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Red cell pyruvate kinase (PK) deficiency is the most common glycolytic
defect associated with congenital non-spherocytic hemolytic anemia.
The disease, transmitted as an autosomal recessive trait, is caused by

mutations in the PKLR gene and is characterized by molecular and clinical
heterogeneity; anemia ranges from mild or fully compensated hemolysis to
life-threatening forms necessitating neonatal exchange transfusions and/or
subsequent regular transfusion support; complications include gallstones,
pulmonary hypertension, extramedullary hematopoiesis and iron overload.
Since identification of the first pathogenic variants responsible for PK defi-
ciency in 1991, more than 300 different variants have been reported, and the
study of molecular mechanisms and the existence of genotype-phenotype
correlations have been investigated in-depth. In recent years, during which
progress in genetic analysis, next-generation sequencing technologies and
personalized medicine have opened up important landscapes for diagnosis
and study of molecular mechanisms of congenital hemolytic anemias, geno-
typing has become a prerequisite for accessing new treatments and for eval-
uating disease state and progression. This review examines the extensive
molecular heterogeneity of PK deficiency, focusing on the diagnostic impact
of genotypes and new acquisitions on pathogenic non-canonical variants.
The recent progress and the weakness in understanding the genotype-phe-
notype correlation, and its practical usefulness in light of new therapeutic
opportunities for PK deficiency are also discussed.
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ABSTRACT

Pyruvate kinase enzyme

Pyruvate kinase (PK) is an allosterically regulated glycolytic enzyme that cat-
alyzes the irreversible conversion of phosphoenolpyruvate to pyruvate, with the
synthesis of one molecule of ATP. Since mature red blood cells totally depend on
the ATP generated by glycolysis for maintaining cell integrity and function, PK
plays a crucial role in erythrocyte metabolism; insufficient energy production may
impair red blood cell homeostasis, leading to premature removal of PK-deficient
erythrocytes from the circulation by the spleen.1,2 A secondary decrease in PK activ-
ity has been observed in the presence of reduced red cell membrane surface (as in
hereditary spherocytosis3) or in acquired hematologic conditions (e.g., acute
myeloid leukemias, or myelodysplastic syndromes),4,5 suggesting a functional rela-
tionship between structural membrane integrity and PK activity, and a wider
involvement of glycolytic enzymes in cell control.4,5

The three-dimensional structures of a number of prokaryotic and eukaryotic PK
have been solved to a high resolution, showing that in almost all organisms, func-
tional PK is a homotetramer of approximately 200-240 kDa.6-9 Each subunit con-
tains four domains, namely a small N-terminal helical domain (residues 1-84); an A
domain with (β/a)8 barrel topology (residues 85-159 and 263-431); a β-stranded B
domain (residues 160-262), inserted between helix a3 and strand β of the A
domain, and a C domain with a+β topology (residues 432-574)10,11 (Figure 1A, B).
The active site is located between the A and B domains, whereas the C domain
contains the binding site for fructose 1,6 bisphosphate.12 Subunit interactions at the
interfaces between the A domains and the C domains, as well as A/B and A/C
interdomain interactions within one subunit are considered to be key determinants
of the allosteric response of the enzyme. PK is quite a stable protein, and can last



the entire lifespan of erythrocytes.13 Pathological muta-
tions causing PK deficiency can be localized in any of the
protein domains, with major clusters in specific regions,
such as the interface between the A and C domains, the
A/A′ intersubunit interface, the hydrophobic core of the A
domain, and the fructose 1,6 bisphosphate-binding
site6,10,14,15 (Figure 1C).
Several human PK mutants have been produced as

recombinant forms and biochemically character-
ized10,11,13,16,17 showing that amino acid substitutions can
affect thermostability, catalytic efficiency, and response to
the allosteric effector.

Diagnosis of pyruvate kinase deficiency 

The diagnostic workup for PK deficiency is based on the
patient’s personal and family medical history and clinical
examination, and on several laboratory investigations,
including the spectrophotometric assay of red blood cell
PK activity.18 Molecular analysis of the PKLR gene is nec-
essary to confirm the diagnosis, and overcomes the limita-
tions of the enzymatic test, which may give false positive
results in the case of heterozygous carriers, or false nega-
tive results in the case of recent transfusion, or an
increased number of reticulocytes. Therefore, recently

published guidelines and recommendations conclude that
enzyme analyses and DNA studies are complementary
techniques for diagnosing PK deficiency.19
With the advent of next-generation sequencing (NGS)

techniques, the PKLR gene is usually included in panels
designed for diagnosing hereditary hemolytic anemias,20-24
allowing detection of an increasing number of cases, thus
reducing misdiagnosis, and highlighting the extreme phe-
notypic variability of PK deficiency25-27 (Table 1). 

Gene and variants

The PKLR gene, located on chromosome 1q21, consists
of 12 exons and is approximately 9.5 kb in size.31 The gene
encodes for the liver (L) and erythrocyte (R) isoforms of
the enzyme according to tissue-specific promoters;31,32 ten
exons are shared by the two isoforms, while exons 1 and
2 are specifically transcribed to the PK-R and PK-L mRNA,
respectively. The cDNA encoding PK-R is 2060 bp long
and codes for 574 amino acids (Figure 1A). In the R-type
promoter region, two CAC boxes and four GATA motifs
are located within 270 bp from the translational initiation
codon; the proximal 120 bp region has basal promoter
activity and the region from -120 to -270 works as a pow-
erful enhancer in erythroid cells.31
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Figure 1. PKLR gene and red cell pyruvate kinase structure. (A) The PKLR gene, its chromosomal localization, extension and intron/exon organization. Numbering
and mutations are usually reported in the literature using the RPK cDNA sequence of the PKLR gene, with the A of the initiation ATG being assigned number +1
(Transcript refseq ID NM_000298.5).  (B) Structural domains of the human PK-R monomer, the N-terminal domain is reported in yellow, A-domain in red, B-domain
in light blue and C-domain in green. The corresponding amino acids are reported below. *Represents the localization of residues directly involved in the allosteric
site and catalytic center (yellow) and in the fructose 1,6 bisphosphate (FBP) activator (red). (C) Ribbon representation of the human erythrocyte pyruvate kinase
monomer (left) in complex with the substrate and the allosteric activator fructose-1,6-diphosphate (red and purple) and tetramer based on the crystal structure
described by Valentini et al.10 Circles indicate the A’A’ and the A/C subunit interfaces.
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The number of known pathogenic variants is continu-
ously increasing.  In a recent inventory, Canu et al.33 report-
ed 260 mutations in the PKLR gene; the Human Genome
Mutation Database (HGMD) reports 290 pathogenic vari-
ants (update March 2020); a detailed inventory of PKLR
variants is also available in the PKLR Leiden Open
Variation Database (https://databases.lovd.nl/shared/genes/
PKLR), including a more specific data collection (e.g., con-
gress presentations and unpublished results). 
The HGMD does not yet include the results obtained in

a single analysis of 257 patients with PK deficiency
enrolled in the Pyruvate Kinase Deficiency Natural
History Study (PKD NHS), a multicenter, international
study; 127 different pathogenic variants were detected,
comprising 84 missense and 43 non-missense variants
(including 20 stop-gain variants, 11 affecting splicing, 5
large deletions, 4 in-frame indels, and 3 promoter vari-
ants).34,35 A similar distribution is observed by stratifying
variants reported by the HGMD according to the type of
mutations (Figure 2).
A list of the more commonly detected mutations and

variants with geographical distribution and ethnic back-
ground is reported in Table 2; similar information for the
rarer/unique variants is available in mutation databases.
Molecular analysis of the PKLR gene by Sanger sequenc-
ing usually covers the entire coding region, flanking
intronic sequences and the erythroid-specific promoter.
NGS analysis allows more extensive sequencing than the
Sanger method (generally including entire coding and
intronic flanking regions, promoter, 3’ upstream, and 5’
downstream regions) and can give information on the
presence of large indels. Other techniques (e.g., multiplex
ligation-dependent probe amplification or assays of copy
number variations, comparative genomic hybridization
arrays or digital polymerase chain reaction) can also be
used to this latter purpose. Variants are usually reported in
the literature using the RPK cDNA sequence of the PKLR
gene, with the A of the initiation ATG being assigned
number +1 (Transcript refseq ID NM_000298.5).
American College of Medical Genetics and Genomics
(ACMG) guidelines should be followed to interpret and
assess sequence variants.42

Promoter and enhancer  variants
Only a few pathogenic variants have been identified in

the promoter region, mostly clustering at two functionally
important sequences, such as the consensus binding motif
for GATA-1 at nucleotides c.-69 to -74,43-45 and a regulatory
element (PKR-RE1) whose core CTCTG extends from
nucleotides c.-87 to -83.46,47 The variant c.-72A>G, located
in the GATA-1 motif, was found to be associated with low
mRNA expression, and to be responsible for severe ane-
mia when present in the homozygous state.15,45 Other vari-
ants have been reported with uncertain pathogenic signif-
icance: the variant c.-109C>T described by Pissard et al.,48
while not directly modifying any known binding site for a
transacting factor, was found to be located within a region
displaying basic promoter activity, very close to the region
described as an erythroid enhancer49 (Figure 3).
At  the moment a clear disease-causing association of

variants located in the enhancer region is not well estab-
lished. Some reported variants in this regions, such as c.-
148C>T,49 or deletion reported at nucleotides c.-249delA
or c.-248delT, do not seem to affect the expression of the
gene, thus are considered non-pathogenic.46 

Coding region variants
The large majority of pathogenic variants are located in

the coding region. Mutations are distributed throughout
the PKLR gene and affect all exons (Figure 4). Most of
them (about 66%) are missense mutations (Figure 2). Not
every mutation detected by DNA sequencing can be
immediately classified as a disease-causing variant, and
should be considered ‘variants of unknown clinical signif-
icance’ until their pathogenic nature is confirmed by func-
tional analysis such as PK enzymatic assays, western blot-
ting, reverse transcriptase polymerase chain reaction
analysis, or gene reporter assays.50 This is especially
important when patients’ samples are not accompanied
by complete clinical and laboratory information.
Most variants in PK deficiency affect residues critical to

the structure and/or function of the enzyme. However, it
is not possible to establish a direct relationship between
the severity of a pathogenic variant and its position; most
patients in fact are compound heterozygous for two
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Table 1. Recent studies performed by next-generation sequencing technologies in patients with hemolytic anemias. 
Reference                      Method                          N. of genes                       N. of cases studied        PKD diagnosis         New diagnosis and number and
                                                                             analyzed                                 with CHA                                                type of mismatched diagnoses

15                                           t-NGS                                          35                                                     36                                        2                                            2 new PKD
28                                           t-NGS                                          55                                                     43                                        8                                            8 new PKD
29                                             WES                                          n.a.                                                     4                                         4                                            4 new PKD
30                                           t-NGS                                          76                                                    21a                                       6                                            3 new PKD
                                                                                                                                                                                                                                                    2 CDA→ PKD
                                                                                                                                                                                                                                                     1 DBA→PKD
27                                           t-NGS                                          76                                                    21b                                       6                                            4 new PKD
                                                                                                                                                                                                                                                      2 CDA→PKD
25                                           t-NGS                                   34 and 71                                              74c                                       7                                         7 CDA→PKD
23                                           t-NGS                                          33                                                     57                                        3                                            2 new PKD
                                                                                                                                                                                                                                                      1 CDA→PKD

Number of genes included in the panel, number of cases analyzed in each study and cases diagnosed with pyruvate kinase deficiency are shown. Next-generation sequencing
analysis allowed modification of a previous diagnosis; the number and the type of mismatched diagnosis is reported in the last column. aAll transfusion-dependent patients. bNo
diagnosis despite extensive laboratory investigations. cSuspected diagnosis of congenital dyserythropoietic anemia. CHA: chronic hemolytic anemias; PKD: pyruvate kinase defi-
ciency; t-NGS: targeted next-generation sequencing; WES: whole-exome sequencing; n.a.: not available; CDA: congenital dyserythropoietic anemia; DBA: Diamond-Blackfan ane-
mia. 



mutations and it is therefore difficult to determine the
severity of any one individual variant in critical regions of
the gene. 

Splice site variants 
Splice site variants have been reported in all exon/intron

boundary sequences. Most of these variants affect the ±1
or ±2 nucleotides of the donor/acceptor sequences, and
are consequently considered to have a drastic effect on
splicing, causing unstable and degraded mRNA. 
Care should be taken in the interpretation of more

internal variants that require functional analysis before

defining their pathogenicity; this is the case of rare PKLR
variants such as c.1269+5G>A,48 c.507-20C>A14,
c.100+10G>A and c.375+10G>T,48 considered by authors
to affect the splicing only basing on in silico analysis.    
It is worth noting that some missense mutations in the

coding region may also affect splicing, in particular when
located in the first/last nucleotides of the exons, e.g.,
c.507G>A,17 c.694G>T,48,51 c.1269G>C,52 or the c.1436G>A
variant (p.R479H),38 located in the last nucleotide of exon
10, typically but not exclusively found in the Amish com-
munity. The deleterious effect of these variants  should
always be considered in genetic counseling, or in evaluat-
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Figure 2. Type of PKLR pathogenic variants.
(A) The type of PKLR pathogenic variants
(n=290) reported in the Human Genome
Mutation Database (March 2020). (B) The
type of PKLR mutations (n=127) reported in a
series of 257 patients with pyruvate kinase
deficiency.35 (C) Genotypes in a series of 177
unrelated patients with pyruvate kinase defi-
ciency.35 
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ing the impact of genotype in clinical trials (see the section
“From genotype to new therapies”). 

Deep intronic variants 
An increasing number of pathogenic deep intronic

mutations has been described across different disease con-
ditions,53 and these mutations have been considered to jus-
tify the number of PK-deficient patients in whom it is not
possible to find molecular defects. Among the 278 partic-
ipants initially enrolled in the PKD NHS, 21 were consid-
ered ineligible for the study because of the inability to
demonstrate two pathogenic variants even after excluding
the large deletion analyzed by long-range polymerase
chain reaction.34,35 This aspect has important implications,
obviously from the diagnostic point of view, but also with
regards to the possibility to access new specific therapies,
as further discussed in the next paragraphs.26,54 Laboratory

confirmation of deep intronic variants is often difficult and
may require specific testing such as loss of heterozygosity
by analyzing an allele-specific cDNA, or the more com-
plex minigene construct approach.55
In a recent study a deep intronic mutation

(c.283+109C>T in intron 2) was detected by whole exome
sequencing in compound heterozygosity with the mis-
sense mutation p.G332S, and was considered responsible
for creating an alternative splicesome by in silico analysis;
rapid mRNA degradation was confirmed by the observa-
tion of loss of heterozygosity of the p.G332S variant at the
cDNA level.56
In another study, 13 PK-deficient related individuals

with one or no pathogenic variants identified in the PKLR
gene were analyzed by whole exome sequencing or
whole genome sequencing. Five patients had an alterna-
tive diagnosis with mutations in GATA1, KIF23, and
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Figure 3. DNA sequence of the erythroid-specific PKLR promoter region. Conserved
sequences  between human and rat PKR promoter are underlined, the black arrow indi-
cates the PK-R transcriptional start site. Yellow boxes indicate  the GATA-1 motif, the green
boxes identify the CAC/Sp1 motif and the blue box identifies the PKR-RE regulatory ele-
ment. Colored arrows indicate motif direction. Mutated nucleotides reported in the litera-
ture associated with pyruvate kinase deficiency are indicated in red and reported in more
detail in the box.  

Table 2. Most common mutations of the PKLR gene, ethnic distribution and allelic frequency.
Mutation                                         Effect                  Exon         Mutation type              Geographical                    rs               Allelic frequency      Ref.
                                                                                                                                 distribution/ethnicity                                (gnomAD Exome)

c.1529G>A                                             p.R510Q                       11                  Missense                 Nothern EU, USA            rs113403872                 0.000358                  34
c.1456C>T                                              p.R486W                      11                  Missense                Southern EU, India           rs116100695                  0.00305                34,36
c.1468C>T                                              p.R490W                      11                  Missense                            Japan                       rs200133000                 0.000127                  37
c.721G>T                                                p.E241*                        7                   Nonsense                        Caucasian                   rs201953584                0.0000485                 16
c.994G>A                                                p.G332S                        8                   Missense                        Caucasian                   rs773626254                0.0000557                 16
c.992 A>G                                              p.D331G                        8                   Missense                             India                       rs1443439423              0.00000398                36

Pathogenic variants with strong ethnic association

c.1436G>A                                    p.R479H/abnormal             10          Missense/splicing       Pennsylvania Amish,         rs118204085                 0.000127               36,38
                                                                  splicing                                                                                           Indian
c.829G>A                                                p.E277K                        7                   Missense                           African                      rs147689373                 0.000694                  39
c.1437-518_1618+440del             1149 bp deletion           i10-i11         Large deletion             Roma community                     na                                na                       40
c.283+1914_1434del                    5006 bp deletion             i3-10           Large deletion                  Vietnamese                          na                                na                     17,41



PIEZO1 genes, whereas in five other cases, whole genome
sequencing identified different intronic variants, all pre-
dicted to perturb normal mRNA processing and confirmed
by minigene assays.55

Large insertions/deletions 
Large indels are rare, possibly due to the technical diffi-

culties in identifying them. The most frequent is the dele-
tion of the 1149 bp characteristic of the Roma communi-
ty, which leads to skipping  of exon 11.40 A very large
deletion of 5006 bp that results (at the cDNA level) in the
loss of exons 4 to 11 (c.283+1914_c.1434del5006) has
been described in patients of Vietnamese origin.17,41 A
large homozygous insertion of 367 bp (c.939_940ins367)
containing an Alu element (AluYb9)57 was identified in
two unrelated children with severe transfusion-depen-
dent hemolytic anemia, from the Middle East. Other vari-
ants have been reported although the exact cut-off point
has not been identified (3 of the 5 different large deletions
identified within the PKD NHS).35
As for deep intronic variants, the search for large indels

may add to the costs of analysis and require techniques
not always available; however,  it should always be con-
sidered when one mutation or no mutations at all are
detected in a patient with clinical and biochemical diag-
nosis of PK deficiency. The eventuality of a large deletion
at the heterozygous level should always be taken into
account in patients carrying homozygous pathogenic
variants, in whom the allelic transmission has not been
confirmed through analysis of the parents. 

Inherited pyruvate kinase hyperactivity 
Inherited hyperactivity of red blood cell PK (OMIM

102900) has been reported in only three families with
apparent asymptomatic conditions with different etiolo-
gies.58-60 This  rare condition was attributed in the past to
a heterozygous mutation in the PKLR gene61 or to the
persistent expression of the fetal isozyme PK-M2.59 More
recently, there was a report of a family characterized sole-
ly by the increased expression of a kinetically normal PK-
R, in the absence of mutations in PKLR codifying and reg-
ulatory regions as well as variations in PKLR copy num-
ber, and exclusion of co-segregation with the PKLR locus;

in this case, the authors postulated that the causative
mutation resides in a novel, unidentified locus, responsi-
ble for upregulating PKLR gene expression.60

Other genes associated with pyruvate kinase deficiency 
KLF1 is a transcription factor involved in terminal ery-

throid differentiation, and regulates many of the genes
implicated in red cell enzyme deficiencies, including
PKLR. Decreased PK activity in the absence of PKLR
mutations has been reported in patients who were com-
pound heterozygotes for KLF1 variants, possibly leading
to misdiagnosis of these cases with PK deficiency;62 these
patients displayed severe, transfusion-dependent neona-
tal anemia with a broad spectrum of red cell morpholog-
ical abnormalities and a remarkable persistence of fetal
and embryonic globin synthesis.

Geographical distribution of PKLR variants 

PK deficiency has a worldwide geographical distribu-
tion. A careful literature review established that the
prevalence of clinically-diagnosed PK deficiency was
likely between 3.2 and 8.5 cases per million in Western
populations, while the prevalence of diagnosed and undi-
agnosed PK deficiency could possibly be as high as 51
cases per million.63-65 The causes of this variability can be
explained by the rarity of the disorder, the high percent-
age of undiagnosed cases and the absence of disease reg-
istries and specific population studies.65 
There is a high frequency of PK deficiency in Middle

East and sub-Saharan Africa populations, possibly due to
selective pressure from malaria;39,66 some reports have, in
fact, suggested that PK deficiency provides protection
against infection and replication of P. falciparum in murine
models and in ex vivo experiments with red cells from PK-
deficient patients.67-69 Most of the molecular variants
reported are private, and it is thus difficult to define a geo-
graphical distribution. Despite this, the most frequent
mutations in PK deficiency are distributed with a strong
ethnic and regional background; in addition, some muta-
tions have a high frequency in specific populations as a
result of a founder effect (Table 2).
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Figure 4. Distribution of variants along the PKLR gene and pyruvate kinase structural domains. Distribution of unique pathogenic variants reported in the Human
Genome Mutation Database along exons (left side), and distribution of affected residues in the four different structural domains (right side). aa: amino acid; N: N-
terminal domain.



Mutations and clinical phenotype: 
the genotype-phenotype correlation

The broad spectrum of clinical presentations reported
in PK deficiency reflects the extensive molecular hetero-
geneity,16,26,34 and the search for a correlation between the
genotype and the phenotype has been the matter of
study for many years. 
The genotype-phenotype correlation has been investi-

gated in clinical studies and by in vitro production and
characterization of recombinant mutant proteins of the
human enzyme,10,13,16,70 showing that patients with severe
phenotypes more commonly carry nonsense mutations
or missense pathogenic variants affecting the active site
or stability of the PK protein.15,16,36,71
A recent analysis evaluated the genotype-phenotype

correlation in the PKD NHS.35 In addition to the volume
of patients/data collected (257 patients, 177 of them
unrelated), analysis of this cohort had the great advan-
tage of homogeneous data collection. Mutation types
were classified according to previous approaches as mis-
sense (M) or non-missense (NM) (including nonsense,
frameshift, splicing mutations, large deletions, in-frame
indels, and promoter variants); patients with NM/NM
mutations were found to have a more severe phenotype,
with lower hemoglobin levels after splenectomy, a high-
er number of transfusions throughout their lifetime, a
higher rate of iron overload, and a higher rate of splenec-
tomy, when compared with patients with M/M or
M/NM PKLR mutations. This categorization has some
obvious limitations; in fact, although it is easy to predict
the effects of a nonsense variant, because, independently
of its nature, it results in protein degradation, predicting
the effect of missense variants is more complex, and
must take into account the effects on functional proper-
ties and the stability of the mutated protein. Studies on
the biochemical characterization of recombinant mutant
PK enzymes have actually warned against predictions of
the effects of missense mutations simply based on the
location and the nature of the replaced residues; as an
example, the two most frequently reported mutations
p.R486W and p.R510Q both affect arginine residues
located at the A/C interface, but result in substantially
different effects. The p.R486W substitution leads to an
enzyme with moderately altered kinetic parameters, but
does not affect protein stability, whereas the p.R510Q
replacement is likely to disrupt a local network of hydro-
gen bonds and ultimately results in protein instability
and altered allosteric responsiveness to ATP inhibi-
tion.10,13
The structural architecture of the PK molecule con-

tributes greatly to the heterogeneity of biochemical
properties of the abnormal variants; in fact, the majority
of patients with PK deficiency are compound heterozy-
gous for two missense mutations, and may therefore
have several different combinations of tetramers, each
with distinct kinetic, allosteric and structural properties.
In addition, it is known that in patients with identical

genotypes other genetic or environmental factors may
affect the phenotype. This has been observed in a large
number of patients homozygous for the p.R510Q
mutant reported in three studies.16,34,72 In all series, vari-
ability in the severity of the disease and the well-being of
the patients was observed, even within the same family.
Patients displayed a wide range of hemoglobin levels

(4.9-12.2 g/dL16 and 6.7-11.5 g/dL34) with a broad spedi-
um of ages at diagnosis (0-56 and 0-47 years), but similar
rates of splenectomy (44% and 37%).
Phenotypic variability within the same family has been

confirmed by the analysis of 88 siblings from 38 fami-
lies:35 with intraclass correlations ranging from 0.4-0.61;
about the same degree of similarity has been found either
within or between sibling clusters for hemoglobin, total
bilirubin, splenectomy, and cholecystectomy.35
Finally, PK-deficient patients usually tolerate anemia

well, so the decision to transfuse or treat a patient is
based on how the patient feels rather than on an arbitrary
hemoglobin threshold.16 This is in part justified by the
increased 2,3-diphosphogylcerate level typically found in
these patients; as an important regulator of the oxygen
affinity of hemoglobin, 2,3-diphosphogylcerate may
enhance oxygen delivery.74 Al-Samkari et al.26 reported an
illustrative case: despite continued severity of anemia
after splenectomy, a PK-deficient patient did not require
blood transfusion, maintaining  a normal social life into
adulthood. Quality of life assessments, including the
Functional Assessment of Chronic Illness Therapy
Fatigue subscale [FACIT-F, final score of 48 (score range 0-
52)] and the Functional Assessment of Cancer Therapy
[FACT-G, score of 96 (score range 0-104)], confirmed the
patient’s good quality of life.

Epigenetic factors and co-inheritance

Other causes of variability of clinical expression in PK
deficiency could depend on possible individual differ-
ences in metabolic or proteolytic activity, which may
modulate the basic effect of the mutations on ineffective
erythropoiesis74,75 or differences in splenic function, and
on the ability to compensate for the enzyme deficiency
by overexpressing isozymes or using alternative path-
ways.16 In addition, other factors, such as genetic back-
ground, concomitant functional polymorphisms of other
enzymes, post-translational or epigenetic modifications,
and co-inheritance of other diseases may greatly con-
tribute to the phenotypic heterogeneity and complica-
tions.
Patients with PK deficiency usually develop secondary

iron overload with a multifactorial pathogenesis, involv-
ing chronic hemolysis, ineffective erythropoiesis, and
transfusion therapy;76-78 HFE mutations p.C282Y and
p.H63D have been proposed as additional risk factors.79,80
Similarly, the co-inheritance of the UGT1A1 TA promoter
polymorphism may contribute to the occurrence of gall-
stones, which are detected with increased frequency after
the first decade of life in PK-deficient patients.81,82
The concomitance of PK deficiency and other heredi-

tary anemias, such as glucose-6-phosphate dehydroge-
nase deficiency, hemoglobinopathies, and red blood cell
membrane defects, has been reported on rare occasions,
with variable contributions of the different diseases to the
severity of hemolysis, and should always be considered
when interpreting clinical severity.82,83 The number of
these reports has grown in recent years due to the
increased use of NGS technologies, allowing identifica-
tion of multiple disease-associated variants in patients
affected by congenital hemolytic anemias and complex
patterns of inheritance.25,84,30
Heterozygosity for a mutation in the PKLR gene may
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accompany other red cell diseases, confounding the
hematologic pattern and sometimes making the diagnosis
challenging; likewise, concomitant causes of anemia may
explain some patients with decreased PK activity and
only one mutation detected upon molecular analysis. In a
series of 56 French patients diagnosed with PK deficiency
by enzymatic assay and submitted to a molecular diagno-
sis, 17 cases were reported to carry a heterozygote PK
mutation; in three of them, an association with other
defects was found, namely a membrane defect, a hexoki-
nase deficiency and a glucose-6-phosphate dehydroge-
nase deficiency.48 In these cases, complete hematologic
investigation and molecular characterization of the
involved genes are needed to clarify the correct diagnosis,
also in view of therapeutic approaches and genetic coun-
seling.85,86
Co-inheritance of heterozygous HbS and PK deficiency

(either in the homozygous or heterozygous state)87-89 may
induce sickling and worsening of phenotype. In the
reported cases, the increase of intraerythrocytic 2,3-
diphosphogylcerate concentration induced by the PK
deficiency resulted in a decreased oxygen affinity which
favored sickling.
The possible contribution of a heterozygous PK defi-

ciency to modifying the clinical expression of a mem-
brane defect or other congenital anemias is still debated.
Some authors  excluded a synergetic effect between car-
riership for PK deficiency in patients with concomitant
hereditary spherocytosis,85,90 while others reported that
the co-inheritance of heterozygous PK deficiency was
associated with an aggravation of the phenotype in two
families, one affected by hereditary spherocytosis91 and
the other by congenital dyserythropoietic anemia associ-
ated with a GATA1 mutation.92

From genotype to new therapies 

The treatment of PK deficiency is based on supportive
measures, including blood transfusions, splenectomy,
and managing complications. The only curative treat-
ment is hematopoietic stem cell transplantation (HSCT);
however, due the risk of graft-versus-host disease, this
should be considered only in severe cases or when it rep-
resents the only realistic therapeutic option. 
New therapeutic options that range from a small mol-

ecule PK activator to gene therapy are being developed,
and may change the way of treating PK deficiency in the
future. In this context, a confirmed diagnosis is crucial to
have access to these new therapies, and consequently
genotyping is becoming a need for most patients; more-
over, it may influence the outcome of the treatment and
must therefore be taken into account when directing the
patient to possible therapies.

Hematopoietic stem cell transplantation
van Straaten et al. recently evaluated the indications,

procedures employed and outcomes of HSCT in the series
of all the patients with PK deficiency treated between
1996 and 2015 (16 patients from Europe and Asia, no
patients resulted as being treated in the USA in that peri-
od).93 Two additional cases were recently reported.94,95
The analysis of the genotypes of the treated patients

showed a great heterogeneity, and surprisingly, no preva-
lence of nonsense pathogenic variants. Despite this, as
reported in Table 3, most of the missense variants in this
series affected amino acid residues that participate
directly in the allosteric and catalytic binding site of the
enzyme, supporting the observation of genotype-pheno-
type analysis. As expected, no correlation was observed
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Table 3. Patients who have undergone hematopoietic stem cell transplantation and their genotype.  
            Sex        Country                      Genotype                             Mutation effect            Splenectomy      Age at      Year             Outcome      Structure
                                                                                                                                                                        HCST                                                      ref

Pt 1          M               Asia                              Unknown                         Unknown               Unknown               No                   5 y               1996                  Alive                    
Pt 2           F                 EU                      p. [E241*; R532W]                Nonsense            Missense 1            Yes                  15               2002             Deceased           10,11
Pt 3           F                Asia                      p.[K348N; R359H]              Missense 2          Missense 2             No              1 y 7 mo          2009                  Alive                  47
Pt 4           F                 EU                       p.[E241*; R488Q]                Nonsense              Missense               No                   3 y               2009                  Alive                    
Pt 5          M               Asia                      p. [R40Q; D339N]                 Missense            Missense 3             No              2 y 6 mo          2009                  Alive                  10 
Pt 6           F                 EU                     p. [M377fs; M377fs]              Nonsense              Nonsense             Yes                 17 y              2010             Deceased               
Pt 7           F                 EU                       p.[G165V; R510Q]                 Missense            Missense 4            Yes                 39 y              2011             Deceased             16
Pt 8           F                 EU                       p.[G511E; E538*]                 Missense              Nonsense             Yes                  7 y               2013                  Alive                    
Pt 9          M                EU                        p.[I494T; R559*]                  Missense              Nonsense               No                   6 y               2013             Deceased               
Pt 10        M               Asia                       p.[V283A; I314T]                  Missense            Missense 3             No              1 y 6 mo          2013                  Alive                  10
Pt 11        M                EU                      p.[K541fs; K541fs]                Nonsense              Nonsense              Yes                 10 y              2014             Deceased               
Pt 12        M               Asia                       p.[D221Y; I314T]               Missense 3          Missense 3             No                   9 y               2014                  Alive                10,17
Pt 13        M               Asia                       p.[V283A;V283A]                  Missense               Missense               No              1 y 6 mo          2015                  Alive                    
Pt 14        M                EU                       p.[D331Q;D339H]              Missense 5           Missense 3            Yes                 41 y              2015                  Alive                10,14 
Pt 15        M               Asia               c.[1270-3C>A];p.[G540*]         Nonsense              Nonsense              Yes                 11 y         Unknown             Alive                    
Pt 16         F                Asia               c.[1270-3C>A];p.[G540*]         Nonsense              Nonsense               No                   8 y          Unknown             Alive                    
Ref 94      F              China                      p.[I314T; I314T]                Missense 3          Missense 3             No            Unknown    Unknown             Alive                    
Ref 95      M              Japan          p.[Pro145Hisfs;Pro145Hisfs]      Nonsense              Nonsense              Yes                 32 y         Unknown             Alive                    
Missense variants falling in “strategic” functional amino acid residues or associated with documented thermo-unstable variants are reported in bold. 1Directly involved in the
fructose 1,6 bisphosphate activator. 2Directly involved in the substrate and cation binding sites. 3Residues directly involved in the allosteric site and catalytic center. 4Highly unsta-
ble. 5Proximity of the substrate-binding site.



between the type of mutations and the outcome of the
treatment.  

Allosteric activator (AG-348)
AG-348 is an allosteric activator of PK-R that binds in a

pocket at the dimer-dimer interface, distinct from the
allosteric activator fructose 1,6 bisphosphate binding
domain, inducing the active R-state conformation of the
PK-R tetramer.
Preclinical studies showed that AG-348 enhanced activity

in vitro in wild-type PK and in a broad spectrum of PKLR
mutations; this finding was consistent with the known
binding site for AG-348, which is distinct from the areas of
the most common PKLR mutations.11 Data from phase I
and phase II studies demonstrated that the glycolytic path-
way is activated upon treatment with AG-348, and that
54% of PK-deficient subjects experienced a rise in hemoglo-
bin, all of whom had at least one missense mutation.54,96 It
has therefore been hypothesized that a minimal level of
full-length PK protein is required for enzyme activation,
excluding patients carrying two nonsense variants from the
potential benefits of the treatment.54 In an AG-348 clinical
trial, evaluating p.R479H as a splicing variant other than a
simple amino acid substitution caused an increase of the
percentage of patients with a hemoglobin response from
48% to 54%.54
A more recent study investigated the effect of ex vivo

treatment with AG-348 on enzyme activity, thermostabili-
ty, protein levels and ATP in PK-deficient red cells from 15
patients with different genotypes, including  the most fre-
quently reported variants in Caucasian p.R486W and
p.R510Q;97 the overall results showed a mean 1.8-fold
increase in PK activity  and a 1.5-fold increase in ATP levels.
Protein analyses suggested that a sufficient level of protein
is required for cells to respond to AG-348 treatment, as pre-
viously reported.54 Interestingly, the thermostability of PK
was also found to be significantly improved upon ex vivo
treatment with AG-348, but with a high variability in
response among the different genotypes; this was particu-
larly evident in PK patients carrying the common mutation
p.R510Q, which is known to affect catalytic activity only
slightly, but to be highly unstable.13 Overall, these data
demonstrated that the clinical utility of AG-348 in PK-defi-
cient patients is influenced by the type of mutations, and
that variability in the response can also be increased by the
compound heterozygosity that is present in most patients.
Prospective studies in patients across a broader range of
genotypes and disease severity are required to identify
patients who can benefit most from the treatment. 

Gene therapy
Ex vivo gene therapy for hematologic genetic disorders

is becoming a reality in clinical practice. This gene thera-
py strategy is based on an autologous transplant in
which the infused cells are genetically corrected ex vivo.
There are several ongoing clinical trials on the use of
gene therapy for rare anemias (β-thalassemia, sickle cell
disease, Fanconi anemia) and hereditary metabolic dis-
eases.98,99 Preclinical studies focused on the treatment of
PK deficiency by gene therapy have been successfully
performed.100-102 Autologous cells corrected with a lentivi-
ral vector carrying a codon optimized version of the
wild-type cDNA sequence of the PK-R gene have been
demonstrated to be able to compensate the disease phe-
notype in a murine model, without any adverse effect
related to the procedure.102 This procedure has been des-
ignated as an orphan drug by the European Medicines
Agency (EU/3/14/1330; https://goo.gl/T4N6mO) and by
the U.S. Food and Drug Administration (DRU-2016-
5168).103
An open-label, phase 1 gene therapy study consisting

of autologous hematopoietic stem and progenitor cells
transduced ex vivo with a lentiviral vector encoding for
the PK enzyme has been approved and recently opened.
PK-deficient patients with confirmed genotype and
severe, transfusion-dependent anemia despite splenecto-
my may be eligible for enrollment (www.clinicaltrial.gov
NCT04105166).  

Conclusions

One of the clear advantages of NGS technologies is the
availability of molecular testing for rare diseases in many
laboratories, resulting in increased awareness of rare con-
genital conditions, in the dramatically increased number
of molecular variants, in the reduced time of diagnosis
and number of misdiagnoses. However, the huge
amount of data obtained should be interpreted in the
light of knowledge of the pathogenic basis of diseases
and always supported by functional studies: on top of
the molecular lesion itself, the effect of mutations on the
expression and functionality of the protein is known for
only a few variants. In addition, the study of compensa-
tory effects of other metabolic pathways and cellular
involvement (e.g., membrane channel activities, mem-
brane stability) in response to energy depletion will offer
new insights into the interpretation of the effect of PKLR
mutations and phenotype. 

P. Bianchi and E. Fermo
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