
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Ye et al. BMC Genomics          (2024) 25:230 
https://doi.org/10.1186/s12864-024-10148-x

BMC Genomics

*Correspondence:
Daru Lu
drlu@fudan.edu.cn

Full list of author information is available at the end of the article

Abstract
Background  Krüppel-like factor 1 (KLF1), a crucial erythroid transcription factor, plays a significant role in various 
erythroid changes and haemolytic diseases. The rare erythrocyte Lutheran inhibitor (In(Lu)) blood group phenotype 
serves as an effective model for identifying KLF1 hypomorphic and loss-of-function variants. In this study, we aimed 
to analyse the genetic background of the In(Lu) phenotype in a population-based sample group by high-throughput 
technologies to find potentially clinically significant KLF1 variants.

Results  We included 62 samples with In(Lu) phenotype, screened from over 300,000 Chinese blood donors. Among 
them, 36 samples were sequenced using targeted Next Generation Sequencing (NGS), whereas 19 samples were 
sequenced using High Fidelity (HiFi) technology. In addition, seven samples were simply sequenced using Sanger 
sequencing. A total of 29 hypomorphic or loss-of-function variants of KLF1 were identified, 21 of which were 
newly discovered. All new variants discovered by targeted NGS or HiFi sequencing were validated through Sanger 
sequencing, and the obtained results were found to be consistent. The KLF1 haplotypes of all new variants were 
further confirmed using clone sequencing or HiFi sequencing. The lack of functional KLF1 variants detected in the 
four samples indicates the presence of additional regulatory mechanisms. In addition, some samples exhibited BCAM 
polymorphisms, which encodes antigens of the Lutheran (LU) blood group system. However, no BCAM mutations 
which leads to the absence of LU proteins were detected.

Conclusions  High-throughput sequencing methods, particularly HiFi sequencing, were introduced for the first time 
into genetic analysis of the In(Lu) phenotype. Targeted NGS and HiFi sequencing demonstrated the accuracy of the 
results, providing additional advantages such as simultaneous analysis of other blood group genes and clarification 
of haplotypes. Using the In(Lu) phenotype, a powerful model for identifying hypomorphic or loss-of-function KLF1 
variants, numerous novel variants have been detected, which have contributed to the comprehensive understanding 
of KLF1. These clinically significant KLF1 mutations can serve as a valuable reference for the diagnosis of related blood 
cell diseases.
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Background
Transcription factors are crucial in the formation of cell-
specific regulatory networks. Mutations in transcription 
factors or transcription factor binding sites have been 
identified to be associated with various human diseases 
[1]. In addition, transcription factors are significant in 
hematopoietic lineage differentiation and hematopoietic 
stem cell homeostasis. Therefore, they are potential ther-
apeutic targets for haematological diseases [2, 3].

KLF1, also referred to as Erythroid Krüppel-like fac-
tor (EKLF), is a crucial transcription factor involved in 
erythroid development. KLF1 is exclusively expressed 
in hematopoietic organs, which plays a vital role in ery-
throid lineage commitment, haemoglobin conversion, 
erythropoietic terminal differentiation and the expres-
sion of erythrocyte antigens [4–6]. Given its critical role 
in various physiological events, naturally occurring KLF1 
mutations had been believed to be extremely rare initially 
until the first mutation of human KLF1 gene was identi-
fied in an individual with the In(Lu) phenotype in 2008 
[7]. KLF1 mutations have been found to cause different 
forms of anaemia and a range of red blood cell disorders, 
including various unrelated haemoglobin abnormalities 
[8].

The In(Lu) rare blood group, presenting a down-regu-
lated expression level of multiple blood group antigens, is 
primarily due to heterozygous clinically significant KLF1 
mutation [6]. The major antigens affected in the In(Lu) 
phenotype are those of the Lutheran (LU) blood group 
system, which expression is significantly suppressed. In 
addition, the expression of antigens in other blood group 
systems such as IN, P1PK, LW and KN is inhibited to 
varying degrees, but individual differences are observed 
in the degree of down-regulation and whether or not 
such expression levels of antigens were down-regulated 
[6]. Thus, individuals with the rare In(Lu) phenotype 
can be screened out by detecting LU antigens, and then 
such individuals can be detected to find functional KLF1 
mutations.

The LU blood group system is encoded by the BCAM 
gene, comprising 27 antigens that are carried by the basal 
cell adhesion molecule (BCAM), which is also known as 
CD239 [9]. Lua and Lub are the primary antithetical anti-
gens in the LU blood group system, which are determined 
by the polymorphism c.230G > A (rs28399653) in exon 3 
of the BCAM gene. Three rare null or mod phenotypes in 
the LU system have been reported, namely Lunull, In(Lu), 
and XS2, with similar serological features [10]. The Lunull 
or Lu(a − b−) phenotype, which is characterized by the 
absence of all Lutheran system antigens, is caused by the 
inactivation of the BCAM gene. In the dominantly inher-
ited In(Lu) phenotype mainly caused by KLF1 mutations, 
the expression of BCAM reduces to extremely low levels, 
making it almost impossible to detect LU antigens using 

serological agglutination tests. The X-linked XS2 phe-
notype is caused by hemizygous variants in the GATA1 
gene, which is also not usually detectable by serological 
agglutination methods [10]. Therefore, comprehensive 
genetic testing can provide a more complete picture to 
determine the In(Lu) phenotype.

In this study, we analysed the genetic background of 
serological Lu(a − b−) blood samples collected over the 
past 10 years, taking the appropriate sequencing strat-
egy in accordance with DNA quality measurements. The 
results enriched our understanding of potentially patho-
genic KLF1 mutations and highlighted the advantages 
of utilising high-throughput sequencing technologies in 
solving complex genotype–phenotype problems.

Results
Serotypes
From over 300,000 blood donors, a total of 62 blood sam-
ples that tested negative for anti-Lua and anti-Lub were 
screened out and collected in this study, with apparently 
Lu(a − b−) phenotype. DNA extracts from these samples 
were stored and scheduled for subsequent genetic testing 
to confirm the In(Lu) phenotype and analyse the genetic 
background.

Identification of KLF1 mutations and other polymorphisms
Out of the total 62 samples, high-throughput sequencing 
(NGS or HiFi) was performed on 55 samples according 
to DNA quality. The schematic diagram of sequencing 
detection is shown in Fig. 1. Detailed information of all 
identified KLF1 mutations is illustrated in Table  1. The 
direct and clone sequencing peak maps of 21 novel 
KLF1 variants are shown in Additional file 1. No patho-
logical mutations of the KLF1 gene were detected in four 
samples. The KLF1 mutation types and percentages of 
62 samples are displayed in Fig. 2. Figure 3 presents the 
information regarding the polymorphisms and muta-
tions of KLF1 and BCAM identified in all the samples 
subjected to high-throughput sequencing. Moreover, no 
loss-of-function mutations in other blood group genes 
were observed in any of the NSG samples, and no struc-
tural variations were detected in the BCAM and KLF1 
genes in any of the HiFi samples.

Performance of targeted NGS and PacBio HiFi sequencing
All newly discovered KLF1 mutations obtained from 
NGS and HiFi sequencing were confirmed using Sanger 
direct sequencing and clone sequencing, showing con-
sistent results. The target NGS achieved an average of 
9,321,773 reads (1398 Mbases) per sample, with an aver-
age coverage of 302.94 × (119.41× minimum coverage and 
390.20× maximum coverage). The base coverage ranged 
between 98.61% and 99.70% (average 99.24%). The target 
base coverage ≥ 30× for all the samples was higher than 
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97.9%. In the detection of KLF1 and BCAM genes, the 
amplicon size was approximately 5.6 and 13.1 kb, respec-
tively, by using PacBio amplicon sequencing. The average 
number of raw reads per sample was 9004 for KLF1 and 
329 for BCAM.

Determination of the In(Lu) phenotype
The NGS samples did not show any mutation in the cod-
ing region of GATA1, indicating the absence of X-linked 
XS2 phenotype. In addition, no mutation in the BCAM 
gene responsible for Lunull was found in the NGS samples 
(Fig.  3). Therefore, all NGS samples should be catego-
rized as the In(Lu) phenotype, although three samples 
did not exhibit any functional mutation in the BCAM, 
GATA1, and KLF1 genes.

Similarly, in HiFi samples, no inactivating BCAM 
mutation was identified (Fig. 3). All HiFi samples carried 
known KLF1 mutations in the In(Lu) phenotype or new 
mutations resulting in haploinsufficiency or heterozygous 
mutations leading to amino acid substitution of con-
served residues in the zinc finger domains, which are two 
of the main mechanisms underlying In(Lu) (Table 1).

Given the poor DNA quality, only sequencing of the 
KLF1 gene was performed by the Sanger method on 
seven samples. Amongst them, three samples harboured 
a frameshift mutation that was already known, whereas 
two had new mutations that were in line with the ones 
identified by NGS. Additionally, one sample displayed a 
new mutation at the base position 895 (c.895 C > G), and 
c.895 C > T was previously identified as a mutation asso-
ciated with the In(Lu) phenotype. Therefore, the above 
six samples could be confirmed as having the In(Lu) phe-
notype. However, the one remaining sample did not have 
KLF1 mutations that are known to cause the In(Lu) phe-
notype, whereas Lunull or X-linked XS2 phenotype could 
not be excluded.

In summary, of the 62 samples that were tested, 61 
were identified as having the In(Lu) phenotype. However, 
the lack of LU antigens in one sample remains unclear.

Haplotypes of novel mutations
In particular, the KLF1 haplotypes were determined in 
all the samples carrying new mutations. For cases where 
new mutations were identified through NGS or Sanger 

Fig. 1  Diagram of simplified sample collection and sequencing process
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sequencing but were found to carry other heterozygous 
polymorphism sites in different KLF1 exons, determin-
ing the haplotype was a challenge. Here, this challenge 
was resolved by utilizing HiFi detection to determine the 
haplotypes. The detailed information of the haplotypes is 
listed in Table 2.

Characteristics of the new missense mutations
Mouse, rat, zebrafish and human KLF1 protein 
sequences, as well as human KLF2 and KLF4, which have 
a relatively close evolutionary relationship with KLF1, 
were aligned with CLUSTAL multiple-sequence align-
ment program [11]. By sequence alignment, the major-
ity of missense mutations identified in this work were 
situated in the conserved regions of the KLF1 zinc finger 

Table 1  KLF1 mutations identified in In(Lu) blood samples
Type Nucleotide change Exon/Intron Predicted amino 

acid change
Mutation 
Type

Allele 
Name

Num-
ber of 
samples

Iden-
tified 
by

Ref/Gen-
Bank No.

reported c.519_525dupCGGCGCC Exon 2 p.Gly176Argfs*179 Frameshift KLF1*BGM34 24 NGS 
10; 
HiFi 
11; 
Sanger 
3

Ref 9

c.199delA Exon 2 p.Gly68Alafs*169 Frameshift KLF1*BGM64 1 NGS Ref 9
c.472delG Exon 2 p.Ala158Profs*79 Frameshift KLF1*BGM52 1 NGS Ref 9
c.862 A > G Exon 2 p.Lys288Glu Missense KLF1*BGM37 1 HiFi Ref 9
c.939G > A Exon 3 p.Trp313X Stop Gain KLF1*BGM55 1 NGS Ref 9
c.947G > A Exon 3 p.Cys316Tyr Missense KLF1*BGM29 1 NGS Ref 9
c.1001 C > T Exon 3 p.Thr334Met Missense KLF1*BGM48 2 NGS Ref 9
c.1040 C > A; c.1045delT Exon 3 p.Ala347Asp; 

p.Ser349Argfs*358
Missense; 
Frameshift

KLF1*BGM19 2 NGS Ref 9

novel c.3G > A Exon 1 p.Met1Ile Start Loss 1 HiFi OQ054249
c.70_71delCA Exon 1 p.Gln24Glyfs*2 Frameshift 1 NGS OQ716571
c.87 + 12_87 + 25delAAGGTGGGGTCTAG Intron 1 NA Splice Site 1 NGS OR000215
c.207_217delGGACGCCACCT Exon 2 p.Asp70Glyfs*279 Frameshift 1 HiFi OR000213
c.406delG Exon 2 p.Val136Cysfs*101 Frameshift 2 NGS 1; 

Sanger 
1

OQ716569

c.417_421delCCTGC Exon 2 p.Leu140Serfs*211 Frameshift 1 HiFi OQ716565
c.839delC Exon 2 p.Thr280Serfs*17 Frameshift 1 NGS OR000214
c.880_881insACACCAAGAGCT Exon 2 p.Ser293_Se-

r294insYTKS
Frameshift 1 NGS OQ716572

c.880T > G Exon 2 p.Ser294Ala Missense 1 NGS OQ054248
c.895 C > G Exon 2 p.His299Asp Missense 1 Sanger OQ716563
c.916G > A Exon 3 p.Glu306Lys Missense 2 NGS 1; 

Sanger 
1

OQ054251

c.953G > A Exon 3 p.Trp318X Stop Gain 1 HiFi OR000212
c.982delC Exon 3 p.Arg328Alafs*31 Frameshift 2 NGS OQ716568
c.982 C > T Exon 3 p.Arg328Cys Missense 1 NGS OQ054250
c.1010G > A Exon 3 p.Arg337His Missense 1 HiFi OQ054253
c.1010G > T; 1011 C > T Exon 3 p.Arg337Leu Missense 1 NGS OQ716566
c.1012 C > A Exon 3 p.Pro338Thr Missense 2 NGS OQ716564
c.1013 C > T Exon 3 p.Pro338Leu Missense 1 HiFi OQ054252
c.1049G > A Exon 3 p.Arg350His Missense 1 HiFi OQ716570
c.1058 A > G Exon 3 p.His353Arg Missense 1 NGS OQ716573
c.1063G > C Exon 3 p.Ala355Pro Missense 1 NGS OQ716567

WT KLF1*01 4 NGS 3; 
Sanger 
1

Total 62
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structure or zinc finger linkers, with only a few excep-
tions (Fig. 4).

Discussion
KLF1 is a master regulator of erythropoiesis, which 
plays an essential role in the activation of adult β-globin 
expression and regulates around 700 downstream genes 
that are responsible for various biological functions [8]. 
Since the first naturally occurring mutation reported in 
individuals with In(Lu), numerous KLF1 mutations have 
been discovered. However, mutations in KLF1, which 
can be classified into four distinct groups, can result in 
a variety of red cell phenotypes and a wide range of red 
blood cell disorders [8]. Class 1 mutations have little to 
no impact on function, whereas class 2 and 3 mutations 
can result in weakened or lost function [8]. In particular, 
class 4 mutation is a specific dominant variant (p.E325K) 
[8]. In recent years, some studies have found that homo-
zygous or compound heterozygous class 2/3 mutation 
in KLF1 might contribute to severe haemolytic anaemia 
[12–15]. Considering that the pathogenesis of a haemo-
lytic disease is complex, which involves multiple genes in 
most cases, identifying clinically relevant class 2 and class 
3 mutations of KLF1 from specific phenotypic variation 
with a clear genotype–phenotype correlation is impor-
tant [8]. Moreover, identifying variants in KLF1 will help 
define its functionally active domains and understand the 
broad range of phenotypes these variants produce [16].

In(Lu) is a rare blood group that is highly sensitive to 
the level of functional KLF1. Individuals with In(Lu) 
have one normal KLF1 allele and another allele with a 
class 2 or 3 KLF1 variant, indicating that they only have 

one copy of the clinically significant hypomorphic or 
loss-of-function KLF1 mutation [6]. Consequently, the 
In(Lu) phenotype serves as a useful marker for identify-
ing KLF1 mutations and as a powerful model for study-
ing related mechanisms. For example, a study reported 
in 2021 revealed that four patients diagnosed with severe 
neonatal haemolytic anaemia carried compound hetero-
zygous mutations of KLF1 gene [13]. All patients had 
c.519_525dupCGGCGCC on one allele and one class 2 
mutation (c.892G > C, c.902G > A or c.1003G > A) on the 
other allele. Amongst them, three alleles, KLF1*BGM34 
(c.519_525dupCGGCGCC), KLF1*BGM58 (c.892G > C) 
and KLF1*BGM70 (c.1003G > A), have been confirmed 
to cause the In(Lu) phenotype [9]. Notably, two novel 
mutations (c.895  C > G and c.1012  C > A) identified in 
this study have been previously reported in patients with 
β-thalassemia and borderline haemoglobin A2 that might 
increase HbF production, thereby improving the clinical 
severity of β-thalassemia [17, 18]. However, at present, 
no literature on the phenotype and biological function 
of these two mutations when they occur independently 
has been found. Our results support the hypothesis that 
these two mutations may be class 2 mutations of KLF1.

Apart from being a useful marker, in clinical practice, 
blood products from donors with the In(Lu) phenotype 
would be appropriate for transfusion to patients with 
matching phenotypes [6]. This approach can reduce the 
risk of alloimmunisation and transfusion reactions, con-
sidering that In(Lu) is the most common type of sero-
logical Lu(a − b−) phenotype [10]. However, the In(Lu) 
phenotype is observed at a very low frequency. The 
study of the genetic mechanism of the In(Lu) phenotype 

Fig. 2  The types and percentages of KLF1 mutations in 62 samples
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primarily relies on case reports, with only a limited num-
ber of population-based studies available. To date, there 
have been only three population-based studies that have 
included more than 20 In(Lu) samples. Specifically, 
these studies involved 24, 79, and 120 In(Lu) individu-
als, respectively [7, 19, 20]. Based on the current data, 
it has been indicated that the In(Lu) phenotype occurs 
at approximately 0.02% in Japanese populations and 
between 0.005% and 0.032% in England and Wales [10, 

20]. In a previous study conducted on a relatively small 
population, the frequency of In(Lu) was approximately 
0.02% in the Chinese population [21]. Therefore, pre-
screening blood donors with In(Lu) and storing their 
blood as a rare blood resource to benefit blood trans-
fusions are important. Understanding the molecular 
mechanism of In(Lu) can promote the screening and 
identification of In(Lu) blood donors through cost-effec-
tive genetic testing, in the context of the low incidence 

Fig. 3  The polymorphisms and mutations of KLF1 and BCAM identified in high-throughput sequencing samples. a, schematic diagram of the KLF1 gene. 
Boxes, exons; gray, non-coding regions; blue, coding regions; yellow, zinc fingers. b, schematic diagram of the BCAM gene. Boxes, exons; gray, non-coding 
regions; blue, coding regions
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rate of In(Lu) and high cost of serotyping. To date, 71 
types of KLF1 mutation resulting in the In(Lu) phenotype 
were summarized and published on the official website 
of the International Society of Blood Transfusion (ISBT) 
[9]. This study has identified up to 21 new and eight pre-
viously known mutations in KLF1, which significantly 
enhances our knowledge of KLF1 variants that contribute 
to In(Lu).

Our data reveal the following genetic characteris-
tics of KLF1 in Chinese In(Lu) individuals. Firstly, con-
sistent with our previous reports, the main mutation 
site is c.519_525dupCGGCGCC (p.Gly176Argfs*179), 

which represents approximately 37% of the total num-
ber of samples tested [21]. Given the significant number 
of KLF1 mutations and their distribution, this mutation 
must be considered as the primary genetic screening 
strategy in China. Secondly, class 2 mutations detected 
in this study are primarily located in the conserved KLF1 
zinc finger domain, with few exceptions, indicating the 
importance of the conserved functional domain of zinc 
finger structures. Several mutations are located within 
the linker region of the zinc finger structure, which is a 
relatively rare occurrence in previous reports [9]. This 
finding suggests that the zinc finger domain and the 

Table 2  KLF1 haplotypes in samples carrying novel KLF1 mutations
Sample 
No.

KLF1 mutation Haplotype 1 Haplotype 2* Predicted by

1 c.3G > A c.3G > A; c.304T > C KLF1*BGM12 Clone sequencing
2 c.70_71delCA c.70_71delCA KLF1*01 Clone sequencing
3 c.87 + 12_87 + 25delAAGGTGGGGTCTAG c.87 + 12_87 + 25delAAGGTGGGGTCTAG; c.304T > C KLF1*BGM12 Clone sequencing
4 c.207_217delGGACGCCACCT c.207_217delGGACGCCACCT; c.304T > C c.325 C > T Clone sequencing
5 c.406delG c.304T > C; c.406delG KLF1*BGM12 Clone sequencing
6 c.406delG c.304T > C; c.406delG KLF1*BGM12 Clone sequencing
7 c.417_421delCCTGC c.417_421delCCTGC KLF1*01 Clone sequencing
8 c.839delC c.304T > C; c.839delC KLF1*BGM12 Clone sequencing
9 c.880_881insACACCAAGAGCT c.304T > C; c.880_881insACACCAAGAGCT KLF1*BGM12 Clone sequencing
10 c.880T > G c.304T > C; c.880T > G KLF1*01 Clone sequencing
11 c.895 C > G c.304T > C; c.895 C > G KLF1*01 Clone sequencing
12 c.916G > A c.304T > C; c.916G > A KLF1*BGM12 Clone sequencing
13 c.916G > A c.916G > A KLF1*01 Clone sequencing
14 c.953G > A c.953G > A KLF1*BGM12 HiFi sequencing
15 c.982delC c.304T > C; c.980delC KLF1*01 HiFi sequencing
16 c.982delC c.304T > C; c.980delC KLF1*BGM12 Clone sequencing
17 c.982 C > T c.982 C > T KLF1*01 Clone sequencing
18 c.1010G > A c.1010G > A c.304T > C; c.544T > C HiFi sequencing
19 c.1010G > T; 1011 C > T c.304T > C; c.1010G > T; 1011 C > T KLF1*BGM12 Clone sequencing
20 c.1012 C > A c.325 C > T; c.1012 C > A KLF1*BGM12 HiFi sequencing
21 c.1012 C > A c.325 C > T; c.1012 C > A KLF1*01 HiFi sequencing
22 c.1013 C > T c.1013 C > T KLF1*BGM12 HiFi sequencing
23 c.1049G > A c.304T > C; c.1049G > A KLF1*BGM12 Clone sequencing
24 c.1058 A > G c.304T > C; c.1058 A > G KLF1*01 HiFi sequencing
25 c.1063G > C c.304T > C; c.1063G > C KLF1*01 HiFi sequencing
* KLF1*BGM12 is c.304T > C (normal phenotype); KLF1*01 is common allele (wild type) [9]

Fig. 4  Sequence alignment of the positions of missense mutations in the zinc finger domains between KLF1 in different species and KLF family members. 
Green, known mutations; purple, new mutations
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linker region are biologically active. Thirdly, similar to 
previous studies, our study has confirmed that three 
individuals with In(Lu) exhibit no functional KLF1 muta-
tions, indicating the presence of additional regulatory 
mechanisms [7, 20].

The application of targeted NGS and long-read HiFi 
sequencing in investigating the genetic background of 
In (Lu) individuals has not been reported before. In this 
study, we compared these two high-throughput technol-
ogies with the Sanger sequencing method as follows. All 
three sequencing technologies used in this study demon-
strate high accuracy. Sanger sequencing remains the gold 
standard for determining DNA sequences, with low cost 
for single detection. However, when multiple genes and 
targets need to be detected simultaneously, the cost of 
Sanger sequencing increases significantly. The NGS panel 
utilized in this study provides a considerably wider range 
of detection compared to Sanger sequencing. Addition-
ally, the cost of detecting a single target gene is lower with 
NGS panel than with Sanger sequencing. Other benefits 
of the NGS approach in this study include its design to 
incorporate known 50 blood group genes and two pri-
mary erythroid transcription factors, namely KLF1 and 
GATA1. This design allows for the exclusion of Lunull and 
X-linked XS2 phenotypes, which are indistinguishable 
from the In(Lu) phenotype when using serologic meth-
ods. On the other hand, the In(Lu) phenotype is charac-
terized by a significant decrease in the expression of LU 
antigens, as well as varying degrees of reduced expres-
sion of other blood group antigens. Unlike LU antigens, 
the other specific antigens affected and the extent of their 
decrease can vary significantly among individuals. By 
comparing the serologic and NGS results, it is possible to 
determine whether these reductions are due to abnormal-
ities in the encoding genes or abnormalities in the regu-
lation during erythroid differentiation caused by KLF1 
mutations. However, distinguishing haplotypes in target 
regions and detecting complex structural variations can 
be challenging when using Sanger and NGS technologies. 
In this study, we effectively analysed the KLF1 haplotypes 
by utilizing PacBio HiFi sequencing technology, particu-
larly when the cloning sequencing method was unable to 
provide a solution. Clarifying KLF1 haplotypes can help 
identify In(Lu)-associated KLF1 alleles and provide novel 
evidence of benign KLF1 variants, such as c.544T > C 
found in sample 18 [6, 9, 22]. Moreover, as KLF1 acts as 
a master regulator of erythropoiesis, the severity of the 
clinical phenotype is influenced by the specific type and 
class of the KLF1 mutations, as well as whether the muta-
tions are monoallelic or biallelic [8]. In cases where KLF1 
mutations are suspected to be associated with patho-
logical conditions, it is crucial to accurately determine 
the KLF1 haplotype, especially when multiple class 2 or 
class 3 mutations are present. This is because compound 

heterozygous KLF1 mutations that impact function 
often result in more severe clinical complications in 
most cases [8, 12–15]. However, it should be noted that 
Hifi sequencing currently has a higher cost compared 
to NGS. Therefore, this study focused solely on the key 
KLF1 and BCAM genes when using Hifi sequencing, 
providing limited blood type gene information. Overall, 
our work demonstrates the advantages of high-through-
put sequencing technologies over Sanger sequencing in 
detection of genetic background of In(Lu). Targeted NGS 
offers a wider detection range and lower comprehensive 
cost. PacBio Hifi sequencing provides accurate haplotype 
confirmation. As the cost of Hifi sequencing technology 
decreases, its superior capabilities in detecting struc-
tural variations and confirming haplotypes will lead to its 
wider application.

This research also has a few limitations that should be 
addressed in future studies. One limitation of this study 
is the delay between DNA collection and analysis, which 
prevented the detection of other blood group antigens 
on red blood cells apart from LU. Thus, further research 
should be conducted to determine the impact of newly 
discovered mutations, particularly those in class 2, on 
other blood group antigens. In addition, this study has 
identified two atypical KLF1 mutants (start loss and 
splice site mutations). There are few reported cases of 
splice site mutations associated with In(Lu) while no start 
loss mutation has been reported [9, 23]. Further verifi-
cation of more samples and additional functional stud-
ies are necessary to confirm their roles definitively. For 
example, start codon loss is commonly considered a loss-
of-function mutation, resulting in the silencing of a par-
ticular gene [24, 25]. Additionally, there have been a few 
instances where this type of mutation has been linked 
to reduced protein expression in blood group antigens 
[26]. Therefore, the start codon variant (c.3G > A) identi-
fied in this study might be classified as a class 2 or class 3 
mutation. Moreover, the mechanism of reduced expres-
sion of LU antigens in four individuals was not clarified. 
One plausible explanation is that other genes might be 
involved in the regulation of LU expression. For instance, 
previous studies have found that monoallelic defective 
mutations in SUPT5H may result in reduced expression 
of KLF1 during erythrocyte differentiation, suggesting its 
potential role in LU regulation [27]. Including other can-
didate genes, such as SUPT5H, in the genetic screening 
of individuals with the In(Lu) phenotype might provide 
further valuable information.

Conclusions
In conclusion, we primarily utilised targeted NGS and 
HiFi sequencing to verify the In(Lu) phenotype and 
identify a diverse array of known and previously undis-
covered KLF1 mutations in In(Lu) individuals. The two 
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high-throughput sequencing methods expanded the 
scope of detection of the blood group genes and dem-
onstrated high accuracy. Also, the distribution of KLF1 
variants in Chinese In(Lu) individuals is revealed for the 
first time from population-based data, which might con-
tribute to clinical transfusion. The discovery of 21 new 
KLF1 mutations offers a potential explanation for eryth-
rocyte disorders and hemoglobin abnormalities that have 
previously been unexplained, such as rare hemolytic ane-
mias. By conducting further research on their clinical sig-
nificance and biological function, these mutations could 
potentially be utilized as targets for detecting related 
diseases.

Methods and materials
Subjects
The screening of Lu(a-b-) individuals was conducted 
using anticoagulated whole blood samples collected from 
voluntary unpaid blood donors in the Shanghai Blood 
Center over the course of the past 10 years. Informed 
consent was obtained from all donors. The blood samples 
were randomly obtained from unrelated eligible donors 
aged between 18 and 55, who passed the routine tests 
for blood types and transfusion-transmitted infections. 
Anti-Lub (BRIC108) was obtained from the International 
Blood Group Reference Lab (IBGRL, Bristol, UK) and 
used to screen for Lub-negative blood samples by conven-
tional serotyping methods. In addition, anti-Lua (213553, 
Grifols, Spain) was utilised to eliminate Lu(a + b−) sam-
ples from the screened Lub-negative samples, following 
the manufacturer’s instructions. Serological Lu(a − b−) 
samples were selected as research subject. Genomic DNA 
was manually extracted from all serological Lu(a − b−) 
samples using the QIAamp DNA Blood Mini Kit (Qia-
gen, Germany), following the provided instructions. The 
extracted DNA samples were then kept frozen for further 
analysis.

Sequencing workflow
DNA quality was assessed to determine the follow-up 
appropriate gene sequencing method. In brief, DNA 
concentration was measured using a NanoDrop 2000  C 
spectrophotometer (NanoDrop Technologies, USA), and 
DNA integrity was verified through gel electrophoresis. 
Samples with good DNA integrity and high concentra-
tion were preferentially detected by targeted NGS. The 
requirements for NGS library construction included a 
total amount of DNA greater than 500 ng, an OD260/280 
ratio between 1.6 and 2.0 and a main band obtained from 
DNA electrophoresis greater than 10  kb. Samples that 
do not meet the requirements of targeted NGS sequenc-
ing but meet the requirements of HiFi sequencing were 
analysed by HiFi sequencing. For PacBio HiFi sequenc-
ing, the DNA concentration was greater than 10 ng/

µL, and the main band of DNA was intact. Poor-quality 
samples in which high-throughput sequencing could not 
be performed were subjected to Sanger sequencing. All 
sequencing methods are described in detail below.

Targeted NGS
The customized NGS panel was designed and built to 
cover the whole gene region plus 10  kb upstream and 
downstream for all known 50 blood group genes, as 
well as coding genes of two primary erythroid transcrip-
tion factors, namely, KLF1 and GATA1 (Twist Biosci-
ence, USA) [9]. For NGS library construction, only DNA 
samples that met the quality control requirements were 
used. NGS library construction was completed using the 
DNA Library Prep Kit (Twist Bioscience, USA). The cus-
tomized panel consisting of 52 genes was used for hybrid 
capture. Paired-end sequencing was conducted on the 
DNBSEQ-T7 sequencing platform (MGI, China) with 
PE150 mode by Shanghai WeHealth BioMedical Tech-
nology Co. (Shanghai, China). Quality control of raw data 
was performed using FASTP, followed by the removal of 
low-quality reads. The threshold for removal was set at a 
Q30 score of 85%. The aligned sequences were mapped 
to the human reference genome (GRCh38/hg38) using 
BWA. Subsequently, SNP and Indel variations were anal-
ysed using SAMtools and GATK after deduplication and 
base calibration. The detected variants were annotated 
using Annovar, which included population frequency 
databases such as gnomAD, OMIM and HGMD.

PacBio HiFi sequencing
Samples that did not meet NGS quality control require-
ments but met PacBio HiFi sequencing quality control 
requirements were subjected to targeted amplification 
of the BCAM and KLF1 genes using specific primers. 
Sequencing was performed on the PacBio Sequel II plat-
form by Xi’An Haorui Genomics Technologies Ltd. The 
entire KLF1 gene plus 1.3 kb upstream and 1.5 kb down-
stream of the coding region, as well as the entire BCAM 
gene plus 600 bp upstream and 200 bp downstream, were 
specifically amplified by KLF1-F3/KLF1-R3 and BCAM-
F3/BCAM-R1 (see Additional file 2), respectively. After 
data collection, SMRTlink (v10.1.0) was used to remove 
adapter sequences and convert the original polymerase 
reads into subreads. Then, CCS (v6.2.0) was used to clus-
ter and filter subreads from the same SMRTbell sequenc-
ing template to obtain high-quality (QV > 20) consensus 
sequences, that is, HiFi reads. The pbaa software (v1.0.3) 
was used to error correct and cluster HiFi reads from 
different amplification regions to obtain a consensus 
sequence for each amplification product. The consensus 
sequences of the amplification products were aligned to 
the human reference genome CHM13v2.0 and imported 
into the visualization analysis tool SnapGene (v6.1.1) for 
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analysis. In addition, for samples with known and novel 
polymorphisms spanning two KLF1 exons, PacBio HiFi 
sequencing was performed to confirm haplotypes.

Sanger sequencing
Samples that were found to have poor DNA quality 
or a low total DNA amount were excluded from high-
throughput testing. These samples were instead ana-
lysed by Sanger sequencing. In brief, the promoter 
region, exon 1 and exon 3 of the KLF1 gene were ampli-
fied and sequenced in accordance with the methods 
listed in the literature [7]. Exon 2 of KLF1 was ampli-
fied and sequenced by using the primers KLF1ex2F and 
KLF1ex2R (see Additional file 2). Moreover, new muta-
tions of the KLF1 gene detected by targeted NGS and 
HiFi sequencing were further verified by Sanger sequenc-
ing. All new KLF1 mutations were further confirmed by 
clone sequencing because of mixed peaks in the sequenc-
ing results. For samples carrying more than one hetero-
zygous KLF1 polymorphic site in a single exon, clone 
sequencing was performed to determine the haplotype. 
PCR amplification was carried out using KOD-Plus-
Neo DNA polymerase (Toyobo, Japan). Primer synthesis 
and Sanger sequencing were performed by the Beijing 
Genomics Institute (China).

Bioinformatic analysis
All newly discovered KLF1 mutations were submitted to 
the NCBI database after being compared with the KLF1 
Allele table v1.0 30-JUN-2021, which is listed on ISBT’s 
official website [9]. The protein sequences of KLFs were 
obtained from GenBank. The amino acid sequences of 
zinc finger domains and neighbouring amino acids of 
KLF1 in different species, as well as human KLF2 and 
KLF4, were subjected to multiple sequence alignment 
utilising Clustal Omega program [28].
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