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Introduction: Congenital dyserythropoietic anaemia (CDA) type IV has been
associated with an amino acid substitution, Glu325Lys (E325K), in the
transcription factor KLF1. These patients present with a range of symptoms,
including the persistence of nucleated red blood cells (RBCs) in the peripheral
blood which reflects the known role for KLF1 within the erythroid cell lineage. The
final stages of RBCs maturation and enucleation take place within the
erythroblastic island (EBI) niche in close association with EBI macrophages. It is
not known whether the detrimental effects of the E325K mutation in KLF1 are
restricted to the erythroid lineage or whether deficiencies in macrophages
associated with their niche also contribute to the disease pathology.

Methods: To address this question, we generated an in vitro model of the human
EBI niche using induced pluripotent stem cells (iPSCs) derived from one CDA type
IV patient as well as two iPSC lines genetically modified to express an KLF1-E325K-
ERT2 protein that could be activated with 4OH-tamoxifen. The one patient iPSC
line was compared to control lines from two healthy donors and the KLF1-E325K-
ERT2 iPSC line to one inducible KLF1-ERT2 line generated from the same parental
iPSCS.

Results: The CDA patient-derived iPSCs and iPSCs expressing the activated KLF1-
E325K-ERT2 protein showed significant deficiencies in the production of erythroid
cells with associated disruption of some known KLF1 target genes. Macrophages
could be generated from all iPSC lines but when the E325K-ERT2 fusion protein
was activated, we noted the generation of a slightly less mature macrophage
population marked by CD93. A subtle trend in their reduced ability to support RBC
enucleation was also associated with macrophages carrying the E325K-ERT2

transgene.

Discussion: Taken together these data support the notion that the clinically
significant effects of the KLF1-E325K mutation are primarily associated with
deficiencies in the erythroid lineage but it is possible that deficiencies in the
niche might have the potential to exacerbate the condition. The strategy we
describe provides a powerful approach to assess the effects of other mutations in
KLF1 as well as other factors associated with the EBI niche.
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Introduction

The production of red blood cells (RBCs) at a rate of over two
million per second is a complex and precisely controlled process that
can be challenged by genetic deficiencies and alterations in
environmental conditions. Severe, life-limiting anaemias resulting
in reduced RBC numbers can be associated with congenital disease,
chronic infection, inflammation and exposure to chemotherapeutic
drugs (Josef et al., 2009; Iskander et al., 2015; Gomes and Gomes,
2016; Perkins et al., 2016). The final steps of RBC maturation and
enucleation occurs within the erythroblastic island (EBI) niche that
consists of a central macrophage surrounded by developing
erythroblasts (Bessis, 1958; Chasis and Mohandas, 2008;
Manwani and Bieker, 2008; Ji et al., 2011). EBI macrophages
provide both positive and negative regulators of differentiation
and development at various stages of erythroid maturation and
have been associated with the pathological progression of some RBC
disorders, including polycythemia vera and β-thalassemia (Chow
et al., 2013; Ramos et al., 2013).

Congenital dyserythropoietic anaemia (CDA) type IV patients
present with a range of symptoms, including nucleated RBCs in their
peripheral blood, abnormalities in bone marrow erythroblasts,
elevated fetal hemoglobin and iron overload (Arnaud et al., 2010;
Jaffray et al., 2013; Wickramasinghe et al., 1991; Singleton et al.,
2009; Ortolano et al., 2018; de-la-Iglesia-Iñigo et al., 2017). One of
the most severe forms of CDA type IV is associated with a single
amino acid substitution Glu325Lys (E325K) in the second zinc
finger of the erythroid specific transcription factor, KLF1. The
mouse neonatal anaemia mutant (Nan) carries a semi-dominant
mutation (E339D) in the equivalent DNA binding domain of the
mouse protein and has been shown to reduce binding of DNA
recognition sites and/or enable interaction with novel sites (Siatecka
et al., 2010; Planutis et al., 2017). Expression profiling of erythroid
cells from Nanmice and a CDA patient showed reduced expression
of some known KLF1 target genes as well as ectopic expression of
others (Nébor et al., 2018; Varricchio et al., 2019). These studies
confirmed that this transcription factor is essential in the
development and maturation of RBCs (Tallack et al., 2010;
Siatecka and Bieker, 2011; Gnanapragasam et al., 2016) but more
recently KLF1 has also been associated with macrophages within the
EBI niche (Xue et al., 2014; Lopez-Yrigoyen et al., 2019; Mukherjee
et al., 2021).

Given the inaccessibility of the human EBI niche it has proven
challenging to address whether deficiencies in EBI macrophages
contribute to the disease pathology in CDA type IV patients that
carry the E325K mutation. The use of patient-derived induced
pluripotent stem cells (iPSCs), often termed ‘Disease-in-a-Dish’
approaches, was an attractive option in this study due to the
rarity of the disease and limited availability of primary cells.
iPSCs have been successfully used to model a variety of diseases
and disease-specific pathologies, including Spinal Muscular
Atrophy, Long-QT syndrome, and Brugada Syndrome (Ebert
et al., 2009; Moretti et al., 2010; Liang et al., 2016; El-Battrawy
et al., 2018; El-Battrawy et al., 2021). In this study we have used

human induced pluripotent stem cells (iPSCs) to model CDA
in vitro to confirm the intrinsic effects of the E325K mutation in
erythroid cells and to assess the potential extrinsic effects of E325K
in EBI-like macrophages. In vitro differentiation of CDA patient-
derived iPSCs confirmed that the intrinsic effects of the E325K
mutation in the erythroid lineage could be recapitulated using this
strategy. We previously demonstrated that human EBI-like
macrophages could be generated from iPSCs following 4OH-
tamoxifen activation of a wild type KLF1-ERT2 fusion protein
(Lopez-Yrigoyen et al., 2019). Here we show that the presence of
the E325K mutation alters this activity and has a subtle effect on the
phenotype and function of iPSC-Derived Macrophages.

Materials and methods

Establishment of patient-derived iPSC line

Induced pluripotent stem cell (iPSC) lines were derived from the
patient’s blood mononuclear cells that were leftover from our
previously published study that had received Institutional Review
Board approval (Jaffray et al., 2013)12). No new patient material was
obtained for the present study. After a brief culture to expand the
erythroblast population a Sendai virus based approach (CytoTune
2.0 Kit, Invitrogen) was used to express the Yamanaka factors
without any genomic integration (Carcamo-Orive et al., 2017).
Clones were passaged >8x to dilute out the virus (verified by
antibody staining), G-banded metaphase analysis showed a
normal karyotype (not shown), and genomic DNA was
sequenced to verify presence of the monoallelic E325K mutation
(Supplementary Figure S1A).

Human iPSC line maintenance

Human iPSC lines were maintained in StemProTM hESC SFM
media (A1000701, Gibco) supplemented with 20 ng/mL human
basic FGF (R&D) on either CELLstart Substrate (A1014201,
Gibco) or Vitronectin (A31804, Gibco) coated wells. Media was
changed daily. iPSCs were passaged when wells reached
approximately 70%–80% confluency with a StemPro EZPassage
Disposable Stem Cell Passaging Tool (23181010, Gibco).

Generation of pZDonor-AAVS1-CAG-HA-
KLF1-E325K-ERT2-PolyA plasmid

The KLF1-E325K mutation (c973G>A) was introduced into an
existing pZDonor-AAVS1-CAG-HA-KLF1-ERT2-PolyA plasmid
(Yang et al., 2017) via site-directed mutagenesis using the
Q5 Site-Directed Mutagenesis Kit (E0554S, New England
BioLabs) following the manufacturer’s instructions. The forward
KLF1 SDM NEB_FW and reverse KLF1 SDM NEB_RV primers
were used (Supplementary Figure S2A; Supplementary Table S1).

Frontiers in Cell and Developmental Biology frontiersin.org02

May et al. 10.3389/fcell.2023.1148013

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1148013


Transfection of iPSCs

SFCi55 iPSCs (Yang et al., 2017) were transfected using Xfect
Transfection Reagent (631317, Takara Bio) following the
manufacturer’s instructions. Puromycin selection was started at 2 μg/
mL 2 days post transfection and increased to 4 μg/mL 4 days post
transfection. Surviving colonies were picked approximately 2 weeks
post transfection and grown into a 6-well plate format for screening.

Erythroid differentiation of iPSCs

The protocol for the erythroid differentiation of iPSCs was
adapted from Bernecker et al. (2019). Briefly, EBs are generated
from iPSCs with the addition of BMP4 (50 ng/mL), VEGF (50 g/
mL), and SCF (20 ng/mL). EBs are plated in serum free
differentiation media (Sturgeon et al., 2012) supplemented with
SCF (100 ng/mL), IL-3 (5 ng/mL) and EPO (3 U/mL) to generate
haematopoietic cells. For KLF1 activation, 100 nM 4OH-tamoxifen
(H6278-10MG Merck) was added every other day. Suspension cells
were analysed at the point of harvest.

Generation of human iPSC-derived
macrophages

iPSC-derived macrophages were generated as previously
described (Lopez-Yrigoyen et al., 2019; Lopez-Yrigoyen et al.,
2020). For KLF1 activation, 100 nM 4OH-tamoxifen was added
every other day.

Erythroid differentiation of umbilical cord
blood-derived CD34+ cells

Umbilical cord blood-derived CD34+ cells were cultured as
previously described (Lopez-Yrigoyen et al., 2019). For
KLF1 activation, 100 nM 4OH-tamoxifen was added every other day.

Cytospins

Cells for cytospins were suspended in PBS. Cells were cyto-
centrifuged onto polysine slides at 500 rpm for 5 min in a Thermo
Shandon Cytospin 4 and allowed to air-dry for 4–12 h. Cells were fixed
and stained using the Shandon™ Kwik-Diff™ Staining Kit (9990702,
Thermo Fisher Scientific) following the manufacturer’s instructions.

Immunohistochemistry

Cells were fixed into 96-well glass bottom plates (6055302, Perkin
Elmer) in 4% formaldehyde (10231622, Fisher Scientific) for 15 min at
room temperature. Cells were washed thrice with PBS and then
permeabilised in PBS with 1% BSA (A2153, Sigma-Aldrich) and
0.5% Triton X-100 (X100, Sigma-Alrich) for 1 h at room
temperature. Cells were washed thrice with PBS before overnight
incubation at 4°C in PBS with 1% donkey serum (ab7475, Abcam)

and 1:200 Anti-EKLF/KLF1 antibody (ab2483, Abcam). Cells were
then washed thrice with PBS and incubated for 1 h at room
temperature in PBS with 1% donkey serum (ab7475, Abcam) and
1:1,000 Donkey anti-Goat IgG (H + L) Cross-Absorbed Secondary
Antibody, Alexa Fluor 647 (A-21447, Invitrogen). Cells were washed
once with PBS and incubated with 1:1,000 DAPI (D9542, Sigma-
Aldrich) for 5 min at room temperature. Cells were washed twice with
PBS and stored in PBS at 4°C before imaging. Cells were imaged at 40X
on the Opera Phenix® Plus High-Content Screening System and
processed with Fiji software.

Flow cytometry

Cells for analysis were resuspended in PBS with 1% BSA (A2153,
Sigma-Aldrich) and 5 mM EDTA (15575020, Invitrogen). 1 × 105

cells per sample were stained with appropriate antibodies for 15 min
at room temperature. Samples were kept on ice until data collection
using the LSR Fortessa (BD Biosciences) and BD FACSDIVA
software. Data was analysed using FlowJo 10.8.1 software. Flow
cytometry plots were gated using FMO controls. Briefly, single and
live cells were gated, and then FMO controls were used to
distinguish populations positive and negative for a specific
marker. All antibodies used are listed in Supplementary Table S3.

Gene expression analyses

RNA extraction was performed using the RNAeasy Mini Kit
(74106, QIAGEN) following the manufacturer’s instructions. DNA
was removed from samples using the RNase-free DNase Set (79254,
QIAGEN). cDNAwas generated from 500 ng of RNA per sample using
the High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo
Fisher Scientific) following the manufacturer’s instructions. qRT-PCR
reactions were performed on the Roche LightCycler® 480 Instrument.
2 ng of cDNA was amplified per reaction in a 364-well plate
(4729749001, Roche) with LightCycler® 480 SYBR Green I Master
(4887352001, Roche) according to the manufacturer’s instructions. All
reactions were performed with 3 biological and 3 technical replicates.
CT values were normalised to the reference gene GAPDH or the mean
of the reference genes GAPDH and β-Actin. Data was analysed using
the 2−ΔΔCT method. Graphs were generated and statistical analysis was
performed ddcusing GraphPad Prism 8 software. Primers used are
listed in Supplementary Table S2.

RNA-sequencing

RNA extraction was performed using the RNAeasy Mini Kit
(QIAGEN) following the manufacturer’s instructions. DNA was
removed from samples using the RNase-free DNase Set (QIAGEN).
RNA quantity and quality was assessed using the Agilent
2,100 Bioanalyser in conjuction with the RNA 6,000 PicoLabChip Kit
following manufacturer’s instructions. 35 automated TruSeq stranded
mRNA-seq libraries from total RNA samples were generated by
Edinburgh Genomics and sequenced using NovaSeq 100PE. Reads
were trimmed using Cutadapt (version cutadapt-1.18- venv) (308).
Reads were trimmed for quality at the 3′ end using a quality
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threshold of 30 for adaptor sequences of the TruSeq DNA kit
(AGATCGGAAGAGC). Reads after trimming were required to have
a minimum length of 50. The reference used for mapping was theHomo
sapiens (GRCh38) genome from Ensembl. The annotation used for
counting was the standard GTF-format annotation for that reference
(annotation version 104). Reads were aligned to the reference genome
using STAR (version 2.7.3a) specifying paired-end reads and the option--
outSAMtype BAM Unsorted (309). All other parameters were left at
default. Resulting BAM files were analysed using the DeSEQ2 package in
R-4.2.1 forWindows. Genes were filtered and only genes with a count of
10 or higher in at least 2 samples were kept. Principal component analysis
was undertaken on normalised and filtered expression data. For
differential gene expression analyses, genes were filtered to include
only genes with an adjusted p-value below 0.05.

Results

KLF1-E325K mutation in iPSCs affects
erythroid differentiation

iPSCs were generated from peripheral blood mononuclear cells
of a CDA Type IV patient and an unaffected individual (BM2.3) and

the presence of the E325K mutation in the genome of patient iPSCs
was confirmed (Supplementary Figure S1A). These iPSC lines and a
second control cell line (SFCi55), derived from skin fibroblasts
(Yang et al., 2017), were differentiated into erythroid cells by
adapting a previously published protocols (Figure 1A) (Yang
et al., 2017; Bernecker et al., 2019). All 3 cell lines generated a
comparable percentage of CD43+ cells indicating that the E325K
mutation did not affect commitment to the haematopoietic lineage
(Figures 1B, C). There was no obvious effect on the proportion of
cells expressing the early erythroid commitment marker, EpCAM
(Fidanza et al., 2020). However, the percentage of cells expressing
erythroid markers, CD235a (glycophorinA, GYPA) and CD71
(transferrin receptor, TRFC), that were generated from patient
iPSCs was significantly lower compared to control iPSCs
indicating a deficiency in erythropoietic differentiation (Figures
1B, C). Consistent with deficiency in erythroid cell production, a
significant reduction in the expression of erythroid genes including
GYPA, TFRC, SLC4A1, HBA1 and ICAM4was observed (Figure 1D)
(Kohara et al., 2019).

Given that we only had access to one iPSC line from a single
patient and that isogenic controls were not available, we could not
formally conclude that the erythroid differentiation deficiency was
due to the E325K mutation and not associated with genetic

FIGURE 1
Erythroid progenitors generated from aCDA patient-iPSC line recapitulate disease pathology. (A) Schematic of culture protocol to differentiate iPSC
into erythroid cells. Flow cytometry analyses, and RNA extraction for gene expression analyses were perfomed on the day that suspension cells were
harvested (B) Representative flow cytometry plots of cell surface expression of CD43, EpCAM, CD235 and CD71 of suspension cells isolated from two
control iPSC lines (SFCi55 and BM2.3) and one iPSC line derived from aCDA type IV patient. Datapoints represent individual suspension cell harvests.
(C) Quantification of flow cytometry analyses of cell surface marker expression. (D) Gene expression analyses of GYPA (CD235a), TRFC (CD71), SLC4A1
(Band 3),HBA1 (hemoglobin subunit alpha), ICAM4 and KLF1 in suspension cells derived from two control and onCDA patient-derived iPSC line. Error bars
represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01. Datapoints represent individual suspension cell harvests. The schematic
diagram in (A) was created using Biorender.
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background or simply a clonal iPSC effect. To address this concern,
we generated an iPSC line where the KLF1-E325K protein could be
activated by the addition of 4OH-tamoxifen (inducible/iKLF1-
E325K) (Yang et al., 2017). We targeted the safe harbor AAVS1

locus with a cassette carrying the KLF1-E325K-ERT2 fusion gene
driven by the constitutively active CAG promoter and a puromycin
resistance gene (Figure 2A) (Smith et al., 2008; Hockemeyer et al.,
2009). Following transfection of this targeting construct into

FIGURE 2
Inducible KLF1-E325K activation iPSC lines provide an alternative model for CDA. (A) Schematic of the pZDonor-AAVS1-Puro-CAG-HA-KLF1-
E325K-ERT2-PolyA construct integrated into the AAVS1 safe-harbor locus. (B) Immunofluorescence staining of iPSCs from one inducible KLF1-WT
(iKLF1-WT, iKLF1.2) and two inducible KLF1-E325K (iKLF1-E325K, iCDA4.1 and iCDA4.20) iPSC lines stained with an anti-KLF1 antibody (green) and the
DAPI nuclear dye (magenta) in the presence (bottom panel) and absence (top panel) of 4OH-tamoxifen. 10 µM scale bar. × 40 magnification. (C)
Expression of endogenous and exogenous KLF1-WT/KLF1-E325K using qRT-PCR in RNA lysates taken from an iKLF1-WT and two iKLF1-E325K iPSC lines.
Fold change relative to the parental control line (SFCi55). Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01, ***p <
0.0001. Datapoints represent individual iPSC harvests. (D) Quantification of flow cytometry analyses of cell surface expression of CD43, CD235a and
CD71 of suspension cells harvested from erythroid differentiations of iKLF1-WT and iKLF1-E325K iPSCs. Suspension cells were analysed on the day they
were harvested. Datapoints represent individual suspension cell harvests. Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05
**p < 0.01.
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parental SFCi55 iPSCs, puromycin-resistant clones were selected
and screened by genomic PCR and Sanger sequencing to identify
correctly targeted events (Supplementary Figures S2A, B). A
targeting efficiency of 17% was achieved and two of the
successfully targeted clones (named iCDA4.1 and iCDA4.20)
were expanded and used in further experiments. Genomic PCR
analyses using appropriate primers demonstrated that in the
iCDA4.1 iPSC clone the targeting vector has integrated into
only one of the AAVS1 alleles whereas the iCDA4.20 was
homozygous for the transgenic insertion and therefore had
two copies of the transgene (Supplementary Figures S2A, B).
We first tested whether the KLF1-E325K-ERT2 fusion protein
would translocate to the nuclei in iPSCs upon addition of 4OH-
tamoxifen using immunocytochemistry with an anti-KLF1 antibody
(Figure 2B). In the absence of 4OH-tamoxifen, the majority
of KLF1 staining was observed within the cytoplasm with
minimal nuclear staining but upon addition of 4OH-tamoxifen,
KLF1 was also detected in the nucleus with a reduction
in cytoplasmic staining apparent by manual observation.
We noted comparable effects using the iKLF1.2 iPSC line
that carried a wild type KLF1-ERT2 transgene (inducible/iKLF1-
WT) previously reported indicating that the E325K mutation did
not affect nuclear translocation of this fusion protein (Yang et al.,
2017).

We previously reported that the level of endogenous KLF1 in
control SFCi55 iPSCs was very low, so we next confirmed this and
assessed the level of transgene expression by qRT-PCR (Yang et al.,
2017). The primers used will amplify both endogenous and
exogenous wild type KFL1 and KLF1-E325K transcripts but the
low level detected in the parental SFC55 iPSC confirmed that the
expression of endogenous transcript is very low. Indeed the level of
KLF1 mRNA transcript detected by qRT-PCR was over 100-fold
higher in the iPSCs carrying the CAG-driven KLF1-ERT2 and KLF1-
E325K-ERT2 transgenes compared to control iPSCs (Figure 2C). The
level of expression is significantly higher in the homozygous
iCDA4.20 line compared to the heterozygous line iCDA4.1 line
reflecting the number of copies of the transgene. The level of
expression in the iCDA4.20 line was comparable to our
previously reported iKLF1.2 iPSC line that also carried two
copies of the transgene. As expected, the addition of 4OH-
tamoxifen has no significant effect on the level of
KLF1 transcript detected because 4OH-tamoxifen addition alters
protein localization not KLF1 transcriptional activity (Figure 2C).

We subjected the iKLF1.2, iCDA4.1 and iCDA4.20 iPSC lines to
the same erythroid differentiation protocol that we used for the
patient iPSC line (Figure 1A) (Bernecker et al., 2019). We first
assessed the production of CD43+ haematopoietic progenitor cells
(HPCs) in the presence and absence of 4OH-tamoxifen and noted
that proportion of CD43 HPCs generated was comparable between
all 3 cell lines and was unaffected by the addition of 4OH-tamoxifen
(Figure 2D). In contrast, a significantly lower proportion of cells
expressing the erythroid markers CD235a and CD71 were observed
in the iCDA4.1 and iCDA4.20 cell lines following addition of 4OH-
tamoxifen (Figure 2D). This 4OH-tamoxifen-induced reduction was
not observed in the iKLF1.2 iPSC line nor in the control SFCi55 iPSC
(Figure 2D; Supplementary Figure S2D). Notably, the effect of
KLF1-E325K activation was more pronounced in the
homozygous iCDA4.20 cell line, possibly reflecting a higher level

of expression of the KLF1-E325K transgene in erythroid cells
comparable to what we had observed in undifferentiated iPSCs
(Figures 2C, D).

Taken together our in vitro iPSC-erythroid differentiation
model system, at least at the level of analyses that is possible,
recapitulates the CDA disease phenotype and is in keeping with
the well-established role of KLF1 within the erythroid lineage.

Activation of KLF1-E325K slightly impairs
macrophage maturation

Macrophages can be differentiated from iPSCs and used to
model the EI niche (Lopez-Yrigoyen et al., 2019; Lopez-Yrigoyen
et al., 2020; May and Forrester, 2020). Using these well-defined
protocols, we generated macrophages from CDA patient iPSCs and
demonstrated that they had a comparable cell surface phenotype to
macrophages generated from control iPSCs and that their inclusion
in culture could support the maturation of erythroid cells to the
same extent (Supplementary Figures S3A–D). However, we
previously demonstrated that the level of KLF1 expression in
iPSC-derived macrophages (iPSC-DMs) is very low but that
increasing its activity using the KLF1-ERT2 transgene in iPSC-
DMs resulted in a more EBI-like phenotype (Lopez-Yrigoyen
et al., 2019). Indeed, we noted that KLF1 expression was low in
macrophages generated from the CDA patient iPSC line comparable
to the low level in macrophages derived from control iPSC
(Supplementary Figure S3E). We therefore hypothesized that
increasing the levels of the mutant KLF1-E325K expression using
our 4OH-tamoxifen-activatable system would be a more faithful
model of the diseased EBI niche than macrophages derived from
patient iPSCs.

To assess the effect of KLF1-E325K-ERT2 activation on
macrophage production and phenotype, we carried out the
macrophage differentiation protocol on the genetically
manipulated iCDA4.1 and iCDA4.20 iPSC lines in the presence
and absence of 4OH-tamoxifen. There was no obvious effect on the
morphology of macrophages generated from each of these iPSC lines
compared to control iKLF1-WT iPSC-DMs (Figure 3A). Almost all
cells expressed macrophage markers (CD45, 25F9, CD169 and
CD163) on the cell surface, and this was comparable in all cells
when they were produced in either the presence or absence of 4OH-
tamoxifen (Figure 3B). However, an interesting difference in the
expression of the monocyte marker CD93 was observed (Figure 3C).
The proportion of cells expressing CD93 was low
(approximately <20%) in macrophages generated from control
iKLF1-WT iPSCs and the addition of 4OH-tamoxifen reducing
that to an even lower level (5%) (Figure 3C). In contrast, the
proportion of cells expressing CD93 was significantly higher in
macrophages that were differentiated from heterozygous
iCDA4.1 iPSCs in the presence of 4OH-tamoxifen and an even
higher proportion (40%–60%) was observed inmacrophages derived
from the homozygous iCDA4.20 cell line that carried two copies of
the transgene (Figure 3C). In both iKLF1-E325K lines, the
proportion of CD93+ cells increased in macrophages treated with
4OH-tamoxifen. These data suggest that WT KLF1 expression
drives macrophage maturation, the presence of the E325K
mutation impairs that activity and that this phenotypic effect is

Frontiers in Cell and Developmental Biology frontiersin.org06

May et al. 10.3389/fcell.2023.1148013

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1148013


FIGURE 3
Activation of KLF1-E325K slightly impedes phenotypic and functional changes induced by KLF1. (A) Representative KwikDiff stained cytospins of
macrophages derived from an iKLF1-WT (iKLF1.2) and two iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20). Flow cytometry analyses were performed on
macrophages derived from an iKLF1-WT (iKLF1.2) and two iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20) (B)Quantification of flow cytometry analyses for
cell surfacemarker expression ofCD45, 25F9, CD163 andCD169. Datapoints represent individualmacrophage harvests. Error bars represent SEM.One-
way ANOVA with Tukey post-test generated no statistically significant p-values. (C) Quantification of flow cytometry analyses for cell surface marker
expression of CD93. Datapoints represent individualmacrophage harvests. Error bars represent SEM. One-way ANOVAwith Tukey post-test. *p < 0.05, **p <
0.01, ***p < 0.0001. (D) Schematic of in vitro erythroblastic island model protocol. Day 0–8: UCB-derived CD34+ cells are cultured with SCF, IL-3,
hydrocortisone (HC) and EPO. Day 8–11: iPSC-DMs are added and culturedwith the erythroid progenitors with SCF, HC, EPO and transferrin (TF). Day 11–21:
Co-cultures are cultured with EPO and TF. At days 11, 14, 18 and 21 suspension cells are analysed by flow cytometry for expression of CD235a, CD71 and
Hoechst. (E)Quantification of flow cytometry analyses of suspension cells for CD235a, CD71 and Hoechst at days 11, 14, 18 and 21 of the culture. Datapoints
represent individual experiments. Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01, ***p < 0.0001.
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associated to the level of expression of the mutant transgene
(Figure 3C). The fact that a higher proportion of the immature,
CD93-expressing cells was also noted in the iKLF1-E325K derived
cells compared to controls in the absence of 4OH-tamoxifen likely
reflects the fact that the ER domain is unable to entirely sequester all
the molecules within the cytoplasmic region. This leakiness of the
system in iPSC-derived macrophages was confirmed using
immunocytochemistry on macrophages where KLF1 was detected
in the nucleus of some cells in the absence of 4OH-tamoxifen
(Supplementary Figure S3E).

Macrophages carrying the KLF1-E325K
transgene are less efficient in supporting
RBC enucleation than those expressing WT-
KLF1

We previously demonstrated that co-culture with iPSC-derived
macrophages supported the erythroid differentiation and
maturation of umbilical cord blood CD34+ HSPCs and that
activation of KLF1 enhanced that activity (Lopez-Yrigoyen et al.,
2019). To address whether this enhancing effect is altered by the
E325K mutation, we compared the phenotype of differentiating
erythroid cells that were co-cultured with either iKLF1-WT or
iKLF1-E325K iPSC-derived macrophages in an in vitro model of
the EBI niche (Figure 3D). As previously described, erythroid
maturation was assessed by flow cytometry using the cell surface
marker CD71 that is lost as cells mature and the Hoechst DNA stain
that marks the presence of the nucleus in cells that have not
undergone enucleation (Yang et al., 2017; Lopez-Yrigoyen et al.,
2019). When no macrophages were present, the proportion of
mature and enucleated erythroid cells (CD235a+/CD71-/
Hoechst−) increased over the time course of the experiment to
around 20% at day 21 (Figure 3E). Comparable to our previous
reports, this was enhanced significantly to around 60% when co-
cultured with iKLF1.2 macrophages with a slight further increase
upon addition of 4OH-tamoxifen. Interestingly, there was a decrease
in the percentage of mature enucleated erythroid cells at both days
18 and 21 when differentiating erythroid cells were co-cultured with
iKLF1-E325K iPSC-derived macrophages (iCDA4.1 and iCDA4.20)
compared to iKLF1-WT iPSC-derived macrophages (Figure 3E).
Interestingly this decrease was noted whether tamoxifen was present
or not, again suggesting somen leakiness of the activation system in
macrophages. Taken together these data suggest that the presence of
the E325K mutation in iPSC-derived macrophages has an impact on
expression of CD93 and a subtle effect on their ability to support
RBC enucleation.

WT KLF1 has a more profound effect in the
remodeling of macrophage transcriptome
compared to KLF1 E325K

The E325K mutation in KLF1 is predicted to reduce binding to
enhancers and promoters of target genes and/or enable interaction
with novel DNA binding sites (Arnaud et al., 2010). We have used
bulk RNA sequencing to assess how the presence of the E325K
mutation affected the gene regulatory activity of KLF1 in iPSC-

derived macrophages. We sequenced RNA derived from 5 replicates
of macrophages derived from 3 iPSC lines (iKLF1.2, iCDA4.1 and
SFCi55) in the presence and absence of 4OH-tamoxifen (30 samples
in total). The parental SFCi55 cell line was used to identify any non-
specific effects of 4OH-tamoxifen.

Differential gene expression analysis of macrophages derived
from iKLF1-WT iPSCs identified 221 upregulated and
203 downregulated gene following 4OH-tamoxifen treatment
(Figure 4A). Although this was significantly less than we had
identified in our previous study, many of the genes were
identified in both studies. In contrast, when assessing the effect
of 4OH-tamoxifen treatment in macrophages derived from iKLF1-
E325K iPSCs far fewer differentially expressed genes were
identified; 17 genes were upregulated and 2 were downregulated
in response to 4OH-tamoxifen (Figure 4A). Of the 221 genes
that were upregulated upon KLF1-activation, 5 were also
upregulated by mutant KLF1-E325K activation including TRG-
AS1, PHOSPHO1, SLC11A1 and IL-33 (Figure 4B). These data
suggested that activation of WT KLF1 in the iKLF1-WT
macrophages had a greater effect on the transcriptome than the
activation of mutant KLF1-E325K.

EBI macrophage attachment proteins were expressed in iPSC-
derived macrophages and were unaffected by the presence of the
E325K mutation (Figure 4C). The cell-cell contact of macrophages
with erythroblasts within the EBI has been indicated to be more
important to promoting erythroid cell maturation and enucleation
than the secretion of factors (Chow et al., 2013; Lopez-Yrigoyen
et al., 2019). We speculate that the predominantly retained ability of
iKLF1-E325K iPSC-DMs to promote the maturation and
enucleation of erythroid cells is due to cell-cell contact mediated
by attachment proteins.

We identified TGFA to be the only gene that was significantly
upregulated upon KLF1-E325K activation but significantly
downregulated upon KLF1-WT activation (Figure 4D).

One of the most interesting group of genes were those that
were upregulated by KLF1-WT but not KLF1-E325K because
these are the most likely to be associated with any functional
differences. We identified 4 genes that encoded secreted factors in
this category, ANGPTL7, ABI3BP, FDCSP, and IGFBP6.
IGFBP6 was particularly interesting due to the emerging
literature about the role of the IGFBP family member
IGFBP2 in haematopoiesis and erythropoiesis (Petazzi et al.,
2022), and therefore IGFBP6 expression was confirmed via
qRT-PCR and was significantly upregulated in 4OH-tamoxifen
treated iKLF1-WT but not iKLF1-E325K (iCDA4.1 and
iCDA4.20) iPSC-DMs (Figure 5A). IGFBP6 was added in
combination with NRG1, NOV, CCL13 and TNFSF10 to UCB-
derived CD34+ cells under the erythroid cell differentiation
conditions. These were the five next most-upregulated secreted
factors in activated KLF1-WTmacrophages identified by previous
analyses that were commercially available and functionall
validated (Lopez-Yrigoyen et al., 2019). Addition of these
5 factors increased the percentage of mature enucleated
erythroid cells present in cultures at day 21, and removal of
IGFBP6 resulted in a significant decrease in this population
(unpublished data). We therefore wanted to investigate
whether IGFBP6 alone promotes erythroid cell enucleation and
maturation. The scaling up of protocols to generate RBCs for
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therapies need to be cost-effective, therefore identifying the key
players in promoting RBC differentiations will enable a reduction
in the numbers of costly cytokines that need to be added.
Differentiating UCB-derived CD34+ cells were cultured alone
or in the presence of two concentrations of IGFBP6, but we
noted no significant effect on the percentage of CD235a+ cells
nor on the percentage of mature enucleated erythroid cells
(CD235a+/CD71−/Hoechst−) compared to the addition of no
factors at all timepoints (Figure 5B). The addition of
IGFBP6 to these cultures highlights the potential of iPSC-
derived assays to be utilised as translational platforms for drug
screening. Drugs can be added directly to the cultures, and their
affect on outputs such as erythroid cell maturation and
enucleation assessed.

Discussion

Here we demonstrate that erythroid differentiation of CDA
patient-derived iPSCs and iPSCs genetically modified to carry the
E325Kmutation in KLF1 provide a useful model to study erythroid
deficiencies in CDA disease. We noted similar deficiencies in both
models that were consistent with a previous report of an iPSC from
a patient carrying the E325K mutation (Kohara et al., 2019). That
study showed no difference in the production of cells expressing
CD34 and CD45 indicating that endothelial and haematopoietic
commitment was unaffected by the presence of the E325K
mutation. RNA sequencing of erythroid cells differentiated from
CDA patient peripheral blood mononuclear cells ex vivo revealed
the dysregulation of many erythroid genes and the ectopic

FIGURE 4
KLF1-E325K induces transcriptional changes in iPSC-DMs. (A) Volcano plots for specified contrasts illustrating up-and downregulated genes by
Log2FC. Blue dots represent individual genes passing with an adjusted p-value below 0.05. (B) Venn diagram of genes upregulated in 4OH-tamoxifen
treated iKLF1-WT iPSC-DMs and genes upregulated in 4OH-tamoxifen treated iKLF1-E325K iPSC-DMs. (C) Normalised counts shown for all 30 samples
for the following genes encoding EBI macrophage attachment proteins: VCAM1, EMP/MAEA, ITGAV, CD163, CD169 and PALLADIN. (D) Normalised
counts shown for all 30 samples for TGFA.
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expression of genes not normally expressed in erythroid cells
(Varricchio et al., 2019). Consistent with this dysregulation, we
observed a significant reduction in the expression of erythroid
genes including GYPA, TFRC, SLC4A1, HBA1 and ICAM4 in
erythroid differentiation of CDA patient-derived iPSCs. An
increased proportion of nucleated erythroid cells is also
characteristic of CDA type IV, but the iPSC differentiation
strategy is no conducive to assessing these later maturation
steps due to well documented fragility of maturing iPSC-
derived erythroid cells (Yang et al., 2017).

We have previously shown that inducible activation of KLF1 in
both hESCs and iPSCs enhances erythroid differentiation (Yang
et al., 2017). Interestingly, we observed a more severe deficiency
erythroid differentiations of the iPSC line that carried two copies of
the E325K transgene compared with one copy. With the intrinsic
effects of the E325K mutation in erythroid cells confirmed in vitro,
we went on to assess the potential extrinsic effects of E325K in EBI-
like macrophages.

Macrophages generated from CDA type IV patient iPSCs were
phenotypically and functionally comparable to controls. This was not
unexpected because iPSC-derived macrophages express low levels of
KLF1 and so we predicted that patient iPSC-derived macrophages
would be unlikely to accurately model the EBI macrophage. EBI
macrophages have been demonstrated to express KLF1 (Xue et al.,
2014; Mukherjee and Bieker, 2021; Mukherjee et al., 2021), and we have
previously shown that increased KLF1 expression and activation
induces an EBI like phenotype in iPSC-derived macrophages
(Lopez-Yrigoyen et al., 2019).

Erythroid differentiation experiments demonstrated that the
E325K inducible activation system could be used to recapitulate
erythroid cell phenotype of CDA patient, so we therefore applied the
system to investigate the effect of E325K on macrophages.
Macrophages expressing E325K were morphologically
comparable to controls and were predominantly positive for the
cell surface markers CD45, 25F9, CD163 and CD169. However, we
noted that fewer macrophages generated from the KLF1-E325K

activation lines expressed CD93, and this was reduced upon KLF1-
E325K activation. As iPSC-DMs mature, they lose expression of the
monocyte marker CD93 (Lopez-Yrigoyen et al., 2020). Activation of
KLF1-WT reduced the percentage of CD93+ iPSC-DMs suggesting
that KLF1-WT activation promotes iPSC-DM maturation. This
supports our previous work showing that activation of KLF1-WT
significantly increased the cell surface expression of the mature
macrophage marker CD206 (Lopez-Yrigoyen et al., 2019). As
observed in erythroid differentiations, a more severe phenotypic
effect was observed in the iPSC line that carried two copies of the
E215K transgene. These data suggest that the E325K mutation
impedes KLF1 induced macrophage maturation. We also
observed subtle, but not statistically significant, differences in the
numbers of enucleated erythroid cells when co-cultured with iKLF1-
E325K macrophages compared to iKLF1-WT macrophages.
However, our study has been limited to the involvement of EBI
macrophages in erythroid maturation and it would be interesting in
future to assess whether E325K affects and of the other functions of
EBI niche macrophages such as iron recycling.

It is interesting to note that the phenotypic effect of activating
KLF1-WT with tamoxifen in this study is not as profound as we had
previous reported (Lopez-Yrigoyen et al., 2019). We believe that this
could be due to changes in composition of the base media used in the
macrophage differentiation protocol that results in some leakiness of
the KLF1-ERT2 system (Lopez-Yrigoyen et al., 2019).We speculate that
this is due to a technical factor, for example, an alteration in media
composition resulting in some nuclear translocation of the KLF1-ERT2

and KLF1-E325K-ERT2 protein in the absence 4OH-tamoxifen.
It was anticipated that KLF1-WT would regulate more genes

than KLF1-E325K for two reasons. Firstly, 4OH-tamoxifen
treatment of iKLF1-WT iPSC-DMs activates KLF1-WT, the fully
functional protein that has been previously identified to regulate
gene expression in EBI macrophages (Xue et al., 2014; Lopez-
Yrigoyen et al., 2019). Secondly, iKLF1-WT iPSCs have two
copies of the KLF1-WT-ERT2 transgene while iKLF1-E325K
iPSCs have only one copy of the iKLF1-E325K-ERT2 transgene.

FIGURE 5
IGFBP6 alone has no effect on erythroid cell maturation and enucleation. (A) Gene expression of IGFBP6 assessed by qRT-PCR. Datapoints
represent individual macrophage harvests. Error bars represent SEM. One-way ANOVA with Tukey post-test. **p < 0.01. (B) IGFBP6 was added to UCB-
derived CD34+ cells under erythroid differentiation conditions every 2 days at a concentration of either 100 nM or 200 nM. Quantification of flow
cytometry analyses of suspension cells for CD235a, CD71 and Hoechst at days 11, 14, 18 and 21 of the culture. Datapoints represent individual
experiments. Error bars represent SEM. One-way ANOVA with Tukey post-test generated no statistically significant results.
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Indeed, RNA-sequencing indicates that there far fewer genes are
regulated by the mutant E325K protein compared to the wild type
KLF1 protein. This suggests broad regulation of genes by the fully
functional wild type KLF1 in macrophages. Chromatin
immunoprecipitation experiments could be performed to assess
whether target genes are direct or indirect targets and to further
characterize the gene-regulatory network associated with both wild
type and mutant forms of KLF1 in macrophages.

While we observed a slightly reduced number of mature and
enucleated erythroid cells in vitro EBI cultures with KLF1-E325K
macrophages compared to the KLF1-WT control, it is important to
note that KLF1-E325K macrophages retained the ability to support the
maturation and enucleation of a significant percentage of cells. We
speculate that this retained function within the EBI is due to EBI
macrophage protein interactions. The association of erythroblasts with
macrophages promotes erythroid cell maturation and enucleation, and
elimination of this contact using a transwell has been demonstrated to
significantly decrease erythroid cell maturation and enucleation (Chow
et al., 2013; Lopez-Yrigoyen et al., 2019). We found that expression of
the following genes encoding EBI attachment proteins were unaltered in
iCDA4.1 macrophages: VCAM1, EMP/MAEA, ITGAV, CD163, CD169
and PALLADIN.

We previously identified upregulation of the genes encoding the
secreted factors IL-33, SERPINB2, and ANGPTL7 upon activation
of KLF1-WT in iPSC-derived macrophages (Lopez-Yrigoyen et al.,
2019). Addition of these secreted factors to erythroid differentiations
of UCB CD34+ cells significantly increased the percentage of mature
enucleated cells in the cultures. Removal of any individual factor
resulted in a significant reduction in mature enucleated cells, with
removal of IL-33 resulting in the most significant reduction.
Addition of IL-33 alone did not increase erythroid cell
maturation and enucleation, indicating that IL-33 acts in synergy
with other factors. In agreement with this previous study, IL-33 and
ANGPTL7 were upregulated in iPSC-DMs upon KLF1-WT
activation in our dataset. SERPINB2 was not upregulated and
was not identified to be expressed in any macrophages in our
dataset. In addition to the leakiness of our system, this lack of
SERPINB2 expression in could be responsible for the modest
increase in mature enucleated cells we observed in cultures with
KLF1-WT activated macrophages. In contrast to KLF1-WT
activation, KLF1-E325K activation upregulated IL-33 but not
ANGPTL7. This loss of ANPTL7 expression could explain this
reduction in the numbers of mature enucleated erythroid cells, as
IL-33 has been previously shown to promote erythroid cell
maturation and enucleation only in combination with
ANPTL7 and/or SERPINB2.

We speculated that loss of IGFBP6 regulation by E325K could
explain the subtle defects in erythroid maturation and enucleation
observed in cultures with E325K compared to KLF1-WT
macrophages. To test this hypothesis, we added IGFBP6 to our
erythroid differentiation of UCB CD34+ cells but observed no
differences compared to control cultures. While IGFBP6 alone has no
effect, we previously identified a decrease in erythroid cellmaturation and
enucleationwhen IGFBP6was excluded froma cocktail of added secreted
factors. These data suggest that, similarly to IL-33, IGFBP6 acts in
association with other secreted factors to promote erythropoiesis.

TGFA was the only gene that was upregulated by KLF1-E325K
activation and downregulated by KLF1-WT activation. TGFA

encodes for the protein transforming growth factor alpha (TGF-
α), a member of the epidermal growth factor which activates a
signaling pathway for cell proliferation (Coffey et al., 1995). In
macrophages, TGF-α expression and secretion has only been
reported by alveolar macrophages (Madtes et al., 1988; Wagner
et al., 1995). TGF- α addition to avian erythroid progenitors was
shown to promote their self-renewal, and removal of TGF- α from
erythroid progenitors from chick bone marrow caused them to
terminally differentiate (Hayman et al., 1993; Schroeder et al., 1993;
Gandrillon et al., 1999). It is important to note that avian erythroid
cells do not enucleate as part of terminal erythroid differentiation,
while human erythroid cells do. Thus, the presence of a higher
TGFA concentration within the EBI niche might also prevent
erythroid cells from fully maturing. Further experiments are
needed to investigate whether TGF-α also promotes the self-
renewal of human erythroid progenitors, and what if any effect
this has on cell cycle exit, which is required for erythroblast
enucleation (Gnanapragasam et al., 2016). The identification and
further characterization of factors associated with production and
maturation of erythroid cells in vitro will impact on the quest to
design cost effective methods for RBC production.

Conclusion

Collectively this study demonstrates that genetically modified
iPSCs provide an in vitro model to study mechanisms associated
RBC disorders both within the erythroid lineage itself as well as in
cells associated with the erythroblastic island niche. This strategy
could be used to model the EBI niche of other RBC disorders to
assess the possible contributions of EBI macrophages and to
potentially discover new druggable targets. Existing treatments
for several hereditary and acquired RBC disorders are effective in
managing some of these conditions, but few offer long term cures.
Finding new treatments relies on the full understanding of the
cellular and molecular interactions associated with the
production and maturation of RBCs within the EBI niche.
This strategy would prove especially useful for rare diseases
such as CDA type IV for which there is very limited
availability of primary cells, and in which animal models do
not exactly recapitulate the disease.

Study limitations

Due to the rarity of CDA type IV, and the limitated access to
patient samples, only one CDA patient-derived iPSC line was
employed in this study. This CDA patient-line was compared to
iPSCs derived from two healthy donors. We cannot rule out that
differences we observed in the CDA patient could be due to the
genetic background but we do believe that the generation of an
inducible KLF1-E325K activation iPSC line and its comparison with
an inducible KLF1-WT iPSC line generated in the same genetic
background strengthens the hypothesis that the differences observed
in erythroid cell differentiation of the patient line is associated with
the K325K mutation. Another limitation of the study is that it is not
clear whether in vitro systems faithfully recapitulate the EBI niche
in vivo and this was recently reviewed (May and Forrester, 2020).
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