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ABSTRACT

PIG-A is an X-linked gene required for the biosynthesis of glycosylphosphatidylinositol (GPI)
anchors; thus, PIG-A mutant cells have a deficiency or absence of all GPl-anchored proteins
(GPI-APs). Acquired mutations in hematopoietic stem cells result in the disease paroxysmal
nocturnal hemoglobinuria, and hypomorphic germline PIG-A mutations lead to severe develop-
mental abnormalities, seizures, and early death. Human induced pluripotent stem cells (iPSCs)
can differentiate into cell types derived from all three germ layers, providing a novel develop-
mental system for modeling human diseases. Using PIG-A gene targeting and an inducible PIG-A
expression system, we have established, for the first time, a conditional PIG-A knockout model
in human iPSCs that allows for the production of GPI-AP-deficient blood cells. PIG-A-null iPSCs
were unable to generate hematopoietic cells or any cells expressing the CD34 marker and were
defective in generating mesodermal cells expressing KDR/VEGFR2 (kinase insert domain recep-
tor) and CD56 markers. In addition, PIG-A-null iPSCs had a block in embryonic development prior
to mesoderm differentiation that appears to be due to defective signaling through bone
morphogenetic protein 4. However, early inducible PIG-A transgene expression allowed for
the generation of GPI-AP-deficient blood cells. This conditional PIG-A knockout model should
be a valuable tool for studying the importance of GPI-APs in hematopoiesis and human
development. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:819-829

C-terminal GPl-attachment signal peptide, dis-
placing it in a transamidase reaction [13]. The
mature GPI-APs then transit the secretory path-
way to reach its final destination at the plasma
membrane.

Somatic PIG-A mutations arise in hematopoi-
etic stem cells in patients with the human
disease paroxysmal nocturnal hemoglobinuria
(PNH) [14, 15]; however, the impact of germline
PIG-A mutations has led to seemingly contradic-
tory results. Pig-a knockout mice result in low
levels of chimerism in early embryos and are em-
bryonic lethal, suggesting an important role for
GPI-APs in early development [16, 17]. Consis-
tent with this, a Pig-a-null mouse embryonic
stem (ES) cell clone was unable form embryoid
bodies (EBs) efficiently or generate hemato-
poietic cells [18]. Conversely, a similar mouse

INTRODUCTION

Covalent linkage to glycosylphosphatidylinositol
(GPI) is an important means of anchoring many
cell-surface glycoproteins to the cell membrane
[1-3]. GPl-anchored proteins (GPI-APs) function
as complement regulatory proteins, enzymes,
blood group antigens, receptors, and adhesion
molecules. GPI-APs also serve as receptors for
proaerolysin, a pore-forming bacterial toxin se-
creted by Aeromonas hydrophila [4, 5]. The GPI
anchor is synthesized in the endoplasmic reticu-
lum membrane and involves at least 10 reactions
and more than 20 different gene products [3].
The first step in this pathway is the transfer of
N-acetylglucosamine (GIcNAc) from UDP-GIcNAc
to phosphatidylinositol (PI) to yield GIcNAc-PI.
This step is catalyzed by GIcNAc:PI al-6 GIcNAc
transferase, an enzyme whose subunits are en-

coded by seven different genes: PIG-A [6], PIG-C
[7], PIG-H [8], GPI1 [9, 10], PIG-Y [11], PIG-P, and
DPM?2 [12]. GPl anchor assembly continues in
the endoplasmic reticulum with acylation of the
inositol and stepwise addition of mannosyl and
phosphoethanolamine residues. The preas-
sembled GPlI is linked to proteins that contain a

ES cell model, which tested multiple clones,
reported that Pig-a-null ES cells are competent
for hematopoiesis, albeit at a severely reduced
efficiency [17]. It was previously shown that
PIG-A mutant human ES cells made by proaero-
lysin selection form EBs and hematopoietic
cells but do not form trophoblasts [19]. Thus,
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the precise role of PIG-A in development remains unclear.
Interestingly, we recently described a male-specific lethal X-
linked disorder caused by a hypomorphic germline PIG-A mu-
tation, suggesting a dose-dependent phenotype of PIG-A mu-
tants [20]. All three males in this pedigree presented with
intractable seizures and severe developmental abnormalities
and died within 3 months after birth. Hypomorphic mutations
in other genes involved in GPl anchor biosynthesis that lead to
partial GPI-AP deficiency have been reported to have a similar
phenotype of severe developmental abnormalities, seizures,
and early death [21-23].

In order to better understand the consequence of PIG-A
mutations in human development and in hematopoiesis, we
have further analyzed previously described human ES and in-
duced pluripotent stem cell (iPSC) lines that lack PIG-A expres-
sion [19, 24]. Cell lines generated from male H1 human ES cells
by proaerolysin selection lack PIG-A gene expression and any
GPI-APs; however, no genetic mutations in all six exons and
exon/intron junctions of the PIG-A gene were detected after
extensive sequencing of the transcribed region [19]. We now
show that the lack of PIG-A expression in these cells is due to
transcriptional silencing after enforced and brief proaerolysin
selection, and a low level of GPI-AP expression is observed
after extended cell cultures. To generate human cells that
stably and completely lack the PIG-A gene, zinc finger nu-
cleases were engineered to create a PIG-A-null allele via ho-
mologous recombination in hFib2-iPS5 [24]. We found that
PIG-A-null iPSCs have a block in embryonic development prior
to mesoderm differentiation. However, using an inducible
promoter to transiently express a PIG-A transgene and re-
store GPI-APsin the first 10—-14 days, we were able to produce
GPI-AP-deficient blood cells. These findings demonstrate that
GPI-APs are critical for the establishment of embryonic hema-
topoiesis.

MATERIALS AND METHODS

Cell Culture of Human ES Cells and iPSCs

The human iPSC lines hFib2-iPS5, derived from adult male der-
mal fibroblasts, and FPHR (GPI-AP ), which was previously es-
tablished by PIG-A gene knockout in the hFib2-iPS5 cell line using
zinc finger nuclease-mediated homologous recombination, were
used in this study [24]. Human ES cell lines such as H1 and H9 and
an Hl-derived AR-cl clone were also used as previously de-
scribed [19]. All iPSC as well as ES cell lines were maintained on
irradiated mouse embryonic fibroblasts (MEFs; passage 3) in 2 ml
of human ES cell medium containing Dulbecco’s Modified Eagle’s
Medium: Nutrient Mixture F-12 (DMEM/F12) medium (Life Tech-
nologies, Grand Island, NY, http://www.lifetechnologies.com)
supplemented with 20% knockout serum replacement (Life
Technologies), 5 ng/ml basic fibroblast growth factor (R&D Sys-
tems Inc., Minneapolis, MN, http://www.rndsystems.com), 0.1
mM (Minimum Essential Media) nonessential amino acids (Life
Technologies), and 0.1 mM B-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com). The cells were fed
daily and were passaged every 4-7 days. For passaging, cells
were incubated with 1 mg/ml collagenase IV (Life Technologies)
in DMEM/F12 for 5 minutes and replated in a six-well MEF plate
precoated with 0.1% gelatin.

©AlphaMed Press 2013

PIG-A Overexpression in FPHR (PIG-A™", GPI-AP") iPSCs

FPHR cells were transduced with the lentiviral (LV) supernatant
of pLV-PIG-A vector containing the full-length human PIG-A
transgene (iDuet101a/PIG-A) and 8 ug/ml polybrene (Sigma-Al-
drich) as previously described [25]. The transduced cells were
enzymatically passaged and expanded. After 1 week, the cells
were stained with CD59 antibody, and CD59-positive cells were
isolated by cell sorting (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com) and expanded. The level of expression
of CD59 for restoration of the PIG-A gene from FPHR cells was
confirmed by fluorescence-activated cell sorting (FACS), thus es-
tablishing the FPHR-PIG-A (GPI-AP ™) cell line.

Inducible PIG-A Gene Expression System in FPHR
(PIG-A™", GPI-AP") Cells

The inducible PIG-A cell line was prepared as previously de-
scribed [25]. FPHR cells were cotransduced by two LV vectors:
the regulator of pLV-tTR-KRAB (tTS/RFP) containing the tetracy-
cline (tet)-SUPER inducible transgene expression system and the
other of pLV-PIG-A (iDuet101/PIG-A) expressing human PIG-A
cDNA controlled by the human EFla promoter. Once doxycy-
cline (Dox) was added, PIG-A gene expression was turned on
because Dox was binding to a tet transcriptional suppressor (tTS)
to release the blocking of EFla promoter-driven PIG-A expres-
sion. When Dox was absent, PIG-A gene expression was sup-
pressed, thus establishing an inducible PIG-A cell line, FPHR-
Krab-PIG-A (FPHR-KP). FPHR-KP cells were cultured with and
without 50 ng/ml of Dox in human embryonic stem (hES) me-
dium and were collected at a various time points and stained
with an allophycocyanin (APC)-conjugated anti-CD59 (Novus Bi-
ologicals, Littleton, CO, http://www.novusbio.com) for FACS
analysis. After 3 days following Dox treatment, cell-surface CD59
expression was restored.

EB Generation by Force Aggregation

To induce hematopoietic mesoderm differentiation, EBs were
generated via aggregation as previously described [26, 27].
Briefly, 70%—90% confluent human iPSCs (hFib2-iPS5, passages
70-78; both FPHR and FPHR-PIG-A, passages 66—72) were enzy-
matically treated with TrypLE (Life Technologies) or Accutase
(Sigma-Aldrich) and incubated at 37°C for 5 minutes to dissociate
the colonies into a single cell suspension. The cells were washed
and resuspended in serum-free medium (SFM) and then added
to 96-well plates supplemented with 10 ng/ml basic fibroblast
growth factor, 10 ng/ml bone morphogenetic protein 4 (BMP-4),
10 ng/ml vascular endothelial growth factor (VEGF), and 50
ng/ml stem cell factor (SCF) at a density of 3,000—5,000 cells per
well. Next, the cells were aggregated at the bottom of the 96-
well plates by centrifugation at 3,000 rpm for 5 minutes and
placed in a humidified incubator at 37°C with 5% CO,. Every 3
days, the cell medium was changed with 50 ul of fresh SFM
containing cytokines.

Hematopoietic Expansion and Differentiation From EBs

After 10 days of mesoderm induction, EBs were surrounded by
blood cells. At days 10—14, all the cells were collected, and EBs
were dissociated by TrypLE or Accutase into single cells. EB-de-
rived single cells were stained with anti-CD34 and anti-CD45
monoclonal antibodies. The level of CD34 and CD45 expression
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was analyzed by FACS. Next, EB-derived single cells were further
differentiated into myeloid and erythroid cells.

Myeloid Progenitor Induction

EB-derived blood cells were cultured in SFM supplemented with
10 ng/ml Flt3 ligand, 50 mg/ml granulocyte-macrophage colony-
stimulating factor, 10 ng/ml interleukin-3 (IL-3), 50 ng/ml SCF, 3
U/ml erythropoietin (EPO), and 10 ng/ml thrombopoietin for 5
days. Following differentiation and expansion, the cells were
harvested, washed, and stained with anti-human CD45-phyco-
erythrin (PE), CD15-fluorescein isothiocyanate (FITC), and
CD33-PE for FACS analysis.

Erythroid Induction

EB-derived blood cells were cultured in SFM with 10 ng/ml IL-3,
50 ng/ml SCF, and 3 U/ml EPO for 8 days, followed by SFM with
SCF (50 ng/ml) and EPO (3 U/ml) for another 3 days and SFM with
EPO (3 U/ml) only until days 11-20 as previously described [28].
The cultures were maintained at 37°C with 5% CO,. Cells were
harvested and stained with anti-CD45, anti-CD71, and anti-GlyA
(CD235a) antibody for FACS analysis.

Colony-Forming Unit Assay

Blood cells dissociated from day 12—-15 EBs were added to 3 ml of
MethoCult (StemCell Technologies, Vancouver, BC, Canada,
http://www.stemcell.com) at a density of 50,000 cells per tube
and mixed well by vortexing. The cell mixture was dispensed into
36-mm Petri dishes in duplicate and incubated at 37°C with 5% CO,
humidity for 14 days. Counting and characterization of colony-form-
ing units (CFUs) was performed using an inverted microscope.

FACS Analysis

Cells were washed in phosphate-buffered saline (PBS) and resus-
pended in 100 wul of FACS buffer at a concentration of 10° cells
per ml. Before staining, cells were treated with either 5% fetal
bovine serum or 0.5% bovine serum albumin in PBS (blocking
buffer) for 10 minutes. The cells were stained with the appropri-
ate dilution of the antibody and incubated for 30 minutes at 4°C
in the dark. The antibodies used were CD33-PE, CD34-FITC,
CD34-PE, CD45-PE, CD56-PE, CD71-FITC, CD235a (GlyA)-FITC,
CD235a (GlyA)-APC, and CD309-PE (BD Biosciences); CD59 APC
(Novus Biologicals); annexin V-FITC Kit (MASC; Miltenyi Biotec,
Bergisch Gladbach, Germany, http://www.miltenyibiotec.com);
and SSEA-4-PE (R&D Systems). The isotype controls were 1gG1-
FITC, 1gG2a-APC, and IgG1-PE (BD Biosciences). After staining,
cells were washed in PBS and resuspended in FACS buffer. A mini-
mum of 10% events was acquired for each sample using a
FACSCalibur (BD Biosciences). FACS results were analyzed with
Flowlo software (Tree Star, Ashland, OR, http://www.treestar.
com).

Quantitative Polymerase Chain Reaction

Total RNA was isolated from EBs at day 0, 3, or 7 of differentia-
tion using the RNeasy kit (Qiagen, Hilden, Germany, http://www.
giagen.com), followed by cDNA synthesis with SuperScript Ill re-
verse transcriptase following manufacturer’s protocol. Quantitative
polymerase chain reaction (PCR) and data analysis were performed
using SYBR Select reagent (Life Technologies) and the StepOne
Plus Real-Time PCR system (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com). Glyceraldehyde-3-phos-
phate dehydrogenase was used an endogenous control. The
primers were Brachyury (forward, GGATGAAGGCTCCCGTCTC;
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reverse, GCTGTGATCTCCTCGTTCTGATA), MIXL1 (forward, CG-
GCGTCAGAGTGGGAAAT; reverse, GTTCGGGCAGGCAGTTCA),
SOX17 (forward, GCTTTCATGGTGTGGGCTAA,; reverse, CGCCTTC-
CACGACTTGC), FOXA2 (forward, TACAGGCGCAGCTACACG-
CACGCAAAG; reverse, GCGGGGCACCTTCAGGAAACAGTCGT),
PAX6 (forward, CATCTTTGCTTGGGAAATCCG; reverse, GGC-
AGCCATCTTGCGTAGGTT), and Sox1 (forward, GGTCAAACGGC-
CCATGAACGC; reverse, TCCTTCTTGAGCAGCGTCTTGGTCTT).

Western Blot

hFib2-iPS5 and FPHR cells were plated on a six-well plate coated
by Matrigel (BD Biosciences). When cells were at 80%—90% con-
fluence, they were treated with or without 50 ng/ml of BMP-4 for
4 hours. Four hours postinduction, the cells were lysed using
RIPA buffer (Sigma-Aldrich) and centrifuged to collect the super-
natants. Fifteen micrograms of protein from each sample was
loaded in 4%—12% Bis-Tris gel (Invitrogen). A monoclonal anti-
body (Cell Signaling Technology, Beverly, MA, http://www.
cellsignal.com) that specifically recognizes phospho-Smad1
(Ser463/465), Smad5 (Ser463/428), or Smad8 (Ser426/428) was
used to detect the level of phosphorylated sites of Smad1/5/8. A
mouse antibody recognizing the B-actin (Cell Signaling Technol-
ogy) was used for normalization.

Aerolysin Assay

Apoptosis Induction

Cells were incubated with 1 nM aerolysin for 60 minutes at 37°C
as previously described [29]. After incubation, each sample was
washed, centrifuged, and stained with CD59-APC antibody and
annexin V-FITC and propidium iodide for FACS analysis.

Aerolysin Cell Viability Assay

hFib2-iPS5 and FPHR-KP without Dox were exposed to 1 nM
aerolysin at 37°C, diluted (1:1) with 0.4% trypan blue. Viable cells
were counted using an inverted microscope in triplicate at
5-minute intervals.

Further details are given in the supplemental online data.

RESULTS

Epigenetic Silencing of PIG-A Expression in
Proaerolysin-Selected ES Cells

We previously used proaerolysin selection to establish multiple
PIG-A-deficient human ES cell lines such as AR1-c1 [19]. Although
this clone lacks GPI-AP and PIG-A gene expression, we did not
observe a genetic mutation in the PIG-A locus. In addition, a
fraction of cells gradually regained PIG-A expression and GPI-
APs, especially after long-term culture and during the process of
differentiation. This pitfall compromised studies aiming to eluci-
date the importance of GPI-APs in differentiated cells such as
those in the blood system, which require several weeks in culture
to proceed through multiple developmental processes. We hy-
pothesized that this observation was due to inefficient epige-
netic silencing of PIG-A expression over time. Thus, we analyzed
DNA methylation and its relationship to PIG-A/GPI-AP expres-
sion in AR1-c1 cells. After weeks of continuous culture without
selection, we typically observed that 2%—3% of AR1-c1 cells (ge-
netically labeled with GFP) expressed GPI-APs, such as CD55,
CD59, and CD90 (supplemental online Fig. 1A). We next treated
the cells for 2 days with two types of small-molecule epigenetic
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Three days after treatment (day 5), we observed that 28%—36%
of AR1-c1 hES cells expressed GPI-APs (supplemental online
Fig. 1A; supplemental online data). To obtain direct evidence
that the silencing of PIG-A expression is due to DNA methyl-
ation that blocks PIG-A gene transcription, we examined the
DNA methylation status at the PIG-A promoter, which is a
typical TATA-less promoter containing 54 CpG sites within the
586-base pair DNA segment (a CpG island) spanning the tran-
scription start site (supplemental online Figs. 1B, 2). The sta-
tus of DNA methylation in the PIG-A promoter in AR1-c1 and
control cells was examined after genomic DNA was treated
with bisulfite. The results showed that in the AR1-c1 clone,
the CpG island region in the PIG-A promoter was extensively
hypermethylated. However, the CpG island region was un-
methylated in the PIG-A promoter of parent G-GFP hES cells.
In H9 human ES cells (XX), only one allele was methylated, as
expected, because of the X-chromosome inactivation (supple-
mental online Figs. 1C, 3). These data indicate that deficiency
of PIG-A and GPI-APs can result from epigenetic silencing of
the PIG-A gene.

FPHR iPSCs Are Unable to Generate Hematopoietic Cells

In order to continue to study the role of GPI-APs in hematopoi-
etic development, an ES or iPSC model in which the PIG-A gene
has been stably inactivated was required. We focused our efforts
on the FPHR iPSCs, which were derived from the male hFib2-iPS5
iPSC line, in which the only PIG-A allele was genetically inacti-
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Figure 2. FPHR cells are unable to differentiate to hematopoietic
stem cell/progenitors. Embryoid body (EB) generation was per-
formed in hFib2-iPS5, FPHR, and FPHR-PIG-A cells using forced
aggregation. (A): Morphology of the EBs from hFib2-iPS5, FPHR, and
FPHR-PIG-A cells. Blood cells were observed surrounding hFib2-iPS5
(left) and FPHR-PIG-A (right) EBs but not FPHR EBs (middle). Morphology
of the EBs from hFib2-iPS5, FPHR, and FPHR-PIG-A. Scale bars = 200
um. (B): The expression of hematopoietic markers CD34 and CD45 is
shown for hFib2-iPS5 cells (left), FPHR cells (middle), and FPHR-PIG-A
cells (right). (C): Enumeration of CFUs from hFib2-iPS5, FPHR, and FPHR-
PIG-A cells. Error bars represent the SD based on three experiments. No
colonies formed from the FPHR cells; there was no significant difference
in total CFU colonies between hFib2-iPS5 and FPHR-PIG-A (p > .05) cell
types. Abbreviations: APC, allophycocyanin; CFU, colony-forming unit;
CFU-E, colony-forming unit-erythroid; CFU-GM, colony-forming unit-
granulocyte-macrophage; CFU-M, colony-forming unit-macrophage;
iPS, induced pluripotent stem cell; PE, phycoerythrin.

vated by gene targeting [24]. Although FPHR iPSCs lacking PIG-A
and GPI-APs grew normally as undifferentiated cells, they failed
to form teratomas in vivo and performed poorly when differen-
tiating into trophoblasts in vitro [24].

To determine whether the observed effects were due to
PIG-A deficiency, we established an iPSC line reconstituted with
PIG-A transgene expression by transduction with a lentiviral vec-
tor containing the full-length PIG-A cDNA (FPHR-PIG-A; Fig. 1A).
As expected, cell-surface expression of GPI-APs such as CD59 was
present in the parental hFib2-iPS5 cells but absent in FPHR and
then was restored in FPHR-PIG-A cells (Fig. 1B). We next exam-
ined the potential of hFib2-iPS5, FPHR, and FPHR-PIG-A iPSC lines

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. Time course of early mesodermal markers and hematopoietic stem cell markers during EB differentiation on days 3, 7, and 10. The
expression of CD56, KDR/VEGFR2, and CD34 was analyzed in hFib2-iPS5 (O, solid line), FPHR (A, solid line), and FPHR-PIG-A ( ¢, dashed line).
Error bars represent the SD based on six experiments. (A): CD56 expression was significantly increased in hFib2-iPS5 and FPHR-PIG-A but not
in FPHR cells during EB differentiation at days 3 and 7. (B): KDR/VEGFR2 expression was significantly elevated in hFib2-iPS5 and FPHR-PIG-A
compared with FPHR cells in day 3 and 7 EBs. (C): CD34 expression was significantly increased at day 7 and highly significantly increased for day
10 EBs in hFib2-iPS5 and FPHR-PIG-A cells compared with FPHR cells. *, p < .05; **, p < .01. Abbreviations: EB, embryoid body; iPS, induced

pluripotent stem cell.

to form EBs and generate hematopoietic cells. We found that
hFib2-iPS5 and FPHR-PIG-A cells, but not FPHR cells, formed
morphologically normal EBs with evidence of blood cells sur-
rounding the EBs after 12—15 days in culture (Fig. 2A). Blood
cell formation was confirmed in hFib2-iPS5 and FPHR-PIG-A
cells by analysis of cells derived from day 15 EBs for the ex-
pression of hematopoietic cell-surface proteins (CD34 and
CDA45; Fig. 2B) and for the ability to generate hematopoietic
colonies (Fig. 2C). FPHR cells did not express CD59, CD34,
or CDA45 (Fig. 2B) and were unable to generate hematopoietic
colonies (Fig. 2C). Taken together, these data suggest that
GPI-APs are critical for the formation of normal EBs and for
primitive hematopoiesis.

GPI-APs Are Required for the Development of
Mesoderm

Hematopoiesis is believed to be derived from mesodermal pro-
genitors known as hemangioblasts that express KDR/VEGFR2
(also known as VEGF receptor 2 or Flk1 in mice) [30]. A recent
paper suggested that CD56 ™ cells represent the earliest multipo-
tent mesodermal progenitors during the early stages of differen-
tiation from human ES cells predating the KDR/VEGFR2*/CD34™
hemangioblast [31]. Therefore, we hypothesized that FPHR
cells may be unable to express KDR/VEGFR2 and/or CD56, in
addition to CD34 markers. To test this hypothesis, we induced
mesodermal differentiation of the hFib2-iPS5, FPHR, and
FPHR-PIG-A cells and assessed cell-surface expression of
CD56, KDR/VEGFR2, and CD34 on days 0, 3, 7, and 10 during
the process of EB formation and differentiation (Fig. 3; sup-
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plemental online Fig. 4). Surface expression of CD56 and KDR/
VEGFR2 was virtually absent from the day 3 EBs derived from
the FPHR cells compared with hFib2-iPS5 and FPHR-PIG-A
cells, although by day 7 some expression was detected (Fig. 3;
supplemental online Fig. 4). CD34 expression remained ab-
sent in FPHR cells throughout mesoderm differentiation com-
pared with hFib2-iPS5 and FPHR-PIG-A cells.

To better understand the influence of the loss of PIG-A in
early development, we differentiated the iPSC lines via EBs and
performed quantitative reverse transcription (RT)-PCR to mea-
sure lineage markers of mesoderm (BRACHYURY and MIXL1),
endoderm (FOXA2 and SOX17), and ectoderm (PAX6 and SOX1)
on days 0, 3, and 7 of differentiation. Expression of mesoderm
and endoderm markers failed to elevate in the FPHR cells during
EB differentiation; however, ectodermal markers were in-
creased in the FPHR cells (Fig. 4A). Furthermore, the number of
cells per EB derived from FPHR cells was 2.9 = 0.8-fold less at
day 7 than the number of cells per EB derived from the hFib2-
iPS5 cells. Thus, the increase in ectoderm differentiation ap-
pears to result from a loss of mesoendodermal differentiation
and subsequent cell death, rather than anincrease in ectoder-
mal cells. The defect appears to be specific, since failure to
express markers of early mesoderm/endoderm and the accel-
eration of ectodermal markers in the FPHR cells was fully re-
stored in FPHR-PIG-A cells.

The BMP and activin signaling pathways are required for me-
soderm commitment of ES cells and subsequent hematopoiesis
[32—-34]. Moreover, GPI-APs such as repulsive guidance mole-
cules (RGMs), specifically RGMa and RGMb (DRAGON), are
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Figure 4. Influence of PIG-A mutations in early development. (A): Relative expression of germ layer markers by quantitative reverse

transcription-polymerase chain reaction. By day 3 of differentiation, embryoid bodies (EBs) of both hFib2-iPS5 and FPHR-PIG-A cells showed
upregulation of early mesodermal markers BRACHYURY and MIXL1 compared with FPHR cells. Endodermal markers FOXA2 and SOX17 were
similarly upregulated at days 3 and 7 in both hFib2-iPS5 and FPHR-PIG-A compared with FPHR cells. Conversely, ectodermal markers PAX6 and
SOX1 remained repressed throughout differentiation in both hFib2-iPS5 and FPHR-PIG-A cells but were upregulated in FPHR cells. (B):
Western blot analysis for BMP signaling activation of hFib2-iPS5 and FPHR cells. All cells were treated with/without BMP-4. After 6 hours of
BMP-4 induction, phosphorylated Smad 1/5/8 (60 kDa) was detected using specific phosphorylated Smad 1/5/8 antibody, and phosphory-
lated Smad 1/5/8 was significantly induced in hFib2-iPS5 cells but not FPHR cells. B-Actin was used as endogenous control. (C): Quantitative
analysis of the intensity of fold change in hFib2-iPS5 and FPHR cells. The expression of phosphorylated Smad 1/5/8 was not detected in FPHR
cells without BMP-4 and slightly increased in FPHR but significantly lower than hFib2-iPS5 cells after BMP-4 induction. *, p < .05. Abbrevia-
tions: BMP, bone morphogenetic protein; iPS, induced pluripotent stem cell.
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tetracycline transcriptional suppressor/RFP (regulator). For doxycycline induction, FPHR-KP cells were cultured in human embryonic stem cell
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EB generation, the cells sorted were cultured either with or without doxycycline. (A): After 14 days of EB formation, blood cells appeared, and
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EBs. Plots are shown for CD45-FITC/CD59APC, CD33PE/CD59APC, CD15-FITC/CD59APC, and GlyA-FITC/CD59APC in hFib2-iPS5 (top) and
FPHR-KP (bottom). (D): Quantitative CFU frequency from hFib2-iPS5 and FPHR-KP cells. Error bars represent SD based on three experiments.
There was no significant difference in total CFU colonies between hFib2-iPS5 and FPHR-KP (p > .05), but the number of CFU-GM colonies in
hFib2-iPS5 was significantly higher than in FPHR-KP (p < .05). Abbreviations: APC, allophycocyanin; CFU, colony-forming unit; CFU-E, colony-
forming unit-erythroid; CFU-GM, colony-forming unit-granulocyte-macrophage; CFU-M, colony-forming unit-macrophage; DOX, doxycycline;
FITC, fluorescein isothiocyanate; iPS, induced pluripotent stem cell; PE, phycoerythrin; RFP, red fluorescent probe; W, with; WO, without.

o

known coreceptors (type IlI, in addition to essential type | and Il
receptors) that are important for BMP/activin signaling [35, 36].
Thus, we hypothesized that BMP-4 signaling may be attenu-
ated in the FPHR cells lacking all the GPI-APs. We measured
the level of phosphorylated Smads (forms 1/5/8) specific to
BMP signaling as an indicator of activation by BMP-4 treat-
ment. Indeed, the phosphorylated forms of Smad 1/5/8 were

www.StemCellsTM.com

not detected in FPHR in the absence of BMP-4; however,
BMP-4 treatment markedly increased the level of phosphory-
lated forms of Smad 1/5/8 in hFib2-iPS5 compared with FPHR
cells (Fig. 4B, 4C). These data suggest that a defect in BMP-4
signaling in the PIG-A-null FPHR cells may explain the defect in
early development including mesodermal and subsequent he-
matopoietic differentiation.
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Figure6. Glycosylphosphatidylinositol-anchored protein (GPI-AP)-deficient blood cells derived from FPHR-KP cells are resistant to proaerolysin. (A):
Blood cells derived from parental hFib2-iPS5 or FPHR-KP embryoid bodies (EBs) following withdrawal of doxycycline (GPI-AP~) were exposed to 1 nM
AE for up to 50 minutes, and viable cells were counted in triplicate using an inverted microscope. After AE treatment, cell viability in hFib2-iPS5 cells
(A) was significantly decreased with time compared with FPHR-KP (O) cells. (B): Following AE treatment, the cells were treated with annexin
V-fluorescein isothiocyanate/phosphatidylinositol and analyzed by flow cytometry, which revealed CD59™ cells from hFib2-iPS5 undergoing apo-
ptosis (top right) and CD59 cells of FPHR-KP, which were resistant to apoptosis (bottom right). (C): Representative CFU colonies derived from
hFib2-iPS5 and FPHR-KP cells. The cells derived from hFib2-iPS5 EBs and FPHR-KP EBs were cultured in MethoCult methylcellulose medium (StemCell
Technologies) with or without proaerolysin. After 14 days, CFUs were counted, and there were no proaerolysin-resistant CFUs in hFib2-iPS5 cells.
However, proaerolysin-resistant CFU colonies were observed from FPHR-KP cells. Furthermore, there was no significant difference with or without
AE in FPHR-KP cell-derived CFU colonies (p > .05). *, p <.05; **, p << .01. Abbreviations: AE, proaerolysin; APC, allophycocyanin; CFU, colony-forming
unit; iPS, induced pluripotent stem cell.

Generation of GPI-AP-Deficient Blood From FPHR-KP We next removed Dox from the culture medium of blood
iPSCs cells derived from the day 15 FPHR-KP EBs and cultured them
in medium supplemented with either myeloid or erythroid
inducing cytokines in order to generate or expand more ma-
ture GPI anchor-deficient blood cells. After 5 days of culture,
we stained the differentiated hematopoietic cells with mono-
clonal antibodies against CD59, CD45, CD33, CD15, and glyco-
phorin-A. FPHR-KP-derived hematopoietic cells were able to
differentiate into both myeloid and erythroid lineages that
were CD59-deficient (Fig. 5C). Next, blood cells derived from
the FPHR-KP cells were cultured in methylcellulose supple-
mented with colony-stimulating factors for 14 days and
scored for CFU. The FPHR-KP-derived cells were able to gen-
erate comparable numbers of CFU as blood cells derived from
hFib2-iPS5 cell line (Fig. 5D).

One objective in generating PIG-A knockout iPSCs is to estab-
lish a novel disease model of PNH that will provide a renew-
able source of GPI-AP-deficient blood cells. In order to over-
come hurdles of generating mesodermal progenitor cells
prior to hematopoiesis, we made use of a previously de-
scribed inducible PIG-A expression system [20, 32]. We hy-
pothesized that transient or conditional expression of PIG-A
during early embryogenesis would allow for the formation of
GPI-APs and healthy blood-forming EBs. To test this hypothe-
sis, we transduced the FPHR cells with our previously de-
scribed Dox-inducible PIG-A expression system to establish
the FPHR-KP cell line (supplemental online Fig. 5A). FPHR-KP
cells express the red fluorescent probe (RFP) and only in the
presence of Dox express PIG-A transgene. FPHR-KP cells in
Dox-containing medium begin to show cell-surface expression ~ GPI-AP-Negative Blood Cells Derived From FPHR-KP

of the GPI-AP CD59 within 3 days (data not shown). We next iPSCs Are Resistant to Proaerolysin

used FACS sorting to collect RFP"/CD59~ and RFP*/CD59* A hallmark of PNH blood cells is that they are resistant to the

undifferentiated FPHR-KP cells, cultured them in differentia- bacterial channel-forming toxin proaerolysin [5, 29, 37].
tion-inducing medium without or with Dox for up to 14 days, Proaerolysin uses GPI-AP as its receptor. After binding, the
and counted the percentage of EBs with blood cells in 96-well ~ toxin oligomerizes and disrupts the membrane by forming

plates (Fig. 5A, 5B). The RFP"/CD59~ without Dox formed channels that lead to either apoptosis or lysis of the cell de-
abnormal EBs and did not generate blood cells. Less than 5%  pending upon the cell type and the concentration of proaero-
of the RFP*/CD59™" cells formed EBs with blood cells in the lysin. As anticipated, GPI-AP-deficient blood cells derived
absence of Dox; however, in the presence of Dox for 14 days, from FPHR-KP cells were resistant to proaerolysin (Fig. 6A,
50% of FPHR-KP cells made morphologically normal EBs with 6B). In addition, no CFU formed when hFib2-iPS5-derived blood
blood cells. These data suggest that GPI-AP expression for up cells were plated in methylcellulose supplemented with growth fac-
to 14 days is sufficient for the formation of normal EBs. tors and 1 nM proaerolysin (Fig. 6C). In contrast, there was less than
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Figure 7. Model of GPI-AP function during embryonic stem (ES)/iPS cell differentiation. (A): In the presence of GPI-APs, ES/iPS cells can form
embryoid bodies and then be induced to differentiate into the three germ layers (mesoderm, endoderm, and ectoderm). In the presence of
BMP-4, cells are induced toward the mesoderm and endoderm lineages, whereas induction toward the ectoderm lineage is blocked. In the
presence of additional cytokines, mesodermal cells can be further differentiated into hematopoietic cells. (B): In the absence of GPI-APs,
ES/iPS cells can form embryoid bodies (though abnormal). However, they are unable to be induced to differentiate into either mesoderm or
endoderm, likely because of a decrease in BMP-4 signaling activation. Abbreviations: BMP, bone morphogenetic protein; GPI-AP, glycosyl-
phosphatidylinositol-anchored protein; iPS, induced pluripotent stem cell.

a50% reduction in the number of CFU that form after 14 days when
FPHR-KP-derived blood cells were plated in similar conditions.
These data confirm that the majority of the colony-forming cells
from the FPHR-KP-derived blood (in the absence of Dox) were GPI-
AP-deficient. The fact that 100% of the colony-forming cells derived
from the FPHR-KP-derived blood cells were not proaerolysin-resis-
tant demonstrates that a minority of blood cells retain GPI-AP ex-
pression following Dox withdrawal from the culture medium.

DIScusSION

Using PIG-A gene targeting in human iPSCs and an inducible
PIG-A expression system, we have established a conditional
PIG-A knockout model that allows for the production of GPI-AP-
deficient human blood cells. These studies show that PIG-A-null
human iPSCs are unable to form hematopoietic cells. The ini-
tial block appears to be at the generation of mesodermal pro-
genitors that express CD56, predating the deficiency of pre-
cursor cells expressing KDR/VEGFR2 and CD34 (Fig. 7). As
result, hematopoiesis did not occur, consistent with results in
the murine system using mouse ES cells defective in Flk1 (the
mouse equivalent of KDR/VEGFR2) [38]. However, transient
expression of GPI-APs during hematopoietic differentiation
allowed us to generate GPI-AP-deficient blood cells in multi-
ple hematopoietic lineages.

Complete GPI-AP deficiency in Pig-a~/~ mice leads to neu-
rodevelopmental defects and embryonic lethality before the 9th
day of gestation [39]. Female embryos in which one Pig-a allele
was disrupted by Cre such that only half of the cells in the embryo
proper did not express GPI-APs because of random X-inactiva-
tion developed until 19 days post coitum but showed abnormal
phenotypes such as insufficient closure of neural tube and cleft
palate [39]. The PIG-A knockout human iPSCs used in our study
also demonstrated complete GPI-AP deficiency, formed EBs
poorly by a standard suspension culture method, and were un-
able to generate hematopoietic cells. Interestingly, we previ-
ously reported that PIG-A-deficient human ES cells that were
generated based on resistance to proaerolysin killing are able to
generate normal EBs that can differentiate into the three embry-

/
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onic germ layers without overt defects at early stages of ES cell
differentiation [19]. The AR1-c1 hES cells failed to form tropho-
blasts after induction by EB formation or by adding exogenous
BMP-4 onto monolayer cultures [19]. These seemingly discordant
results are likely a consequence of different methodologies used to
generate PIG-A-deficient cells and incomplete activation of PIG-A in
the AR1-c1 hES cells we previously used [19]. In that study, we used
proaerolysin selection to establish the PIG-A-deficient ES cells.
Although the proaerolysin-resistant human ES cells lacked GPI-AP
and PIG-A expression, we did not observe a genetic mutation in the
PIG-A locus. In the current study, we provide further direct evidence
that silencing of PIG-A expression and lack of GPI-APs are due to
promoter DNA methylation. These data raise the possibility that
PNH could arise from epigenetic silencing of PIG-A, since the diag-
nosis is based on phenotype rather than genotype in most
instances. Epigenetic silencing caused by mutations in the promoter
region of PIG-M leading to GPI-AP deficiency is well described; fur-
thermore, re-expression of the GPI-APs occurs in these patients fol-
lowing treatment with sodium butyrate [40]. Epigenetic silencing of
genes involved in GPl anchor biosynthesis has also been reported in
Burkitt lymphoma cells [41].

Although the PIG-A-deficient AR1-c1 human ES cells were the
best available at the time for us to investigate the role of GPI-APs
in early human development, the epigenetic silencing of the
PIG-A gene is a drawback since a fraction of cells gradually re-
gained PIG-A expression and GPI-APs, especially after long-term
culture required for expansion or differentiation. Therefore, we
generated the PIG-A-null FPHR iPSCs by homologous recombina-
tion, which is similar to the Pig-a-null mouse ES cells established
by Dunn et al. [18], using gene targeting to introduce null muta-
tions. Similar to mouse Pig-a-null ES cells, the FPHR iPSCs that
have a defective PIG-A gene could not readily form EBs via forced
aggregation. Although the cells aggregated and formed cell
spheres, they were abnormal and did not form hematopoietic
cells surrounding the main EBs. Further analysis indicated that
CD34 cells were completely lacking, as were precursor cells ex-
pressing KDR/VEGFR2 and CD56 at earlier stages. RT-PCR analy-
sis revealed that markers of mesoderm and endoderm failed to
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elevate in the FPHR cells during EB differentiation; however, ex-
pression of ectodermal markers was increased. Since the relative
number of cells in the FPHR EBs decreased by day 7, our data
suggest that the increase in ectodermal markers is secondary to
lack of mesoendodermal differentiation. Moreover, the PIG-A-
null cells (FPHR) demonstrated reduced signaling through
BMP-4. Taken together, these data suggest that one or more
GPI-APs, likely RGMa and/or RGMb, are required for early devel-
opment leading to blood formation and that temporary restora-
tion of PIG-A expression (and subsequent GPI-APs) is sufficient to
overcome this defect. BMP-4 signaling is required for mesoderm
formation, and BMP-4 knockout in transgenic mice leads to embry-
onic lethality between days 6.5 and 9.5, which corresponds to the
early developmental block we observe in the FPHR cells [32]. The
observed ectodermal differentiation in the PIG-A-null iPSC s likely a
consequence of reduced or delayed differentiation toward other
germline lineages. It is believed that differentiation into neuronal
cellsis a default fate of ES cells under the inhibitory control (or in the
absence) of mesoderm- and/or endoderm-inducing factors such as
BMP-4 [42]. Our results also show that hematopoietic growth and
differentiation beyond the level of the EB stage is not dependent
upon GPI-APs. Transient expression of GPI-APs for just 14 days en-
abled the cells to form EBs and to terminally differentiate into GPI-
AP-deficient myeloid and erythroid cells.

CONCLUSION

The iPSC lines established here should serve as a valuable model for
studying inherited and acquired GPI-AP deficiency. The human dis-
ease PNH is caused by somatic PIG-A mutations occurring in hema-
topoietic stem cells. PNH is a clonal hematopoietic disorder, and the
mechanism(s) whereby the PNH cells achieve clonal dominance are
still unclear. It has been hypothesized that immune selection of
the PNH clone and/or secondary mutations are required to achieve
clonal dominance [43—-46]. We did not find that the PIG-A-null blood
cells generated from human iPSCs (hFib2-iPS5) had an intrinsic
growth advantage over the wild-type PIG-A iPSCs. These findings
are in agreement with conditional Pig-a knockout studies per-
formed in mice [47, 48]. In the future, PNH patient-specific iPSCs
transduced with an inducible PIG-A gene could be used to more
directly test these and other hypotheses.

Human PIG-A-null iPSCs may also be useful for studying the
developmental pathways that are perturbed in inherited GPI-AP
deficiency. Germline hypomorphic mutations leading to reduced
GPI-AP expression have been described for PIG-A and five other
genes involved in GPI anchor biosynthesis: PIG-M [21], PIG-V
[22], PIG-O [49], PIG-L [50], and PIG-N [23]. These patients all
have similar phenotypes characterized by multiple developmen-
tal abnormalities, facial dysmorphism, severe neurologic dis-
ease, seizures, and early death. Interestingly, none of these pa-
tients had significant hematopoietic defects, suggesting that
partial GPI-AP deficiency is sufficient for blood formation but not
sufficient normal neurologic development. Modeling these mu-
tations in PIG-A mutant human iPSCs should provide insight into
the developmental abnormalities and signaling pathways that
are affected by GPI anchor deficiency.
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