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Human iPSC-based model of
 severe congenital neutropenia

reveals elevated UPR and DNA damage in CD34+ cells

preceding leukemic transformation

D 1X XBenjamin Dannenmann D 2X Xa, D 3X XAzadeh Zahabi D 4X Xa, D 5X XPerihan Mir D 6X Xa,b, D 7X XBenedikt Oswald D 8X Xa, D 9X XRegine Bernhard D 1 0X Xa,
D 1 1X XMaksim Klimiankou D 1 2X Xa, D 1 3X XTatsuya Morishima D 1 4X Xa, D 1 5X XKlaus Schulze-Osthoff D 1 6X Xb,c, D 1 5X XCornelia Zeidler D 1 6X Xd,

D 1 7X XLothar Kanz D 1 8X Xa, D 1 9X XNico Lachmann D 2 0X Xe, D 2 1X XThomas Moritz D 2 2X Xe, D 2 3X XKarl Welte D 2 4X Xf, and D 2 5X XJulia Skokowa D 2 6X Xa

aDepartment of Oncology, Hematology, Immunology, Rheumatology, and Pulmonology, University Hospital Tuebingen, Tuebingen, Germany;
bGerman Cancer Research Center (DKFZ), Heidelberg, Germany; cInterfaculty Institute of Biochemistry, T€ubingen University, Germany;
dDepartment of Hematology, Oncology, and Bone Marrow Transplantation, Hannover Medical School, Hannover, Germany; eInstitute of

Experimental Hematology, Hannover Medical School, Hannover, Germany; fUniversity Children’s Hospital Tuebingen, Tuebingen, Germany
(Received 10 October 2018; revised 23 December 2018; accepted 30 December 2018)
Offprint requests

ogy, Hematology, I

University Hospital

72076, Germany; E-

0301-472X/© 2019 IS

https://doi.org/10.101
We describe the establishment of an embryoid-body-based protocol for hematopoi-

etic/myeloid differentiation of human induced pluripotent stem cells that allows the

generation of CD34+ cells or mature myeloid cells in vitro. Using this model, we

were able to recapitulate the defective granulocytic differentiation in patients with

severe congenital neutropenia (CN), an inherited preleukemia bone marrow failure

syndrome. Importantly, in vitro maturation arrest of granulopoiesis was associated

with an elevated unfolded protein response (UPR) and enhanced expression of the

cell cycle inhibitor p21. Consistent with this, we found that CD34+ cells of CN

patients were highly susceptible to DNA damage and showed diminished DNA

repair. These observations suggest that targeting the UPR pathway or inhibiting

DNA damage might protect hematopoietic cells of CN patients from leukemogenic

transformation, at least to some extent. © 2019 ISEH – Society for Hematology and

Stem Cells. Published by Elsevier Inc. All rights reserved.
Severe congenital neutropenia (CN) is a monolineage

preleukemia bone marrow failure syndrome character-

ized by early onset of neutropenia and severe infec-

tions due to promyelocytic maturational arrest in the

bone marrow [1,2]. CN is a heterogeneous disease

caused by mutations in a number of genes, including

ELANE [3] (the most common [1]), HAX1 [4], CSF3R

[5,6], JAGN1 [7], G6PC3 [8], TCIRG1 [9], and others.

In most cases, ELANE mutations are missense muta-

tions that are distributed throughout all five exons of

the ELANE gene, although a majority of mutations are

found in exons 4 and 5 [10]. Hematopoietic stem and

progenitor cells (HSPCs) of CN patients (CN-HSPCs)

fail to differentiate into neutrophilic granulocytes, but

show no severe maturation defects in other blood
to: Prof. Julia Skokowa, Department of Oncol-

mmunology, Rheumatology and Pulmonology,

Tuebingen, Otfried-M€uller-Str. 10, T€ubingen D-

mail: julia.skokowa@med.uni-tuebingen.de

EH – Society for Hematology and Stem Cells. Published

6/j.exphem.2018.12.006
lineages [1,2,11,12]. Exposure of CN-HSPCs to high

concentrations of granulocyte colony-stimulating factor

(G-CSF) partially reverses granulocytic maturation

defects [1,12], but approximately 10% of CN patients

do not respond to G-CSF doses up to 50 mg/kg/d. The

mechanism underlying the granulocytic differentiation

defects in bone marrow HSPCs of CN patients has only

been partially elucidated. Among the relevant factors, we

have identified deregulated levels of LEF-1 [13,14], C/

EBPa [13], and PU.1 [15,16] transcription factors; hyperac-

tivated JAK2 [17] and phospho-STAT5a [18]; elevated

NAMPT/SIRT1 signaling [19]; abrogated expression of the

anti-apoptotic genes Bcl2 and Bcl-xl [20], and markedly

diminished expression of the natural inhibitor of neutrophil

proteases SLPI (secretory leukocyte protease inhibitor) [21].

In addition, we and others have shown that mutant neutro-

phil elastase (NE) triggers activation of the unfolded protein

response (UPR) and induction of endoplasmic reticulum

(ER) stress caused by accumulation of altered (incompletely
by Elsevier Inc. All rights reserved.
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folded or misfolded) NE protein within the ER or by dis-

turbed intracellular trafficking of NE [22−24].
Despite these insights, we are still far from a clear

understanding of the ultimate origin of the defective

granulopoiesis and leukemic transformation in CN.

There are no animal models of CN, except for rare

neutropenia cases caused by inherited mutations in

GFI1 (growth factor independent 1). Elane−/− and

Hax1−/− mice, as well as transgenic mice with a

knock-in of a human ELANE mutation [23], exhibit

normal hematopoietic phenotypes and are not neutrope-

nic. Reprogramming somatic cells of CN patients into

induced pluripotent stem cells (iPSCs), followed by

hematopoietic differentiation of iPSCs, provides a

means for establishing an in vitro model of neutropenia

and leukemic transformation in CN. iPSC hematopoi-

etic differentiation models have limitations and cannot

fully replace in vivo mouse disease models, but they

represent an excellent source of immature hematopoi-

etic cells and mature myeloid cells for further experi-

mentation. Generation of CN-patient-specific iPSCs

that recapitulate the maturation arrest of granulopoiesis

has been described previously [25−28].

In the present study, we describe the establishment

of an experimental in vitro model for studying CN

using patient-derived iPSCs. Using this model, we

were able to identify upregulation of key components

of the UPR pathway and enhanced DNA damage and

increased p21 protein levels in CD34+ cells and CD45+

cells of CN patients.

Methods

iPSC cell culture

iPSCs were maintained on mitomycin-C-treated SNL-feeder

cells (Public Health England, GB) in iPSC medium consist-

ing of DMEM F12 (Sigma-Aldrich, Germany) supplemented

with 20% Knockout Serum Replacement (Invitrogen, USA),

30 ng/mL basic fibroblast growth factor (bFGF; Peprotech,

USA), 1% nonessential amino acid solution (Invitrogen,

USA), 100 mmol/L 2-mercapto-ethanol, and 2 mmol/L L-glu-

tamine. iPSC medium was replaced every day. hiPSCs were

subcultured by manual colony picking on new SNL feeder

cells every 10 days.

Reprogramming of peripheral blood mononuclear cells

A total of 1.5£ 106 peripheral blood mononuclear cells were

cultured after thawing for 6 days in CD34+ cell expansion

medium (Stemline II Medium, Sigma-Aldrich, Germany) sup-

plemented with 10% fetal calf serum, 1% penicillin/strepto-

mycin, 1% glutamine, and the following cytokines:

interleukin-3 (IL-3; 20 ng/mL), IL-6 (20 ng/mL), thrombo-

poietin (20 ng/mL), stem cell factor (SCF; 50 ng/mL), and

FLT3L (50 ng/mL). All cytokines were purchased from R&D

Systems (USA). After 1 week, cells were added to Retronec-

tin (Clontech, USA)-coated 12-well plates together with

OSKM lentiviral supernatant (pRRL.PPT.SF.hOct34.hKlf4.
hSox2.i2dTomato.pre.FRT, provided by A. Schambach) with

multiplicity of infection of 2. Four days later, cells were

transferred to SNL feeders and cultured in an 1:1 mixture of

iPSC medium and CD34+ cell expansion medium supple-

mented with 2 mmol/L valproic acid and 50 mg/mL vitamin

C. Medium was gradually changed to iPSC medium only.

The first iPSC colonies appeared approximately 3 weeks after

initiation of reprogramming.
Quantitative reverse transcription polymerase chain reaction

For quantitative reverse transcription polymerase chain reac-

tion (qRT-PCR), RNA was isolated using RNeasy Micro Kit

(Qiagen, Germany). cDNA was prepared from 1 mg of total

RNA using the Omniscript RT Kit (Qiagen, Germany). qRT-

PCR was performed using SYBR Green qPCR Master Mix

(Roche, Switzerland) on Light Cycler 480 (Roche). Data

were analyzed using the ddCT method. Target genes were

normalized to GAPDH and ACTB as housekeeper genes.

qRT-PCR primer sequences are listed in Supplementary

Table E1 (online only, available at www.exphem.org).
Western blotting

A total of 1£ 106 cells were lysed in 200 mL of 3£ Laemmli

buffer. Protein was denaturated for 10 min at 95˚C. Then,

5 mL of cell lysate in Laemmli buffer was loaded per lane.

Proteins were separated on a 12% polyacrylamide gel and

transferred on a nitrocellulose membrane (GE Healthcare,

USA) for 1 hour at 100 V and 4˚C. Membrane was blocked

for 1 hour in 5% bovine serum albumin (BSA)/Tris-buffered

saline + Tween 20 and incubated in primary antibody over-

night at 4˚C. The following primary antibodies were used:

anti-p21 (Cell Signaling Technology, #2947S), anti-CHOP

(Cell Signaling Technology, #2895S), and anti-NE (Santa

Cruz Biotechnology, sc-55549) and anti-b-actin (Cell Signal-

ing Technology, #13E5). Next, membranes were washed and

incubated with secondary horseradish peroxidase-coupled

(Santa Cruz Biotechnology) antibody for 1 hour at room tem-

perature. Enhanced chemoluminescence solution (Thermo

Fisher Scientific, USA) and Amersham Hyperfilm were used

to detect chemiluminescence signal of proteins.
Embryoid-body-based hematopoietic differentiation of iPSCs

iPSCs were dissociated from SNL feeders or Matrigel (Corn-

ing, USA)-coated plates using phosphate-buffered saline

(PBS)/ethylenediaminetetraacetic acid (0.02%) for 5 min.

Embryoid body (EB) generation was done via centrifugation

of 20,000 cells per EB in 96-well plates using APEL serum-

free differentiation medium (StemCell Technologies, Canada)

supplemented with bFGF (20 ng/mL) and Rho kinase

(ROCK) inhibitor (10 mmol/L) (R&D Systems). The next

day, bone morphogenetic protein 4 (BMP4; 20 ng/mL) was

added to the culture to induce mesodermal differentiation.

On day four, EBs were plated on Matrigel-coated six-well

plates (10 EBs/well) in APEL medium supplemented with

vascular endothelial growth factor (VEGF; 40 ng/mL), SCF

(50 ng/mL), and IL-3 (50 ng/mL). For neutrophilic differentia-

tion, medium was changed 3 days later to fresh APEL medium

supplemented with IL-3 (50 ng/mL) and G-CSF (50 ng/mL). The

first hematopoietic suspension cells appeared on day 12 to day 14.

http://www.exphem.org
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Suspension cells were harvested every 3−4 days and analyzed

starting from day 14 to day 32. All cytokines were purchased

from R&D Systems if not otherwise indicated.

Flow cytometry

A total of 30,000 suspension cells collected from an EB-

based hematopoietic differentiation system were used for

flow cytometry. For cell surface staining, cells were prepared

in PBS/1% BSA containing 0.05% sodium azide and stained

with the mouse monoclonal antihuman antibody. For detec-

tion of mature myeloid cells, a multicolor fluorescence-acti-

vated cell-sorting (FACS) antibody panel for “late-stage”

hematopoietic differentiation using the following antibodies

was applied: CD15-PE, CD16-FITC, CD14-APC-H7, CD45-

BV510, CD33-BV421, CD11b-PE-Cy7, and 7-AAD. Samples

were analyzed using a FACSCanto II (BD Biosciences, Ger-

many) and FlowJo version 10 software. Antibodies for flow

cytometry were purchased from BD Biosciences if not other-

wise indicated.

Morphological analysis

Wright−Giemsa-stained cytospin slides were prepared using

Hema-Tek slide stainer (LabX, Canada). Hematopoietic cells

were classified into four groups according to the differentiation

state: myeloblast and promyelocyte (MB/ProM), myelocyte and

metamyelocyte (Myelo/Meta), band and segmented neutrophils

(Band/Seg), and monocytes/macrophages (Mo/MF).

DNA damage quantification

A total of 2.5£ 104 iPSC-derived CD34+/CD45+ cells were

resuspended in PBS and treated with the indicated concentra-

tions of bleomycin for 5 min at room temperature. Genomic

DNA was isolated using the QIAamp DNA Mini Kit (Qiagen,

Germany). Long-run real-time PCR-based DNA-damage

quantification (LORD-Q) was performed and analyzed

according to Lehle et al. [29].

Statistical analysis

Differences in mean values between groups were analyzed

using two-sided, unpaired Student t tests using the SPSS

(IBM, USA) version 9.0 statistical package.

Results

In vitro EB-based iPSC differentiation model reveals

severely impaired myelopoiesis of CN and CN/acute

myeloid leukemia patient-derived iPSCs

We generated iPSCs from two ELANE-CN patients, one

patient with p.C151Y (CN1), and another patient with p.

G214R (CN2) ELANE mutations. From one CN patient,

we were able to generate iPSC clones harboring either

an ELANE p.C151Y mutation only (CN-iPSC clone) or

additional CSF3R and RUNX1 mutations and trisomy 21

(CN/acute myeloid leukemia [AML]-iPSC clone). All

iPSC lines expressed elevated protein and mRNA levels

of pluripotent stem-cell-specific factors and showed

inactivation of the lentiviral plasmid used for reprog-

ramming.
To evaluate myeloid differentiation of ELANE-CN

patients iPSCs, we slightly modified an in vitro EB-based

iPSC differentiation method developed by Lachmann

et al. [30] that allows generation of hematopoietic cells

and mature myeloid cells for more than 30 days. EB for-

mation was performed by first centrifuging dissociated

iPSCs (20,000 cells/EB) in 96-well conical-bottomed

plates in APEL serum-free differentiation medium con-

taining bFGF and ROCK inhibitors, followed by induc-

tion of mesodermal differentiation by the addition of

BMP4 on day 1 of culture. To induce hematopoietic dif-

ferentiation, we plated EBs on Matrigel-coated six-well

plates (10 EBs/well) in APEL medium supplemented

with VEGF, SCF, and IL-3 on day 4 of culture. Neutro-

philic differentiation was initiated 3 days later by replace-

ment of cytokines with IL-3 and G-CSF (Figure 1A). In

EBs cultured from healthy donor (HD)-derived iPSCs,

hematopoietic cells appeared in the supernatants on day

14 and the number of cells was markedly increased at

day 28 of culture (Figure 1B). In contrast, the number of

hematopoietic cells in culture supernatants of EBs from

CN patient-derived iPSCs was markedly diminished and

almost no myeloid cells were produced from cultured

CN/AML iPSCs (Figure 1B). Consistent with these obser-

vations, granulocytic differentiation into mature polymor-

phonuclear neutrophils (CD15+CD16+CD45+ cell

population) was markedly reduced in iPSC lines of both

ELANE-CN patients compared with HD-derived iPSCs

and was abolished in CN/AML-iPSCs (Figure 1C). How-

ever, the number of monocytes (CD14+ CD11b+CD45+

cells) produced by CN patient-derived iPSCs was strongly

increased compared with that produced by HD-derived

iPSCs (Figure 1C). This pattern recapitulates the situation

in CN patients, in whom monocyte numbers in the

peripheral blood are elevated [31]. Morphological exami-

nations of Giemsa-stained cytospin slides confirmed these

results (Figure 1D). Therefore these observations demon-

strate the successful establishment of an in vitro model to

evaluate mechanisms of diminished granulocytic differen-

tiation of hematopoietic cells in CN patients.

Elevated ER stress and UPR in CD34+ and CD45+

cells from CN patient- and CN1/AML patient-derived

iPSCs

We next investigated whether intracellular signaling path-

ways operating during induction of the UPR, which is

known to be hyperactivated in primary HSPCs and granu-

locytes of CN patients [21−24], are also affected in iPSC-

derived hematopoietic cells. We found that ELANE mRNA

and NE protein levels were highly upregulated in

CD34+ cells generated from CN1/AML-iPSCs compared

with those generated from CN-iPSCs and HD-iPSCs

(Figures 2A and 2C). We detected deregulation of mRNA

expression of the UPR downstream targets in CN1 and

CN2 iPSC-derived CD34+ cells. Therefore DDIT3 (DNA-

https://doi.org/10.1016/j.exphem.2018.12.006


Figure 1. In vitro model of CN and CN/AML using EB-based myeloid differentiation method of patients iPSCs. (A) Scheme of the protocol for

EB-based hematopoietic and neutrophilic differentiation of iPSCs. (B) Production of hematopoietic cells from iPSCs over time in the EB-based

differentiation system. Hematopoietic cells were harvested from EB culture supernatants starting from day 14 to day 28 and counted using trypan

blue dye exclusion. Data represent means § SD from two independent experiments. Two-sided, unpaired Student t test p values to HD are

shown. *p < 0.05. (C) Flow cytometry analysis of suspension cells harvested from EBs culture on day 28 of differentiation. Data represent

means § SD from two independent experiments. *p < 0.05. (D) Morphological analysis of suspension cells harvested from iPSCs at day 28 of

differentiation (Wright-Giemsa Stain). Representative cytospin slide pictures are shown. HD, healthy donor.
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damage inducible transcript 3, also called CHOP) was

increased in CD34+ cells generated from CN1-iPSCs, CN2-

iPSCs, and CN1/AML-iPSCs compared with those from

HD-iPSCs (Figure 2B). In contrast, expression of mRNA

for BiP (binding immunoglobulin protein) was upregulated

in CN2, but not CN1-iPSC- or CN1/AML-iPSC-derived
CD34+ cells. ATF6 (activating transcription factor 6)

mRNA was highly expressed in CD34+ cells derived from

CN1-iPSCs, but not in CN2-iPSC- or CN1/AML-iPSC-

derived cells. In contrast, maximum ATF4 (activating tran-

scription factor 4) mRNA expression was detected in

CD34+ cells from CN2-iPSCs and CN1/AML-iPSCs, but

https://doi.org/10.1016/j.exphem.2018.12.006


Figure 2. Analysis of ER stress and unfolded protein response (UPR) in CD34+ and CD45+ cells derived from CN- and CN/AML-iPSCs. (A) qRT-PCR

analysis of ELANE mRNA expression in CD45+CD34+ cells at day 14 of iPSC differentiation. Data represent means § SD from two independent experi-

ments. *p < 0.05, **p < 0.001. (B) qRT-PCR analysis of mRNA expression of UPR-related genes in CD45+CD34+ cells at day 14 of iPSC differentiation,

as indicated. Data represent means § SD from two independent experiments. *p < 0.05, **p <0.01, ***p < 0.001. (C) Representative Western blot images

of NE and CHOP protein expression in CD45+ cells at day 28 of iPSC differentiation, as indicated. Numbers below Western blot images indicate protein

expression levels normalized to b-Actin.
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not in those from CN1-iPSCs or HD-iPSCs (Figure 2B).

CHOP protein levels were also elevated in CD45+ cells

derived on day 28 of EB differentiation of CN and CN/

AML iPSCs (Figure 2C).

DNA damage and DNA-repair responses in CD34+

cells from CN-iPSCs

We further assessed whether elevated ER stress result-

ing from UPR sensitizes CN-iPSC-derived CD34+ cells

to DNA damage. DNA damage was induced by treating

cells with bleomycin for 5 min, after which bleomycin

was removed and DNA damage and DNA repair were

assessed immediately and after 2 hours of incubation

(Figure 3A). Long-run, real-time PCR-based DNA-

damage quantification (LORD-Q [29]) of genomic

DNA loci (GAPDH and TP53) and mitochondrial DNA

(mtDNA) revealed a robust increase in mtDNA and

nuclear DNA lesions in CN-iPSC-derived CD34+ cells

compared with HD-iPSC-derived cells (Figure 3B).

Damaged mtDNA and GAPDH DNA loci, but not

TP53 DNA loci, were also more frequent in CD34+

cells from CN-iPSCs 2 hours after bleomycin treatment

compared with that in HD-iPSC-derived CD34+ cells.

These data suggest delayed DNA repair and increased

susceptibility to DNA damage in CD34+ cells from

CN-iPSC lines (Figure 3C).

p21 upregulation in CD34+ and CD45+ cells from

CN-iPSCs and CN/AML-iPSCs

We next sought to determine whether DNA damage

pathways are differentially regulated in CD34+ and

CD45+ cells generated from iPSCs of CN or CN/AML

patients compared with HD-generated cells. Our assess-

ment of the role of the p53-p21 pathway, which is typi-

cally activated upon DNA damage, showed no

differences in TP53 mRNA expression, but revealed an

approximately threefold increase in p21 mRNA expres-

sion in CN-iPSC-derived blood cells compared with

those derived from HD cells and a fivefold to sixfold

increase in CN/AML-iPSC-derived cells (Figure 3D).

p21 protein levels were also elevated in CN/AML cells

(Figure 3E). The expression of MDM2 mRNA was

markedly diminished in CN/AML cells, and GADD45a

mRNA expression was slightly induced in both CN-

iPSC- and CN/AML-iPSC-derived cells compared with

those derived from HD-iPSCs (Figure 3D). Interest-

ingly, p21 mRNA expression was also upregulated in

primary bone marrow CD33+ cells of CN patients com-

pared with those of G-CSF-treated healthy individuals,

in which p21 levels were even suppressed by G-CSF

(data not shown).

Discussion

In the present study, we established an in vitro model

of CN using patient-derived iPSCs. We also
successfully reprogrammed AML blasts from one CN/

AML patient and were able to compare hematopoietic

and myeloid differentiation of iPSCs derived from CN/

AML cells, CN patients, and a healthy donor. Our data

provide strong evidence that, despite some limitations,

iPSCs represent a valuable resource for disease model-

ing, especially for investigations on inherited bone

marrow failure syndromes. Primary bone marrow mate-

rial from pediatric patients with bone marrow failure is

extremely limited and mouse models are not available

for many of these syndromes. In this latter context,

elane−/− mice, hax1−/− mice, and transgenic mice car-

rying mutated elane do not exhibit neutropenia. In

addition, transgenic mice carrying a truncated G-CSF

receptor (csf3r) mutant never develop leukemia. These

acquired CSF3R mutations are observed in leukemic

blasts of more than 80% of CN patients with overt

AML or MDS [32].

Using our iPSC model, we were able to recapitulate

the hematopoietic and myeloid differentiation defects of

HSPCs observed in CN patients in vivo. Specifically,

we detected diminished granulocytic differentiation of

CN-iPSCs, an observation consistent with the induction

of UPR. iPSC lines from two CN patients showed dif-

ferent behavior during first 2 weeks of hematopoietic

differentiation, when differentiation of EBs into CD34+

CD45+ cells occurs, but both CN patients’ iPSC lines

demonstrated similar markedly diminished granulocytic

differentiation at later stages. These early differentiation

stage differences may be explained by the varying

effects of the mutated NE protein on blood cell forma-

tion, which is dependent on the mutated amino acid res-

idues. Interestingly, different ELANE mutations resulted

in abolished granulocytic differentiation of CN patient-

derived iPSCs, an observation consistent with insights

gained from CN patients [1]. Monocytic differentiation

was elevated in CN-iPSC lines, an observation that par-

allels the common finding of peripheral blood monocy-

tosis in CN patients [1,31]. One possible explanation for

this monocytosis is a compensatory reaction of the bone

marrow to diminished neutrophil counts and function

that serves to induce an immune response to bacterial

pathogens. An alternative explanation is deregulated

expression of lineage-specific (granulocyte-specific vs.

monocyte-specific) transcription factors in myeloid pro-

genitor cells of CN patients. Deregulated expression of

relevant transcription factors (e.g., diminished expres-

sion of LEF-1 and C/EBPa, but elevated PU.1 expres-

sion) has been described by us previously [15]. Elevated

monocytic maturation of CN patients’ iPSC lines in

vitro further supports the theory that deregulation of a

transcriptional program in HSPCs is a cause of neutro-

penia and monocytosis.

UPR hyperactivation in primary HSPCs of CN patients

has been described previously [22−24]. It is presumed that

https://doi.org/10.1016/j.exphem.2018.12.006


Figure 3. Quantification of DNA damage and p21 expression in CD34+ and CD45+ cells derived from patient-specific iPSCs. (A) Scheme for

DNA damage measurements in HD- and CN-iPSCs derived CD34+CD45+ cells. (B,C) Measurement of DNA damage loci for mitochondrial

DNA (mtDNA) and DNA of TP53 or GAPDH gene loci of CN-iPSC-derived CD45+CD34+ cells upon 5-min treatment with 0.1 and 1 mmol/L

bleomycin. DNA lesions were assessed directly 5 min (DNA damage (B)) and 2 hours (DNA repair (C)) after bleomycin treatment. Data are

shown as means § SD from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (D) qRT-PCR analysis of selected genes in

CD45+CD34+ cells generated from different iPSCs clones on day 14 of iPSC differentiation. mRNA expression of target genes was normalized

to b-actin and shown relative to HD. Data represent means § SD from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (E)

Representative Western blot images of p21 protein and -actin expression in CD45+ cells at day 28 of iPSC differentiation. Numbers below the

Western blot images indicate protein expression levels normalized to b-actin.
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proper folding and intracellular localization of mutated NE

is severely affected in myeloid cells of ELANE-CN

patients. These defects ultimately lead to activation of the

UPR and ER stress. We detected no activation of ATF6

and BiP in CN/AML cells compared with CN cells. These

differences may be attributable to a dosage effect of

mutated NE or additional coregulation of ATF4, but not

ATF6, by mutated RUNX1 and trisomy 21. Interestingly,

elevated expression of ATF4 is associated with resistance

to current chemotherapeutic drugs [33] and we detected

hyperactivation of ATF4 in CN/AML cells. We have

recently reported activation of different UPR pathways

depending on the type of ELANE mutation [22]. Consistent

with this, we demonstrate here that ELANE mutant p.

C151Y induces expression of ATF4, ATF6, and CHOP,

but not BiP. At the same time, p.G214R ELANE mutation

caused upregulation of BiP, ATF4, and CHOP, but not

ATF6. The impact of inherited CN-associated mutations

(e.g., in ELANE) and UPR activation on leukemic pro-

gression is still unclear. It has been shown that induction

of ER stress protects gastric cancer cells against apopto-

sis [34]. It is also known that activation of the UPR

remodels the sensitivity of tumor cells to chemotherapeu-

tic agents, making them more sensitive in some cases

and more resistant in others [35]. Interestingly, upon ER

stress, ATF4 is activated in mouse HSPCs, but not in

more committed progenitors, leading to apoptosis of

HSPCs [36]. Elevated levels of mutated NE, which we

detected in CD45+ cells derived from CN-iPSCs and CN/

AML-iPSCs, may further amplify the UPR, and addi-

tional signaling pathways (e.g., hyperactivated STAT5a

[18] or mutated RUNX1 [37]) may protect these cells

from apoptosis, resulting in leukemogenic transformation

of these cells. Because ELANE expression is regulated by

RUNX1 [38], it will be interesting to determine how mis-

sense RUNX1 mutations affect ELANE expression. Cai et

al. demonstrated an attenuated UPR in HSPCs from

Runx1−/− mice [39] and another study showed induction

of UPR by trisomy 21 in immortalized lymphocytes and

fibroblasts of Down syndrome patients [40]. The induc-

tion of UPR and ER stress in HSPCs of these patients

has not yet been studied, but it is known that individuals

with Down syndrome often develop AML.

We identified an increased susceptibility of CN

CD34+ CD45+ cells to DNA damage, a finding consis-

tent with the observed prolongation in DNA repair.

Interestingly, ER stress suppresses DNA double-strand

break repair in tumor cells [41]. Moreover, Nagelkerle

et al. demonstrated that the UPR increases the resistance

of tumor cells to therapeutic agents by regulating the

DNA damage response [42]. In CN patients with inher-

ited ELANE mutations, a permanent stress response

caused by a chronically elevated UPR may cause geno-

toxic stress, increasing the susceptibility of HSPCs to

secondary leukemia-causing events, although the
complete pathomechanism remains to be investigated.

An evaluation of the expression levels of the main play-

ers in p53 signaling, a classical DNA damage response

pathway, revealed strong upregulation of p21 mRNA

levels, but not p53 mRNA expression, in CN and CN/

AML CD34+ cells. p21 protein expression was also ele-

vated in CD45+ cells of CN/AML patients compared

with CN and HD-derived cells. The mechanism of p21

upregulation in CN and CN/AML cells remains to be

investigated, but may be explained by increased p53

protein stability or diminished levels of the p53 ubiqui-

tin E3 ligase MDM2. Another possibility is p53-inde-

pendent activation of p21 expression. In this context,

Galanos et al. reported p53-independent upregulation of

p21 selectively in more aggressive tumor cells, which

featured increased genomic instability, aggressiveness,

and chemoresistance [43]. Unaffected expression of

GADD45a, another p53 target, also argues for possibly

inactive p53 and thus a p53-independent mechanism of

p21 activation in CD34+ cells of CN patients. Less is

known about UPR-mediated regulation of p21 expres-

sion. One study described inhibition of p21 expression

by CHOP [44], but we found that both CHOP and p21

levels were elevated in CN and CN/AML CD34+ and

CD45+ cells. It is known that accumulated cytoplasmic

p21 exerts anti-apoptotic functions in AML cells

[45,46] and high p21 levels are associated with chemo-

resistance in AML [47]. Elevated expression of p21 in

preleukemic cells of CN patients may make these cells

resistant to apoptosis, leading to an increase in their

survival and an increased probability of their leukemo-

genic transformation. AML blasts of CN patients are

resistant to conventional chemotherapy, so bone mar-

row transplantation is the only treatment option in

these patients [1].

Taken together, our findings demonstrate that the iPSC-

based model established here is a reliable in vitro model

for studying defective signaling systems underlying

impaired hematopoietic differentiation in patients with

bone marrow failure syndromes (in our case, CN). This

model may also be used for drug development or genera-

tion of isogenic iPSC lines using CRISPR/Cas9-mediated

correction of inherited disease-causing mutations.
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