Platelets and Blood Cells

Wiskott-Aldrich syndrome iPS cells produce megakaryocytes with
defects in cytoskeletal rearrangement and proplatelet formation
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Summary

Wiskott-Aldrich syndrome (WAS) is an X-linked recessive disorder
characterised by microthrombocytopenia, complex immunodeficiency,
autoimmunity, and haematologic malignancies. It is caused by mu-
tations in the gene encoding WAS protein (WASP), a regulator of actin
cytoskeleton and chromatin structure in various blood cell lineages.
The molecular mechanisms underlying microthrombocytopenia
caused by WASP mutations remain elusive. Murine models of WASP
deficiency exhibited only mild thrombocytopenia with normal-sized
platelets. Here we report on the successful generation of induced
pluripotent stem cell (iPSC) lines from two patients with different mu-
tations in WASP (c.1507T>A and c¢.55C>T). When differentiated into
early CD34* haematopoietic and megakaryocyte progenitors, the
WAS-iPSC lines were indistinguishable from the wild-type iPSCs. How-
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Introduction

The discovery of induced pluripotent stem cell (iPSC) technology
in 2006 (1) has revolutionised the field of regenerative medicine. It
provides potentially unlimited sources for generating disease-rel-
evant cell types for autologous cell therapy and efficient methods
for studying disease processes. While transgenic mouse models
have been invaluable tools for the study of genetic disorders in hu-
mans, studies in mice have significant limitations including bio-
logical differences between humans and mice. Recent reports have
demonstrated that cells differentiated from iPSCs derived from
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ever, all WAS-iPSC lines exhibited defects in platelet production in
vitro. WAS-iPSCs produced platelets with more irregular shapes and
smaller sizes. Immunofluorescence and electron micrograph showed
defects in cytoskeletal rearrangement, F-actin distribution, and propla-
telet formation. Proplatelet defects were more pronounced when
using culture systems with stromal feeders comparing to feeder-free
culture condition. Overexpression of WASP in the WAS-iPSCs using a
lentiviral vector improved proplatelet structures and increased the
platelet size. Our findings substantiate the use of iPSC technology to
elucidate the disease mechanisms of WAS in thrombopoiesis.
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patients with genetic diseases (2-4), exhibit abnormal phenotypes
in vitro. These cellular models have been developed and therefore
become new tools for conducting rapid high-throughput drug
screening, developing effective gene targeting strategies, and ad-
dressing the species-specific features (5, 6).

Wiskott-Aldrich syndrome (WAS; MIM 301000) is an X-linked
recessive disorder with a wide spectrum of clinical phenotypes.
While the milder form, X-linked thrombocytopenia (XLT; MIM
313900) has thrombocytopenia with absent or minor infections
and eczema, the most severe form, classic WAS exhibits micro-
thrombocytopenia, complex immunodeficiency, as well as an in-
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creased risk in developing autoimmune disorders and hematologic
malignancies (7). Patients with severe WAS mostly die at a young
age. WAS is caused by mutations in the gene encoding WAS pro-
tein (WASP). The WASP is expressed in all haematopoietic lin-
eages. While its exact functions remain unclear, evidence suggests
that it participates in the re-organisation of actin cytoskeleton of
haematopoietic and immune cells in response to extra-cellular sti-
muli (8, 9). In addition, expression of WASP could confer selective
advantage for specific haematopoietic cell populations (8). Re-
cently, it has been shown that WASP also acts in the nucleus to
regulate epigenetic status of genes involved in T-cell differentiation
(10). Gain-of-function mutations in the WASP gene produce a dis-
tinct clinical phenotype of neutropenia and myelodysplasia in the
absence of thrombocytopenia and T-cell immune deficiency (11,
12).

In contrast to human phenotypes, murine models of WASP
deficiency exhibited only mild thrombocytopenia with normal-
sized platelets (13). In addition, they did not develop eczema, ab-
normal bleeding or haematopoietic malignancies. The bone mar-
row of WASP deficient mice showed more megakaryocytes with
ectopic and premature proplatelet formation (14) suggesting the
possibility of ineffective platelet production as the pathomechan-
ism of thrombocytopenia. However, studies in humans provided
mixed results. While some studies showed that mutations in the
WASP gene resulted in defects of megakaryocyte generation and
differentiation (15), others demonstrated that megakaryocytes
from WAS patients could mature and form proplatelet normally
(16). In addition, the number of megakaryocytes in the bone mar-
row of WAS patients was usually found to be normal.

A number of protocols for generating haematopoietic progeni-
tors, and most mature haematopoietic cell types have been re-
ported (17-19). In 2008 Takayama et al. developed a method for
differentiating pluripotent stem cells into functional platelets (20,
21). Platelets derived from human embryonic stem cells (ESCs)
and iPSCs were capable of promoting clot formation when trans-
fused into an animal model (20, 22). Unlike adult haematopoietic
stem cells (HSCs), iPSCs can be easily genetically manipulated and
clonally expanded; thus provide a new opportunity for studying
the role of various genes in platelet biogenesis (23).

In this study, we reported on the generation of patient-specific
iPSCs from fibroblasts obtained from two unrelated WAS patients.
Using in vitro differentiation system, we demonstrated that WAS-
iPSCs could produce megakaryocytes and platelets with WAS phe-
notypes.

Materials and methods
Generation of iPSCs

Dermal fibroblasts from two previously reported WAS patients
(24, 25) and two unrelated normal individuals were obtained from
skin biopsies. Studies using human cells were approved by the in-
stitutional review board of the Faculty of Medicine of Chulalong-
korn University and were conducted in accordance with the Dec-
laration of Helsinki.
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ReV-iPSCs were generated using the following methods. A total
of 6x10° GP-293 cells were transfected with 13 pg of each retrovi-
ral vector (Addgene, Cambridge, MA, USA), pMIG-OCT4 (clone
17225), pMIG-SOX2 (clone 17226), pMIG-KLF4 (clone 17227),
pMXS-cMYC (clone 13375), and 5 pg of pVSV-G (Clontech, Palo
Alto, CA, USA) using X-tremeGENE HP DNA Transfection
Reagent (Roche, Indianapolis, IN, USA). At 48 hours (h) after
transfection, the media were collected and filtered through a
0.45-um pore size filter. Virus-containing supernatants were cen-
trifuged at 25,000 rpm for 90 minutes (min). Viral pellets were re-
suspended with Opti-MEM (Invitrogen, Carlsbad, CA, USA).
Human fibroblasts were transduced with the OKSM retrovirus
cocktail supplemented with 6 pug/ml polybrene. Five days after
transduction, transduced fibroblasts were seeded onto mitotically
inactivated human foreskin fibroblasts and cultured with iPS
media until an emerging of iPS colonies.

SeV-iPSCs were generated by using temperature sensitive Sen-
dai virus (SeV) vectors (TS7) encoding Oct-3/4, Sox2, Klf4 and
c-Myc (a gift from DNAVEC, Japan). The reprogramming pro-
cedure was performed as previously described (26-28).

Chula2, a human embryonic stem cell (hESC) line (29), was
used as a control.

To generate lentiviral vectors expressing WASP, the WASP
coding sequence was cloned into the pLenti6.3/TO/V5-DEST (In-
vitrogen) using LR Clonase® II (Invitrogen). 293FT cells were
transfected with 5 ug of each pLenti6.3/TO/WASP, pLP1, pLP2
and pVSV-G (Invitrogen) using X-tremeGENE HP DNA Trans-
fection Reagent (Roche). Two days after transfection, the media
were collected and filtered through a 0.45-um pore size filter.
Virus-containing supernatants were centrifuged at 25,000 rpm for
90 min. Viral pellets were resuspended with Opti-MEM (Invit-
rogen). Haematopoietic progenitor cells from ES-sacs on day 14
were transduced with lentiviruses supplemented with 6 pg/ml
polybrene. At 24 h after transduction, cells were reseeded onto mi-
totically inactivated OP9 feeder cells and cultured in the megaka-
ryocyte differentiation medium.

Immunofluorescence staining

Human iPSCs were fixed with 4% formaldehyde for 15 min at
room temperature and then permeabilised with 1XPBS supple-
mented with 0.3% Triton X-100 for 15 min. Human iPSCs were
then blocked in blocking solution (10% goat serum and 0.3 % Tri-
ton X-100 in PBS) for 30 min at room temperature and stained
with primary antibodies, Oct4, Nanog, Tra-1-60, Tra-1-181
(StemLite™Pluripotency IF kit, Cell Signaling, Danvers, MA,
USA) at 4°C overnight. Cells were stained with the Alexa Fluor
conjugated secondary antibody (Molecular Probes, Invitrogen) for
1 h. For Sendai virus detection, anti-Sendai virus (PD029, Medical
& Biological Laboratories Co., Ltd., Sendai, Japan) was used as a
primary antibody.

For platelet staining, platelet-containing supernatant contain-
ing 1 uM prostaglandin El was centrifuged at 2,000 rpm. Platelet
pellet was resuspended and smeared onto the poly-I-lysine coated
cover slide and dried. For proplatelet staining, iPSC-derived mega-

© Schattauer 2015



Ingrungruanglert, Amarinthnukrowh et al. Modelling platelet defects using WAS-iPSCs

karyocytes on day 21 of culture were reseeded onto coverslips
coated with matrigel and cultured for 24 h. Then, slides were fixed
with 4% formaldehyde for 15 min at room temperature and then
permeabilised with 1XPBS supplemented with 0.3 % Triton X-100
for 15 min. Proplatelets and platelets were then blocked in the
blocking solution for 30 min at room temperature and stained
with anti-a-tubulin (Abcam, Cambridge, MA, USA) and phalloi-
din-FITC (Molecular Probes, Invitrogen). For WASP overex-
pression experiment, proplatelets were stained with anti-WASP
(Abcam) and phalloidin-FITC, and platelets were stained with
anti-WASP (Abcam) and anti-a-tubulin (Abcam). For F-actin
staining, iPSC-derived megakaryocytes on day 24 of culture were
re-plated onto coverslips coated with collagen type I and cultured
for 2 h. Then, cells were fixed, permeabilised and blocked. Cells
were subsequently stained with anti CD42b-PE (BioLegend, San
Diego, CA, USA) and phalloidin-FITC. One pg/ml DAPI (Molec-
ular Probes, Invitrogen) was used for nuclear staining. All fluor-
escence images were obtained by using Axio Observer fluor-
escence microscope (Carl Zeiss, Jena, Germany). The shortest di-
ameter of tubulin-stained discoid-shaped platelets was measured
by using AxioVision Rel 4.8 (Carl Zeiss).

Reverse transcription-polymerase chain reaction
(RT-PCR) and real-time PCR

Total RNA was extracted by using TRI reagent (Molecular Re-
search Center, Cincinnati, OH, USA). Isolated RNA was reverse
transcribed with RevertAid™ H Minus M-MuLV (Fermentas, Glen
Burnie, MD, USA). Real-time PCR assay was performed by using
Maxima SYBR Green/ROX qPCR Master Mix (2X) (Fermentas)
on ABI 7500 Fast Real-Time PCR System.

Western blot for WASP expression

Forty g of total protein lysates were mixed with 6X loading dye,
Laemmli sample buffer, boiled at 95°C for 5 min, and loaded onto
10% sodium dodecylsulfate polyacrylamide gel. A mouse anti-
WASP monoclonal antibody raised against a recombinant protein
corresponding to the N-terminal region of human WASP (B-9;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and a goat anti-
mouse IgG2a-HRP (sc-2005; Santa Cruz Biotechnology) were
used as primary and secondary antibodies, respectively. GAPDH
was used as a control for protein loading.

Colony forming cell (CFC) assay

All haematopoietic progenitor assays were performed according to
the manufacturer’s instructions (STEMCELL Technologies, Van-
couver, BC, Canada). Briefly, 16,500 progenitor cells were added to
3.3 ml of methylcellulose media (MethoCult™ H4034 Optimum)
and mixed. Then, 1 ml of methylcellulose media containing cells
was plated onto a 35-mm petri dish in duplicate using a 3-ml syr-
inge attached to a 16 gauge blunt-end needle. Methylcellulose cul-
tures were incubated for 12 to 14 days at 37°C in a humidified in-
cubator with 5% CO,. The total number of colonies per dish was
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scored on day 12 to 14. Human megakaryocyte progenitors were
analysed using MegaCult’-C (STEMCELL Technologies). A total
of 4,400 progenitor cells were added to 2 ml MegaCult*-C media
with cytokines. A volume of 1.2 ml cold collagen solution was then
added. Then 0.75 ml of the final culture mixture was dispensed
into each of the two wells of a double chamber slide. On day 12,
cultures were dehydrated, fixed and stained for the detection of
megakaryocyte progenitors.

Megakaryocyte differentiation

Human iPSCs were dissociated into small pieces (>100 cells) by
collagenase treatment. Small clumps of human iPSCs were trans-
ferred onto mitotically inactivated OP9 cells and cultured in a hae-
matopoietic cell differentiation medium, IMDM supplemented
with a cocktail of 10 pig/ml human insulin, 5.5 pg/ml human trans-
ferrin, 5 ng/ml sodium selenite, 2 mM L-glutamine, 0.45 mM
a-monothioglycerol, 50 ug/ml ascorbic acid, 15% FBS and 20 ng/
ml human vascular endothelial growth factor (VEGF; R&D Sys-
tems, Minneapolis, MN, USA) (P> Figure 1A). At 14 days after dif-
ferentiation, cells were collected and gently crushed with a pipette
and passed through a 40-pum cell strainer to obtain haematopoietic
progenitors, which were transferred onto freshly irradiated feeder
cells and cultured in the haematopoietic cell differentiation medi-
um supplemented with 50 ng/ml human thrombopoietin (TPO;
R&D Systems), 10 ng/ml human stem cell factor (SCF; R&D Sys-
tems) and 25 ng/ml heparin (Sigma-Aldrich, St Louis, MO, USA).
The non-adherent cells were collected and analysed on day 24.

Flow cytometry analysis

Progenitor cells isolated from ES-sacs were stained with APC-con-
jugated anti-human CD34 (BD Biosciences, San Jose, CA, USA)
and PerCP-conjugated anti-human CD45 (BD Biosciences) for
haematopoietic cell analysis on day 14 of differentiation. FITC-
conjugated anti-human CD41a (BioLegend) and PE-conjugated
anti-human CD42b (BioLegend) were used to detect megakaryo-
cyte differentiation and platelet-like particles. Stained cells were
analysed by using BD FACSAria II (Becton Dickinson, Franklin
Lakes, NJ, USA). For platelet analysis, platelet-like particles in cul-
ture supernatant were gated by using same FSC and SSC as normal
platelet. The number of CD41a* CD42b" megakaryocytes and pla-
telet-like particles was counted by using CountBright™ Absolute
Counting Beads (Molecular Probes, Invitrogen).

Electron microscopic (EM) analysis of human iPSC-
derived megakaryocytes and platelets

Human iPSC-derived megakaryocytes and platelets were gently
collected on day 24 as previously described (20). Briefly, one-ninth
volume of acid citrate dextrose solution was added and centrifuged
at 150 g for 10 min to collect megakaryocytes. The supernatant
was transferred to a new tube. One uM prostaglandin E1 and 1
U/ml apyrase were added. The supernatant containing platelets
was centrifuged at 400 g for 10 min to sediment the platelets.
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Megakaryocytes and platelets were then fixed with 3% glutaralde-
hyde at 4°C for 60 min and post-fixed with 2% osmium tetroxide
in phosphate buffer at 4°C for 60 min. Specimens were then dehy-
drated in ethanol and embedded in 100% resin at 60°C for 48 h.
Thin sections were cut on an ultramicrotome and collected on
mesh copper grids, stained with uranyl acetate and lead citrate. All
images were examined by electron microscopy (JEOL 1210, JEOL,
Tokyo, Japan). The shortest diameter of platelet particles contain-
ing alpha granules (A), dense core granules (D) and open cana-
licular systems (OCS) on whole mesh copper grid was measured
by Image Pro Plus (Nikon, Tokyo, Japan).

Results
Derivation of iPSCs from WAS patients’ fibroblasts

iPSCs were derived from fibroblasts obtained from two patients
with WAS and from two unrelated control individuals by means of
retroviral (30) or temperature-sensitive Sendai virus vectors (27)
encoding Yamanaka’s factors (OCT4, SOX2, KLF4, and c-MYC).
Two control iPSC lines were generated using retrovirus (WT-R#1,
2) and one using Sendai virus (WT-S). For the WAS patient with
c.1507T>A (p.X503R) (24), two iPSC lines were derived using
retrovirus (WASX503R-R#1, 2) and two using Sendai virus
(WASX503R-S#1, 2). Additional two iPSC lines were generated
from the WAS patient with ¢.55C>T (p.Q19X) using Sendai virus
(WASQI9X-S#1, 2) (25). Both patients exhibited classic WAS syn-
drome with complete lack of WASP expression. All nine iPSC lines
maintained embryonic stem cell-like morphology, normal karyo-
type, and expressed pluripotency markers, OCT4, NANOG
TRA-1-60 and TRA-1-81 (see Suppl. Figure 1, available online at
www.thrombosis-online.com). All SeV-iPSC lines were checked
for the lack of residual SeV by immunofluorescence staining (see
Suppl. Figure 2, available online at www.thrombosis-online.com).
The pluripotency of all the iPSC lines was verified by teratoma
formation assay (data not shown).

Early haematopoietic development of WAS-iPSCs

WASP has been shown to be expressed in all haematopoietic cells
as early as the stage of CD34" haematopoietic progenitors (15). To
study the role WASP in early haematopoiesis, we compared the
ability in the production of CD34" haematopoietic progenitors

Figure 1: Haematopoietic differentiation of WAS-iPSCs. A) Schematic
diagram of in vitro differentiation protocol. B) Western blot analysis showing
WASP expression in haematopoietic cells derived from WT-iPSCs (WT-R#1)
but not in fibroblasts, iPSCs and haematopoietic cells derived from WAS-
iPSCs (WASX503R-R#1). Peripheral blood mononuclear cells (PBMCs) ex-
pressing WASP were used as a control. C) Phase contrast photomicrographs
of ES-sacs generated from WT-iPSCs and WAS-iPSCs on day 14; magnifi-
cation 4X and 10X. D) Flow cytometry analysis of progenitor cells isolated
from ES-sacs. CD34+ CD45- hematopoietic progenitor cells were observed in
all iPSC lines. E) The colony forming cell number of haematopoietic progeni-
tors generated from human ESCs (CUHES), WT-iPSCs and WAS-iPSCs.
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through the ES-sac method among WAS-iPSCs, WT-iPSCs and
human ESCs (P Figure 1A) (20, 21). While WASP levels were un-
detectable in dermal fibroblasts and undifferentiated iPSCs, WASP
expression was found in haematopoietic cells differentiated from
WT-iPSCs but not from WAS-iPSCs (P> Figure 1B). After two
weeks of co-culture with OP9 stromal cells and VEGF treatment
(day 14), ES-sac like structures were observed from both WAS-
iPSCs and WT-iPSCs (PFigure 1C). ES-sac derived
CD34*/CD45 haemogenic endothelial cells were observed in all
groups (P> Figure 1D). The total number of haematopoietic pro-
genitors capable of producing haematopoietic colonies on methyl-
cellulose was not significantly different (P Figure 1E). All WAS-
iPSC lines could give rise to most types of haematopoietic colonies
including CFU-E, BFU-E, CFU-G, CFU-M, CFU-GM and CFU-
GEMM. These data were similar to those obtained from earlier
studies using CD34" from cord blood and bone marrow (14, 15)
and suggested only minimal role of WASP in early haematopoiesis.
Interestingly, all of the WAS-iPSC lines consistently produced
fewer CFU-M colonies than the WT-iPSC lines in methylcellulose
media (P> Figure 1E). These results suggested potential defects in
monocyte-granulocyte switching or monocyte survival/prolifer-
ation.

Megakaryocyte differentiation

In order to test whether in vitro differentiation of iPSCs could be
used to examine megakaryocytopoiesis and reproduce platelet de-
fects observed in WAS, we first performed a megakaryocyte col-
ony formation assay. ES-sacs from both groups were dissociated
and 1,000 cells were cultured in collagen-based media supple-
mented with TPO and SCE After 10 days of culture, the number of
megakaryocyte colonies observed in all iPSC lines tested was not
significantly different (P> Figure 2A) suggesting that WASP did not
play a major role up to the step of megakaryocyte progenitor pro-
duction.

It is known that bone marrow microenvironment plays impor-
tant roles in regulating megakaryocyte differentiation. To study
whether WAS-iPSC-derived megakaryocytes exhibited defects
during maturation, cells from ES-sacs were reseeded on OP9 mar-
row stromal cells (20, 21), and after 10 days of culture (day 24), the
number of megakaryocytes was analysed by flow cytometry. We
found that the percentage of megakaryocytes (CD41la+/42b+)
within haematopoietic cells generated from WASX503R-R#1, 2
(75.6, 76.6, respectively) were slightly higher than other eight lines
including hESCs (44.6%), WT-R#1 (63.4%), WT-R#2 (52.9%),
WT-S (48.4%), WASX503R-S#1, 2 (50.6-64.0%), WASQ19X-S#1,
2 (52.6-63.8). To further characterise the megakaryocyte produc-
tion, we performed a comparative time-course study of megaka-
ryocyte differentiation from six iPSC lines on days 18, 21 and 24
(> Figure 2C). We observed a higher percentage of megakaryo-
cytes (CD41a*/CD42b*) in cells differentiated from
WASX503R-R#1, 2 on days 21 and 24 compared to other lines
(P Figure 2C). Therefore WAS X503R-R#1, 2 appeared to stay in
megakaryocyte stage longer than the rest.
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Figure 2: WT-iPSCs and WAS-iPSCs generated similar numbers of
megakaryocytes. A) ES-sac derived HPCs on day 14 were cultured in
Megacult media for 10 days. The resulting colonies were fixed, stained and
counted. The number of megakaryocyte colonies observed in each group was
not significantly different. Data were presented as mean + SEM, n=4. B)
10,000 ES-sac derived HPCs on day 14 were cultured on mitotically inacti-
vated OP9 feeder cells with megakaryocyte differentiation media. Bar graph
shows the total number of CD41+ and CD42+ megakaryocytes derived from
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hESCs, WT-R#1, WT-S, WASX503R-R#1, WASX503R-S#1 and WASQ19X-S#1.
Data are presented as mean + SEM, n=3. C) Flow cytometry analysis of
megakaryocytes derived from WT-R, WT-S, WASX503R-R#1, WASX503R-R#2,
WASX503R-S#1 and WASQ19X-S#1 on days 18, 21 and 24 using FITC-
conjugated anti-human CD41a and PE-conjugated anti-human CD42b. There
were higher percentages of megakaryocytes (CD41a+/CD42b+) in cells dif-
ferentiated from WASX503R-R#1, 2 on days 21 and 24 compared to other
lines.
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Similar to previous reports (31, 32), the size of megakaryocytes
derived from all iPSC and hESC lines in our studies was smaller
than those generated from cord blood CD34" of healthy individu-
als. Electron microscopy analysis of megakaryocytes (day 24)
demonstrated lower numbers of dense bodies in megakaryocytes
derived from both lines of WASX503R-R. In addition, while well-
developed demarcation membrane (DM) system was distributed
throughout the cytoplasm of most megakaryocytes derived from
the WT-R#1 (P> Figure 3A), WT-S (P Figure 3B), WASX503R-S#1
(> Figure 3E), and WASQ19X-S#1 (P> Figure 3F), the DM system
could not be detected in most megakaryocytes derived from the
WASX503R-R#1 (P> Figure 3C). Very few megakaryocytes in this
group contained poorly-developed DM system (P>Figure 3D).
These abnormalities were similar to what previously described in
megakaryocytes from the peripheral blood and bone marrow of
WAS patients (33, 34).

Since these defects were not observed in iPSCs generated with
Sendai virus from both WAS patients, it is possible that the repro-
gramming method used could have a role in the above findings.
Integrating reprogramming approaches including the use of
retroviral vectors have been reported to increase immature mega-
karyocyte population possibly through transgene c-MYC reacti-
vation (20). To test whether the lack of WASP also contributed to
the phenotype we observed, we used lentivirus vectors to express
WASP in the WASX503R-R#1. Interestingly, megakaryocytes de-
rived from the WASX503R-R#1 with overexpression of WASP
showed much improved DM system (see Suppl. Figure 3, available
online at www.thrombosis-online.com) suggesting that WASP
could also play a role in regulating distribution of DM system dur-
ing megakaryocyte maturation.

Platelet abnormalities generated from WAS-iPSCs

To measure the number of platelets produced from iPSC-derived
megakaryocytes, supernatants containing platelet-like particles
from megakaryocyte differentiation on day 24 were stained with
anti-CD41a and CD42b. Platelet-like particles were counted by
flow cytometry using the same forward light scatter (FSC) and side
light scatter (SSC) for normal platelets (see Suppl. Figure 4, avail-
able online at www.thrombosis-online.com). Compared with WT-
iPSCs, while the total number of platelet-like particles produced
from all WASQ19X-S lines except WASQ19X-S#1 was not signifi-
cantly different, all WASX503R lines produced fewer numbers of
platelets (P Figure 4A). Electron microscopy analysis of platelet-
like particles derived from the WASX503R-R#1, 2 showed irregular
shapes with lower numbers of organelles and granules. Although
platelet-like particles derived from all the WT-iPSCs and WAS-
SeV-iPSCs revealed normal distribution of platelet granules, those
from the WAS-SeV-iPSCs were small and had irregular shapes
(P> Figure 4B). The diameter of platelet-like particles derived from
WASX503R-S#1 (1.92740.934 pm) and WASQ19X-S#1 (2.318 +
0.951 um) as measured under electron microscope was signifi-
cantly smaller compared with the WT-R#1 (3.234 £ 0.860 um) and
WT-S#1 (2.665 + 0.852 pm) (p<0.001). Thus, WAS-iPSCs pro-
duced small and irregular-sized platelets, the hallmark of WAS.

© Schattauer 2015

(o4 WASX503R-R#1 D

Figure 3: Megakaryocytes generated from WAS-iPSCs. Electron micro-
scopic examination of megakaryocytes generated from WT-R#1, WT-S,
WASX503R-R#1, WASX503R-S#1 and WASQ19X-S#1 derived megakaryo-
cytes. Demarcation membrane system (DM) within the cytoplasm was
observed in megakaryocytes derived from all iPSC lines. Notably, DM of
megakaryocytes derived from WASX503R-R#1 was rarely observed. The ab-
normality of demarcation membrane system was seen as small-sized frag-
ments throughout the cytoplasm of megakaryocytes (left). WASX503R-R#1
derived megakaryocytes also demonstrated lower organelle contents within
cytoplasm compared to the WT control (right).

Defects in proplatelet formation in megakaryocytes
derived from WAS-iPSCs

When co-cultured with OP9 stromal cells, the hESCs, WT-R, and
WT-S generated several proplatelet clusters with long extension.
We could not detect proplatelet clusters in the WASX503R-R
group. Although proplatelets could be rarely observed in the
WASX503R-S#1, they were morphologically distinct from the WT
group. Proplatelet processes were much shorter and less complex.
The WASQI19X-S#1 produced more proplatelets than the
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(*) denote the results that
are significantly different
(p<0.001) from those ob-
tained from the WT-iPSCs.
B) Transmission electron
micrograph showing
ultrastructure of platelet-
like particles obtained
from WT-R#1, WT-S,
WASX503R-R#1,
WASX503R-S#1 and
WASQ19X-S#1. Platelet-
like particles derived from
WT-R#1, WT-S,
WASX503R-S#1 and
WASQ19X-S#1 demon-
strated several organelles
including dense body (D),
alpha granule (A) and
open canalicular system
(OCS) throughout the cy-
toplasm of platelet-like
particles. Platelet-like par-
ticles obtained from
WASX503R-R#1 had non-
discoid shapes with lower
numbers of platelet orga-
nelles and granules.

WASQ19X-S

WASX503R-S#1 but they shared the same abnormal morphology
(> Figure 5A). To further quantify the number of proplatelet
forming cells, 1,000 cells from day 21 of the OP9 co-culture were
plated into each well of 96-well plates and proplatelet clusters were
counted on days 1, 3, and 5 after plating.

Although we observed proplatelet forming cells at the mean of
18, 31, and 14 out of 1,000 seeding cells on days 22, 24, and 26, re-
spectively, in the WT-R group, proplatelet forming cells were un-
detectable in the WASX503R-R and significantly lower in the
WASX503R-S. All the WASQ19X-S lines produced proplatelet

Thrombosis and Haemostasis 113.4/2015

clusters with the number close to the WT group. However their
morphology was markedly worse than the control (P Figure 5 and
Suppl. Figure 5, available online at www.thrombosis-online.com).
Some previous studies showed that CD34* from WAS patients
could form proplatelets normally in the feeder-free condition (16).
The iPSC-derived megakaryocytes (day 21) were dissociated from
feeders and plated on matrigel-coated slides, and allowed to differ-
entiate for 24 h. Under this condition, proplatelet forming cells
could be detected in all lines. Nevertheless, immunofluorescence
staining of a-tubulin demonstrated that proplatelet processes ex-
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Figure 5: Proplatelet formation in megakaryocytes derived from
WAS-iPSCs. A) Phase contrast images of megakaryocytes derived from
hESCs, WT-R#1, WT-S, WASX503R-R#1, WASX503R-S#1 and WASQ19X-S#1.
Proplatelet formation was detected in hESCs, WT-R#1, WT-S, WASX503R-S#1
and WASQ19X-S#1 derived megakaryocytes. Proplatelet arm extension of
WASX503R-S#1 and WASQ19X-S#1 derived megakaryocytes was shorter
than that of the WT group. B) On day 21 of differentiation, 1,000 iPSC-

© Schattauer 2015

derived megakaryocytes were reseeded on mitotically inactivated OP9 feeder
cells. The number of proplatelet forming cells was counted on day 22. Data
are presented as mean + SEM, n=5. Proplatelet forming cells were detected
in the hESCs, WT-R, WT-S, WASX503R-S and WASQ19X-S derived megakaryo-
cytes while they were undetectable at any time point in the WASX503R-R.
The asterisks (*) denote the results that are significantly different (p<0.001)
from those obtained from the WT-iPSCs.
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tended from most megakaryocytes derived from both patients
(WASX503R-S and WASQ19X-S) were remarkably thinner and
showed less branching than the WT control (» Figure 6A). Over-
expression of WASP increased branching and length of proplatelet
extension (P> Figure 6B). Without feeders, the number of propla-
telet forming cells was higher in all groups (P Figure 6C). The
mean size of WAS-iPSC-derived platelets as measured from the di-
ameter of tubulin-stained discoid-shaped platelets was signifi-
cantly smaller than the control (»Figure 6D, E). In addition, over-
expression of WASP in the WASQ19X-S increased the mean pla-
telet size (P> Figure 6D, E). These data support the role of WASP in
regulating cytoskeletal rearrangement during proplatelet extension
and controlling the platelet size.

Defects in cytoskeleton reorganisation

To test whether megakaryocytes from the WAS-iPSCs exhibited
defects in actin cytoskeleton, megakaryocytes derived from all
iPSC lines were seeded on type I collagen-coated coverslips and
stained for F-actin using phalloidin. While F-actin polymerisation
was observed in the periphery of the WT-iPSC-derived megaka-
ryocytes, it was absent in the WAS-iPSC-derived megakaryocytes
(P> Figure 7). Time-lapse analysis following megakaryocyte attach-
ment for two days excluded the possibility of delayed reorgani-
sation (data not shown). All these data suggested that the in vitro
platelet production system studied in iPSCs could recapitulate ab-
normalities in thrombopoiesis identified in WAS patients.

Discussion

In this study we report on the generation of WAS-iPSC lines and
demonstrate that in vitro differentiation can produce megakaryo-
cytes and platelets with disease-associated phenotypes. We have
also shown that megakaryocytes derived from the WAS-iPSCs ex-
hibit defects in F-actin localisation and proplatelet formation. The
WAS-iPSCs can be used to elucidate the role of WASP in different
blood cell lineages and to optimise gene correction strategies for
therapeutic application.

The finding that there were no significant differences among
the WAS-iPSC, normal iPSC, and hESC lines in generating most
haematopoietic lineages was consistent with the clinical findings of
WAS patients having no obvious defects in haematopoiesis (8).
One potential defect we observed was the persistent reduction in
the percentage of CFU-M and an increase in proportion of cells
giving rise to CFU-GM. This suggested that WASP could play a
role in the lineage decision between neutrophils and monocytes. It
might also help explain why activating mutations in WASP cause
congenital neutropenia (35). Further studies are required to ad-
dress this issue.

We observed an abnormal pattern of F-actin distribution in
WAS-iPSC-derived megakaryocytes when contacted with collagen
similar to what previously described in megakaryocytes derived
from CD34+ cells from bone marrow by Haddad et al. Instead of
peripheral distribution under the cytoplasmic membrane, F-actin
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was localised towards the centre of the WAS-iPSC-derived mega-
karyocytes. The actin-rich peripheral zone has been proposed to
prevent microtubule invasion and premature proplatelet process
extension (36, 37). While in some previous studies no proplatelet
defects were detected, we observed abnormal proplatelet processes
from megakaryocytes derived from all WAS-iPSC lines generated
from our two patients. Remarkably, the thin, less branching, pro-
platelet processes extended from WAS-iPSC-derived megakaryo-
cytes were similar to what observed in megakaryocytes treated
with actin-disrupting agents cytochalasin B, and D (36-38). Thus,
our results support the role of WASP in regulating F-actin cytos-
keletal rearrangement during megakaryocyte maturation. It is pos-
sible that in the inhibitory environment of bone marrow, abnormal
distribution of actin filaments resulted from defective WASP could
lead to premature fragmentation similar to what has been demon-
strated in a mouse model.

The model that megakaryocytes produced platelets through the
step of proplatelet formation was confirmed by an elegant study
revealing proplatelet-like structures extended from megakaryo-
cytes into sinusoidal blood vessels in vivo (39). Fluid sheer stress is
likely to play an important role in proplatelet extension and deter-
mination of final platelet size in vivo (40). Although there was no
fluid flow in our in vitro differentiation system, WAS-iPSC-de-
rived megakaryocytes produced smaller tubulin-stained, discoid-
shaped platelet-like particles compared to the control consistent
with small bead size found at the proplatelet tips. Overexpression
of WASP in WAS-iPSC-derived megakaryocytes improved the
branching of proplatelets and increased the mean platelet size.
Thus, small-sized platelets found in our WAS patients could be, in

Figure 6: WAS-iPSC-derived megakaryocytes showed abnormal pro-
platelet structures in the feeder free condition. On day 21 of differenti-
ation, iPSC-derived megakaryocytes were reseeded on matrigel-coated cover
slides and cultured for 24 h. Proplatelet formimg cells were fixed and stained
with anti-a-tubulin (red) and phalloidin-FITC (green). A) WASX503R-S#1- and
WASQ19X-S#1-derived megakaryocytes showed abnormal proplatelet struc-
tures with small-sized platelet particles at the end of the proplatelet tip com-
pared to the WT control (magnification 40X). B) WASQ19X-S#1-derived
megakaryocytes were transduced with lentiviruses expressing WASP
(WASQ19X-S#1+WASP). WASQ19X-S#1+WASP-derived proplatelets stained
with anti-a-tubulin (red) and anti-WASP (green) showed thicker proplatelet
shafts with numerous platelet particles (magnification 100X). C) On day 21
of differentiation, 1,000 iPSC-derived megakaryocytes were reseeded on the
matrigel-coated plate. The number of proplatelet forming cells was counted
on day 22. Data are presented as mean + SEM, n=5. The number of pro-
platelet-forming cells detected in hESCs-, WT-S-, WASX503R-S#1- and
WASQ19X-S#1-derived megakaryocytes were higher compared to that in
cells cultured in the OP9 feeder condition. D) A box plot showing the diam-
eter of tubulin-stained discoid-shaped platelets generated from hESCs, WT-S,
WASX503R-S#1, WASQ19X-S#1 and WASQ19X-S#1+WASP. Data are pres-
ented as mean + SEM, n=31.The asterisks (*) denote the results that are sig-
nificantly different (p<0.001) from those obtained from the WT-iPSCs. E) Im-
munofluorescence staining of platelet particles (magnification 100X). The
platelet particles were stained with anti-a-tubulin (red) and phalloidin-FITC
(green). WASQ19X-WASP-derived platelets were stained with anti-a-tubulin
(red) and anti-WASP (green).
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hESCs

WT-R#1

WT-S

WASX503R-R#1

WASX503R-S#1

WASQ19X-S#1

Figure 7: Cytoskeleton
reorganisation in
megakaryocytes de-
rived from WAS-iPSCs.
Immunofluorescence
staining of megakaryo-
cytes derived from hESCs,
WT-R#1, WT-S,
WASX503R-R#1,
WASX503R-S#1 and
WASQ19X-S#1 using
phalloidin-FITC (green)
and anti CD42b-PE (red)
demonstrating that all
WT-iPSC-derived megaka-
ryocytes retained normal
actin polymerisation.
DAPI (blue) was used for
nuclear staining (magnifi-
cation 100X).

part, caused by defects in WASP function in regulating cytoskel-
etal protein rearrangement during proplatelet extension. Since
normal proplatelet formation was documented in some previous
reports (16), there could be heterogeneity among WAS patients. In
our system all cell lines generated from the WAS patient with the
X503R mutation showed more severe defects than those from the
WAS patient with the Q19X mutation suggesting that genetic
background could influence the phenotypic severity. Further
studies using isogenic iPSC lines in combination with genome edi-
ting technologies such as TALENs and CRISPR/Cas9 could lead to
a better understanding of the factors regulating thrombopoiesis.

Although we found a quantitative defect in platelet production
in five out of eight WAS-iPSC lines we tested, this finding could
not entirely explain thrombocytopenia found in WAS patients.
The fragile and limited proplatelet structure observed in our study
suggested that some of the platelets produced from WAS-iPSC-de-
rived megakaryocytes might not be able to enter the circulation in
vivo. The abnormal platelet structure could also increase its vul-
nerability. Because splenectomy could increase the number of pla-
telets in most cases of WAS patients, peripheral destruction is
likely to be another important contributing factor for thrombocy-
topenia.

Thrombosis and Haemostasis 113.4/2015

Although unlimited self-renewal capability of iPSCs enables re-
petitive studies of cells from patients with rare diseases, there are
special concerns when interpreting results of iPSC studies. Resid-
ual epigenetic memory from parental somatic cells and the repro-
gramming method could affect their differentiation potentials re-
sulted in interline variability (3, 41). The phenotype observed in
each patient may be influenced by epigenetic changes caused by
aging and various exposures. Since cell reprogramming can erase
the epigenetic state of starting cells, the iPSC model may or may
not exhibit corresponding disease phenotype.

In our study, we cannot exclude the possibility that retroviral
vectors used in iPSC generation contribute to defects in megaka-
ryocyte differentiation that we observed in WASX503R#1-2. It has
previously been shown that high levels of the reprogramming fac-
tor c-Myc could promote megakaryocyte proliferation without
maturation (20, 42). Reactivation of transgene myc could happen
in cells reprogrammed with viral vectors that integrate into the ge-
nome of host cells.

Even though our RT-PCR demonstrated that c-MYC transgene
was silenced in both WT-R#1, 2 and WASX503R-R#1, 2 (see
Suppl. Figure 3A, available online at www.thrombosis-online.com)
and epigenetic studies of the endogenous Oct4 promoter suggested
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a similar degree of reprogramming (see Suppl. Figure 3B, available
online at www.thrombosis-online.com). There is still a possibility
that reactivation of the transgene cassette during megakaryocyte
differentiation might occur. Remarkably, the WAS-R but not the
WT-R produced megakaryocytes with abnormal demarcation
membrane system and platelet-like particles with reduced gran-
ules. These ultrastructural defects were similar to those found in
an early study of WAS (33). Overexpression of WASP improved
demarcation membrane distribution and increased platelet con-
tents in megakaryocytes and platelets derived from the WAS-R
(see Suppl. Figure 3C, D, available online at www.thrombosis-on
line.com) suggesting that WASP could play a role in this process.
Nevertheless, as we were unable to detect these defects in all mega-
karyocytes and platelets derived from the WAS-S lines, we con-
cluded that lack of WASP alone was not sufficient to cause these
changes. It is possible that bone marrow microenvironment of
WAS patients could provide additional factor(s) to enhance such
changes. Several signalling molecules found in the bone marrow,
such as Wnt, TGF-B, NF-kB and IL-6 are known to be important
regulators of the c-MYC promoter (43). The levels of these signal
molecules can change dramatically during stress and other patho-
logical conditions. It would be interesting to see whether these sig-
nals could induce these abnormalities in cells derived from WAS-
iPSC-S lines or WAS-CD34+ from cord blood/ bone marrow.

Restoring immune cell functions normally requires allogeneic
haematopoietic stem cell transplantation, the only curative therapy
for WAS. The difficulty in finding HLA-matched donors and com-
plications related to transplantation urge the development of gene
therapy strategies for WAS. Haematopoietic stem cell gene therapy
using retroviral and lentiviral vectors has shown to restore natural
killer, T and B cell functions both in mouse models (44, 45) and in
two patients with WAS (46). Even though the lentiviral vectors
used in our study was not optimised, we could observe an im-
provement in megakaryocyte and platelet phenotypes. Therefore,
WAS-iPSCs could be used for optimising gene therapy strategies
and screening for effective therapeutic agents for WAS. A recent
study demonstrated that zinc finger nuclease (ZFN)-mediated
gene targeting at the AAVSI site of iPSCs from patients with
X-linked chronic granulomatous disease led to more sustained ex-
pression of gp91P"**and functional correction of neutrophils com-
paring to transduction with self-inactivating lentiviral vectors ex-
pressing gp91Ph°* under the EFla promoter (47). We are currently
evaluating the ZFN and TALEN strategies in correction of the dis-
ease phenotype and comparing the effects between ZFN targeting
at the AAV1 site and ZFN-mediated gene correction by homolo-
gous recombination in WASP.

We have successfully validated that the WAS-iPSC model could
recapitulate WAS disease phenotypes and demonstrated the sig-
nificant role of WASP in platelet production. We also showed that
overexpression of WASP in the WAS-iPSCs could lead to pheno-
typic rescue. Recently, it has been demonstrated that transplant-
able human haematopoietic stem cells can be generated from
human iPSCs (48). With the improvement in techniques for gener-
ating clinical-grade haematopoietic stem cells from pluripotent
stem cells and advances in gene targeting strategies, gene-cor-
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What is known about this topic?

o Wiskott-Aldrich syndrome (WAS) is caused by mutations in the
gene encoding WAS protein (WASP). The WASP is expressed in all
hematopoietic lineages and participates in the re-organisation of
actin cytoskeleton of hematopoietic and immune cells in response
to extra-cellular stimuli.

e While the patients with WAS have microthrombocytopenia, mice
with WASP deficiency exhibit only mild thrombocytopenia with
normal-sized platelets.

e Previous studies in humans have provided different results. While
some studies revealed that mutations in the WASP gene resulted
in defects of megakaryocyte generation and differentiation,
others demonstrated that megakaryocytes from WAS patients
could mature and form proplatelet normally. In addition, the
number of megakaryocytes in the bone marrow of WAS patients
was usually found to be normal.

What does this paper add?

o Induced pluripotent stem cells generated from patients with WAS
(WAS-iPSCs) could produce megakaryocytes and platelets with
WAS phenotypes.

e Cytoskeletal rearrangements and proplatelet formation were im-
paired in cells derived from WAS-iPSCs.

e \WAS-iPSCs exhibited defects in platelet production in vitro and
produced platelets with more irregular shapes and smaller sizes.
Overexpression of WASP using a lentiviral vector improved pro-
platelet structures and increased the platelet size.

rected haematopoietic stem/progenitor cells derived from the pa-
tient iPSCs may one day become a viable alternative for treatment
of severe immune deficiency diseases.
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