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Summary

Mutations in the KLF1 gene, which encodes a transcription factor playing a

role in erythropoiesis, have recently been demonstrated to be a rare cause

of hereditary haemolytic anaemia. We described the genotypic and pheno-

typic spectra of four unrelated families with compound heterozygous class

2/class 3 KLF1 mutations. All patients had p.G176RfsX179 on one allele

and either p.A298P, p.R301H or p.G335R on the other allele. All presented

on the first day of life with severe haemolytic anaemia with abnormal red

blood cell morphology, markedly increased nucleated red blood cells and

hyperbilirubinaemia. Three patients later became transfusion-dependent.

All parents with heterozygous KLF1 mutation without co-inherited thalas-

saemia had normal to borderline mean corpuscular volume (MCV) and

normal to slightly elevated Hb F. Fifteen previously reported cases of bial-

lelic KLF1 mutations were identified from a literature review. All except

one presented with severe haemolytic anaemia in the neonatal period. Our

finding substantiates that compound heterozygous KLF1 mutations are

associated with severe neonatal haemolytic anaemia and expands the

haematologic phenotypic spectrum. In carriers, the previously suggested

findings of low MCV, high Hb A2 and high Hb F are inconsistent; thus this

necessitates molecular studies for the identification of carriers.

Keywords: haemolytic anaemia, KLF1, Kr€uppel-like factor 1, Newborn,

transcription factor.

Introduction

Kr€uppel-like factor 1 (KLF1), also known as erythroid Kr€uppel-

like factor (EKLF), is an erythroid-specific transcription factor

that plays an important role in the terminal differentiation of

erythroid cells.1,2 KLF1 activates genes that are involved in the

expression of globins, zinc protoporphyrin, structural proteins,

metabolic enzymes, cell cycles regulators, red blood cell

antigens and haemoglobin (Hb) switching factors.3,4 The KLF1

gene is located on chromosome 19p13�12-p13�13.5 KLF1 pro-

tein is composed of two transactivation domains (TAD1 and

TAD2) at the N-terminus and three zinc finger (ZF) domains

at the C-terminus. The TADs and zinc finger domains are

encoded by exons 1–2 and exons 2–3 respectively.3,6,7

Mutations in KLF1 cause a spectrum of phenotypes. To

date, more than 50 mutations of the KLF1 gene have been
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reported.3 KLF1 mutations are classified into four functional

classes. Class 1 variants are missense mutations that cause a

benign phenotype. Class 2 variants are hypomorphic alleles that

comprise missense variants or small in-frame deletions that

affect the functions of KLF1 protein. Class 3 variants are null

mutations resulting from non-sense or frameshift mutations.

The class 4 variant is caused by the E325K mutation, which is

located in a highly conserved ZF domain. The mutation has a

strong dominant negative effect and has been reported as a de-

novo mutation. The condition, classified as congenital dysery-

thropoietic anaemia (CDA) type IV, is characterized by severe

ineffective erythropoiesis and haemolysis.3,8,9

KLF1 controls the BCL11A gene that encodes a suppressor

of Hb F expression and also controls globin gene switch-

ing.10,11 Haploinsufficiency for KLF1 due to loss-of-function

mutations causes hereditary persistence of fetal haemoglobin

(HPFH).12–15 KLF1 mutations can cause borderline high Hb

A2 levels.16–18 KLF1 has also been reported to ameliorate the

severity of beta-thalassaemia disease.19–21 The findings were

demonstrated in a pair of twins who had beta-thalassaemia

major with discrepant clinical severity. The twin who har-

boured a co-inherited KLF1 mutation was non-transfusion-

dependent.21

Singleton et al. firstly reported in 2008 that heterozygous

KLF1 mutation causes a rare In(Lu) (inhibitor of Lutheran

antigen expression) blood group and low levels of red cell

membrane proteins BCAM and CD 44.22 The changes are

benign as all individuals with heterozygous KLF1 mutation

and In(Lu) blood group are asymptomatic. Several reports

confirm the association of the In(Lu) blood group with the

heterozygous KLF1 mutation.23–25

Recently, Viprakasit et al. reported for the first time that

compound heterozygosity of KLF1 mutations was a cause of

severe transfusion-dependent haemolytic anaemia.26 The

haematologic phenotypes were extensively characterized. All

eight reported patients presented with neonatal hyperbilirubi-

naemia and early onset of anaemia with characteristics of

increased nucleated red blood cells, reticulocytosis, high Hb

F, reduced pyruvate kinase activities and In(Lu) blood

group.26 After the initial report, there were further reports of

seven cases with compound heterozygous KLF1 mutations-

associated haemolytic anaemia with clinical manifestation

ranging from hydrops fetalis to mild non-transfusion-

dependent anaemia.27–32 As the condition is rare and may

mimic other more common hereditary haemolytic anaemias,

knowledge of clinical manifestations and haematologic char-

acteristics should be useful for understanding the KLF1

mutations and establishing a diagnosis of new cases. Herein,

we described the genotypes and haematologic phenotypes in

cases of compound heterozygous KLF1 mutations-associated

haemolytic anaemia and their parents who were carriers. Pre-

viously reported cases of compound heterozygous KLF1

mutations-associated haemolytic anaemia were reviewed and

summarized.

Patients and methods

The study protocol was approved by the institutional ethics

committee. Paediatric patients, aged from birth to 18 years

old, who were diagnosed with KLF1-associated haemolytic

anaemia at Chiang Mai University Hospital, Faculty of

Medicine, Chiang Mai University, Thailand and their par-

ents were enrolled. All parents gave informed consent and

patients older than seven years old gave their assent to the

study. KLF1 genotypes, clinical presentation and haemato-

logic data were analyzed. Blood samples were collected from

all patients and parents to be tested for common thalas-

saemia mutations and common mutations on SPTB that

cause hereditary elliptocytosis and hereditary pyropoikilocy-

tosis.

The KLF1 mutations were detected by whole-exome

sequencing (WES) and confirmed by direct Sanger sequenc-

ing in families 1 and 2 and by direct Sanger sequencing of

the KLF1 gene in families 3 and 4. The WES and direct San-

ger sequencing methods were as described previously.33,34

The southeast Asian, Thai, 3�7 kb and 4�2 kb deletional

alpha-thalassaemias were analyzed as per gap-PCR-based

methods as described previously.35,36 Mutations causing Hb

Constant Spring (HBA2: c.427 T > C) were searched for by

the high-resolution melting analysis method.37 The beta-

thalassaemia mutations were analyzed by high-resolution

melting analysis.38 Three common mutations on SPTB, Prov-

idence (SPTB: c.6055 T > C), Buffalo (SPTB: c.6074 T > G)

and Chiang Mai (SPTB:c.6224 A > G) were analyzed by San-

ger DNA sequencing.

Clinical and haematological parameters were summarized

in the patients who had biallelic KLF1 mutations and in the

parents who had a monoallelic KLF1 mutation. Co-inherited

mutations of other relevant genes were described. Hb analysis

was performed by high-pressure liquid column chromatogra-

phy (HPLC) using the Variant II HPLC system (Bio-Rad

Laboratories, Hercules, CA, USA) in families 1, 2 and 4, and

by capillary electrophoresis using the Capillarys 2 automated

analyzer (Sebia, Lisses, France) in family 3.

We performed a literature review of biallelic KLF1

mutations-associated haemolytic anaemia, using the key-

words “KLF1” or “EKLF” or “Kr€uppel-like factor 1” and

“CDA” or “congenital dyserythropoietic anemia” or “con-

genital dyserythropoiesis” or “congenital hemolytic anemia”

or “congenital non-spherocytic hemolytic anaemia” or

“CNSHA” or “anemia” to search PubMed for articles pub-

lished up until January 2021. Only articles in English were

included. This search revealed 156 articles. TT and PC

reviewed the titles and abstracts for reported cases of com-

pound heterozygous KLF1 mutations-associated haemolytic

anaemia. The reports of the dominantly negative KLF1

E325K mutation causing CDA type IV were excluded. Seven

articles reporting a total of 15 cases were selected for

review.
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Results

Four unrelated paediatric patients, aged from two to nine

years old, who were diagnosed with KLF1-associated haemo-

lytic anaemia and their parents were enrolled. The KLF1

genotypes and clinical presentation from the patients are

summarized in Table I. Two patients were male. All were

born at term with a birth weight from 2 250 to 3 030 g. All

presented within the first day of life (onset 5–20 h of age)

with neonatal anaemia and hyperbilirubinaemia. All received

phototherapy and two patients received their first transfusion

within the neonatal period. Three patients later became

transfusion-dependent and one required occasional transfu-

sion.

The genetic and haematologic data are summarized in

Table II. All eight mutant alleles comprising four different

mutations were successfully identified. All patients had

p.G176RfsX179 (c.525_526insCGGCGCC) on one allele, and

p.A298P (c.892G>C), p.R301H (c.902G>A) or p.G335R

(c.1003G>A) on the other allele. A patient had co-inherited

heterozygous G6PD Kaiping and another had heterozygous

3�7 kb deletional alpha+-thalassaemia. All patients presented

with moderate-to-severe microcytic anaemia with increased

nucleated red blood cells. Red blood cell morphology of all

patients was noted with anisocytosis and poikilocytosis.

Peripheral blood smears from patient no. 1 and her parents

are shown in Fig 1. Hb analysis from patient no. 1 and

patient no. 4 (post-transfusion sample) showed increased Hb

F levels.

All eight parents harboured monoallelic KLF1 mutations.

One mother also had a heterozygous G6PD Kaiping muta-

tion. Three other parents each harboured a heterozygous

beta-thalassaemia (HBB:c.52A>T), Hb Pakse (HBA2:

c.429A>T) and 3�7 kb deletional alpha+-thalassaemia muta-

tion respectively. All were asymptomatic without a previous

history of anaemia. All five parents without co-inherited

thalassaemia had normal Hb levels and normal to border-

line mean corpuscular volumes (MCV) and mean corpuscu-

lar Hb (MCH), while the three parents with heterozygous

thalassaemia mutations had low MCV and MCH. One par-

ent who was also a beta-thalassaemia carrier had high Hb

A2 5�5% and Hb F 6�6%, while the other seven parents had

normal to high Hb A2 2�9–3�8% and three had high Hb F

2�0–2�2%. A summary of the haematological characteristics

of parents with a heterozygous KLF1 mutation is presented

in Table III.

Table IV shows a summary of 15 previously reported

cases of biallelic KLF1 mutations that were identified

from literature review.26–32 Fourteen cases presented with

severe haemolytic anaemia in the fetal or neonatal

periods. One case with compound heterozygous null

mutations presented with severe anaemia and

kernicterus.31 A case with a homozygous R301C muta-

tion presented with mild anaemia and splenomegaly in

the adult period.32
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Discussion

We report the KLF1 genotypes, clinical and haematologic

characteristics of four paediatric cases of congenital haemoly-

tic anaemia due to compound heterozygous KLF1 mutations

and of their parents. Four different KLF1 mutations were

detected. All have been reported previously. All patients har-

boured a compound heterozygosity of class 2/class 3 KLF1

mutations. The p.G176RfsX179, a class 3 mutation, is caused

by an insertion of seven base pairs in the N-terminal

domain. The mutation results in a disruption of the protein

before the zinc finger DNA-binding domain.3 The other

three mutations are class 2 mutations that are located in the

zinc finger 1 and zinc finger 2 regions. These mutations alter

an amino acid in the zinc fingers and result in a disruption

of expression of the associated KLF1 transcript.3 The combi-

nation of the mutations could explain the severe and early-

onset haemolytic anaemia in the patients.

All patients with compound heterozygous KLF1 mutations

presented within the first day of life with moderate-to-severe

haemolytic anaemia and hyperbilirubinaemia. All patients

were treated with phototherapy and two required red blood

cell transfusions during the neonatal period. Three patients

later became transfusion-dependent. Of note, there was a

clinical discrepancy between two patients with the same

p.G176RfsX179/A298P mutations. The patient who had a co-

inherited heterozygous alpha+-thalassaemia had a more sev-

ere disease. He required red blood cell transfusion during the

newborn period and later became transfusion-dependent,

while the other patient without a co-inherited thalassaemia

required the first transfusion in infancy and was non-

transfusion-dependent. Red blood cell parameters of the

patients showed common characteristics of low MCV and

MCH, increased red cell distribution width (RDW), and

increased nucleated red blood cells/reticulocytes. The mark-

edly increased nucleated red blood cells reflect the important

role of KLF1 in the regulation of cell cycle exit and enucle-

ation.39 Red blood cell morphology in all patients was noted

with anisocytosis and poikilocytosis. In two cases with avail-

able Hb analysis results, high Hb F levels were observed.

All patients in this report had compound heterozygous

class 2/class 3 KLF1 mutations. The clinical and haematologi-

cal characteristics of our patients were comparable to those

with similar genotypes previously reported. Most reported

cases presented with fetal or neonatal severe haemolytic anae-

mia and later became transfusion-dependent.26–31 A case of

homozygous null KLF1 mutations (class 3) presented with

the more severe disease of hydrops fetalis characteristics at

birth and later became transfusion-dependent.31 On the other

hand, a case with homozygous R301C mutation, which is a

class 2 mutation, presents in adulthood with mild anaemia

and splenomegaly.32

Apart from the findings of severe haemolytic anaemia and

abnormal red cell morphology, pathologically reduced pyru-

vate kinase (PK) levels are seen in patients with compound

heterozygous class 2/class 3 KLF1 mutations.26 The low PK

levels in KLF1 mutations may result in a misdiagnosis of

congenital PK deficiency.26 The In(Lu) phenotype is observed

in both patients and parents who carry KLF1 mutations as

shown in Table IV.26,28,29,31 A limitation to our study is that

(A)

(C) (D)

(B)

Fig 1. Peripheral blood smear (Wright-stained) from family 1. (A, B) Patient’s blood smear at six months of age showed hypochromic, micro-

cytic and anisopoikilocytotic red blood cells. There were elliptocytes, teardrop cells, acanthocytes and schistocytes. Nucleated red blood cells were

noted. (C) Maternal blood smear showed mild microcytosis, a few elliptocytes, microspherocytes and acanthocytes. (D) Paternal blood smear

showed normochromic and normocytic red blood cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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other associated findings of a decreased PK enzyme activity

and In(Lu) blood group were not tested for in our study due

to unavailability of the tests.

The KLF1 G335R mutation detected in family 3 in this

study (G176RfxX179/G335R) and one family (R331W/

G335R) in the study by Viprakasit et al., is similar in posi-

tion to a murine H350R mutation described recently by Sor-

olla et al.26,40 The murine KLF1 H350R was an N-ethyl-N-

nitrosourea (ENU)-generated mouse mutation detected in a

screen for modifiers of expression of an alpha-globin-GFP

transgene. The murine H350R mutation locates in the con-

served linker peptide between zinc fingers 2 and 3 of KLF1.

The mice with homozygous H350R mutation were noted

with mild compensated anaemia and mild red blood cell

microcytosis although they had normal KLF1 protein level

and normal embryonic development. The alpha- and beta-

globin gene expression was also normal. The findings were

different to those in mice with a homozygous non-sense

KLF1 mutation that led to absent KLF1 protein and embry-

onic lethality. The authors suggest that the conserved linker

peptide plays a role in KLF1 function. Both patients who

harboured the G335R mutation along with another KLF1

mutation presented with an early-onset severe haemolytic

anaemia while the heterozygous parents had normal red

blood cell parameters. The clinical characterization of the

two patients supports that the G335R mutation is a hypo-

morphic allele and also supports the important role of the

linker peptide in KLF1 function.

All parents with the heterozygous KLF1 mutation were

asymptomatic. Parents without co-inherited thalassaemia had

normal Hb levels and normal to borderline MCV and MCH.

Three parents with co-inherited heterozygous thalassaemia

had normal to low Hb level, low MCV, MCH and increased

RDW. The parent with co-inherited beta-thalassaemia had

high Hb A2 and Hb F, while the other seven parents had

normal to high Hb A2 and three had high Hb F. Therefore,

we conclude that the changes in haematological parameters

in individuals with heterozygous KLF1 mutation are subtle

or mild, and KLF1 mutation likely contributes to anaemia in

thalassaemia carriers and high Hb F in beta-thalassaemia car-

riers. The findings of subtle or mild changes in MCV, Hb A2

and Hb F levels in carriers without thalassaemia are consis-

tent with the previously reported cases as summarized in

Table IV.26,28–31

Our findings support that compound heterozygous class

2/class 3 mutations in KLF1 are associated with severe

neonatal haemolytic anaemia. Based on our findings and pre-

vious reports, KLF1-associated haemolytic anaemia should be

in the differential diagnosis of cases with moderate-to-severe

haemolytic anaemia in the fetal or neonatal period. The clues

to diagnosis are the early onset of severe haemolytic anaemia,

abnormal red cell morphology and markedly increased nucle-

ated red blood cells. The findings of low MCV, high Hb A2

and Hb F in the parents who are carriers are not consistent.

Therefore, upfront molecular characterization of KLF1 isT
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suggested in suspected cases regardless of the absence of

these findings in the parents.
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