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Until recently our approach to analyzing

human genetic diseases has been to

accurately phenotype patients and se-

quence the genes known to be associ-

atedwith those phenotypes; for example,

in thalassemia, the globin loci are ana-

lyzed.Sequencinghasbecome increasingly

accessible, and thus a larger panel of genes

can be analyzed and whole exome and/or

whole genome sequencing can be used

whenno variants are found in the candidate

genes. By using such approaches in pa-

tients with unexplained anemias, we have

discovered that a broad range of hitherto

unrelated human red cell disorders are

caused by variants in KLF1, a master

regulator of erythropoiesis, which were

previously considered to be extremely

rare causes of human genetic disease.

(Blood. 2016;127(15):1856-1862)

Introduction

Over the past 5 years, more than 20 reports have identified large
numbers of individuals carryingKLF1 variants. Their hematologic
phenotypes range from the clinically unremarkable inhibitor
of Lutheran (In(Lu)) type of the Lu(a-b-) blood group,1 to a
mild increase in the level of fetal hemoglobin (HbF; a2g2),

2 to
severe dyserythropoietic anemia3-5 and, in the most extreme
cases, hydrops fetalis secondary to profound anemia.6 We now
know that some KLF1 variants reach polymorphic frequencies
in populations in which hemoglobinopathies are commonly
found.7,8 This suggests that KLF1 variants have been under
selection and, like the hemoglobinopathies, afford some degree
of protection against malaria.9 The surprise has been discover-
ing how common KLF1 variants are and how diverse their
phenotypes are: since 2010, more than 65 different variants have
been described. These observations suggest that many currently
unexplained but loosely grouped human genetic diseases arise
from variants in master regulators of gene expression in the
affected organ systems. Here we use KLF1 as an example and
discuss how extensive DNA sequencing may be used to improve
health in humans.

KLF1 is a master regulator of erythropoiesis

KLF1 was discovered in 199210; its original name (erythroid
Krüppel-like factor or EKLF) was coined because of its restricted
expression in erythroid cells and its similarity to the pattern-
determining protein Krüppel found in the fruit fly. Seventeen
related Krüppel-like factors were subsequently identified, and the
nomenclature was changed to reflect their order of discovery; thus,
EKLF becameKLF1. Inactivation of theKlf1 gene in mice showed
that it is essential for erythropoiesis and activation of adult

b-globin expression.11,12 The lethality of Klf1-null mutations in
mouse fetuses was initially attributed to severe b-thalassemia,
but this phenotype was not rescued when globin chain imbalance
was corrected.13 This indicated that other essential erythroid genes
are also regulated by KLF1, and it was confirmed by transcriptome
analyses of Klf1-null erythroid cells.14-19 KLF1 activates genes that
encode globins, heme synthesis enzymes, globin chaperones,
structural membrane and cytoskeleton proteins, ion and water
channels, metabolic and antioxidant enzymes, and cell cycle
regulators20,21 (Figure 1). KLF1 also modulates expression of other
transcription factors that work together in regulatory networks to
control gene expression in erythroid cells.22-25

Functional domains of KLF1

KLF1 contains two short N-terminal transactivation domains (TAD1
and TAD2) with sequence similarities to TADs in other transcription
factors.26,27 At the C terminus, there are 3 zinc finger domains (ZF1,
ZF2, and ZF3) that enable KLF1 to bind DNA at specific sites in the
genome (Figure 2). Recent studies have elucidated how the activity
of KLF1 may be regulated. Throughout erythropoiesis, a significant
proportion of KLF1 is found in the cytoplasm.28,29 In the mouse, a
KLF1-interacting protein called friend of EKLF (FOE) may dynam-
ically regulate retention of KLF1 in the cytoplasm via phosphory-
lation at serine 68.30 However, this serine is not conserved in human
KLF1, and it is therefore likely that additional protein modifications
or alternatemechanisms are involved in nuclear-cytoplasmic shuttling.
When in the nucleus, KLF1 recruits histone modifiers (p300 and
CBP),26,31 theH3.3 chaperoneHIRA,32 and chromatin remodelers33,34

to specific regulatory elements and controls gene expression byworking
primarily as a transcriptional activator,18 although itmay also repress
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somegenes.19,35-37As a result,KLF1plays a critical role in establishing
the correct epigenetic landscape at target gene loci in addition to its
direct role in transcription.

Distinct classes of KLF1 variants defined by
patient phenotypes

Several promoter variants have been described that may affect
transcription of the KLF1 gene. However, most commonly, variants
inKLF1 alter the protein-coding sequences (Figure 2 and supplemental
Table 1, available on theBloodWebsite). These variants canbedivided
into four functional classes: (1) variants with no or minor functional
consequences, (2) hypomorphic variants with reduced function, (3)
truncating loss-of-function variants, and (4) dominant variants. Class
1 represents missense variants located outside the DNA binding
domain. These are regarded as neutral polymorphisms, although
variants in the TADs might affect KLF1 activity. Class 2
comprises missense variants or small in-frame deletions that
interfere with normal KLF1 function, which are almost invariably
found within the DNA binding domain. Virtually all patients
with compound heterozygous KLF1 variants carry a class 2
variant on at least one allele. Because the complete absence of
functional KLF1 severely affects erythropoiesis,6,11,12 this
illustrates that class 2 variants are hypomorphic alleles. Class 3
comprises stop codon or frameshift variants that result in truncated
KLF1 proteins lacking the DNA-binding domain. Class 3 variants
affecting only 1 allele cause haploinsufficiency for KLF1, which is
phenotypically mild.1,2 Class 4 is represented by a single variant
that changes a highly conserved residue in ZF2, p.E325K. It occurs
exclusively as a de novo variant and causes a dominant
severe congenital dyserythropoietic anemia (CDA IV; OMIM
#613673).3,5

KLF1 variants underlie a wide range of red
cell phenotypes

Blood groups

In(Lu) (inhibitor of Lutheran) is a clinically unremarkable blood group
(OMIM#111150). TheBCAM gene that encodes theLutheran antigens
was found to be intact in In(Lu) individuals, suggesting that BCAM
expression was instead altered by variants in one of its regulatory
proteins. In 2008, the first KLF1 variants were reported in 21 of 24 In
(Lu) individuals.1 In all 21 cases, one normal KLF1 allele was present
and the other allele carried a class 2 or 3 KLF1 variant. Expression
ofBCAM is highly sensitive to the level of functional KLF1; as a result,
a reduced level of KLF1 presents as the In(Lu) phenotype.1 In
combination with low CD44 (Indian blood group) expression, these
markers provide useful flags for class 2 or 3 KLF1 variants.38 Many
other blood group antigens are also direct KLF1 targets, but most are
less sensitive to its levels.15,16,25,39,40 There is reduced expression of
Kell,Duffy,Kidd,RhD,RhAG,Scianna, andLWbloodgroupantigens
in KLF1 null mice and in humans.6,14,15,18

Dysregulated globin expression

Since 1982, it has been known that variants in the promoter of the
HBB gene (encoding b-globin) cause b1-thalassemia with elevated
HbF.41,42 In 1994, these variants were shown to affect binding of
KLF1,43 which suggested that KLF1 regulates the switch from fetal
g-globin to adult b-globin expression.44 Analysis of mice carrying a
complete human HBB locus transgene and Klf1-null alleles supported
this notion.45,46 In 2010, a family from Malta with hereditary
persistence of HbF (HPFH) was reported in which the HPFH
individuals carried a class 3 variant (p.K288X) on 1 allele of KLF1.2

Overexpression of full-length KLF1 in erythroid progenitors derived
from such individuals corrected the phenotype, demonstrating that
haploinsufficiency for KLF1 causes HPFH (OMIM #613566).
Initially, it was thought that some individuals with class 2 or 3KLF1
variants had In(Lu) whereas others had HPFH. We now know
that carriers of class 2 or 3 KLF1 variants display both phe-
notypes. Compound heterozygotes for class 2 and 3 KLF1 variants
display very high HbF levels of up to 40% of total hemoglobin
(Hb),47 often accompanied by persistent expression of embryonic
globins.4

In b-thalassemia carriers, the level of a minor Hb (HbA2; a2d2)
is increased and is diagnostic of carrier status.48 Class 2 or 3 KLF1
variants are associated with moderately increased levels of HbA2.

7,8

Thus, as part of screening programs for thalassemia, sequencing of
KLF1 is now strongly recommended in cases of borderline raised
HbA2, especially if accompanied by raised HbF.

Iron and heme

KLF1 coordinates expression of many of the genes involved in iron
metabolismof erythroid precursors, including heme synthesis enzymes
(eg, ALAS2, ALAD, HMBS)14-16,49 and proteins regulating the pro-
cessing of iron (eg, TFR2, SLC25A37, STEAP3, ABCG2, and
ABCB10).6,19 In patients with class 2 or 3 KLF1 variants, the iron
stores are usually normal and yet iron is not effectively incorporated
into heme. In this situation, zinc rather than iron may be incorpo-
rated into heme. Thus, elevated ZnPP in the presence of normal iron
stores is another useful flag for the presence of a class 2 or 3 KLF1
variant.47,50

Figure 1. KLF1 target genes and associated clinical phenotypes. KLF1 is a

master regulator of ;700 genes in human erythroid cells involved in a wide variety of

molecular processes (blue circles). Deregulated expression of a subset or all of

these genes, depending on the KLF1 variant, leads to a diverse array of erythroid

phenotypes (gray circles). HbA, adult hemoglobin (a2b2); HbA2, adult hemoglo-

bin 2 (a2d2); PK, pyruvate kinase; ZnPP, zinc protoporphyrin.
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Pyruvate kinase deficiency

KLF1 activates the PKLR gene encoding PK; PK levels are patholog-
ically reduced in compound heterozygotes for class 2 and 3 KLF1
variants.4 These individuals display abnormal red blood cells rem-
iniscent of prickle cells typical for PK deficiency. Red blood cell
inclusions (siderocytes, Howell-Jolly bodies, and Pappenheimer
bodies), schistocytes, andmicrocytes are also present in the blood films
of some patients.50 In fact, there is no typical red cell appearance with
KLF1 deficiency but rather a broad spectrum of morphologies that
differ dependingupon theunderlyingvariants.BecauseKLF1 regulates
manyof the genes implicated in red cell enzymedeficiencies,4,14-16,19,49

routine enzyme assays can easily lead to misdiagnosis.

Nonspherocytic hemolytic anemia

Nonspherocytic hemolytic anemia (NSHA) is a label applied to
inherited anemias characterized by shortened survival of red blood cells
that have abnormal morphology (schistocytes but few spherocytes),
erythroid hyperplasia in the marrow, and evidence of hemolysis (low
haptoglobins, increased bilirubin, and increased lactate dehydroge-
nase). The label is usually applied once thalassemia, hereditary
spherocytosis, enzymopathies, and CDA have been excluded by
molecular, enzyme, and morphologic tests. Patients who are com-
pound heterozygous for class 2 and 3 KLF1 variants often have a
disease best labeled as NSHA.4,50 The class 2 p.A298P variant is
commonly encountered in Asia; when inherited with class 3 KLF1
alleles, this variant leads to severe NSHA.4,50 Presumably, class 2
KLF1 variants have altered DNA-binding properties that affect gene
expression in a variant-specific manner. Further work is required to
fully address the mechanisms of action of individual class 2 variants.
Potential mechanisms include selective loss of binding to specific target

sequences in the genome, a generally reduced affinity that affects
binding to all in vivo DNA-binding sites, reduced specificity that
leads to off-target interactions, and altered protein-protein interac-
tions with transcriptional coregulators.

CDA

CDA is a rare disorder of erythropoiesis that includes four subtypes.
One missense variant (p.E325K) that changes a highly conserved
residue inZF2ofKLF1 (Figure 2) has a strongdominant negative effect
and causes CDA IV (OMIM #613673).3,5,51 This variant has appeared
de novo in at least 6 independent cases. The phenotype is much more
severe than those caused by class 2 or 3 KLF1 variants and shows
NSHA with marked erythroblastosis, binuclear erythroblasts in the
marrow and circulation, and abnormalities typical of CDA that are
visiblewith electronmicroscopy.3 In addition,CDA IV is characterized
by very high expression of HbF (;35% of total Hb) and persistent
expression of embryonic globins.3 Notably, a variant in the homologous
residue in mouse KLF1, p.E339D, underlies semidominant neonatal
anemia (Nan).52,53 Phenotypically, Nanmice display many similarities
with CDA IV patients, and a limited subset of KLF1 target genes is
downregulated in Nan mice, which may be instructive for analysis of
CDA IV patients.

Hydrops fetalis

From observations in mice, it could be predicted that homozygosity
for class 3 KLF1 variants would invariably lead to fetal lethality.
Remarkably, a human KLF1-null neonate was recently reported6; this
child, whose parents were apparently normal, was born with severe
anemia, jaundice, and fetal distress andwas transfusion-dependent from
birth. There was persistent HbF expression. Cerebral palsy occurred

Figure 2. Functional domains of KLF1 and variants reported in the literature. The KLF1 protein (362 amino acids) contains two N-terminal transactivation domains

(TAD1 and TAD2) which are required for it to work as a transcriptional activator. The 3 zinc fingers (ZF1, ZF2, and ZF3) located at the C terminus form the DNA-binding

domain, which enables KLF1 to bind to specific sites in the genome, typically CACCC boxes and related GC-rich elements. Residues conserved in all human KLF factors are

indicated. The cysteine and histidine residues involved in zinc coordination are highlighted in blue; residues contacting DNA are highlighted in yellow. The arrows point to

residues making base-specific contacts thus recognizing KLF1-binding sites in the genome. Variants are color-coded: class 1, green; class 2, blue; class 3, red; class 4, black.

See supplemental Table 1 for details and references.
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probably as a result of kernicterus. It transpired that both parentswere
carriers of class 3 KLF1 variants: frameshift variant p.R319Efs34X
and stop-codon variant p.W30X. Transcriptome analysis showed
that the pattern of altered gene expression in erythroid cells is very
similar to that reported for Klf1-null mice.6,15,16 It is not clear
whether the persistence ofHbF explained survival to birth orwhether
this infant had complementary variants that ameliorated the effects of
KLF1 deficiency. Given the prevalence of class 3 KLF1 variants in
some populations,7,54 it is inevitable that otherKLF1-null cases have
escaped detection. Toprovide appropriatemanagement at the earliest
possible stage, it is important to detect these cases prenatally.

Prevalence of KLF1 variants and interactions
with hemoglobinopathies

Until recently, KLF1 variants were considered to be extremely rare
causes of red cell disorders. The identification of numerous sporadic
cases by high throughput DNA sequencing prompted population
surveys. In Southern China, the combined incidence of class 2 and 3
KLF1 variants (1.3%) is remarkably high, whereas inNorthernChina it
is low, which correlates with the distribution of hemoglobinopathies in
these regions. Consequently, co-inheritance of hemoglobinopathies and
KLF1 variants is common7,55 and is likely to be the case in other areas
where hemoglobinopathies are endemic such as theMediterranean8,47 and
Southeast Asia.4,55-57 The incidence of KLF1 mutations in Africa has
not been tested, although there are reports of KLF1 variants in patients
of African descent.58 Sequence analysis of KLF1 in 32 samples
representing the lower and upper 10th percentiles of the HbF values
from 250 patients with sickle cell diseases indicates thatKLF1 variants
are not commonly associated with increased HbF in populations of
Africandescent (Swee-LayThein, unpublisheddata).Genetic traits that
partially prevent switching from g-globin to b-globin expression
ameliorate the clinical severity of b-hemoglobinopathies.59 KLF1
positively regulates Hb switching,2,45 and switching is impaired in
carriers of class 2 or 3KLF1 variants such that higherHbF expression
persists throughout life.54 Thus, in b-hemoglobinopathies, clinical
benefit is derived from an additional class 2 or 3 KLF1 variant
(Figure 3). Remarkably, expression of HbF remains very high
(.30% of total Hb) in b-thalassemia patients with compound
heterozygosity for class 2 and 3 KLF1 variants.47,50 Such levels of
HbF significantly ameliorate the disease severity.

Ina-thalassemia, there is noclinical benefit derived fromanadditional
class 2 or 3 KLF1 variant.55 There is a mild but statistically significant

decrease in mean cell volume in the presence of a class 2 or 3 KLF1
variant, but this is not noticeable in routine diagnostics (Figure 3).55KLF1
directly activates the HBB gene,11,12,45 and partial correction of the
a-globin:b-globin chain ratios would be expected to ameliorate disease
severity. This has not been observed, presumably because of deregulation
of other KLF1 target genes such as those required for iron metabolism21

and heme biosynthesis14,19,49 and the a-globin chaperone AHSP.14,17

Intriguingly, none of these effects is likely to provide an evolution-
ary advantage. Throughout human history, most individuals with
severe hemoglobinopathies died before reaching reproductive age.
MostKLF1 variants would have been neutral or detrimental, and even
the variants that caused increasedHbFwould have been beneficial only
when co-inherited with a b-hemoglobinopathy. So why did KLF1
variants reach polymorphic frequencies in some populations? Because
class 2 or 3KLF1 variants produce widespread changes in the structure
and function of red blood cells, it seems likely that they create a
suboptimal environment for the propagation of malaria parasites,
thus providing a survival advantage. This is in keeping with the
historical selection of hemoglobinopathies, red cell enzymopathies,
and membrane defects in malaria-infested areas and with the geo-
graphic pattern of KLF1 variants that is now emerging.

Diagnosis of individuals with KLF1 variants

Carriers of class 2 or 3 KLF1 variants cannot be detected via routine
full blood examinations. Mean cell volume, and mean corpuscular
hemoglobin are statistically lower than in controls, but the indices
of most carriers fall within the low end of the normal range.7 To
complicate matters further, there are many KLF1 gene variants of
unknown significance that should nevertheless be reported in the
public domain (eg, the HbVar database for red cell disorders at
http://globin.bx.psu.edu/hbvar60)withmicroattribution credits to the
authors.61 An integrated set of comprehensive locus-specific databases
for gene variants involved in red cell disorders, including KLF1, can
help identify genomic variants with functional significance, whereas
the identification of common neutral variants may rule out a role
in disease. Similarly, genomic variants of key regulatory regions
could be critical in identifying important cis-elements andmutational
mechanisms such as gene conversion events. Conversely, neutral
variants may help identify regions of little or no functional signif-
icance. Thus, microattribution may pose and answer questions that
would otherwise not be addressed, potentially leading to useful new
insights while providing credit to new data submitters. Recently

Figure 3. Impact of class 2 or 3 KLF1 variants on

clinical severity of hemoglobinopathies. (A) Three

major hematologic indices— mean cell volume (MCV),

HbA2, and HbF—in controls and a- or b-thalassemia

trait individuals with (wt/var) or without (wt/wt) class 2 or

3 KLF1 variants. Values are mean 6 standard deviation,

derived from Liu et al7 and Yu et al.55 (B) Effects of class 2

or 3 KLF1 variants on globin chain balance in healthy

controls (normal) and a- or b-thalassemia patients.

Significant recovery of globin chain balance is observed

only when b-thalassemia is co-inherited with a class 2

or 3 KLF1 variant. a-like denotes z- and a-globin chains,

and b-like denotes e-, g-, d-, and b-globin chains. wt, wild

type; var, variant.
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acquired knowledge on genotype-phenotype associations of class 2
or 3 KLF1 variants suggests that several additional tests could be
performed to evaluate the likelihood of an individual harboring such
a variant. Increase in reticulocytes and HbF, borderline increase in
HbA2, increased ZnPP with normal iron stores, reduced CD44
surface expression, and the In(Lu) blood group are all flags for the
presence of a class 2 or 3KLF1 variant (Figure 4). Sequencing the three
KLF1 exons and the promoter is straightforward and appropriate if
carrier status is suspected. On the basis of previous studies, it is certain
that many carriers of class 2 or 3 KLF1 variants remain undetected in
at-risk populations. The chance of a KLF1-null child being conceived
is significant (eg, 1 in every 24 000 conceptions in Southern China).7

AlthoughmostKLF1-null fetuses probably would die in utero, some
may be born alive with severe hydrops fetalis.6 Unlike with the
common hemoglobinopathies, this condition will not be anticipated
unless an affected family member has previously been identified.
Some of us have recently undertaken chorionic villus sampling and
KLF1 sequencing for prenatal diagnosis in an affected family. The
parents carried class 3 variants and already had a severely affected
KLF1-null child, so the counseling was relatively straightforward.
Careful genetic counseling is required when compound homozygosity
for class 2 and3KLF1variants is detectedbecause the child’s phenotype
will depend on the remaining functionality of the class 2 KLF1 variant.

Wider implications and future directions

Here we have illustrated how high-throughput DNA sequencing can
directly inform clinical practice. This approach has followed on from a
variety of laborious approaches used to initially diagnose rare cases
of KLF1 variants. By using DNA sequencing as the primary analyti-
cal tool, we have now uncovered an important disease gene that
unexpectedly accounts for a significant proportion of unexplained red
blood cell disorders.This critical newknowledge has raised thedilemma
of whether to and how to screen for such variants in populations at risk.

Why was this important disease gene not discovered earlier? First,
carriers are not readily detected by routine diagnostic tests. Second,
with focused genetic studies, KLF1 variants were not considered as
a possible cause of phenotypes such as PK deficiency. Until high-
throughput DNA sequencing became widely used, such cases of un-
explained anemia remained in abeyance. Third, variants in master
regulators cause awide range of loosely associated phenotypes thatwill
differ depending on the specific variants present in the patient.We note

thatKlf1mousemodels havebeenhighly informative for understanding
the human phenotypes.23,62,63 Recent advances in genome editing
technology have enabled the introduction of patient-specific variants in
mice at an unprecedented scale.64,65 Suchmice will be invaluable tools
for investigating the impact of these variants at the physiologic, cellular,
andmolecular level. This detailed knowledge is essential for providing
the best possible counseling and clinical care.

We predict that variants affecting othermaster regulators of key cell
types will account for conditions with hitherto unexplained genetics.
These currently enigmatic diseasesmost likely share features of several
conditions affecting the particular organ system. As in KLF1, variants
in some of these genes may turn out to be much more frequent than
anticipated. The ever-reducing threshold forwhole genome sequencing
promises to reveal new examples in a wide range of organ systems in
the near future.
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normal range. Reticulocyte count (RTC) is high or at

the high end of the normal range. ZnPP measured by

hematofluorometer is high or at the high end of the

normal range, with normal iron stores and absence of

lead poisoning. HbA2 and HbF are measured by high-

performance liquid chromatography (HPLC) and are

moderately increased or at the high end of the normal

range. Lutheran antigens are measured by serology and

are decreased but not completely absent; Indian antigen

(CD44) is measured by flow cytometry and is reduced with

normal expression of glycophorin A (CD235a). Weight of

the arrows indicates the likelihood that a class 2 or 3 KLF1

variant is present; this increases when several flags are

observed simultaneously.
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like Factors (Klfs). Klf8 is repressed by Klf3 and
activated by Klf1 in vivo. J Biol Chem. 2008;
283(40):26937-26947.

23. Tallack MR, Perkins AC. Three fingers on the
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erythroid Krüppel-like factor (EKLF), an erythroid
cell-specific transcription factor. J Biol Chem.
1994;269(2):1493-1500.

44. Donze D, Townes TM, Bieker JJ. Role of erythroid
Kruppel-like factor in human gamma- to beta-
globin gene switching. J Biol Chem. 1995;270(4):
1955-1959.

45. Wijgerde M, Gribnau J, Trimborn T, et al. The role
of EKLF in human beta-globin gene competition.
Genes Dev. 1996;10(22):2894-2902.

46. Perkins AC, Gaensler KM, Orkin SH. Silencing of
human fetal globin expression is impaired in the
absence of the adult beta-globin gene activator
protein EKLF. Proc Natl Acad Sci USA. 1996;
93(22):12267-12271.

47. Satta S, Perseu L, Moi P, et al. Compound
heterozygosity for KLF1 mutations associated
with remarkable increase of fetal hemoglobin and
red cell protoporphyrin. Haematologica. 2011;
96(5):767-770.

48. Galanello R, Lilliu F, Bertolino F, Cao A.
Percentile curves for red cell indices of beta

BLOOD, 14 APRIL 2016 x VOLUME 127, NUMBER 15 KLF1 VARIANTS AND HUMAN ERYTHROPOIESIS 1861

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/127/15/1856/1392626/1856.pdf by guest on 23 April 2024

mailto:j.philipsen@erasmusmc.nl


zero-thalassaemia heterozygotes in infancy and
childhood. Eur J Pediatr. 1991;150(6):413-415.

49. Desgardin AD, Abramova T, Rosanwo TO,
et al. Regulation of delta-aminolevulinic acid
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