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were analyzed in each experiment. The in situ PLA was carried out using spe~-
cific antibodies and a DuoLink in situ PLA kit (Olink Bioscience).

Mammalian Two-Hybrid Analysis
Mammalian two-hybrid assays were carried out as described previously (Pace
et al., 2002).

Clonogenic survival assay
Cells were treated with MMC for 24 hr, washed with PBS, and then plated on
six-well plates and incubated for 10-14 days.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at hitp:/dx.dol.org/
10.1016/.calrep.2014.04.005.
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Identification of a novel erythrold-specific enhancer for the ALAS2 gene
and its loss-of-function mutation which is associated with congenital
sideroblastic anemia
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Erythroid-specific 5-aminolevulinate synthase (ALAS2) is the rate-limiting enzyme for heme biosynthesis in ery-
throid cells, and a missense mutation of the ALAS2 gene is associated with congenital sideroblastic anemia.
However, the gene responsible for this form of anemia remains unclear in about 40% of patients. Here, we identify
a novel erythroid-specific enhancer of 130 base pairs in the first intron of the ALAS2 gene. The newly identified
enhancer contains a ¢/s-acting element that is bound by the erythroid-specific transcription factor GATAI, as con-
firmed by chromatin immunoprecipitation analysis /i vivo and by electrophoretic mobility shift assay in vitro. A
promoter activity assay in K562 human erythroleukemia cells revealed that the presence of this 130-base pair
region increased the promoter activity of the ALAS2 gene by 10-15-fold. Importantly, two mutations, each of
which disrupts the GATA-binding site in the enhancer, were identified in unrelated male patients with congenital
sideroblastic anemia, and the lower expression level of ALAS2 mRNA in bone marrow erythroblasts was con-
firmed in one of these patients. Moreover, GATAI failed to bind to each mutant sequence at the GATA-binding
site, and each mutation abolished the enhancer function on ALAS2 promoter activity in K562 cells. Thus, a muta-
tion at the GATA-binding site in this enhancer may cause congenital sideroblastic anemia. These results suggest
that the newly identified intronic enhancer is essential for the expression of the ALAS2 gene in erythroid cells. We
propose that the 180-base pair enhancer region located in the first intron of the ALAS2 gene should be examined

in patients with congenital sideroblastic anemia in whom the gene responsible is unknown.

introduction

The ALAS2 gene encodes for erythroid-specific 5-aminole-
vulinate synthase (ALAS-E, EC 2.3.1.37), which is the rate-
Iimiting enzyme of the heme biosynthetic pathway in ery-
throid cells.! It has been reported that the human ALASZ gene
is mapped on the X chromosome, and that a loss-of-function
mutation of this gene causes X-linked sideroblastic anemia
(XLSA},* which is the most common genetic form of congen-
ital sideroblastic anemia {CSA). Moreover, a missense muta-
tion of ALAS2 was identified in a patient with non-familial
CSA (nfCSA); in which no family history of sideroblastic
anemia was identified. In additon to ALASZ, several other
genes were recently identified as causative genes for CSA,
including SLC25A385 GLRXS] ABCB7F PUS1® and
SLC19A2." but the cause of sideroblastic anemia still remains
undefined in more than 40% of patients with CSA"

GATA1 ranscription factor regulates the expression of sever-
al erythroid-specific genes, such as erythropoietin receptor
gene, 2 - and B-globin genes, ¥ ALAS2' and the GATA{ gene
itself” during erythroid differentiation.™ Abladon of the
Gatat gene in mice resulted in embryonic death because of
anemia,® suggesting that GATA1 is essential for erythroid dif-

ferentiation # vivo. It has been reported that GATA1 regulates
transcription of human ALAS2 through the proximal promoter
region’ and the erythroid-specific enhancer located in the
eighth intron of ALAS2* However, Fujiwara et 4l. demonstrat-
ed that the GATA1 protein binds to the ALAS2 gene only in the
middle of jts first intron, where no regulatory region had so far
been identified, by genome-wide analysis of K562 human ery-
throleukernia cells using chromatin immunoprecipitadon fol-
lowed by next-generation sequencing (ChIP-seq).”

In the present study, we have identified a novel erythroid-
specific enhancer region in the first intron of the ALAS2 gene.
Moreover, we describe two mutations in the newly identified
enhancer of ALAS2: a T-to-C transition, which changes GATA
to GGTA at the GATA element in the antisense strand, in a
pedigree with XLSA and one proband with nfCSA, and a 35-
base pair (bp) deletion including the above-mentioned GATA
element in a proband with nfCSA.

RMethods

Polymerase chaln reaction
DNA polymerases used for polymerase chain reaction (PCR) analy-
sis were purchased from TAKARA BIO Inc. (Shigs, Japan). The

©2013 Ferrata Storti Foundation. This is an open-access paper. dok10.3324/haematol. 2013.085448
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sequence of primers and probes used in this study are listed in the
Ouline Supplementary Tables.

Polymerase chain reaction-based quantitative
chromatin immunoprecipitation

Real-time PCR-based quantitative chromatin immunoprecipita-
tion (ChIP-qPCR) analysis was conducted essentially as previously
described.”

Efecirophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed
using *DIC Gel Shife Kit, 2 Generation® (Roche Diagnostics
GmbH, Mannheim, Germany), according to the manufacturer’s
protocol. Sequences of oligonudeotides for probes are indicated
by the horizontal bar in the relevant figures. Nuclear extracts were
prepared, as described previously,” from K562 cells or HEK293
human embryonic kidney cells that were transfected with a
GATAL-FLAG fusion protein expression vector or its backbone
vector.

Promoter/enhancer activily assays
Each target DNA fragment was prepared from genomic DNA
from normal volunteers (WT) or patients with CSA (referred to as

“GGTA” or *delGATA” in each reporter construct) and was cloned
into pGl3basic plasmid (Promega Corporation, Madison, Wi,
USA). The human ALASZ proximal promoter region
(g.4820_5115, between -267 and +29 from the transcription start
site)* was cloned into the multiple-cloning site of pGL3basic
[referred to as pGL3-AEpro(-267)]. A single DNA fragment (5.2
kbp), camying the ALASZ proximal promoter, first exon, firsc
intron and the untranslated region of the second exon, was sub-
cloned into the multiple cloning site of pCL3basic [referred to as
pGL3-AEpro(-267)+intronl]. A DNA fragment containing the
GATA1-binding region in the first intron of the ALAS2 gene {cor-
responding to g7488_7960), which was defined by ChIP-seq
analysis,® is referred to as the ChiP-peak. The length of the WT
ChiP-peak is 473 bp. In addidon, a 130-bp fragment containing
ALAS2ine1 GATA, the consensus sequence for the GATAT-binding
site in the ChiP-peak, is referred to as ChlPmini. Several deledon
mutants of ChIPmini were prepared using pGL3-AEpro(-
267)+ChIPmini(WT) as a template, The pGL3-TKpro plasmid was
constructed by cloning herpes simplex virus thymidine kinase pro-
moter into the multiple cloning site of pClL3basic plasmid. Each
reporter vector and pEF-RL25 were introduced into K562 cells or
HEK293 cells, Luciferase activity was determined using a dual-
luciferase reporter system (Promegal.

a6
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Identification of mutations of the ALASZ gene

All exons including exon-intron boundaties, the proximal pro-
moter region, and intron 1 and intron § of the ALAS? gene
{GeneRank: NG_8983.1) were directly sequenced according to
previously reported methods®

Measurement of ALASZ mBNA In pwrified erythroblasts
Total RNA was extracted from glycophorin A-positive bone
marrow mononuclear cells, and was used for ¢<DNA synthesis.

ALAS2 expression was measured by real-time PCR, and was nor-
malized to that of CAPDH mRNA.

Statistical analvsls
Multiple comparisons between groups were made using the
Tukey-Kramer test.

Patients
Eleven probands {eight pedigrees) with CSA of unknown cause
were selected to determine the nucleotide sequence of the firse

A antibody
competitor

nuclear extracts

1234 567 88
0 s

Free probe

intron of ALASZ gene. In these patients no disease-causative
mutation was identified in the coding regions or reported regula-
tory regions in ALAS2, SLC235A38, GLRXS, ABCB7, PUS{ and
SLC19A2, which have been reported to be genes causing CSAY
{see the Onlie Supplementary Methods for full detalls of the meth-
ods).

The genetic analyses performed in this project were approved
by the ethical committee of Tohoku University School of
Medicine. Blood samples were withdrawn from the probands and
the family members after informed consent

Resuits

Pelymerase chain reaction-based quantitative
chromatin immunoprecipitation analysis of the first
intron of the ALASZ gene

To identify the novel regulatory region for ALASZ tran-
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gene. (A) Electrophoretic mobility shift
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incubated with nuclear extracts prepared
from K862 cells ({lanes 2-4) or HEK293
cells expressing GATAL-FLAG (lanes 6-8).
HEK283 cells were transfected with
mock vector (lane 5) or FLAG-fused
GATAL expression vector before prepara-
tion of nuclear oxtracts. The protein-
probe complex was detected as a retard-
ed band {arrow). An excess amount of
uniabeled probe (lanes 3, 7), anti-GATAL
antibody (G1) {lanes 4, 8) or anti-FLAG
antibody (F) {lane 9) was included in the
reaction mixture. Lane 1 shows the con-
trol without nuclear extracts. The asterisk
indicates the supershifted band (ane 9.
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scription, we first performed ChIP-gPCR analysis in K562
cells to localize the GATAL-binding region of the ALAS2
gene in vive, which was determined by genome-wide
ChiP-seq analysis” In fact, ChIP-qPCR enabled us to
examine the GATAl1-binding activity of an individual
GATA element or two adjacent GATA elements in the first
intron of the ALAS2 gene. Based on a search of NCRI
Reference Sequence (NG_8983.1) using SeqBuilder soft-
ware (DNASTAR Inc., Madison, W1, USA), we identified
17 GATA elements (16 out of 17 GATA elements are pres-
ent in the antisense orientation) in the first intron of
human ALASZ (Figure 1A), which is compatible with the
previous report.” We also included the proximal promoter
region that contains a functional GATA-binding site
(g.4961_4966). Overall 18 primer sets were designed to
amplify the GATA elements located in the proximal pro-
moter region and the first intron of ALAS2 (Figure 1A and
Ounfine Supplemeniary Table S4). Among the 12 primer sets
targeting the first intron, using primer set 10, we could
amplify genomic DNA that was precipitated with anti-
GATAL antibody at a similar level to that of the positive
control, but not with other primer sets, We refer to this
region amplified with primer set 10 as ChlPmini
(g.7795_7924), the sequence of which is shown in Figure
1B. I silico analysis identified only one GATA element
{g.7860_7865, boxed in Figure 1B) in ChiPmini, termed
ALAS2int1GATA. In addition, primer set 1 which targets
the proximal promoter region yielded notable amounts of
amplified genome DNA. These results indicate that
GATAL protein bound to the regions amplitied with
primer sets 1 and 10 in K562 cells; that is, GATA1 protein
could bind to the proximal promoter region as well as to
ALAS2int1 GATA in the first intron of the ALASZ gene iu
vivo. Since the GATA element located in the prozimal pro-
moter has been well examined fn virro,” we further deter-
mined the functional features of ALAS2int1GATA.

GATAL protein binds to ALASZ2int1GATA located
in CHIPmini

We then examined whether GATAL protein binds to
ALAS2int1 GATA present in the center of ChlPmini using
EMSA  (Figure 2A). The WT probe contains
ALAS2int1 GATA (Figure 1B). The incubation of labeled
WT probe with nuclear extracts of K562 cells yielded the
retarded band that represents the protein-probe complex
(lane 2), whereas this retarded band was undetectable
with an excess amount of non-labeled WT probe (lane 3).
Moreover, the addition of anti-GATA1 antibody reduced
the intensity of the retarded band {lane 4), supgesting that
GATA1 protein may bind to the WT probe. In fact, the
retarded band was not detected when the labeled probe
was incubared with nuclear extracts of mock-transfected
HEK293 cells {lane 5). In contrast, the retarded band was
observed when the labeled probe was incubated with the
nuclear extracts of HEK293 cells expressing FLAG-fused
GATAL (lane 6), Importantly, the retarded band observed
in lane 6 was not detectable in the presence of an excess
amount of non-labeled probe (lane 7). The formation of
the retarded band was partially inhibited by anti-GATA1
antibody (lane 8). Likewise, the inclusion of anti-FLAG
antibody (lane 9) resulted in the disappearance of the
retarded band and instead generated the super-shifred
band (indicated by an asterisk). These results suggest that
GATA1 protein binds to the WT probe containing
ALAS2int1 GATA.

Enhancement of ALASZ promoter activity by the DNA
segment containing ALASZint1GATA

To examine the [functional importance of
ALAS2int1GATA in the promoter activity of the ALAS2
gene (Figure 2B), we constructed the pGL3-AEpro(-267)
vector, in which the expression of firefly luciferase gene is
controlled under the proximal promoter of the ALAS2
gene (g.4820_5115). The presence of the first intron of
ALASZ (pCL3-AEpro(-267)+intronl}) increased luciferase
activity about 3-fold in K562 cells, whereas luciferase
activity was decreased to 10% of pGL3-AEpro(-267) in
HEK293 cells, When the ChiP-peak, the region deter-
mined by ChiP-seq analysis {g.7488_7960),% was present
downstream [+ChiP-peak(D)] or upstream [+ChIP-
peak(U)] of the ALASZ proximal promoter, luciferase
activity was increased about 5-fold, irrespective of the
location, compared to that of pGL3-AEpro(-267) in K562
cells. Moreover, the presence of the ChiPmini fragment
downstream of the luciferase gene [+ChiPmini (D)] result-
ed in a 16-fold increase of luciferase activity. However,
when the same fragment was inserted upstreamn of the
ALAS2 promoter [+ChiPmini(U)], luciferase activity
increased only 8-fold. Thus, the enhancer activity of the
ChlPmini fragment varies, depending on its location.
Moreover, among the constructs examined, the ChiPmini
fragment showed maximum enhancer activity down-
stream of the luciferase gene. The ChIP-peak or ChiPrini
fragment downstream of the ALAS2 promoter influenced
luciferase activity marginally {0.73- or 1.25-fold, respec-
tively) in HEK293 cells (Figure 2B). These results suggest
that the enhancer actvity of each fragment containing
ALAS2int1 GATA is specific to erythroid cells.

To examine whether the erythroid-specific enhancer
activity depends on the ALAS2 promoter, we replaced the
ALASZ promoter with the herpes simplex virus TK pro-
moter (Figure 2C). The ChiP-peak and ChIPmini enhanced
TK promoter activity 3.4- and 9.8-fold in K562 cells,
respectively, whereas they did not enhance TK promoter
activity in HEK293 cells. These results indicate that the ery-
throid-specific enhancer is present in the ChiP-peak and
ChIPmini fragments, In addition, the erythroid-specific
enhancer is functional in the non-erythroid gene promoter.

identification of mutations in the first infron
of the ALASZ gene in patients with condeniial
sideroblastic anemia

Considering the newly identified enhancer in the Hrst
intron of the ALASZ gene, we examined whether some CSA
patients carry the mutation in ChiP-peak or ChiPmini of
ALAS2. We determined the nucleotide sequence of the first
intron of ALASZ in 11 probands {eight pedigrees), and found
two distinct mutations in the newly identified enhancer
region in five Japanese patients {three pedigrees). The clinical
features and hematologic status of the probands ac diagnosis
of the disease are summarized in Table 1.

Proband 1 In a pedigree with XLSA

The first male Japanese proband was referred o hospital
at the age of 3 months to investigate the cause of his pale
face. No problems were reported during the birth,
Investigations showed microcytic/hypochromic anemia,
an increased concentration of serum iron and raised serum
ferritin level. Bone marrow aspiration revealed the pres-
ence of ring sideroblasts. Two matemnal relatives — male
cousins of the proband’s mother — have sideroblastic ane-
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mia {Figure 3A). The pedigree of this family suggested X ents of proband 2 was not available, because they did not
chromosome-linked inheritance of the disease. The agree to provide their clinical specimens for genetic analy-
proband’s anernia was not improved by pyridoxine  sis. Since proband 2 was also noted to have thrombocyto-
adrainistration (5 my/kg/day for 3 months), and the boy  sis (Table 1), we searched for a JAK2 mutation in the
required once monthly transfusions of one unit of concen-  genormic DNA extracted from the peripheral blood of this
trated red blood cells to maintain an adequate hemoglobin  patient. However, no V617F mutation or any missense
level At the age of 7 months, this proband died of sepsis

caused by alpha-streptococcus.

Proband 2 with nfCSA A E:FTO
The second male Japanese proband visited hospital at

the age of 4 years because of the paleness of his complex- v
ion. Investigations showed microcytic/hypochromic ane- ot _ - , _
mia, mild thrombocytosis, and 2 high serum iron concer- B iy

tration with a normal serum ferddn concentration. Bone - :
marrow aspiration revealed the presence of ring siderob- 0 %\ é‘\ A %*
lasts (38% of the erythroblasts) Giant platelets were ~/

observed in the bone marrow, although dysplasia of the
megakaryocytes was not clear. There was no Family histo- 2
ty of sideroblastic anemia (Figure 3B). R

Proband 3 with nfCSA Proband 1
The third male Japanese proband was noted to have

anemia at the age of 2 years, but details are not available, -~

Without any treatment, serum hemoglobin level was B ~

maintained at 70 g/L, and increased to 100 g/L at the age é §£ Eg %
i

of 10. Accordingly, the proband stopped visiting the hos-
pital, At the age of 19, however, the proband was admit-
ted to hospital because of general fatigue. Investigations
revealed microcytic, hypochromic anemia with systemic
iron overload. The presence of ring sideroblasts was con- , Proband 2
firmed in his bone marrow by Prussian blue staining (36%
of erythroblasts), Although this proband was treated with ¢
pyridoxine (150 mg/day) for 8 months, his anemia did not
improve. There was no family history of sideroblastic ane-

0—O )

mia (Figure 3C), I 7

In proband 1 from the pedigree with XLSA (Figure 3A), 1 O o 5
we identified a single nucleotide mutation (Figute 4, upper
panel, g7863T>C), which alters the core sequence of

ALAS2int1 GATA in the antisense strand from GATA to
GGTA (referred to as “GGTA mutation”). The same muta- »L—‘g

tion of the ALAS2 gene was also identified in two cousins

of the proband’s mother, both of whom were diagnosed

as having sideroblastic anemia (Figure 3A), Clinical speci- Protand 3

mens for genetic analysis were not available from either roban

the parents or the elder brother of proband 1. Figure 3. Family traes of three unrelated probands. Family tree of: (A)
The same GGTA mutation was identified at proband 1 with XLSA, (B} proband 2 with nfCSA, and ({) proband 3

i ; : : : with nfCSA, Shaded boxes indicate affected individuals ln cach pedi
ALASZint1GATA in proban(i 2 with CSA §lg“m 4, middle gree, Asterisks indicate the individuals in whom a mutation In the

panel). There was no known consanguinity between  first intron of the ALASZ gone was detected.
proband 1 and proband 2. Genomic DNA from the par

Table 1. Hematologic status of each proband at diagnosis of the disease.

Probandl 4 months 4 months yes 38 65 187 246 63.9 17
[136-183 [a3-101 {28-35] {140:3791 107-376]  [494-270]

‘,2 : i ?3

?rnbané 3 2 years 1§ years n& ; 3 A
[120-165] {80-100] {28-34] f160-4201  [143215] [404-288]
The normal value of each dinical ination is shown in brackels. SA: sideroblast; i; XLSA: Xlinked sideroblastiy fa; Hb: hemoglobin; MCY: mean corpuscalar vor

Bpree; MCH: mean corpusculor hemnglobin,
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mutation in exon 12, each of which is frequently observed
in patients with refractory anemia with ring sideroblasts
and thrombocytosis (RARS-T),” was detected (data not
shown). Thus, the GGTA mutation at ALAS2int1 GATA
may be responsible for the sideroblastic apemia in
proband 2.

In proband 3 with CSA, a deletion of 35 bp was identi-
fied in the first intron of the ALASZ gene (Figure 4A, lower
panel, g.7836_7870del, referred to as “delGATA muta-
tion”). The delGATA mutation results in the loss of
ALAS2int1 GATA. However, the delGATA mutation was
not identified in the ALAS2 gene of the parents of proband
3 (data not shown). Thus, the delGATA mutation may be a
de wovo mutation or a somatic mutation. Accordingly, we
compared the relative ALASZ mRNA level in the erythroid
progenitor cells isolated from proband’s bone marrow
with those of normal subjects. The ALAS2 mRNA level
was more than 7-fold lower in the proband’s erythroblasts
than in those of three independent, nommal subjects
(Figure 4B), suggesting that the delGATA mutation may
lead to decreased transcription of the ALAS2 gene.

Lastly, we examined the sequence of the region corre-
sponding to g.7513_8165 of the ALASZ gene, which con-

tains ChlPmini, in 103 healthy, Japanese volunteers (44
males and 59 females, total 162 alleles) using PCR fol-
lowed by direct sequencing. No mutation was found in
this region (data not shown). In addition, no single
nucleotide polymorphism was reported in this GATA ele-
ment, based on the single nucleotide polymorphism data-
base available at the NCBI home page
(hup:/fwew nchinlmnibgov/snp, current  assembly s
GRCh37.p5). Thus, the GCTA mutation and delGATA
mutation at ALAS2int1GATA may be unique to patients
with sideroblastic anemia. Taken together, we suggest
that the newly identified mutations at ALAS2int1 GATA
are responsible for sideroblastic anemia.

The mutation at ALAS2int1GATA impairs GATAL-binding
activity and ephancer function

We examined the effect of the GGTA mutation or the
delGATA mutation on the binding of GATA1 protein to
ALAS2int1GATA using each mutant probe (Figure 5A). The
delGATA probe represents the 5'- and 3'-flanking sequences
of the deleted 35-bp segment (see Figure 4A). As shown in
Figure 5B, the incubation of labeled WT probe with nuclear
extracts from HEK293 cells expressing BLAG-fused GATAL

TAGRLOICA,

A wild type ¥ GATIAACITE

RNT_ AL a0 TOTS
s
¥

GACTOAGOIOCABGTOOOTTRGOTT
. "

¢ § ¥ $ ¥ t ¥ t
3 CACCAGTCTSHOGITACOGC gamc&smwa{& ATASHUPCCASHIGICCERETCOBEETTCACEARRTICOAR

Proband 1

“GGTA” mutation

Figure 4. Identification of mutations in the first

intron of the ALASZ gene in 2 patient with
XLSA and two patients with nfCSA, (A) ALAS2
mutations in three probands. Upper, middie

and lower panels show the seguences of the
fianking regions of ALAS2int1GATA (boxed in

the wild-type sequence) In the ALASZ gdene of
probands 1, 2 and 3, respectively. Asterisks
indicate the T io € transitien in the sense

strand identified In the ALASZ gene of
proband 1 and proband 2 with CSA. The bro-

ken line between the middie and lower panels
indicates the deleted region identified in
proband 3 with CSA. The solid horizontal bar in

each panel indicates the sequence of the
sense strand of each probe used for the EMBA

{see Figures 3A and 5B). (B) ALAS2 mRNA
expression in srythecblasts of prebang 3.
ALASZ mRNA levels were determined in purk

fied erythroblasts isofated from proband 3 and
three independent normal individuals using
real-ime PCR. Resulls are expressed as the

Proband 2
Proband 3
“éeiGATAt’
mutation
B 18
— 18
ot oy
[on]
ESRY -
4]
EE 12 2
5
=
.g 10 S
. 1
2
£ § o
=%
=
L 4 -
=
g 2 -
I
Proband 3 Normal 1 Mormal 2 Normal 3

mean & 50 of three independent experiments.

— 178 —




showed a retarded band (fane 3): this band was super-shift-
ed by the additon of ant-FLAG antibody (lane 4), or unde-
tectable with non-labeled WT probe {lane 5), whereas the
non-labeled GGTA probe (lane 6) or delGATA probe (lane
7) could not compete for the labeled WT probe,
Furthermore, the retarded band was not detectable when
labeled GGTA probe (lane 8) or delGATA probe (lane 9) was
incubated with the nuclear extracts of HEK293 cells
expressing FLAG-fused GATAL These results suggest that
either the GGTA mutation or the delGATA mutation may
irnpair the binding of GATAT to ALASZint1GATA.

We then examined the influence of the point mutation
or deletion of ALAS2int1GATA on the enhancing activity
of the first intron of the ALASZ gene (Figure GA). The
GGTA mutation decreased the enhancing activity of the
first intron, ChiP-peak or ChiPmini in K562 cells to 17.0%,
18.5% or 12.9%, respectively, of that of the WT construct.
The delGATA mutation decreased the enhancing activity
of the first intron of ALAS2, ChiP-peak or ChiPmini in
K562 cells to 10.5%, 15.7% or 12.6%, respectively, of that
of the WT construct. In conuast, the relative luciferase
activity of the construct carrying each mutation was only
marginally different from that of WT intron 1, ChIP-peak
or ChiPmini in HEK293 cells (Figure 6A), thereby conbimm-
ing that ALAS2int1 GATA functons as an erythroid-specif-
ic enhancer.

There are several potential ds-elements at the Hanking
regions of ALASZ2int1GATA, such as EKLF and Spl, each

of which may be involved in the erythroid-specific tran-
scriptional regulation of the ALAS2 gene."” We thus ana-
lyzed the roles of these cis-elements in the enhancer activ-
ity of ALAS2int1GATA using deletion mutants at the 5°- or
3'-flanking region of ChiPmini, constructed in pGL3-
AEpro{-267)+ChIPmini(D). Deletion of the EKLF1 element
at the 5-flanking region or both E-box and Sp1 elements
at the 3'-flanking region did not significandy influence the
enhancer activity of ChiPmini (Figure 6B). It should be
noted that the Sp1 site overlaps with the 3-portion of the
AP-1 site and the 5-portion of the E-box (Figure 6C).
Moreover, deletion at the 5-Hlanking region of ChiPmini
(“delEKLF2”, “delAP2” and “delOctT3”) marginally
decreased the enhancer activity (Figure 6B), but the change
was not statistically significant. In contrast, deletion of the
AP-1 element at the 8'-Hanking region (“delAP1” in Figure
6B) significantly decreased the enhancer activity, by about
40% of the activity of ChIPmini(WT). The significant
decrease of enhancer activity was observed only in
ChiPmini{GGTA), ChIPmini{delGATA) and delAP1, com-
pared to the activity of ChIPmini(WT) (*P<0.05 and
“P<0.01 in Figure 6B) We next constructed another
reporter vector that carries an intemal deletion of the 5
portion of the AP-1 element with an intact Spi site
{(*lackAP1” in Figure 6B). Internal deletion of the AP-1 ele-
ment alone in ChiPmini decreased the enhancer activity,
although not to a statistically significant degree. Thus, the
entire AP-1 element seems to be important for the

A ALASZInIGATA
wt probe: GAGCCTGCAGACCACAGATANAGTTGCCAGAGTTTA
GGTA probe: GAGCCTGCAGACCACAGGTAAAGTTGCCAGAGTTTA
delGATA probe: TTGGGGCTGAGCCTGCAGGGGTCTGACCACTCCCCA
: antibody - - - F - - - - AR, on AR g
competor - - - - wt P - - EMSA The nudeotile. sequences in
probe wt Qg’a&g‘i‘ l“é@i“ﬁ?ﬁiﬁé‘i p f:cirﬁggbea i
nuclear extracts - 283 293{G§Tﬁf-FLAG} ﬁ?ﬁzﬁfég?{egés F%%é?sﬁéi{;:ong

2 345 6 7 8
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boxed in the sequence of the wt probe,
and the single nucleotide transition
{BGTA mutation) is underlined In the
sequence of the GGTA probe. The
delGATA probe represents the 5- and

3 flanking sequ of the deleted
35bp segment (see Figure 3B). (B)
b Effect of each mutation of

ALAS2Int1GATA on GATALl-binding
activity. Wilddiype probe (lanes 3-7) or
each mutant probe (lanes 8, 9) was
incubated with the nuclear extracts
prepared from HEK293 cells transfect-
ed with the GATALFLAG expression
vactor. An excess amount of unlabeled
wildtype probe {lane B), sach of the
unlabeled mutant probes (lanes 8, 7),
ot antiFlLAG antibody {lane 4) was
included in the reaction mixture. Lane
2 shows the negative contrel with
nuctear extracts from HEK283 cells
transfected with mock vector.

Free probe
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Flgure 6. Identification of cis-ele-
ments essentlal for the ery-
throid-specific enhancer activity
of ChiPmini. {A) Effect of each
mutation of ALASZInt1GATA on
the enhancer aclvity of ALAS2
ChiPmini. The region correspon-
ding to +intronl, ChiPpeak or
ChiPmini, derived from proband
1 or proband 3, was subcloned
into pGL3-AEpro(-267) te con-
struct the reporter vector con-
taining the GGTA mutation orthe
deletion of ALAS2Int1GATA,
respectively. (B) Effect of the
deletion at the 5 or 3'flanking
region of ALAS2Int1GATA on the
enhancer activity of ChiPmini.
The 5~ and 3" flanking regions of
ALASZ2IntAGATA contain poten-
tial transeription factor-binding
sites {cis-elements), and a por-
tion of each flanking region was
deleted, as schematically shown,
The enhancer activity of each
deletion mutant was determined
in KBE2 erythroleukemia cells.
(€ The nuclectide seguence of
the 3'flanking region of
ALAS2IntAGATA. Note that the
Spd. site overlaps the AP site
and E-box. Each number, *1, *2
or ¥3, indicates the nucleotide at
the 3' end of the deletien
mutant, delAPL, delSPL or delE-
box, respectively. Thus, delSPL
also lacks the 37 portion of the
AP-dsite. (I3 Effect of deletion of
the 5 and 3'flanking regions of
ALAS2Int1GATA on the enhancer
activity of ChiPmini. The con-
struct, delEKLF2/delSPL, lacks
two EXKLF sites in the B -flanking
ragion ang both the Spd slement
and E-box in the 3flanking
region. The AR-4 slement at the
Bflanking region was deleled
feom delEKLF2/dalSPL, vielding
delEKLF2/delAPL. Results are
expressed as relative activity
compared {o that of pGL3-
AEpro(-267), and are presented
as the mean I 5D of at least
three independent experiments.
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enthancer activity of ChIPmini (WT) (Figure 6B},
Consequently, we constructed delEKLF2/delSP1 and
delELKLEZ/delAP1, each of which lacks EKLF elements at

the 5-fanking region and the Spl element or the AP-1 ele-
ment at the 3’-flanking region, respectively (Figure 6D).
The deletion mutant, delEKLE2/delSP1, still retained
enhancer activity at about 80% of that of ChIPmini(WT),
whereas delERKLF2/delAP1 showed decreased enhancer
activity similar to the activity of ChIPmini(GGTA). These
data indicate that ALASZintIGATA and its fHanking
region, especially the AP-1 element, are critically impor-
tant for the erythroid-specific enhancer activity of
ChiPmini.

Taken together, these results suggest that the ChlPmind
region acts as an erythroid-specific enhancer for the
ALAS2 promoter, and that both the GGTA mutation and
the delGATA mutation represent loss-of-function muta-
tions of ALAS2int1 GATA.

Discussion

In the present study, we identified an erythroid-specific
enhancer region in the first intron of the human ALAS2
gene {a 130 bp region referred to as ChiPmini}, a region
which contains ALASZInt1GATA, a Funcdonal GATAL-
binding site, We also identified the GGTA mutacion and the
delGATA mutation at ALAS2int1 GATA, each of which is
associated with XLSA or CSA. Moreover, we confirmed
that each mutation diminished the binding of GATA1 tran-
scription factor to ALAS2intl (Figure 5B) and decreased
enhancer activity of ChiPmind (Figure 6A). Thus, the GGTA
mutation and delGATA mutation are loss-of functdon muta-
tions of the ALASZ gene. In Fact, the expression of ALAS2
mRNA in bone marrow erythroblasts was lower in
proband 3 (Figure 4B) than in nomnal controls. Thus, each
loss-of function mutation may lead to decreased wranscrip-
tion of the ALAS2 gene, thereby causing sideroblastic ane-
mia in male patients. Such a molecular basis is consistent in
part with the lack of pyridoxine responsiveness in these
patients (see “Patients” section).

The intronic enhancer, ChiPmini, increased ALAS2 pro-
moter activity most efficiently dn erythroid cells when it
was present downstream: of the promoter (Figure 2B).
ChiPmini contains potential ds-acting elements, induding
two EKLE-binding sites, each of which overlaps with the
Sp1-binding site or p300-binding site, AP-2 site, OctT3 site
Runx site, AP-1 binding site, Sp1 site, and E-box (Figure 1B).
Further analysis using delerion mutants of ChiPmini
revealed that the potential AP-1 binding site at the 3"-flank-
ing region might be involved in the erythroid-specific
enhancer activity of ChiPmini (Figure 6B). These results
suggest that ALAS2int1GATA and its 3'-flanking region are
essential for the erythroid-specific enhancer acuvity of
ChPmini. In fact, EKLF® and AP-1® are involved in ery-
throid-specific gene expression. It is interestng that the
inclusion of the whole Hrst intron of the ALAS2 gene in a
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reporter construct resulted in a decrease of ALAS2 promoter
activity [11% of pGL3-AEpro(-267)] in non-erythroid
HEK293 cells (Figures 2B and 6A). Likewise, the ChiP-peak
upstrearn or downstream of the promoter also reduced the
promoter activity in HEK293 cells [73% or 88% of pGL3-
AEpro(-267), respectively] (Figure 2B). These results suggest
that the first intvon of the ALASZ gene may contain suppres-
sor element(s) in addition to the erythroid-specific
enhancer, although the mechanism of the suppression and
the relevant region remain elusive.

We have successfully identified a novel erythroid-specific
enhancer for ALAS2 expression, and have identified dis-
ease-causative mutations of this enhancer in patients with
CSA. Despite the fact that about 50 missense or non-sense
mutadons of the ALASZ gene have been reported as dis-
ease-causative mutations in patients with XLSA™ a muta-
tion in the regulatory region for the transcription of ALAS2
has rarely been reported to date. Ducarnp e al reported a
48-by deletion of the ALASZ gene at the proximal promoter
region {c.-91_-44del} in a patient with XLSA, and proposed
that the identified deletion would cause XLSA, since the
level of ALAS2Z mRNA in the proband’s bone marrow was
lower than that of normal controls.™ In this contexe, it has
been reported that the deleted region contained a function-
ally important element for ALAS2 transcription.” Bekri er 4l
reported a C-to-G wansversion at nucleotde -206 (c.-
258C>G) from the transcripdon seart site in the proximal
region of the human ALAS2 gene in patients with XLSA
however, May et 4/ identified this transversion in normal
individuals from South Wales at the rate of 0.05, suggesting
that this promoter mutation is a polymorphism.®

In conclusion, we have identified a novel erythroid-spe-
cific enhancer in the first intron of the human ALAS2 gene,
the enhancer function of which may be direcred by GATA1
with other transcription factors, such as EKLF and AP-1
binding proteins. Furthermore, we identified the loss-of-
functon mutation of ALAS2int1GATA, the GATA element
within this enhancer, in five of 11 padents with CSA in
whom the gene responsible could not be identified. Thus,
the intronic region containing ALAS2intiGATA of the
ALAS2 gene should be examined in patients with XLSA or
nfCSA in whom the genetic mutation causing the siderob-
lastic anemia is unknown.
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Genetic correction of HAX1 in induced pluripotent stem cells from
a patient with severe congenital neutropenia improves defective
granulopoiesis
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HAX1 was identified as the gene responsible for the autosomal recessive type of severe congenital neutropenia.
However, the connection between mutations in the HAX1 gene and defective granulopoiesis in this disease has
remained unclear, mainly due to the lack of a useful experimental model for this disease. In this study, we generated
induced pluripotent stem cell lines from a patient presenting for severe congenital neutropenia with HAX1 gene
deficiency, and analyzed their i vitro neutrophil differentiation potential by using a novel serum- and feeder-free
directed differentiation culture system. Cytostaining and flow cytometric analyses of myeloid cells differentiated
from patient-derived induced pluripotent stem cells showed arrest at the myeloid progenitor stage and apoptotic
predisposition, both of which replicated abnormal granulopoiesis. Moreover, lentiviral transduction of the HAX1
cDNA into patient-derived induced pluripotent stem cells reversed disease-related abnormal granulopoiesis. This i
vitro neutrophil differentiation system, which uses patient-derived induced pluripotent stem cells for disease inves-
tigation, may serve as a novel experimental model and a platform for high-throughput screening of drugs for various

congenital neutrophil disorders in the future.

introduction

Severe congenital neutropenia (SCN) is a rare myelopoietic
disorder resulting in recurrent life-threatening infections due
to a lack of mature neutrophils,' and individuals with SCN
present for myeloid hypoplasia with an arrest of
myelopoiesis at the promyelocyte/myelocyte stage.** SCN is
actually a multigene syndrome that can be caused by inherit-
ed mutations in several genes. For instance, approximately
60% of SCN patients are known to carry autosomal domi-
nant mutations in the ELANE gene, which encodes neutrophil
elastase (NE).* An autosomal recessive type of SCN was first
described-by Kostmann in 1956, and defined as Kostmann
disease. Although the gene responsible for this classical type
of SCN remained unknown for more than 50 years, Klein et
al. identified mutations in HAX1 to be responsible for this
type of SCN in 2007.° HAX1 localizes predominantly to mito-
chondria, where it controls inner mitochondrial membrane
potential (Ay,,) and apoptosis.*” Although an increase in apop-
tosis in mature neutrophils was presumed to cause neutrope-
nia in HAX1 gene deficiency,’ the connection between HAX1
gene mutations and defective granulopoiesis in SCN has
remained unclear.

To control infections, SCN patients are generally treated
with granulocyte colony-stimulating factor (G-CSF); howev-

er, long-term G-CSF therapy associates with an increased risk
of myelodysplastic syndrome and acute myeloid leukemia
(MDS/AML).* Although hematopoietic stem cell transplanta-
tions are available as the only curative therapy for this dis-
ease, they can result in various complications and mortality.*

Many murine models of human congenital and acquired
diseases are invaluable for disease investigation as well as for
novel drug discoveries. However, their use in a research set-
ting can be limited if they fail to mimic strictly the phenotype
of the human disease in question. For instance, the Hax1
knock-out mouse is characterized by lymphocyte loss and
neuronal apoptosis, but not neutropenia.”® Thus, it is not a
suitable experimental model for SCN. Induced pluripotent
stem (iPS) cells are reprogrammed somatic cells with embry-
onic stem (ES) cell-like characteristics produced by the intro-
duction of specific transcription factors,'""*and they may sub-
stitute murine models of human disease. It is believed that iPS
cell technology, which generates disease-specific pluripotent
stem cells in combination with directed cell differentiation,
will contribute enormously to patient-oriented research,
including disease pathophysiology, drug screening, cell trans-
plantation, and gene therapy.

In vitro neutrophil differentiation systems, which can repro-
duce the differentiation of myeloid progenitor cells to mature
neutrophils, are needed to understand the pathogenesis of
SCN better. Recently, we established a neutrophil differentia-
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tion systemn from human iPS cells” as well as a serum- and
feeder-free monolayer hematopoietic culture system from
human ES and iPS cells.” In this study, we generate iPS cell
lines from an SCN patient with HAX1 gene deficiency and
differentiate them into neutrophils i vitro. Furthermore,
we corrected for the HAX1 gene deficiency in HAX1-iPS
cells by lentiviral transduction with HAX7 cDNA and ana-
lyzed the neutrophil differentiation potential of these cells.
Thus, this i vitro neutrophil differentiation system from
patient-derived iPS cells may be a useful model for future
studies in SCN patients with HAX1 gene deficiency.

Methods

Human IPS cell generation

Skin biopsy specimens were obtained from an 11-year old male
SCN patient with HAX7 gene deficiency.”” This study was
approved by the Ethics Committee of Kyoto University, and
informed consent was obtained from the patient’s guardians in
accordance with the Declaration of Helsinki. Fibroblasts were
expanded in DMEM (Nacalai Tesque, Inc., Kyoto, Japan) contain-
ing 10% FBS (vol/vol, Invitrogen, Carlsbad, CA, USA) and 0.5%
penicillin and streptomycin (wt/vol, Invitrogen). Generation of iPS
cells was performed as described previously.” In brief, we intro-
duced OCT3/4, SOX2, KLF4, and cMYC using ecotropic retroviral
transduction into patient’s fibroblasts expressing mouse Slc7af.
Six days after transduction, cells were harvested and re-plated
onto mitotically inactive SNL feeder cells. On the following day,
DMEM was replaced with primate ES cell medium (ReproCELL,
Kanagawa, Japan) supplemented with basic fibroblast growth fac-
tor (5 ng/ml, R&D Systems, Minneapolis, MN, USA). Three
weeks later, individual colonies were isolated and expanded.

Maintenance of cells

Control ES (KhES-1) and control iPS (253G4 and 201B6) cells
were kindly provided by Drs. Norio Nakatsuji and Shinya
Yamanaka (Kyoto University, Kyoto, Japan), respectively. These
human ES and iPS cell lines were maintained on mitomycin-C
(Kyowa Hakko Kirin, Tokyo, Japan)-treated SNL feeder cells as
described previously'” and subcultured onto new SNL feeder cells
every seven days.

Flow cylometric analysis

Cells were stained with antibodies as reported previously.”
Samples were analyzed using an LSR flow cytometer and Cell
Quest software (Becton-Dickinson).

Neutrophil differentiation of iP§ cells

In a previous study, we established a serum and feeder-free
monolayer hematopoietic culture system from human ES and iPS
cells.”® In this study, we modified this culture system to direct neu-
trophil differentiation. iPS cell colonies were cultured on growth
factor-reduced Matrigel (Becton-Dickinson)-coated cell culture
dishes in Stemline II hematopoietic stem cell expansion medium
(Sigma-Aldrich, St. Louis, MO, USA) containing the insulin-trans-
ferrin-selenium (ITS) supplement (Invitrogen) and cytokines. iPS
cells were treated with cytokines as follows: bone morphogenetic
protein (BMP) 4 (20 ng/mL, R&D Systems) was added for four
days and then replaced with vascular endothelial growth factor
(VEGE) 165 (40 ng/mL, R&D Systems) on Day 4. On Day 6, VEGF
165 was replaced with a combination of stem cell factor (SCE 50
ng/mL, R&D Systems), interleukin (IL)-3 (50 ng/mL, R&D
Systems), thrombopoietin (TPO, 5 ng/mlL, kindly provided by

Kyowa Halcko Kirin), and G-CSF (50 ng/ml, also kindly provided
by Kyowa Hakko Kirin). Thereafter, medium was replaced every
five days.

Dead cell removal and CD45" leukocyte separation

Floating cells were collected, followed by the removal of dead
cells and cellular debris with the Dead Cell Removal kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). CD45" cells were then sep-
arated using human CD45 microbeads (Miltenyi Biotec). Cell sep-
aration procedures were performed using the autoMACS Pro
Separator (Miltenyi Biotec).

Statistical analysis
Statistical analysis was carried out using Student’s t-test. P<0.05
was considered statistically significant.

Resuiis

Generation of IPS cell lines from an SCN patient
with HAXL gene deficiency

To generate patient-derived iPS cell lines, dermal fibrob-
lasts were obtained from a male SCN patient with a
homozygous 256C-to-T transition resulting in an R86X
mutation in the HAX7 gene.” These fibroblasts were
reprogrammed to iPS cells after transduction with retrovi-
ral vectors encoding OCT3/4, SOX2, KLF4 and <MYC,*
and a total of 11 iPS cell clones were obtained. From these,
we randomly selected three clones for propagation and
subsequent analyses. One of these clones (HAX1 4F5) was
generated with four factors (OCT3/4, SOX2, KLF4, and
eMYC); the remaining clones (HAX1 3F3 and 3F5) were
generated with three factors (OCT3/4, SOX2, and KLF4)."”

All of these patient-derived iPS cell clones showed a
characteristic human ES cell-like morphology (Figure 1A),
and they propagated for serial passages in human ES cell
maintenance culture medium. Quantitative PCR analysis
showed the expression of NANOG, a pluripotent marker
gene, to be comparable to that of control ES (KhES-1) and
iPS (253G4 and 201B6) cells (Figure 1B). Surface marker
analysis indicated that they were also positive for SSEA4,
a human ES and iPS cell marker (Figure 1C). DNA
sequencing analysis verified an identical mutation in the
HAX1 gene in all established iPS cell clones (Figure 1D).
The pluripotency of all iPS cell clones was confirmed by
the presence of cell derivatives representing all three germ
layers by teratoma formation after subcutaneous injection
of undifferentiated iPS cells into immunocompromised
NOD/SCID/yc™" mice (Figure 1E).

To validate the authenticity of iPS cells further, we
investigated the expression of the four genes that were
used for iPS cell generation. The expression level of all
endogenous genes was comparable to control ES and iPS
cells. On the other hand, transgene expression was largely
undetectable in patient-derived iPS cell clones (Online
Supplementary Figure S1A). Chromosomal analysis revealed
that all patient-derived iPS cell clones maintained a normal
karyotype (Online Supplementary Figure S1B). Genetic iden-
tity was shown by short tandem repeat analysis (Online
Supylementary Figure S1C).

Taken collectively, these results indicate that iPS cell
clones were comprised of good quality iPS cells derived
from the somatic cells of an SCN patient with HAX1 gene
deficiency (HAX1-iPS cells).
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Miaturation arrest at the progenitor level In neutrophil
differentiation from HAXI-IPS cells

The paucity of mature neutrophils in the peripheral
blood and a maturation arrest at the promyelocyte/myelo-
cyte stage in the bone marrow are characteristic laborato-
ry findings presented in the SCN patients with HAX? gene
deficiency. To investigate whether our patient-derived iPS
cell model accurately replicated this disease phenotype,
we assessed neutrophil differentiation from HAXI-iPS
cells by using a serum- and feeder-free monolayer culture
system'® with minor modifications (Online Supplementary
Figure 52).

Relative expression

In this system, we cultured iPS cell colonies on Matrigel-
coated dishes in serum-free medium supplemented with
several cytokines and obtained hematopoietic cells as
floating cells on approximately Day 26 of differentiation.
May-Giemsa staining of floating live CD45* cells derived
from normal iPS cells showed that approximately 40%
were mature neutrophils (Figure 2A and B). The remaining
cells consisted of immature myeloid cells as well as a small
number of macrophages. Cells of other lineages such as
erythroid or lymphoid cells were not observed. On the
other hand, HAX1-iPS cell-derived blood cells contained
only approximately 10% mature neutrophils and approxi-

NANOG/GAPDH

Kh 253 201 HAX1 HAX1 HAX1 HAX1
ES1T G4 B6 3F3 3F5 4F5 Fibro
¢ (%) SSEA4(+) cells D Mutation:256C>T (R86X)
100 ccms*macxsxrrr
190 M
75 HAX1 3F5 ,
50} |
25
A 253G4
Kh 253 201 HAX1 HAX1 HAX1
ES1 G4 B6 3F3 3F5 4F5
E Endoderm Mesoderm

Figure 1. Generation of iPS cell lines from an SCN patient with HAX1 gene deficiency. (A) Human ES cell-like morphology of HAX1-iPS cells.
Scale bar: 200 pm. (8) NANOG expression in HAX1-iPS cells, control iPS cells (253G4 and 201B86), and patient-derived fibroblasts (HAX1 Fibro)
compated to control ES cells (KhES1). GAPDH was used as an internal control (n = 3; bars represent SDs). (C) SSEA-4 expression analysis using
flow cytometry. Gated on TRA1-85'DAPI cells as viable human iPS (ES) cells (n = 3; bars represent SDs). (D) DNA sequencing analysis of the
HAX1 gene in iPS cells. HAX1-iPS cells showed 256C>T (R86X) mutation that was found in the patient. (E) Teratoma formation from HAX1-
iPS cells in the NOD/SCID/yc™" (NOG) mouse. Arrows indicate the following; Endoderm: respiratory epithelium; Mesoderm: cartilage;
Ectoderm: pigmented epithelium. Scale bars: 200 um. (A, D-E) Representative data (HAX1 3F5) are shown.
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Figure 2. Maturation arrest at the progenitor level in neutrophil differentiation from HAX1-iPS cells. (&) May-Giemsa staining of CD45" cells
derived from normal (253G4) and HAX1-iPS (HAX1 3F5) cells. Scale bars: 10 um. (B) Morphological classification of CD45" cells derived from
iPS cells. Cells were classified into three groups: myeloblast and promyelocyte (MB/ProM), myelocyte and metamyelocyte (Myelo/Meta), and
band and segmented neutrophils (Band/Seg) (n = 3; bars represent SDs). (C) Flow cytometric analysis of CD45" cells derived from iPS cells.
Cells gated on human CD45* DAPI were analyzed (n = 3; bars represent SDs; *P<0.05 compared to control iPS cells). (&) Immunocytochemical
analysis of CD45" cells derived from iPS cells (n = 3; bars represent SDs; *P<0.05 compared to control iPS cells). (E) NE staining of CD45*
cells derived from iPS cells (n = 3; bars represent SDs; *P<0.05 compared to control iPS cells). (F) Colony-forming assay of cells derived from
iPS cells. On Day 16, living adherent cells were collected and cultured in methylcellulose medium (see Online Supplementary Appendix). The
number of colonies generated from 1x10° cells is indicated (n = 3; bars represent SD; *P<0.05 compared to control iPS cells). (A-E) Live
CD45* cells derived from normal and HAX1-iPS cells on Day 26 of neutrophil differentiation were analyzed. Dead cells and CD45 cells were
depleted using an autoMACS Pro separator (see Methods).
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mately 50% immature myeloid cells, including
myeloblasts and promyelocytes (Figure 2A and B). Flow
cytometric analysis revealed that the percentage of CD34
cells within HAX1-iPS cell-derived blood cells was signifi-
cantly higher than in normal iPS cell-derived blood cells
(Figure 2C), which also showed that the percentage of
phenotypically immature myeloid cells was higher in
HAX1-iPS cell-derived blood cells than in normal iPS cell-
derived blood cells.

Immunocytochemical analysis for lactoferrin and gelati-
nase, which are constitutive proteins of neutrophil specific
granules observed in mature neutrophils, showed that the
proportion of these granule-positive cells was significantly
lower in HAX1-iPS cell-derived blood cells than in normal
iPS cell-derived blood cells (Figure 2D). NE is a protease
stored in primary granules of neutrophilic granulocytes
that are formed at the promyelocytic phase of granulocyte
differentiation. ELANE mRNA expression in myeloid pro-
genitors and the protein level of NE in plasma are marked-
ly reduced in SCN patients with mutations in ELANE or
HAX1* Consistent with this, the proportion of NE-posi-
tive cells was significantly lower in blood cells derived
from HAX1-iPS cells than in those derived from normal
iPS cells (Figure 2E). Thus, the level of functionally mature
neutrophils decreased during i vitro granulopoietic differ-
entiation of HAX1-iPS cells.

Next, we analyzed the colony-forming potential of
HAX1-iPS cell-derived myeloprogenitor cells. Significantly
fewer colonies, which were classified as granulocyte-
macrophage (GM) or granulocyte (G) colony-forming
units (CFU), were derived from HAX1-iPS cells than from
control iPS cells. Furthermore, the colonies derived from
HAX1-iPS cells were predominantly CFU-GM (Figure 2F).
Thus, maturation arrest occurred at the clonogenic pro-
genitor stage during in vitro neutrophil differentiation of
HAX1-iPS cells.

SCN is characterized by severe neutropenia with very
low absolute neutrophil counts in peripheral blood, and
many SCN patients respond to G-CSF treatment.” In
colony-forming assays using bone marrow cells of SCN
patients, primitive myeloid progenitor cells have reduced
responsiveness to hematopoietic cytokines including G-
CSE*? Therefore, we next examined the response of
HAX1-iPS cell-derived blood cells to G-CSF using a
colony-forming assay. Although the number of colonies
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derived from HAX1-iPS cells slightly increased following
the addition of G-CSE it remained significantly lower than
the number of colonies derived from control iPS cells in
the absence of G-CSF (Figure 2F). These results indicate
that the responsiveness of HAX1-iPS-derived blood cells
to G-CSF was insufficient to restore the neutrophil count
to a normal level and are consistent with the fact that the
absolute neutrophil counts of SCN patients remain low
following G-CSF therapy.'”

Neutrophils derived from HAXI-IPS cells are predisposed
te undergo apoptosis due fo their reduced Ay,

Previous studies have shown HAX1 to localize to mito-
chondria® and to mediate anti-apoptotic activity.
Interestingly, this apoptotic predisposition of neutrophils
due to their reduced Ay, was observed in HAX1-deficient
patients,” prompting us to examine apoptosis in HAX1-iPS
cell-derived blood cells. Consistent with these reports,
HAX1-iPS cell-derived blood cells showed a significantly
higher percentage of Annexin V-positive cells than in con-
trol cells (Figure 3A). In addition, a mitochondrial mem-
brane potential assay revealed that the percentage of cells
with a low Ay,, was significantly higher in HAX1-iPS cell-
derived blood cells than in blood cells derived from control
iPS cells (Figure 3B). By contrast, the percentage of cells
with a low Ay, was similar in undifferentiated HAX1-iPS
cells and undifferentiated control iPS cells (Online
Supplementary Figure S3).

Thus, increased apoptosis due to reduced Ay, causes
defective granulopoiesis during neutrophil differentiation
from HAX1-iPS cells, similar to the process observed in
SCN patients with HAX1 gene deficiency.

Lentiviral transduction of HAXI cDNA improves
maturation arrest and apoptetic predisposition
of HAXI-IPS cells

Because most HAX1 gene mutations in SCN patients are
nonsense mutations resulting in a premature stop codon
and protein truncation,” loss of the HAX1 protein is
believed to cause severe neutropenia. To uncover the
pathophysiological hallmarks of this disease, we per-
formed lentiviral transduction of HAX71 ¢cDNA into HAX1-
iPS cells.

We constructed lentiviral vectors that expressed HAX1
cDNA and EGFP as a marker gene (pCSII-EF-IEGFP; EGFP

% of cells with low AW,

Figure 3.  Neutrophils
derived from HAX1-iPS cells
are predisposed to undergo
apoptosis due to their
reduced Aym. Annexin V
assay (A) and mitochondrial
membrane potential assay
(B) of iPS cell-derived cells
on Day 26 of neutrophil dif-
ferentiation using flow
cytometry. Cells gated on
human CD45* were ana-
, lyzed (n = 3; bars represent
- SDs; *P<0.05 to control iPS
HAX1 HAX1 cells).
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only, pCSIFEF-HAXI-IEGFP; HAX1 c¢DNA and EGFP)
(Figure 4A). Efficient transduction of HAX1-iPS cells with
these lentiviral vectors (HAX1 3F5+GFP; HAX1 3F5 trans-
duced with pCSII-EF-IEGFE, HAX1 3F5+HAX1; HAX1 3F5
transduced with pCSI-EF-HAX1-IEGFP) was confirmed
by a significant increase in HAX1 protein by Western blot-
ting analysis (Figure 4B).

We then differentiated these lentiviral-transduced iPS
cells into neutrophils, and examined whether defective
granulopoiesis and apoptotic predisposition could be
reversed. Morphologically, cells derived from HAX1
3F5+HAX1 showed a higher proportion of mature neu-
trophils than cells derived from HAX1 3F5+GFP and
HAX1 3F5 (Figure 5A and B). Flow cytometric analysis
revealed that the proportion of CD34" cells was signifi-
cantly lower in the cells derived from HAX1 3F5+HAX1
than HAX1 3F5+GFP and HAX1 3F5 (Figure 5C).
Immunocytochemical analysis for lactoferrin and gelati-
nase showed that the proportion of these granule-positive
cells in generated blood cells was significantly higher in
HAX 3F5+HAX1 than in HAX13F5+GFP and HAX1 3F5
(Figure 5D). These results indicated that HAXY cDNA
increased the number of mature neutrophils in the neu-
trophil differentiation culture from HAX1-iPS cells i# vitro.
In addition, the percentage of NE-positive cells was signif-
icantly higher in cells derived from HAX1 8F5+HAX1 than
in cells derived from HAX1 3F5+GFP and HAX1 3F5
(Figure 5E). Furthermore, the number of colonies derived
from HAX1 3F5+HAX1 was comparable to the number
derived from control cells (Figure 5F).

HAX1 8F5+HAX1-derived blood cells showed a signifi-
cantly lower percentage of Annexin V-positive cells (Figure
6A) and a significantly lower percentage of cells with a
low A, (Figure 6B) than HAX13F5+GFP and HAX1 3F5-
derived blood cells. These results indicated that only
HAX1 ¢DNA transduction improved defective granu-
lopoiesis and apoptotic predisposition due to low Ay, in
the neutrophil differentiation culture from HAX1-iPS cells
in vitro.

Discussion

Animal models and in vitro cultures consisting of cells
derived from patients are often used to investigate disease
pathophysiology and to develop novel therapies.
Unfortunately, Hax1 knock-out mice fail to reproduce
abnormal granulopoiesis as observed in SCN patients.”
Moreover, bone marrow cells are not an ideal experimen-
tal tool because it is difficult to obtain sufficient blood cells
due to the invasiveness of the aspiration procedure.
Moreover, the pathophysiological mechanisms occurring
during early granulopoiesis are difficult to address in pri-
mary patient samples.

Our established culture system efficiently induced
directed hematopoietic differentiation, which consisted of
myeloid cells at different stages of development, from var-
ious control and patient-derived HAX1-iPS cell lines.
Furthermore, this 11 vitro neutrophil differentiation system
produced sufficient myeloid cells, which enabled us to
perform various types of assays. In addition, flow cytom-
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Figure 5. Lentiviral transduction of HAX1 cDNA improves maturation arrest of HAX1-iPS cells. (4) May-Giemsa staining of CD45"* cells derived
from HAX1 3F5+GFP and HAX4 3F5+HAX1 cells. Scale bars: 10 um. (B) Morphological classification of CD45* cells derived from lentivirally-
transduced iPS celis. (n = 3; bars represent SDs). (C) Flow cytometric analysis of CD45" cells derived from lentivirally-transduced iPS cells. Cells
gated on GFP* human CD45* DAPI were analyzed (n = 3; bars represent SDs; *P<0.05). (B} Immunocytochemical analysis of CD45" cells
derived from lentivirally-transduced iPS cells (n = 3; bars represent SDs; *P<0.05). (E) NE staining of CD45* cells derived from Ientivirally-trans-
duced iPS cells (n = 3; bars represent SDs; *P<0.05). (F) Colony-forming assay of lentivirally-transduced cells derived from iPS cells. The num-
ber of colonies derived from 1x10* cells is indicated (n = 3; bars represent SD; *P<0.05 compared to HAX1 3F5 and HAX1 3F5+GFP). (A-E)
Live CD45* cells derived from lentivirally-transduced iPS cells on Day 26 of neutrophil differentiation were analyzed. Dead cells and CD45-
cells were depleted using an autoMACS Pro separator (see Methods).
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