting (hydrogen bonding) with neighboring Gly469 residue
and with I1e394 of the second monomer, and thus D) disruption of these interactions by
Arg471Cys mutation leads to conformational changes within the LEL, serving as a dimer
stabilizing hook, and thus to generation of a more labile GPI-dimer. The amino acid
numbering in the figures begins with alanine as residue 1 instead of initial methionine. The
structure illustrations were created with PyMOL program based on Protein data bank ID
ITAT. Black dot lines represent hydrogen bonds.

Fig. 3. Differentiation of different disease categories based on the plot of
hepcidin/ferritin ratio against sTfR (A) and (hepcidin/ferritin)/sTfR index (B). Patients
with GPI deficiency (GPI def., n=3) and PK deficiency (PK def., n=8) are shifted to the right
and top in the graph compared to healthy controls (n=10) and show reduced
(hepcidin/ferritin)/sTfR index due to hepcidin suppression by stimulated/ineffective
erythropoiesis. The difference between controls and GPI deficiency in (B) is not statistically
significant because of low number of GPI-deficient patients. The combination of PK- and
GPI-deficient patients clearly shows that (hepcidin/ferritin)/sTfR index is significantly
reduced in glycolytic enzymopathies (enzyme def.) and distinguishes them from healthy
population. Also transfusion dependent DBA patients (DBA TD, n=7) differ from healthy
controls, but they are shifted to the left in the graph and show increased
(hepcidin/ferritin)/sTfR index due to the absence of erythroid precursors in the bone marrow,

which makes hepcidin level appropriate to increased iron stores.
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Supplementary methods

Molecular analysis

Genomic DNA was isolated from peripheral blood samples collected into EDTA using a
QIAamp DNA blood maxi kit (Qiagen, Valencia, CA). The PCR primers and conditions used
to amplify all exons of GPI (NM _001184722.1), CDANI (NM 138477.2), SEC23B
(NM_001172745.1) and KLF1 (NM_006563.4) genes are available upon request (some of the
SEC23B primers were already previously published by Bianchi et al.). PCR products were
purified with a QIAquick PCR purification kit (Qiagen). Sequencing reactions were
performed with a BigDye terminator kit (Applied Biosystems, Foster City, CA) and analyzed
on an ABI Prism 310 Genetic Analyzer (Applied Biosystems).

Restriction analyses were performed on newly amplified PCR-DNA products using the same
set of primers as for the mutational analysis. The gDNA sequences of ¢.478T>C (exon 5) and
c.1414C>G (exon 16) mutations were confirmed by Haelll and M/uCI digestion, respectively,
and the digests were analyzed by electrophoresis through 1.5% agarose gel in SB buffer. The

restriction enzymes were purchased from New England Biolabs (Beverly, MA).

Reference: P. Bianchi, E. Fermo, C. Vercellati, et al., Congenital dyserythropoietic anemia
type II (CDAII) is caused by mutations in the SEC23B gene, Hum. Mutat. 30 (2009) 1292-
1298.
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Supplementary figures

Supplementary Figure S1. DNA sequencing of the GPI gene. Left panels: Patient 1
(Family 1) was a compound heterozygote for c.478T>C (exon 5) and c.1414C>T (exon 16)
mutation in the GPI gene. His father was a heterozygote for the ¢.478T>C and his mother was
a heterozygote for the c.1414C>T mutation; Right panels: Patients 2 and 3 (Family 2) were
homozygotes for the ¢.1414C>T mutation. Both parents were carriers of this mutation.
Supplementary Figure S2. Restriction enzyme-based detection of two mutations in the
amplified DNA samples from the patients and their parents.

The 550-bp PCR amplified product from the wild-type allele contains five recognition sites
for Haelll that yields fragments of 279, 142, 68, 50, 7 and 4 bp (the last two small fragments
are not visible on the gel). The mutation creates another recognition sequence for this enzyme
resulting in additional fragments of 160 bp and 119 bp. Heterozygosity for the ¢.478T>C
mutation was confirmed in Patient 1 (PAT 1, family 1) and also detected in his father (F,),
whereas it is absent in the patient’s mother (M;). As father is a carrier of heterozygous
c.489A>G (SNP, p.Glyl63Gly, rs1801015) mutation, which curiously generates another
restriction site, another fragment (100 bp) is produced after digestion of the father's mutant
allele.

Mutation ¢.1414C>G creates a new restriction site for M/uCI and consequently 431 bp and
198 bp fragments are produced after digestion of the mutant allele, whereas 629 bp fragment
is the result of digestion of the wild-type allele with this restriction enzyme. Heterozygosity
for this mutation was confirmed in Patient 1 (PATI1, family 1) and his mother (M;) and both
parents (M; and F;) of Patient 2 and 3 (PAT2 and PATS3, family 2), whereas both Patients 2
and 3 (PAT2 and PAT3) are homozygotes for c.1414C>G mutation. C, healthy control.
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Figure 2

A) Ser160 B) Ser160Pro

C) Arg472 D) Arg472Cys

lle394 Arg471
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Figure 3
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Figure S1
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Figure S2
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APPENDICES 4.3

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF VERY RARE HEXOKINASE
MUTANTS CAUSING HNSHA
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Hexokinase (HK) is a key enzyme of glycolysis, the only metabolic pathway able to provide the red blood cell with
ATP. HK deficiency is a very rare hereditary disorder with severe chronic nonspherocytic hemolytic anemia
(HNSHA) as a major clinical feature. To date, only 24 patients with HK deficiency have been identified. Here,
we report the molecular analysis of six new cases of HK deficiency. A total of six different mutations were detect-
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were studied at the level of pre-mRNA processing, and confirmed at the protein level. All together, these results
provide a better insight into the pathogenesis of this rare red cell disorder, and contribute to a better understand-
ing of the genotype-phenotype correlation in HK deficiency.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Hexokinase (ATP: D-hexose-6-phosphotransferase, EC 2.7.1.1) is a
key regulatory enzyme for the Embden-Meyerhof pathway (or glycoly-
sis). Hexokinase (HK) catalyzes the irreversible transfer of high-energy
phosphate from ATP to glucose, on which red blood cells' (RBCs) energy
metabolism is fully dependent [1].

Red blood cells contain two HK isozymes - HK-1 and HK-R. Both iso-
zymes are encoded by the same HK1 gene located on chromosome 10
and their expression is regulated by the use of alternative promoters.
The HK-R isozyme is exclusively expressed in erythroid cells, whereas
HK-1 is present in various mammalian tissues [2].

HK deficiency is a very rare autosomal recessive disorder belonging
to a group of very rare red cell enzyme defects (erythroenzymopathies).
Generally, HK deficiency is associated with chronic nonspherocytic

* Corresponding author at: Department of Clinical Chemistry and Haematology,
University Medical Center Utrecht, RoomG.03.550, PO Box 85500, 3508GA Utrecht, The
Netherlands.

E-mail address: r.vanwijk@umcutrecht.nl (R. van Wijk).

http://dx.doi.org/10.1016/j.bcmd.2016.04.002
1079-9796/© 2016 Elsevier Inc. All rights reserved.

hemolytic anemia (HNSHA) [3]. Affected individuals exhibit mild to se-
vere lifelong hemolytic anemia (HA) as the major clinical hallmark. In
exceptional cases, however, multiple malformations including psycho-
motor retardation have been also reported [4-6]. A complete loss of
HK1 expression leads to intrauterine fetal death [7].

The first case of HK deficiency was described by Valentine et al. in
1967 [8]. Up to now, only 24 cases of HK deficiency have ever been re-
ported [9]. This apparently low prevalence may indicate that in many
cases HK deficiency is incompatible with life, perhaps because of the
enzyme's crucial role of in glycolysis. Alternatively, many (mild) cases
may remain undiagnosed due to the complicated clinical and laboratory
diagnosis, i.e. the lack of appropriate diagnostic tools (only a few labora-
tories perform HK enzymatic assays). Only 4 cases of HK deficiency have
been characterized at the molecular level [9], and very little is known
about the genotype-to-phenotype correlation in HK deficiency.
Six distinct mutations have been identified thus far: three missense
mutations, two deletions, and one mutation located in the erythroid-
specific promotor [10]. The first patient characterized at the molecular
level was a compound heterozygote for a missense mutation
¢.1583T > C p.(Leu528Ser), in trans to a 96-bp deletion (HK - Melzo)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcmd.2016.04.002&domain=pdf
http://dx.doi.org/10.1016/j.bcmd.2016.04.002
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[11]. The third reported mutation concerned a large deletion, c.493-
481_1028 4 454del in HK1, found in the homozygous state and associ-
ated with severe HA and fetal death [7]. In another patient with HK
deficiency and mild HA [12], a homozygous missense mutation
¢.2036C > G p.(Thr679Ser) (HK - Utrecht) was found to be the underly-
ing cause [13]. The last patient characterized at the molecular level
showed a mutation in the erythroid specific promotor —193A > G, in
trans to a missense mutation c.278A > G p.(Arg93GlIn). The latter muta-
tion mainly exerted its effect by affecting pre-mRNA processing [14].
We describe six new cases of HK deficiency here. All of them were stud-
ied at the molecular level, and the causative mutations were identified
and studied at different levels to establish the pathogenic nature. One
additional patient was a G6PD deficient female with heterozygosity
for HK1 gene mutation.

2. Materials and methods
2.1. Patients

This study was performed according to the Helsinki international
standards; informed consent was obtained from all patients and family
members. We analyzed seven patients from 6 unrelated families with a
different country of origin - Ireland, the Czech Republic, Denmark, the
Netherlands and the Slovak Republic. The selected laboratory parame-
ters are summarized in Table 1.

There was no HA family history in any of the families concerned. The
majority of patients exhibited common signs of chronic hemolysis. Red
cell membrane defects and hemoglobinopathies were excluded as a
possible cause of HA. All but one of the patients were pediatric patients
at the time of analysis. Patient 1 underwent transfusion and chelation
therapy until age 3. However, his brother, patient 2, exhibited compen-
sated HA with no clinical symptoms. Patient 3 was born with a massive
reticulocytosis (99%) after an uneventful pregnancy from consanguine-
ous parents (first cousins). Further examination of the newborn
revealed a central nervous system bleeding (CNS), likely as a result
of hypoxia. Severe hemolysis was also observed in patient 4. Both pa-
tients 3 and 4 required regular blood transfusions from birth and
underwent chelation therapy. Patients 5 and 6 were first diagnosed
with Gilbert syndrome. Because of an accompanying mild hemolysis
with reticulocytosis, additional examinations were performed. Patient
7 exhibited only mild methemoglobinemia (7-11%) with no signs of
hemolysis.

2.2. Red blood cell enzyme activities

A standard panel of enzyme activity assays (including HK, glucose-6-
phosphate dehydrogenase (G6PD), glucose-6-phosphate isomerase
(GPI) and pyruvate kinase (PK)) was performed in leukocyte/platelet-
free erythrocyte lysates according to standard methods [15]. The PK/HK

ratio was used to evaluate the influence of high reticulocyte numbers
on total enzymatic activity.

2.3. Molecular analysis of HK1

DNA was isolated from peripheral blood using standard procedures.
HK-R transcript (accession number: NM_033496.2) encompassing the
specific erythroid promoter region and erythroid-specific exon 1 were
amplified using PCR, according to the previously described conditions
[13]. DNA sequencing analysis was performed using BigDye Terminator
v1.1 Cycle Sequencing Kit (Applied Biosystems).

2.4. Hexokinase

2.4.1. Kinetic properties and stability assays

To determine Ky, values for glucose and ATP, different concentra-
tions of glucose: 0.0125-2.0 mM and/or ATP 0.25-10 mM were used
in a reaction mixture containing: 0.1 M Tris-HCL/0.5 mM EDTA, pH =
8.0; 0.01 M MgCly; 0.2 mM NADP™; 0.1 IU/mL G6PD and 50 pL of RBC ly-
sate (1:20). After 10 min incubation at 37 °C, changes in absorbance at
340 nm were recorded at 20 s intervals for 30 min. The thermal stability
assays of HK mutants involve determining the half-life (T, ;) and the
half-inactivation temperature (Tsp). Both thermal stability assays were
performed in the previously described mixture, routinely containing
2 mM glucose and 10 mM ATP. For the T, ; assay, RBC lysate was pre-
heated to 40 °C for 5-40 min followed by cooling on ice (2 min). After
the pre-heating step, 50 pL of the RBC lysate was used in the reaction
mixture as described above. Ty, was defined as the time needed to
reach a 50% reduction in the initial activity [16]. For the Tsq assay, RBC
lysate was pre-incubated at different temperatures (37-44 °C) for
5 min, followed by a cooling period (2 min) on ice. The Tso was defined
as the temperature at which HK maintains 50% of its activity. The pH sta-
bility assay was carried out in a 0.1 M Tris-HCL/0.5 mM EDTA buffer of
different pH values (6.0-10.0) [12,15]. Data to determine Ky; were ana-
lyzed with non-linear regression using GraphPad® Prism.

2.4.2. Cell culture of human nucleated erythroid cells

Briefly, human peripheral blood mononuclear cells (PBMCs) were
isolated from a heterozygous individual carrying the splice site muta-
tion c.873-2A > G and a healthy control using Ficoll-Paque density gra-
dient centrifugation (GE Healthcare). Cells were grown in StemSpan
SFEM (Stemcell Technology), supplemented with human stem cell fac-
tor (100 ng/mL; Amgen), erythropoietin (2 U/mL; Eprex), interleukin-3
(1 ng/mL; Sigma-Aldrich), dexamethasone (1 pmol/L; Sigma-Aldrich)
and SyntheChol™ NSO Supplement (200-times diluted; Sigma-
Aldrich). The cells were cultured at 37 °C in a humidified atmosphere
of 5% CO, in air. The Casy Cell Counter and Analyzer (Roche Life Science)
was used to monitor cell viability and proliferation. After 10 days of ery-
throid proliferation, cells (mainly pro-erythroblasts) were harvested to
isolate total RNA and carry out a Western blot analysis.

Table 1

Hematological data of the studied patients.
Origin Patient 1° Patient 2° Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

Ireland Ireland Czech Republic Denmark Netherlands Czech Republic Slovak Republic

Sex M M M M M F F
Age [year] 2 4 8m 2 22 12 12
RBCs [x10'?] 2.57; (*--) 2.76; (*--) 2.40; (*--) 2.90; (*--) 4.40; (*--) 4.25; (-*-) 4.58; (-*-)
Hb [g/L] 79; (*--) 95; (*--) 74; (") 86; (*--) 160; (-*-) 135; () 1375 ()
Ret [%] 8.8; (") 6.2; (--*) 6.3; (") 47; () 6.0; (--*) 3.1; (") 1.9; (%)
Bili [umol/L] 54; (--*) 62; (-*) 120; (--*) 124; (--%) 24; (-*) 100; (--*) 17.6; (-*-)
Transfusion therapy Yes™ No Yes Yes No No No
Other diagnosis ND ND ND ND GS GS G6PD Gond

S - siblings; Age - age at diagnosis of HK deficiency, m - months; RBCs - red blood cells; Hb - hemoglobin, M - male; F - female; ND - not determined, GS - Gilbert syndrome; G6PD -
glucose-6-phosphate deficiency, variant - GOND; * Transfusion therapy has been stopped at age 3; comparison of hematological data with a reference range: (*-) - low; (-*-) -

normal; (-*) - high.
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2.5. RNA studies

Total RNA was isolated using TRIzol® Reagent (Life Technologies)
according to the manufacturer's protocol. RT-PCR was performed
using GeneAmp RNA PCR Core Kit (Applied Biosystems). cDNA was ob-
tained using 2 pg of total RNA and random hexamer primers. RT-PCR,
was carried out using specific primers encompassing exons 7 to 9 of
HK-R transcript: 5'-TGCCAACATCGTAGCTGTGG-3'; 5'-TGGAAATGAG
CCAGGGTCTC-3'. The conditions applied were: 105 s 95 °C, 35 cycles:
[30s95 °C,305 60 °C], 7 min 72 °C.

Quantitative PCR (qPCR) was performed using FastStart SYBR Green
Master (Roche) and ROX Passive Reference (BioRad) as an internal ref-
erence dye. Each reaction contained 0.5 g of cDNA and a pair of specific
primers spanning exons 7 and 8 (5’-AGTGGGCACCATGATGACCT-3', 5'-
TCGATGGCTGACACATCACTG-3') to avoid the contribution of aberrantly
spliced RT-PCR variants in the tested samples. qPCR specificity was ver-
ified by melting curve analysis. Beta-actin (ACTB) was used as an inter-
nal standard. Real-time analysis was performed using ViiA™ 7 Real-
Time PCR System (Life Technologies) using the following cycling condi-
tions: 10 min 95 °C, 40 cycles: [30 594 °C, 305 63 °C, 45 s 72 °C]. Relative
quantification was evaluated based on the comparative Cr method
(>~ 24Cy).

2.6. Western blot analysis

Pro-erythroblasts were treated with RIPA buffer (Teknova) and with
protease inhibitors (100 x; Thermo Scientific) to get a final protein con-
centration of 2.5 pg/pL. Total cell lysates (23 pg of proteins) were loaded
onto a 8% precast SDS-PAGE gel (Bolt® Bis-Tris Plus gel, Life Technolo-
gies) and subsequently transferred to a PVDF membrane (Immobilion
- FL, Millipore). HK1 was detected using antibody HK-1 (1:250;
Abcam). Actin served as a loading control (anti-actin diluted 1:10,000;
Merck Millipore). Alexa Fluor® 680-conjugated goat anti-mouse and
goat anti-rabbit (1:7500; Invitrogen) were used as secondary antibod-
ies. Blots were imaged with an Odyssey Infrared Imaging System.

2.7. In silico analysis, 3D structural analysis, multiple sequence alignment

In silico analysis and multiple sequence alignment of mutations
(p.His867Tyr and p.Thr600Met) were generated by PolyPhen (http://
genetics.bwh.harvard.edu/pph2/) and SIFT (http://sift.jcvi.org/); Human
Splicing Finder (http://www.umd.be/HSF3/) was used to assess the im-
pact of novel splice mutations c.873-2A > G and c.493-1G > A. To in-
vestigate the structural and functional consequences of two novel
missense mutations (p.His867Tyr and p.Thr600Met), we performed 3-
dimensional (3D) structural modeling of the HK mutants (PDB entry
1DGK, [17]) with the PyMOL program (The PyMOL Molecular Graphics
System, Version 1.7.4 Schrodinger, LLC.).

3. Results

All but one patient showed laboratory evidence suggesting HK defi-
ciency as the underlying cause of HNSHA (Table 2). In general, HK activ-
ity was below 50% of the control range and/or the PK/HK ratio was
elevated. Only patient 4 exhibited a normal HK activity as well as a nor-
mal PK/HK ratio. However, examination of the patient's parent showed
a slightly increased PK/HK ratio (data not shown), prompting us to an-
alyze HK1 in this patient.

3.1. Genetic analysis

Molecular analysis identified six mutations in the HKI gene
(Table 2). Four of these were novel: ¢.2599C > T p.(His867Tyr),
¢.1799C > T p.(Thr600Met), c.873-2A > G and c.493-1G > A. Patients 1
and 2 (siblings) were found to be compound heterozygotes for
mutations c.—193A > G and ¢.873-2A > G. The maternally inherited
—193A> G mutation is located in the promotor HK1 region, and the pa-
ternally inherited splice site mutation ¢.873-2A> G is located in intron 7.
Mutation ¢.278A > G p.(Arg93GIn) has previously been reported but is
found here for the first time in the homozygous state (patient 3). Patient
7 is heterozygous for the same mutation. Patient 4 is homozygous for
the novel missense mutation ¢.2599C > T p.(His867Tyr), located in
exon 17. Finally, a novel missense mutation ¢.1799C > T p.(Thr600Met)
and the novel splice site mutation c.493-1G > A were identified in the
heterozygous state in patients 5 and 6, respectively.

3.2. Missense mutations: SIFT, PolyPhen, 3D results

In silico analysis by PolyPhen and SIFT confirmed the pathogenic na-
ture of the p.(Thr600Met) mutation. Further evaluation using a 3D HK-1
model shows that Thr600 is located in a highly conserved region and
close to the ADP-ligated active site, facilitating interactions within the
ADP/glucose-complex. No changes in polar bonds were observed upon
the substitution of Thr600 by Met. However, Thr600 directly interacts
with Leu533, participating in a loop (residues 532-539) which binds
Glc-6-P (Fig. 1, panel B). This loop undergoes conformational changes
which influence a productive binding of the phosphoryl moiety of
Mg? "-ATP. Thus, the substitution of a fairly reactive threonine by an
almost non-reactive methionine likely affects the mechanism of phos-
phate transfer. In turn, this likely affects the enzyme catalysis mecha-
nism in a negative manner [17,18].

With regard to amino acid substitution p.(His867Tyr) PolyPhen and
SIFT gave conflicting results (PolyPhen: damaging, SIFT: tolerated),
however, like Thr600, His867 is located in a highly conserved region
of the C-terminal half of the enzyme, and close to the ADP-ligated active
site. The substitution of histidine by tyrosine at position 867 leads to ap-
preciable changes in hydrogen bonds with residues Glu791, His870 and

Table 2
Biochemical and molecular data of patients with mutations in HK1.
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7
HK 0.64% 0.58¥ 0.71" 1.14* 0.65* 037" 0.33"
PK 12.3¥ 12.6¥ 3.25" 12.5% 12.2% 7.16" 6.2"
PK/HK 19.2¥ 21.7% 9.5" 10.90" 18.7% 19.3" 18.7"
HK-R mutations
Allele 1 c¢.—193A>G c¢—193A>G c.278A>G c.2599C>T c1799C>T c493-1G>A c.278A>G
p-(Arg93Gln) p-(His867Tyr) p-(Thr600Met) p.(Arg93Gln)
Localization Erythroid promoter Erythroid promoter Exon 3 Exon 17 Exon 12 Intron 4 Exon 3
Allele 2 c.873-2A> G c.873-2A>G c278A>G c.2599C>T Normal Normal Normal
p-(Arg93Gln) p-(His867Tyr)
Localization Intron 7 Intron 7 Exon 3 Exon 17 - - -

Mutations are numbered according erythroid specific transcript HK-R (NCBI reference sequence: NM_033496.2).

Novel mutations in bold.
¥ HK [0.8-1.5 U/g Hb], PK[6.1-12.3 U/g Hb], PK/HK [4.8-11.9].
* HK [0.8-1.65], PK[5.12-5.78], PK/HK [3.60-6.30].
* HK [0.62-1.26], PK [8.40-15.2], PK/HK [7.2-15.6].
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Glucose

Glucose

Fig. 1. 3D crystal structure of HK-R mutants — His867Tyr and Thr600Met (PDB 1DGK - protein databank). A) His867 (corresponding to His868 in HK-1, shown in red) is located between
ADP-ligated active sites (green). No direct interaction between ADP (blue) and His has been described. However, His substitution with Tyr probably leads to a disruption of multiple
hydrogen bonds (black dotted lines) among residues Phe871, His870 and a formation of new hydrogen bonds with Glu791 and Ser827. The changes in hydrogen bonding likely affect
electrostatic interactions through the ADP-ligated active site, leading to interaction impairments within the ADP/glucose-complex. B) Met601 (corresponding to Met600 in HK-1,
shown in red) is in close proximity of loop 532-539 (green) which is involved in productive binding of ADP (blue) and Ser603 (orange) directly interacting with a molecule of glucose
(purple). Although no changes in hydrogen bonding were observed, the Met substitution with Thr in this position may impair electrostatic interactions within an enzyme catalysis site

affecting the mechanism of phosphate transfer.

Phe871 (Fig. 1, panel A). This likely affects the mechanism of interaction
within the active site. We therefore consider this mutation to be
pathogenic.

3.3. Splicing mutations: HFS results

Human Splicing Finder (HFS) predicted that the A > G substitution at
position ¢.873-2 as well as G > A on position ¢.496-1 disrupt the splice
acceptor sites of intron 7 and 4, respectively. In addition to this, a cryptic
acceptor site within intron 4 is activated by the c.493-1G > A mutation.

3.4. Kinetic studies of selected HK mutants

In order to determine the effects of the missense substitutions
p.(Arg93GIn) and p.(His867Tyr) on HK function, we determined kinetic
properties using RBCs from the patients homozygous for these substitu-
tions (patients 3 and 4). HK harboring the p.(Arg93GlIn) substitution
showed a slightly higher affinity for ATP and a 2-times lower affinity
for glucose (Table 3). Furthermore, its thermal stability was drastically
decreased; T, , was <1.5 min, Tso < 37 °C. Interestingly, enzymatic activ-
ity was totally eliminated after a 10-min incubation at 40 °C.

Table 3

Kinetic properties of selected HK mutants.
Mutation Family 1 Patient 3 Patient 4

Patient 1 Patient 2 Father

Allele 1 c¢.—193A>G c.—193A>G c.873-2A>G p.Arg93GIn p.His867Tyr
Allele 2 c.873-2A>G c.873-2A>G Normal p.Arg93GIn p.His867Tyr
Km Mg.ATP [1.286 4 0.3000] 1.110 £ 0.1715 1.472 £ 0.1253 1.186 + 0.1704 0.939 + 0.1689 4.224 4 0.3459
Km glucose [0.107 + 0.0201] 0.070 + 0.0052 0.058 + 0.0048 0.052 + 0.0089 0.256 + 0.0520 0.151 £+ 0.0120
Ty, at 40 °C [7.0-22.0 min] 10.2 8.5 8.0 <15 ND
Tso [42-44 °C] 40.5 39.6 39.9 <37.0 ND
pH stability Normal Normal Normal Normal ND

ND - not determined.
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The p.(His867Tyr) HK mutant showed a 3-times lower ATP affinity
and a slightly lower glucose affinity. Unfortunately, thermal stability as-
says for this HK mutant could not be performed due to an insufficient
sample amount.

HK from the compound heterozygous patients 1 and 2 was charac-
terized by a normal ATP affinity and a slightly increased glucose affinity.
Ty2 was normal, whereas Tso was lower than the controls (Table 3).

3.5. RNA studies of splice site mutation c¢.873-2A> G

To study the effect of the ¢.873-2A > G mutation on pre-mRNA pro-
cessing, we isolated total erythroid RNA from ex vivo cultured pro-
erythroblasts of a heterozygous carrier of this mutation (the father of
patients 1 and 2). Agarose gel electrophoresis of RT-PCR products span-
ning exons 7 to 9 of the HK-R transcript revealed the presence of a RT-
PCR product of normal size and, in addition, two RT-PCR products of al-
ternate size (Fig. 2). Sequencing of both alternate RT-PCR products dem-
onstrated that the c.873-2A > G change causes either skipping of exon 8
or both exons 8 and 9. Furthermore, qPCR results demonstrated that the
normally spliced transcript was downregulated 3-times compared to
the control subject. Subsequent Western blot analysis using ex vivo cul-
tured pro-erythroblast showed a markedly decreased amount of HK,
thereby confirming this decreased HK expression also at the protein
level (Fig. 3).

4. Discussion

HK deficiency is a very rare hereditary disorder manifesting as
HNSHA. Up to now, 24 cases of HK deficiency associated with HNSHA
have been identified [9] and only 6 mutations associated with HK defi-
ciency have been reported in literature [7,13,14,19]. Previously identi-
fied mutations have been numbered according to the HK-1 transcript.
We propose renumbering mutations according to the erythroid specific
HK-R transcript. An accordingly revised mutation overview is presented
in Table 4.

Here, we report on six new cases of HK deficiency associated with
HSNHA; one additional patient was a G6PD deficient female with het-
erozygosity for a HK1 gene mutation. A total of six different mutations

Am | 1 |
sVel7 ' 8 " 9 10 N1
B
| . 1)
5V6 7 9 7 10 V1
c 11 1 )
S5Vel7 10 "

Fig. 2. Agarose electrophoresis of RT-PCR products of a heterozygous ¢.873-2A > G
mutation carrier and a control subject. A region spanning exons 7 to 9 of HK-R
transcript was amplified. A presence of two additional fragments was observed in the
heterozygous carrier (line 1) compared to the control subject (line 2). Lines 3 and 4
were negative controls for reverse transcription and PCR. Below: a schematic drawing of
all created HK-R variants. The variant A corresponds to a normally spliced variant (band
834 bp). Aberrantly spliced variants B and C lack exon 8 (band 735 bp) and/or both
exons 8 and 9 (band 470 bp).
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Fig. 3. Western blot analysis of ex-vivo cultured pro-erythroblasts from a heterozygous
carrier of the mutation c.873-2A > G and a control subject. Line: M - marker; C - the
control subject; P - the heterozygous carrier of the mutation c.873-2A > G. HK protein
was visualized in position 102 kDa; actin 42 kDa.

in the HK1 gene were identified. Four of them are described here for
the first time: missense mutations ¢.2599C > T p.(His867Tyr) and
¢.1799C > T p.(Thr600Met), and splice site mutations c.873-2A > G
and c493-1G > A.

All but one patient showed a reduced HK activity and/or an elevated
PK/HK ratio. Patients 1 and 2 (siblings) were found to be compound het-
erozygous for mutations c.—193A > G and c.873-2A > G. Interestingly,
only patient 1 exhibited severe hemolysis requiring transfusion therapy.
Previous investigations of the mutation c.—193A > G, maternally
inherited in these patients, showed a strong down-regulation of the ery-
throid specific promoter activity [14]. Therefore, patients 1 and 2 could
be regarded as pseudo homozygous for the c.873-2A > G splice site mu-
tation. In agreement with this, the biochemical characteristics of mutant
HK from patients 1 and 2 was comparable with HK from the father who
is heterozygous for the ¢.873-2A > G mutation. Mutant HK was charac-
terized by normal ATP affinity and a slightly increased glucose affinity.
T12 was normal, whereas Tso was lower than the controls (Table 3). It
remains to be determined how this can be correlated to the two aber-
rant transcripts resulting from the splice site mutation. The mutation
was found to induce skipping of exon 8 or both exons 8 and 9. If trans-
lated, the truncated HK protein would lack either 52 amino acids or 130
amino acids from the HK protein's regulatory part, encompassing either
the substrate binding site or the substrate binding site and the G6P
binding site [17,20]. This is expected to lead to a loss of catalytic func-
tion, perhaps to a larger extend than actually measured in patient
cells. QPCR analysis revealed that the expression levels of normally
spliced pre-mRNA were 3-times down-regulated compared to control
subjects. Pre-mRNA reduction correlates with HK's down-regulation at
protein level and may represent the most important cause for HK defi-
ciency in patients 1 and 2.

Patient 3 was homozygous for the p.(Arg93GIn) mutation. This mu-
tation has been reported once before in the heterozygous state [14]. The
mutation in our patient was inherited from both parents who are first
cousins. At age three, in addition to severe transfusion dependent HA,
psychomotor retardation and secondary epilepsy was seen. Although
psychomotor retardation has been described in HK deficient patients
[4,5,21], in this case the malformations were likely caused by CNS bleed-
ing as a result of hypoxia during delivery. De Vooght et al. postulated
that p.(Arg93GlIn) exerts its effect mainly by affecting pre-mRNA pro-
cessing, leading to the formation of severely truncated HK which is
very likely inactive and unstable [14]. Mutant red cell HK from our
patient's cells indeed showed strongly decreased thermal stability. On
the other hand, increased ATP affinity as well as a 2-times lower glucose
affinity was also observed. These relatively mildly altered kinetic prop-
erties lead us to conclude that some normal pre-mRNA processing prob-
ably does occur from the ¢.278A > G mutation, leading to the formation
of normally spliced mRNA harboring an Arg > Gln substitution at posi-
tion 93.

Interestingly, the c.278A > G p.(Arg93Gln) mutation was also found
in the heterozygous state in patient 7. This female patient was also ho-
mozygous for a mutation in G6PD: ¢.477G > C p.(Met159Ile). Despite a
G6PD deficiency and a partial HK deficiency, no hemolysis was ob-
served. Slight methemoglobinemia (7-11%) was the only clinical
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Table 4
Overview of mutations associated with HK deficiency.
Accession number Transcript HK-1 NM_000188.2 Transcript HK-R NM_033496.2 Localization References
Mutation AA substitution Mutation AA substitution
CR099859 - —193A>G - Erythroid promoter [14]
(CS099858 c291A>G p.(Arg94Gln) c.278A>G p.(Arg93Gln) Exon 3 [14]
CG024909 €.496-481_1031 + 454del - €.493-481_1028 + 454del - Intron 4-8 [7]
CG952319 €.496_del592 p.(166-197) €.493_589del p.(165-196del) Exon 5 [11]
CM950628 1586T > C p.(Leu529Ser) c.1583T>C p.(Leu528Ser) Exon 11 [11]
CMO030044 ¢.2039C > G p.(Thr680Ser) c.2036C > G p.(Thr679Ser) Exon 15 [13]
c496-1G>A - c493-1G>A - Intron 4 This study
c.876-2A>G - c.873-2A>G - Intron 7 This study
c.1802C>T p.(Thr601Met) c.1799C>T p.(Thr600Met) Exon 12 This study
c.2602C>T p.(His868Tyr) €.2599C>T p.(His867Tyr) Exon 17 This study
symptom present in this patient. A G6PD deficiency is mostly asymp- [2] K. Murakami, H. Kanno, ]. Tancabelic, et al., Gene expression and biological signifi-

tomatic, however, mild methemoglobinemia has been described in
several G6PD deficiency cases [22]. Although G6PD and partial HK defi-
ciencies are well tolerated in this patient, potential negative factors as
infections, drug administration or aging could induce hemolysis later
in life.

The novel c.2599C> T p.(His867Tyr) mutation in patient 4 was asso-
ciated with severe transfusion-dependent HA. Based on 3D structural
modeling of this HK mutant, we found that His867 is located in the
proximity of the ADP-ligated active site and, thus may impair the cata-
lytic process of high-energy phosphate's transfer to glucose. This was
supported by a strongly increased Michaelis-Menten constant for ATP
(Table 3) as calculated from mutant HK from this patient's red cells. Pa-
tient 4’s severe phenotype illustrates the residue 867’s importance in
proper HK function. The same catalytic process is likely affected in pa-
tient 5 heterozygous for the p.(Thr600Met) mutation. The substituted
threonine, also located near the ADP-ligated active site, directly affects
Leu533 residue in a loop (residues 532-539), which binds Glc-6-P
[17]. Although no changes in polar bonds were observed, the substitu-
tion of fairly reactive threonine to almost non-reactive methionine like-
ly affects enzyme catalysis as described for the His867Tyr change. The
decreased HK activity in this patient did not cause hemolysis, and was
an accidental finding during the diagnostic analysis for unexplained
jaundice, later attributed to Gilbert syndrome.

Gilbert syndrome was also confirmed in patient 6. However, persis-
tent mild hemolysis, reticulocytosis and low HK activity lead us to iden-
tify heterozygosity for the ¢.493-1G > A mutation. In silico analysis
predicted disruption of the splice acceptor site of intron 4, causing acti-
vation of a cryptic site in intron 4. Although we conclude that aberrantly
spliced pre-mRNA probably represents the major mechanism by which
this mutation leads to deficient enzyme function, additional investiga-
tions of this mutation at the RNA and protein level are required. Also,
at this moment it is unclear whether or not heterozygosity for this spe-
cific mutation is sufficient to cause hemolysis in this patient.

Taken together, we have established the molecular basis for de-
creased HK activity and hemolytic anemia due to HK deficiency in a rel-
atively large number of patients suffering from this very rare disorder in
red blood cell metabolism. These results contribute to a better under-
standing of the pathophysiology of HK deficiency.
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INTRODUCTION
Hexokinase (ATP: D-hexose-6-phosphotransferase, EC 2.7.1.1; HK) is

initial enzyme of Embden-Meyerhof pathway which catalyzes the
irreversible transfer of a high-energy phosphate from ATP to glucose
(Figure 1). Hexokinase deficiency is a very rare autosomal recessive
disorder which is associated with hereditary non-spherocytic hemolytic
anemia. To date, only 20 cases of hexokinase deficiency have been
described’.
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Figure 2: DETECTION OF HK71 GENE MUTATATIONS BY SEQUENCING OF AMPLIFIED DNA. A)
Patient 1 with homozygous mutation ¢.2602C>T in exon 17 (p.His868Tyr); B) Patient 2 with
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FIGURE 1: EMBDEN - MEYERHOF PATHWAY. Anaerobic glycolysis is a metabolic process in which
glucose is broken down to produce lactate. It is the only source of energy (ATP) for red blood cells
because they lack mitochondrias. Hexokinase, the first step in the glycolysis pathway, catalyzes
phosphorylation of glucose to glucose-6-phosphate (blue border). This reaction is irreversible and it is
considered to be one of the three regulatory points in the glycolysis.

PATIENTS AND METHODS
1. patient: 2.5-years old boy from Spain who has suffered severe
hemolytic anemia since birth. Regular blood transfusions normalized his
hemoglobin level to above 86 g/L. 2. patient: 1.5-years old boy from
Czech Republic who also presented with transfusion-dependent
hemolytic anemia since birth. Hemoglobin level is around 90 g/L (Table
1). In both cases, there was no family history of hemolytic anemia.
Enzyme activities (HK,G6PD,PK) were determined according to
Beutler’. Genomic DNA was isolated according standardized procedures
and it was used for sequencing analysis which was performed using ABI
310 Genetic  Analyzer (Applied Biosystems). Biochemical
characterization of HK mutants included Michaelis-Menten constant (Km)
determination, thermal and pH stability assays. Km values for glucose
and ATP were measured with different concentrations of glucose (2 -
0.0125 mM) and/or ATP (10 - 0.25 mM) in Tris/EDTA, MgCl2, NADP and
glucose-6-phosphate dehydrogenase mixture. Thermal stability was
determined in hemolysate in Tris/EDTA buffer and incubated at 40 °C for
5 min. A range of Tris/EDTA buffer of different pH values (6.0 - 10.0) was
used for assessment of effect on mutant pH stability. The models of the
mutant forms of HK were obtained by side-chain substitution using
program Pymol.

TABLE 1: SELECTED HEMATOLOGICAL DATA OF BOTH PATIENTS

Patient 1 Patient 2

Hemoglobin (g/L) 86

Reference range

90 112 - 143

RBC (x10"/ 29 3.0 4.23-5.03
MCV (fL) 92 93 80 - 96
Reticulocytes (x10°%/1 136 120 30-110

Legends: RBC - red blood cells, MCV - mean corpuscular volume

RESULTS

TABLE 2: BIOCHEMICAL DATA OF THE HK-DEFICIENT PATIENTS

Patient 1 Patient 2 Controls

G6PD [1U/g Hb] 6.7 45

0.62 - 1.26/1.09 - 1.65
5.7 - 9.9/5.36 - 7.04

12.5 3.25 8.4-15.2/5.12 - 5.78
10.9 4.6 7.2-15.6/3.6 - 6.3
413 0.94 1.66 - 1.93

0.14 0.32 0.10-0.13
Thermal stability (40°C) ND Heat labile Normal

ND Normal Normal

PK - pyruvate kinase, ND -

Legends: HK -
not determined

G6PD - g phosph

mutation ¢.281G>A in exon 3 (p.Arg94Gin).

Figure 3: 3D STRUCTURE OF NORMAL AND MUTATED HK (pdb code1DKG - protein data bank).

A) Patient 1 (His868 HK mutant): His868 is located nearby nucleotide - binding region (green). It is an
important part of the catalytic region (yellow) of HK1 which provides interaction with ATP/ADP. His868Tyr
substitution leads to appreciable changes in multiple hydrogen bonds. B) Patient 2 (Arg94 HK mutant):
Mutation Arg84GIn is located in regulatory region of HK1 (green) and straightly affects hydrogen bond Asp79.
(atom coloring : carbon - white; nitrogen - blue; oxygen - pink; phosphor - orange; hydrogen bond - yellow
dotted lines).

SUMMARY AND CONCLUSION

The first patient was found to be homozygous for a novel ¢.2602C>T
mutation (p.His868Tyr) in exon 17 of HK? (Figure 2). Biochemical
characterization of mutant HK showed altered kinetic properties; the Km
for ATP was 2.3-times increased compared to controls and Km for
glucose was slightly increased (Table 2). Structural analysis of this
mutation revealed that it is located near nucleotide-binding region
(Figure 3). Residual HK activity of the second patient was around 50% of
controls. Molecular analysis cofirmed homozygous mutation ¢.281G>A
(p-Arg94GIn) in exon 3 of HK1 (Figure 2). Kinetic studies showed
reduced affinity for glucose (2.7-times) and increased affinity for ATP
(1.9-times). Thermal stability assay revealed greatly decreased stability
of mutant HK; pH optimum was unaffected (Table 2). Mutation is located
in regulatory region of hexokinase (Figure 3).

Our results obtained from functional studies of both mutations
(p.His868Tyr and p.Arg94GIn) suggested a good relationship between
mutations and their effects on the enzyme structure and function; the
altered kinetic properties of the mutants likely account for the severity of
both patients’ phenotypes.

These cases are the first described HK mutations in Spain and Czech
Republic.
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RESULTS

Hexokinase (HK) deficiency is a very rare cause of hereditary
nonspherocytic hemolytic anemia (HNSHA). Hexokinase is one of the
key regulatory enzymes of glycolysis, on which the red blood cell is
totally dependent the production of ATP (Figure 1). Deficiency of HK
disrupts cellular metabolism, which ultimately results in HNSHA.

To date, 24 cases of hexokinase deficiency have been described.
Only six of them have been characterized on the DNA level. We here
describe five new cases and 3 novel mutations in HK1.
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Figure 1: EMBDEN MEYERHOF PATHWAY. Anaerobic glycolysis is a metabolic
process in which glucose is broken down to produce lactate. It is the only
source of energy (ATP) for red blood cells because they lack mitochondrias.
Hexokinase, the first step in the glycolysis pathway, catalyzes phosphorylation
of glucose to glucose-6-phosphate (red border). This reaction is irreversible
and it is considered to be one of the three regulatory points in the glycolysis,

Enzyme activities were determined according to Beutler.
PK/HK ratio was applied to evaluate the effect of age-
related increases in enzymatic activity. To confirm the
diagnosis, DNA sequence analysis of HK1 was performed
by Sanger sequencing. Novel mutations were
characterized by biochemical methods (Km for glucose
and Mg.ATP, pH stability and thermolability) and
molecular studies (RT-PCR, quantitative RT-PCR, and
Western Blot analysis on ex vivo cultured patient
erythroblasts).

Characterize a genetic defect in patients who were found to be
HK-deficient by spectrophotometrically determined red blood cell HK
and pyruvate kinase (PK) enzymatic activities.

DNA sequence analysis of HK1 of 5 patients with
suspected HK deficiency revealed a total of 5 different
mutations in HK1. Three of them were novel (Table,
novel mutations in bold). In silico analysis of mutations
p.His868Tyr and p.Thr601Met by Polyphen-2 and SIFT
predict that both substitutions are not tolerated. Both
are located in the catalytic region, and kinetic properties
are likely to be impaired upon mutation. Kinetic studies
of the p.His868Tyr HK mutant showed that its affinity for
ATP was indeed markedly decreased (3.2-times),
whereas the affinity for glucose was slightly increased
(Table). The molecular effects of the novel splice site
mutation ¢.876-2A>G in intron 7 was studied on mRNA
isolated from ex vivo cultured erythroblasts from the
patients’ father (patients 1,2), who was heterozygous
for this mutation.

RT-PCR analysis showed the presence of normal as well
as two aberrant mRNAs species. The aberrantly spliced
transcripts lacked either exon 8 or both exons 8 and 9.
Quantitative RT-PCR analysis showed that expression
levels of the normally spliced mRNA variant were down-
regulated 3-times compared to normal. These findings
were confirmed on the protein level by Western blot
analysis of HK from nucleated erythroid cells (Figure 2).

Table: Biochemical and molecular data of HK-deficient patients

Patient 1 Patient 2 Patient3 Patient 4 Patient5

08 on* 114 065
126

HE[0.8-15] 054

PK[6.1-12.3] 123 325° 125 122

217

PR/HK ratio [4.8-11.9] 192 8.50% 1090 187

CZBISGLIEAG] [26020TLR2620T] ©.[180267)
Aminoscidsubstitution  ¢[193AGH{E762856]  c[-193AGLET6-205G
! " 1ol H 1 ArgaGIn (AgOGIn|  p[HBSSTYrl{HsBSSTyT]  p.[ThrsD1Met]
Em MgATP [0.99-1.50] 111 142 Das an ND
Kimghucose [0.09-0.13] . 008 026 015 o
Thesmalstablitty Slightly decreased Slightly decreased Heatlabile ND NO
PH stability Normal Normal Mormal ND N

“HE 1,09 - 1,651, PK[5.12 ~5,78], PK/HK[3.60 - 6.30]; *HK [0.62~ 1,261, PK [8.40 - 15.2], PK/HK 7.2 - 15.6]; ND- not determinesd

T E.
£ E’;“ Figure 2: Immunodetection of HK in nucleated
S <& erythroid cells of the control and patients’ father

102kDa |:|<—m<

(patients 1,2). The father is a carrier of the
heterozygous splice site mutation ¢.B76-2A>G.

SUMMARY/CONCLUSION

We report 5 mutations in HK1 in 4 unrelated families. Three of them,
c.876-2A>G, p.Thr601Met, and p.His868Tyr have not been previously
reported. The pathogenic nature of novel mutations was confirmed by
molecular and biochemical studies. Our results contribute to a better
understanding of the genotype-to-phenotype correlation of HK deficiency, a
very rare enzyme disorder of the red blood cell.
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APPENDICES 4.4

MOLECULAR CHARACTERIZATION A NOVEL NON-HEMOLYTIC ANEMIA
VARIANT OF PGK
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Abstract

We report two brothers with mild intellectual deficiency, exercise intolerance, rhabdomyolysis, seizures and no hemolysis. Phosphoglycerate
kinase (PGK) activity was strongly decreased in their red blood cells. Subsequent molecular analysis of PGK1 revealed hemizygosity for a novel
mutation ¢.756 + 3A > G, in intron 7. Analysis of the effect of this mutation on pre-mRNA processing demonstrated markedly decreased levels of
normal PGK1 mRNA. In addition, the ¢.756 + 3A > G change resulted in abnormally spliced transcripts. If translated, these transcripts mostly
encode for C-terminally truncated proteins. The consequences of the ¢.756 + 3A > G mutation is discussed, as well as the genotype-to-phenotype
correlation with regard to previously described mutations (PGK Fukuroi and PGK Antwerp), which also result in C-terminal truncated proteins.

© 2016 Elsevier B.V. All rights reserved.

Keywords: Phosphoglycerate kinase; Metabolic myopathy; PGK

1. Introduction

Phosphoglycerate kinase (PGK) is a key glycolytic enzyme
directly involved in cellular generation of ATP. PGK deficiency
is a very rare X-linked disorder associated with a triad of
clinical manifestations involving different cell types: muscle
(exercise intolerance, rhabdomyolysis), red blood cells
(hemolytic anemia), and the central nervous system (seizures,
mental retardation, parkinsonism) [1,2]. In general, mutations
of PGK resulting in marked protein instability and mild
impairment of kinetic properties are usually associated with
neurological disorders and hemolysis, but not with myopathy
[3]. On rare occasions, affected individuals show the full
spectrum of clinical features. Thus, wide clinical heterogeneity
is seen in patients with PGK deficiency [2].

* Corresponding author. Department of Pediatric Neurology, Hopital Erasme,
Université Libre de Bruxelles, 808 Route de Lennik, 1070 Bruxelles, Belgium.
Tel.: +32 25554364; fax: +32 25558333.

E-mail address: sacoppen@ulb.ac.be (S. Coppens).

http://dx.doi.org/10.1016/j.nmd.2015.11.008
0960-8966/© 2016 Elsevier B.V. All rights reserved.

2. Case report

Two brothers, aged 14 and 16, born after an uneventful
pregnancy, presented with slightly delayed walking (18 months).
They subsequently developed mild intellectual deficiency (total
1Q: 60 at WPPSI-III for the oldest brother), accompanied by
recurrent episodes of generalized weakness following effort
from the age of 4. At the age of 8, after spending twenty
minutes playing in a swimming pool, the younger brother
experienced an episode of weakness, together with a painful
swelling of the left thigh and myoglobinuria (max CK
540.000 UI/l). He was hospitalized on the intensive care unit
and treated with intravenous fluids and loop diuretics. At the
age of 13, he presented with refractory status epilepticus,
complicated by rhabdomyolysis and acute renal failure (max
CK 710.000 UI/1). Status epilepticus required the administration
of several doses of lorazepam, phenytoin and continuous
intravenous midazolam. He had no recurrence of seizures under
levetiracetam monotherapy. Currently, both brothers still complain
of muscle pain and sometimes weakness after moderate exercise.
They still avoid over-exertion to lessen the pain. Muscle strength
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is completely normal between episodes of rhabdomyolysis or
acute weakness. Their level of creatine kinase (CK) is
approximately 500 UI/l (N <308 UlI/l) between episodes of
rhabdomyolysis.

An electroencephalogram (EEG) showed an excess of delta
slow waves but no epileptiform discharges in the younger brother.
EEG of the older brother showed generalized spike-wave
discharges, but no clinical seizure was observed. Complete
blood count of both brothers showed no evidence of hemolysis.
(younger brother: RBCs: 4.46 x 107'%/1 Hb:13.3 g/dl Htc: 39.8%
MCH: 29.8 pg MCV : 89.2 fl; older brother: RBCs: 5.64 x 107'%/1,
16.1 g/dl Htc: 47.1% MCH: 28.5 pg MCV: 83.6 fl). Serum
urate level was normal (4.2 mg/dl).

Brain MRI was normal in both brothers. In the younger brother
a muscle MRI was performed during the first rhabdomyolysis
episode and showed T2 signal hyperintensities, compatible with
edema, mainly in the anterior compartment of the thigh and in the
semi-tendinosus, with the left thigh being much more affected
than the right. Muscle MRI was normal in the older brother.

2.1. Histopathology, biochemical and molecular
genetic analyses

Muscle-biopsy (Quadriceps), was done four months after
an episode of rhabdomyolysis. Routine stains and most
histochemical techniques (including HE, PAS, modified Gomori-
trichrome, ATP-ase, and Acid phosphatase), were unremarkable.

Oxidative-enzymes staining (COX, SDH, combined COX/
SDH, NADH-TR) showed no defective histochemical reactivity
(and no evidence for mitochondriopathy). In addition,
spectrophotometry showed normal mitochondrial respiratory-
complexes activity.

The only salient feature was a slight increase in intra-
cytoplasmic content of neutral lipids as detected by ORO stain.

Electron-microscopy showed foci of vacuolization; vacuoles
were partly lipidic in origin but many were of undetermined
nature.

Altogether, histo-morphological findings (Fig. 1) suggested
a metabolic vacuolar myopathy with discrete to moderate lipid
overload.

Lactate levels determined on plasma and cerebrospinal fluid
as well as total free carnitine were normal. Urinary organic
acids, acylcarnitines profiles and fatty acid oxidation studies
on lymphocytes were unremarkable. Sequencing of CPT2 gene
encoding carnitine palmitoyltransferase 2 revealed no
abnormalities.

Determination of red blood cell PGK enzyme activity
revealed a markedly decreased PGK activity (<15% of
controls). PGK activity of the patient’s mother was only slightly
decreased; the activity of father was normal (Table 1).

Subsequent DNA analysis of the PGKI gene by Sanger
sequencing demonstrated a hemizygous A > G single base
substitution in intron 7 (¢.756 + 3A > G) in both brothers. This
mutation was inherited from the patient’s mother who was
found to be heterozygous for this mutation. The mutation was
not detected in a control population of >100 normal alleles (53
control subjects). Because the mutation alters the consensus
sequence of the donor splice site of intron 7, we investigated
the effect of the mutation on PGK/ pre-mRNA processing. For
this, total RNA was isolated from ex vivo cultured erythroblasts
of both patients and a control subject, and reverse-transcribed
according to standardized procedures. A region encompassing
exons 7 and 8 of PGKI was amplified from cDNA. One
single-size transcript was present in the control subject and
both patients (Fig. 2), whilst additional RT-PCR products,
representing splice variants, were amplified from patient-specific
RNA. RT-PCR products were subcloned into pCR™4-TOPO
vector (TOPO® TA Cloning® Kit for Sequencing, Invitrogen).
Positive colonies were screened by colony PCR. Plasmid DNA
was isolated and DNA sequencing analysis was performed
using BigDye Terminator v1.1 Cycle Sequencing Kit (Applied
Biosystems). This procedure identified a number of aberrantly
spliced transcript variants (Fig. 2). The two most abundant
transcripts were characterized by either the insertion of 52 bp
of intron 7, or the complete sequence of intron 7. Two other,
less abundant, transcripts lacked either 18 bp of exon 7 or
skipping of complete exon 7 (Fig. 2).

In order to quantify transcript levels of the normally processed
PGK1 pre-mRNA, quantitative RT-PCR (qPCR) analysis was
applied to both patient-specific and normal control RNA. This
revealed a marked down-regulation (8.5-times) of the normally
spliced pre-mRNA in patients compared to the control subject.

3. Discussion

The patients reported here exhibited mild intellectual
deficiency, exercise intolerance, rhabdomyolysis, seizures, and
no evidence of hemolysis. The clinical phenotype of the patients
raised the suspicion of PGK deficiency as the underlying cause.
This was confirmed by the finding of decreased red cell PGK
activity in both patients and their mother, as well as the
identification of a novel splice site consensus sequence change
(c.756 + 3A > G) in intron 7 of PGK 1. In silico analysis (Human
Splicing Finder) [4] predicts that the A > G substitution abolishes
the intron 7 donor site. To confirm this, RNA studies were
conducted, which revealed the presence of four different
abnormally spliced pre-mRNA transcripts. We find that the
c.756 + 3A > G causes: a) the retention of the first 52 bp of
intron 7, b) the retention of intron 7, ¢) the deletion of 18 bp
from the 3’-end of exon 7, and d) skipping of exon 7 (Fig. 2).

Table 1
Enzyme analysis and PGK/ genotypes of the family.

Son 1 Son 2 Mother Father
PGK [188-302 U/g Hb] 34 35 181 212
HK [0.5-1.5 U/g Hb] 1.0 1.3 1.6 1.0
Nucleotide substitution c.756 +3A>G c.756 +3A>G c.756 +3A>G -
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Fig. 1. Muscle Biopsy Observations. Histomorphological findings with “routine” stainings, namely, Hematoxylin-eosin (A), Periodic acid Schiff (B), modified
Gomori (C), Acid phosphatase (D), and Oil-Red-O staining (E) were generally unremarkable. Transmission electron microscopy (F) showed foci of vacuolization
in many fibers. Original magnification: X320 (A); X400 (B, C, D, E); and x4400 (F).

The retention of 52 bp of intron 7, as well as the retention
of intron 7, both result in a shift of the reading frame, leading
to the formation of a premature stop codon. Consequently, if
translated, the resulting protein is predicted to lack the C-terminal
part (165 amino acids), which is responsible for nucleotide
binding. The loss of 18 bp from the 3’-end of exon 7 encodes
the deletion of six amino acids (residues 247-252). The skipping
of exon 7 also disrupts the reading frame, causing a premature
stop at amino acid position 269. Thus, the resulting predicted
protein here, too, would lack the C-terminal end. RNA analysis
also revealed that normal splicing is not completely abolished.
However, qPCR analysis showed that normally processed mRNA
levels were markedly down-regulated (8.5-times) compared to
the control subject. It is likely this will result in markedly
decreased PGK enzyme levels.

It has been hypothesized that different clinical manifestations
of PGK1 deficiency can be correlated with the type of alterations

caused by mutations in the PGK1 gene, highlighting the need
for determination of the molecular properties of PGK variants
to assist in prognosis and genetic counseling [5].

Aberrantly processed pre-mRNA transcripts containing the
first 52 bp of intron 7 have been reported previously in patients
with PGK variants Fukuroi (c.756 + 5G > A) and PGK Antwerp
(c.755A > C, p.(Glu252Ala)). In both cases, no other aberrant
mRNAs were identified. Phenotypically, both patients displayed
recurrent episodes of myoglobinuria with rhabdomyolysis, without
signs of hemolysis. This resembles the phenotype of our two
patients. The patient with PGK Fukuroi, in addition, displayed
intellectual deficiency and abnormal EEG. In both cases qualitative
changes to muscle fiber were minimal and no accumulation of
glycogen was observed [6,7].

A phenotype similar to that of our patients (myopathy,
mental retardation and no hemolysis) has also been described in
the patient with PGK Hamamatsu (¢.758T > C, p.(Ile253Thr))
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I wWT | | mRNA Exon 6 Exon 7 Exon 8 Exon 9 mMRNA
Retention of 52 bp of intron 7
gtg” gga aac aaa tgc caa gtg gat gtg aaa tag ctc tcc atg ata ata gca g
Val Gly Asp Lys Cys GIn Val Asp Val Lys Stop
Retention of intron 7
gtg’ gga aac aaa tgc caa gtg gat gtg aaa tag ctc tcc atg ata ata gca g............
Val Gly Asp Lys Cys GIn Val Asp Val Lys Stop
I Transcript B | l mMRNA m l Exon 8 | Exon 9
\7\\\77//
Deletion of 18 bp of exon7
GTG CTC AAC AAC ATG GAG
Val Leu Asn Asn Met Glu
Transcript C | I mRNA Exon 6 Exon 7 Exon 8 Exon 9 mRNA

MRNA

Deletion of exon7

Transcript D mRNA Exon 6 Exon 8

Exon 9 mRNA

\_> AAG AGG GAG CCA AGA TTG TCA AAG ACC TAA tgtccaaag
Arg Glu Pro Arg Leu Ser Lys Thr Stop

Lys

Fig. 2. A schematic drawing of the aberrantly spliced transcript variants arising due to the mutation ¢.756 + 3A > G. The wild type (WT) variant is normally
processed mRNA. Arrows indicate the retention or the deletion of the particular sequence of PGKI. The stop codons are in bold and colored in red.

[8,9]. This mutation affects the same region that is predicted to
be deleted by at least part of the aberrant transcripts identified
in our patients.

These observed similarities may point to a correlation
between the genotype and phenotype, but definite conclusions
cannot be drawn at this moment. It seems reasonable to
assume, however, that additional, yet-unknown factors, are
likely to contribute to the phenotypic expression of PGK
deficiency.

In conclusion, phosphoglycerate kinase (PGK) deficiency, a
rare defect in glycolysis pathway, has its place in the differential
diagnosis of metabolic myopathies. The association of exercise
intolerance and recurrent episodes of myoglobinuria with
hemolytic anemia, intellectual deficiency and other neurological
disorders is highly suggestive of the diagnosis.
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Phosphofructokinase deficiency is a very rare autosomal recessive disorder, which belongs
to group of rare inborn errors of metabolism called glycogen storage disease. Here we
report on a new mutation in the phosphofructokinase (PFK) gene PFKM identified in a
65-years-old woman who suffered from lifelong intermittent muscle weakness and painful
spasms of random occurrence, episodic dark urines, and slight haemolytic anemia. After
ruling out the most common causes of chronic haemolytic anemia, the study of a panel of
24 enzyme activities showed a markedly decreased PFK activity in red blood cells (RBCs)
from the patient. DNA sequence analysis of the PFKM gene subsequently revealed a novel
homozygous mutation: ¢.926A>G; p.Asp309Gly. This mutation is predicted to severely
affect enzyme catalysis thereby accounting for the observed enzyme deficiency. This case
represents a prime example of classical PFK deficiency and is the first reported case of
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INTRODUCTION

Phosphofructokinase =~ (ATP: D-  fructose-6-phosphate-1-
phosphotransferase; EC 2.7.1.11; PFK) is a key regulatory
enzyme of the glycolytic cycle and catalyses the conversion of
fructose-6-phosphate to fructose-1,6-diphosphate (Figure 1).
Human PFK is composed of three isoenzymes, muscle (M), liver
(L), and platelet (P) (Vora, 1983; Nakajima et al., 2002). The P
type is also known as Fibroblast type (F). Mammalian PFK is
a tetrameric enzyme that is subjected to allosteric regulation.
Tissue isozymes randomly aggregate to form homotetramers
or heterotetramers depending on the relative abundance of the
subunits in a particular tissue. PFK-M is the sole subunit in
muscle cells whereas red blood cells (RBCs) contain both L
and M subunits and form their hybrids (M4, L4, M3L, M2L2,
and ML3).

Phosphofructokinase deficiency (OMIM 171 850) is a very
rare autosomal recessive condition with heterogeneous clinical
symptoms, mainly characterized by myopathy and/or haemolysis
(Hirano and Di Mauro, 1999). Myopathy is caused by the accu-
mulation of glycogen in muscle tissue due to the metabolic defect
and is also known as glycogenosis type VII or Tarui disease. It is
characterized by muscle pain, exercise-induced fatigue, cramps,
and myoglobinuria. The observed clinical symptoms reflect lack
of muscle PFK activity and partial reduction of enzymatic activ-
ity in erythrocytes. The latter usually is associated with mild
haemolysis.

Up to now, only about 100 patients with PFK deficiency have
been reported worldwide and 22 PFK-deficient PFKM alleles have

this very rare red blood cell disorder in Spain.

Keywords: phosphofructokinase deficiency, glycogen storage disease, PFKM gene, missense mutation, enzyme

been characterized. The gene encoding the M subunit (PFKM)
has been assigned to chromosome 12q13.3 and spans 30kb. It
contains 24 exons and at least 3 promoter regions (Elson et al.,
1990; Yamada et al., 2004). Among the detected mutations are
mostly missense mutations and splicing defects.

We now describe here a Spanish patient with a clinical his-
tory of anemia, haemolysis, and intermittent muscle weakness,
who was found to be homozygous for a novel mutation in the
PFKM gene (c.926A>G). This mutation encodes the substitution
of aspartic acid by glycine at residue 309 (p.Asp309Gly). This is
the first description of PFK deficiency in Spain.

CASE REPORT

A 65-years-old woman with long standing hypertension and type
2 diabetes was referred to our Unit because of intolerance to exer-
cise and chronic fatigue. From youth she suffered from spasms
of random occurrence associated with muscle weakness, painful
intolerance to small efforts, and intermittent dark urines, espe-
cially after exercise due to myoglobinuria, as revealed by urinaly-
sis. Physical examination showed no weakness or muscle atrophy
and only a moderate splenomegaly without hepatomegaly or lym-
phadenopathy. Parents were unavailable for study and there was
no known consanguinity. The same clinical picture, however,
was present in a non-smoker brother whereas the three patient’s
daughters were normal. Patient’s clinical condition has remained
stable in follow-up.

Complete blood count (CBC) showed moderate anemia
(Hb: 115g/L), with slight macrocytosis (105fl) and increased
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FIGURE 1 | Embden Meyerhof Pathway of RBC metabolism. Phosphofructokinase (PFK) catalyzes the transformation of fructose 6-phosphate into fructose
1,6 diphosphate. [Reproduced with permission from Van Wijk and van Solinge (2005)]
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number of circulating reticulocytes (110 x 10°/L). Leukocyte
and platelet counts, as well as general serum biochemical anal-
ysis, were within normal range, except for a moderate rise
in non-conjugated bilirubin, lactate dehydrogenase (LDH) and
uric acid (hyperuricemia). Biological signs of diabetes melli-
tus type 2 were also present. The studies performed to rule
out the origin of the anemia, discarded nutritional deficiencies
(serum iron tests, cobalamin and serum folate were all nor-
mal), haemoglobinopathies (HPLC and thermal stability), and
paroxysmal nocturnal haemoglobinuria (normal flow cytome-
try measurement of CD45 and CD49 in leukocytes and RBCs).
Hereditary RBC membrane defects were ruled out by morpholog-
ical observation of May-Griinwald-Giemas stained blood smears,
and a normal osmotic fragility test. Extensive study of RBC
enzyme activity measurements demonstrated a marked decrease
(<30% of normal) in PFK activity (Table 1). DNA sequence anal-
ysis of individual exons of PFKM, including flanking splice sites,
revealed that the patient was homozygous for a missense muta-
tion in exon 11: c.929A>G. This mutation, that has not been
previously reported in the literature, encodes the substitution of
aspartic acid by glycine at residue 309 (p.Asp309Gly). Mutation
prediction programs PolyPhen-2 (Adzhubei et al., 2010) and SIFT
(Kumar et al., 2009) predict this mutation to be pathogenic (i.e.,
disease causing).

The complete lack of PFK activity in muscle was confirmed
on both histological preparations and muscle extracts. Muscle
abnormality was also confirmed by electromyography (EMG),
that showed mild myopathic changes and by the forearm test,
characterized by a plane lactate curve with normal increase of
ammonium. As usual in patients with glycogenosis, a painful
spasm occurred at the end of the forearm test. Muscle biopsy
showed slight amounts of polysaccharide (PAS) not digested by
diastase and abnormalities in NADH-TR reaction.

DISCUSSION

In this report, we describe, for the first time, the occurrence of
PFK deficiency in Spain in an adult woman of 65 years of age. Her
moderate haemolysis was associated with the accumulation of
muscle glycogen comparable to that of Tarui disease. Muscle pain
and exercise-induced fatigue and weakness associated with dark
urines were the most relevant clinical manifestations. She was
found to be homozygous for a novel missense mutation in PFKM,
the gene that encodes the PFK-M subunit. On the amino acid
level, this mutation (c.929A>G) causes the substitution of aspar-
tic acid by glycine at residue 309. Asp309 is part of an a-helix, and

Table 1| Red blood cell enzyme activity measurements.

Patient Reference value
G6PD activity (IU/g Hb) 7.0 6.2-9.9
HK activity (IU/g Hb) 1.2 0.6-1.3
PGl activity (IU/g Hb) 61.9 46.0-66.0
PK activity (IU/g Hb) 15.3 9.5-15.6
PFK activity (IU/g Hb) 3.07 6.4-13.9

Glucose-6-phosphate dehydrogenase; HK, Hexokinase, PGl, Phosphoglucose
isomerase; PK, Pyruvate kinase, PFK, Phosphofructokinase.

replacement with glycine could disrupt this a-helix. Furthermore,
structural analysis using the 3D molecular model of rabbit mus-
cle type PFK (PDB entry 308L) showed that the p.Asp309Gly
substitution is located in direct vicinity of the nucleotide (ADP)
binding site in the center of the PFKM subunit (Figure 2A). PFK
is allosterically activated by ADP, and the ADP binding site has
been recently identified (Banaszak et al., 2011). Asp309 does not
directly interact with ADP, however, substitution of Asp309 by
glycine is likely to disrupt multiple hydrogen bonds with Gly177,
Gly179, Ser 180, and Ser306 (Figure 2B). This loss of hydrogen
bonds and the change of polarity and electrostatic interactions
upon mutation of Asp309 will likely affect correct positioning of
the side-chains of amino acids directly involved in ADP bind-
ing (Figure 2B), in particular neighboring residue Phe308, which
makes stacking interaction with the adenine ring of ADP. This
hypothesis is further supported by recent functional studies of
the Asp543Ala change in PFKM. This mutation is associated with
Tarui disease, and substitution of Asp543 by Ala was shown to dis-
rupt hydrogen bonds with ADP (Briiser et al., 2012). We therefore
postulate that decreased binding of the allosteric activator ADP
will inhibit PFK enzymatic activity, in particular under low energy
levels. These findings support the physiological importance of
Asp390 for the recently identified ADP binding site.

The missense mutation is thus predicted to lead to a less func-
tional PFK-M subunit. In accordance with this, the complete lack
of PFK activity in muscle was confirmed on both histological
preparations and muscle extracts. The muscle abnormality was
also confirmed by electromyography, ischemic exercise testing,
histochemistry and electron microscopy. Furthermore, partial
red blood cell PFK deficiency was reflected by the moderately
decreased enzymatic activity in red blood cells, leading to mild
haemolytic anemia

PFK is a key regulatory enzyme for glycolysis (Van Wijk and
van Solinge, 2005) and catalyzes the irreversible transfer of phos-
phoryl from ATP to fructose-6-phosphate, and converts it to
fructose-1,6-bisphosphate. Thus, tissues deficient in PFK cannot
use free or glycogen-derived glucose as a fuel source and accu-
mulate glycogen (glycogenosis). PFK deficiency (Tarui disease)
was the first disorder recognized to directly affect glycolysis (Tarui
etal., 1965). Since this first description of the disease, a wide range
of biochemical, physiological and molecular studies have greatly
contributed to our knowledge concerning not only PFK function
in normal muscle, but also on the general control of glycolysis
and glycogen metabolism. So far, more than one 100 patients
have been described with prominent clinical symptoms charac-
terized by muscle cramps, exercise intolerance, rhabdomyolysis
and myoglobinuria, often associated with haemolytic anemia and
hyperuricemia. In classic Tarui disease, the genetic defect involves
the M isoform, resulting in the absence of enzymatic activity in
the muscle. Erythrocytes lack the M4 and hybrid isozymes and
only express the L4 homotetramers, resulting in about 50% of
normal PFK activity (Figure 3). Thus, haemolysis is a result of
partial erythrocyte PFK deficiency.

Despite PFK deficiency is a very rare autosomal recessive dis-
ease; its true incidence may be higher due to lack of recognition, as
symptoms may be quite mild. In fact, our case highlights the lat-
ter, because the mild clinical presentation led her to be diagnosed,
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Ser306

FIGURE 2 | 3D crystal structure of PFK subunit from rabbit skeletal
muscle and 3D model of normal/mutated PFKM (PDB 308L—protein
databank). (A) Allosteric nucleotide (ADP) binding site residues (purple) in
the center of the rabbit subunit of PFKM, and the allosteric activator ADP are
shown (atom coloring: carbon—green, nitrogen—blue, oxygen—red,
phosphor—orange). (B) Close-up of the c.Asp309Gly mutation in PFKM.
Asp309 is in close proximity of the ADP binding site. Asp309 does not

directly interact with ADP. However, substitution of Asp309 by glycine is likely
to disrupt multiple hydrogen bonds with Gly177, Gly179, Ser 180 and Ser306
(black dotted lines). This loss of hydrogen bonds, and the change of polarity
and electrostatic interactions upon mutation of Asp309 will likely affect
correct positioning of the side-chains of amino acids directly involved in ADP
binding; in particular neighboring residue Phe308, which makes stacking
interaction with the adenine ring of ADP

for many years, as chronic fatigue, until the consideration of dark
urines ultimately led to the study of chronic haemolysis. In our
case the combination of RBC enzyme activity measurements and
muscle biopsy analysis allowed for the correct diagnosis even at
this late stage of life.

Generally, PFK deficiency presents in childhood. Clinical his-
tory however, defines 4 main subtypes: (1) classic, (2) infan-
tile onset, (3) late onset, and (4) haemolytic. Most of the
reported cases belong to the classic form, characterized by exercise
intolerance, fatigue, muscle cramps with pain and myoglobin-
uria (Hirano and Di Mauro, 1999). A compensated haemolysis
with jaundice, increased serum creatine kinase (CK) and hype-
ruricemia is also commonly present. Sometimes, nausea and
vomiting appear after intense physical efforts Patients with the
infantile onset may manifest as “floppy babies” that die within
the first year of life. Symptoms include myopathy, psychomo-
tor retardation, cataracts, joint contractures, and death during
early childhood. They can also show evidence of arthrogrypo-
sis and mental retardation. Patients with the late-onset form
may present in adulthood with progressive muscle weakness,
cramps and myalgias in later life. Exercise ability, however, is
low already in childhood, and a mild muscle weakness may
appear in the 5th decade leading to severe disability. Diagnosis
depends on patient history, physical examination and the findings

from muscle biopsy, electromyography, ischemic forearm test-
ing, CK testing. RBC enzyme activity measurement is, however,
the easiest way to establish the definitive diagnosis. Fatal infan-
tile type and late-onset forms of PFK clinical expression are
very rare, with only several reported cases. The haemolytic form
presents with hereditary non-spherocytic haemolytic anemia
without muscle manifestations (Fujii and Miwa, 2000). Due to the
molecular genetic heterogeneity, a clear-cut genotype-phenotype
correlation has not been recognized in patients with PFK defi-
ciency (Toscano and Musumeci, 2007). Unfortunately, no spe-
cific treatment or cure of enzyme deficiency exists. Although
diet therapy may be highly effective at reducing clinical man-
ifestations, Tarui disease resolves with rest. Fortunately, the
condition does not progress to severe disability. Because the
liver and kidneys express only the L isoform, these organs are
spared.

About 100 cases of PFK deficiency have been reported in
patients with Tarui disease from Europe, USA,and Japan with
some predominance in Ashkenazi Jews (Fujii and Miwa, 2000).
Up to know, 22 different mutations of PFK have been described.
Missense and splicing mutations are the most frequently occur-
ring mutations in PFKM. Intriguingly, PFK-deficient Ashkenazi
Jews share 2 common mutations in the gene. A splicing defect
caused by the G>A base change at the first nucleotide in intron
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homotetramers (M4 and L4) and three hybrid isozymes (M3L, M2L2 and
ML3), lack the M4 isoform and the hybrid isozymes, and only express the L4
homotetramers, resulting in about 50% of normal PFK activity

5 (¢.2374+1G>A) accounts for 68% of mutant Ashkenazi alleles,
and a single base deletion in exon 22 (c.2003delC) accounts for
about 27% of mutant Ashkenazi alleles (Raben and Sherman,
1995). The here described homozygous patient is the first Spanish

case described to be affected by this very rare disease. The iden-
tification of a novel homozygous missense mutation further
extends the repertoire of PFK deficiency-associated mutations in
PFKM.
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