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The Wiskott-Aldrich syndrome (WAS) is an X-linked pri-
mary immunodeficiency caused by mutations in the WAS 
gene and characterized by severe thrombocytopenia. 
Although the role of WASp in terminally differentiated lym-
phocytes and myeloid cells is well characterized, its role in 
early hematopoietic differentiation and in platelets (Plts) 
biology is poorly understood. In the present manuscript, 
we have used zinc finger nucleases targeted to the WAS 
locus for the development of two isogenic WAS knock-
out (WASKO) human embryonic stem cell lines (hESCs). 
Upon hematopoietic differentiation, hESCs-WASKO 
generated increased ratios of CD34+CD45+ progenitors 
with altered responses to stem cell factor compared to 
hESCs-WT. When differentiated toward the megakaryo-
cytic linage, hESCs-WASKO produced increased numbers 
of CD34+CD41+ progenitors, megakaryocytes (MKs), and 
Plts. hESCs-WASKO-derived MKs and Plts showed altered 
phenotype as well as defective responses to agonist, mim-
icking WAS patients MKs and Plts defects. Interestingly, 
the defects were more evident in WASp-deficient MKs 
than in WASp-deficient Plts. Importantly, ectopic WAS 
expression using lentiviral vectors restored normal Plts 
development and MKs responses. These data validate the 
AND-1_WASKO cell lines as a human cellular model for 
basic research and for preclinical studies for WAS.

Received 31 July 2015; accepted 14 October 2015; advance online  
publication 8 December 2015. doi:10.1038/mt.2015.196

INTRODUCTION
Wiskott-Aldrich syndrome (WAS) is an X-linked primary immu-
nodeficiency characterized by eczema, low Plts counts (micro-
thrombocytopenia), recurrent infections, immunodeficiency, 
increased incidence of autoimmunity, and leukemia. The WAS gene 

is expressed exclusively in hematopoietic cells.1–3 Mutations that lead 
to the complete absence of WASp function cause the most severe 
phenotype with pronounced thrombocytopenia and abnormal lym-
phoid and myeloid function. However, the mutations that reduce the 
protein levels (or its function) result in milder variable phenotypes.4,5

The roles of WAS mutations in T cells, B cells, macrophages, 
dendritic cells, and natural killer cells have been extensively stud-
ied and are well characterized. Absence of WASp in these cell 
types alters actin polymerization causing problems on signaling, 
proliferation, migration, and phagocytosis. WAS-deficient mouse 
models6–8 and cell lines9,10 have been fundamental for the under-
standing of WASp function in all these cell types. However, WAS 
knockout (WASKO) mouse models do not mimic the Plts defects 
found in WAS patients making it difficult to study the function of 
WASp in MKs and Plts physiology.11 The role of WASp in Plt devel-
opment remains largely unknown with contradictory results.12,13 
In an elegant study, Sabri et al.14 identified a critical role of WASp 
in Plts biogenesis by inhibiting proplatelet formation through the 
Collagen I receptor. The same authors showed premature MK 
differentiation in the absence of WASp.14 Functional defects of 
WAS patient’s Plts is also an open debate. Some authors described 
normal platelets activation, aggregation, α-granule secretion, and 
F-actin increase of WAS patient’s Plts15–18 while other groups have 
reported mild or severe alteration of these functions.19–21 Similarly, 
very little is known about the role of WASp in early hematopoiesis 
with publications with apparent contradictory results.6,22,23

Human embryonic stem cells (hESCs) represent a unique 
tool to study early human development, for cell therapy and for 
developing in vitro models of human diseases. They can be dif-
ferentiated into cell types from the three germ layers, providing 
an unlimited source of cells to study human development.24,25 
Recently, the appearance of specific nucleases has made it possible 
to efficiently edit the genomes of most cell types.26 In particular, 
specific targeting of different loci using Zinc Finger Nucleases 
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(ZFNs) have achieved efficient gene disruption, gene correction, 
and gene addition in several cell types including pluripotent stem 
cells.27–29 Gene edition of hESCs provides an excellent tool for 
modeling human monogenic diseases due to the possibility to 
obtain isogenic cell lines differing only in the desired mutations. 
These systems allow establishing a correlation genotype–pheno-
type without the interference of different genetic backgrounds as 
occurs when using induced pluripotent stem cells (iPSCs) derived 
directly from patients.

In the present manuscript, we have used ZFNs targeted 
to the WAS locus for the development of two WAS knock-
out  (WASKO)  hESC cell lines: AND-1_WASKO C1.1 and 
AND-1_WASKO C1.2. We have studied the role of WASp in 
early human hematopoiesis by comparing the in vitro gen-
eration of hematopoietic progenitors (CD34+CD45+) and 
mature CD45+ cells from AND-1_WASKO versus parental 
AND-1_WT. We have also investigated the role of WASp on 

megakaryopoiesis by analyzing MK progenitors, MKs, and Plts 
upon in vitro differentiation following a protocol described by 
Lu et al.30 This protocol allows the generation of functional Plts 
from hESCs. Finally, we have studied whether the phenotype 
observed in hESCs due to WAS mutation can be restored by 
ectopic expression of WAS.

RESULTS
Generation of WASKO hESCs by homologous 
recombination using ZFNs
AND-1_WT1 cells31 were nucleofected with plasmids encoding 
ZFN targeted to the WAS intron1 (Figure 1a, top) and the donor 
DNA (Figure 1a, middle). Homologous-directed recombination 
(HDR)-driven modification of the WAS locus (Figure 1a, bottom) 
was evaluated by PCR. Figure 1b shows the PCR analysis of two 
clones; AND-1_WASKO_c1.1 (KO1) and AND-1_WASKO_c1.2 
(KO2) (International Stem cell Registry, Spanish National Stem 

Figure 1 Generation of hESCs-WASKO cell lines by targeting the WAS locus with ZFNs. (a) Scheme depicting the strategy followed to mutate 
the WAS gene. Upper diagram illustrates the first five exons of the WAS locus (E1–E5), the sequences recognized by the ZFN pair (left ZFN and right 
ZFN, in the gray box), the homologous sequences used to promote homologous recombination (H.arm5’ and H.arm3’) and the primer pair used 
to identify the wild-type locus (rendering a 2-kb fragment). The middle diagram illustrates the donor DNA used to disrupt WAS expression. Exon 1 
has a deletion in the ATG codon to block translation (E1*). Exon 2 includes mutations in the splicing acceptor site (E2*). A neo expression cassette 
(SV40-neo-pA) has been introduced to allow antibiotic selection. Lower diagram shows the ‘edited’ WAS locus after homologous recombination with 
the donor DNA. Arrows indicate the primers used to identify those clones modified by homologous-directed recombination (HDR). (b) Successful 
gene editing of AND-1_WT cells. K562 cells wild-type (WT) and K562-WASKO (KO)41 have been used as negative and positive control of gene editing, 
respectively. Agarose gel shows the analysis to detect HDR in two G418-ressistant clones of the hESC line AND-1_WT. The band of 3.5 kb, present in 
both G418-resistant clones as well as in the K562 WASKO cells, indicates successful HDR. Also, the presence of the 1.9 Kb band in AND-1_WASKO as 
in the positive control indicates that the HDR happened in the right orientation. (c) WAS expression was abolished upon hematopoietic differentiation 
in AND-1_WASKO cells. WAS and CD45 gene expression analysis performed by RT-qPCR of AND-1_WT (WT) and AND-1_WASKO clones (KO1 and 
KO2) before (ND) and after (D) 15 days of hematopoietic differentiation. CD45 expression indicates the hematopoietic specification. As expected WAS 
expression was not detected in AND-1_WASKO clones. Values are mean of three experiments ± standard error of the mean. (d) Absence of WASp 
protein in hematopoietic differentiated AND-1_WASKO cells. Western blot analysis of protein extracts from AND-1_WT and AND-1_WASKO cells, 
obtained at days 8 (D8) and 15 (D15) of the hematopoietic differentiation. The membrane was hybridized with D1 (specific for WASp) and ERK (as 
loading control) antibodies. WASp protein was not detected in any of the AND-1_WASKO clones. K562 cells wild-type (WT) and K562-WASKO (KO) 
have been used as negative and positive control for WASp expression.
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Cell Bank) using the primers depicted in Figure 1a. The gel 
shows the predicted bands if HDR occurred with the donor DNA 
(Figure 1b). AND-1_WASKO_c1.1 and AND-1_WASKO_c1.2 
cells maintained similar phenotype (Supplementary Figure S1) 
and pluripotency (Supplementary Figure S2) as compared to 
the original AND-1_WT cells and to AND-1_WT2 cells (a clone 
obtained from AND-1_WT1, see Materials and Methods for 
details). Importantly, the karyotypes of both WASKO cell lines 
were identical to that of the original AND-1_WT1 cell line 
(Supplementary Figure S3).

The proper edition of the WAS locus should deplete WAS 
expression in AND-1_WASKO-derived hematopoietic cells. 
Indeed, while WAS expression could be clearly detected in AND-1_
WT cells upon hematopoietic differentiation both at the mRNA 
(Figure 1c left) and protein levels (Figure 1d; AND-1, D8 and 
D15 WT lanes), AND-1_WASKO_c1.1 and AND-1_WASKO_
c1.2 cells presented no detectable WAS mRNA (Figure  1c, left 
graph) or WASp protein (Figure 1d; AND-1_WASKO, D8 and 
D15; KO1 and KO2 lines). Of note, as expected, AND-1_WT cells 
did not express WASp in undifferentiated conditions (Figure 1c, 
left graph).

WASKO hESCs generate increased number of 
hematopoietic progenitors and mature CD45+ cells
We first studied the ability of WAS-deficient hESCs to generate 
hematopoietic cells. The different hESC lines were differentiated 
using the embryoid body (EB) system (Figure 2a) as described 
previously.32 mRNA was isolated at days 10 and 15 of differentia-
tion and the expression levels of several hematopoietic-related 

genes analyzed by RT-qPCR (Figure 2b). Compared with 
AND-1_WT, AND-1_WASKO cells presented enhanced expres-
sion of the hematopoietic transcription factors SCL, RUNX1, and 
GATA-1 at day 10 and 15 of hematopoietic differentiation. We 
also observed an increase in the expression of CD34 and CD45 
indicating a possible enhancement of the hematopoietic differ-
entiation. To further investigate this finding, we measured the 
percentages of CD31+CD34+CD45- (hemato-endothelial precur-
sors), CD34+CD45+ (hematopoietic precursor cells), and mature 
CD34-CD45+ at different time points during the hematopoietic 
differentiation using the EB system (Figure 2c). Interestingly, 
AND-1_WASKO cells presented an increase in all these popu-
lations that reached significance at day 22. Similar results were 
obtained using the OP9 hematopoietic differentiation protocol 
(Supplementary Figure S4). These data indicate that the absence 
of WASp is altering hematopoietic differentiation generating 
higher numbers of progenitors and mature CD45+ cells. Although 
controversial, this data is in line with the observation that WASKO 
mice have higher numbers of progenitors and granulocytes in 
spleen and peripheral blood.23

CD34+CD45+ cells derived from WASKO hESCs cells 
had altered responses to stem cell factor
Mani et al.22 showed that WASp is involved in kit (stem cell fac-
tor (SCF)-receptor)-mediated signal transduction and required 
for kit-induced cellular Ca++ signaling and survival. We therefore 
studied whether WASKO CD34+CD45+ hematopoietic progenitor 
cells (HPCs) had altered responses to SCF (i.e., reduced Ca++ flux) 
or reduced clonogenic potential in methylcellulose as previously 

Figure 2 Enhanced hematopoiesis of hESCs-WASKO cells. (a) Scheme depicting the protocol for hematopoietic differentiation using embryoid 
bodies (EBs) formation. CC1: cytokine cocktail 1; (BMP-4 (25 ng/ml), Flt-3L (300 ng/ml), SCF (300 ng/ml), IL-3 (10 ng/ml), IL-6 (10 ng/ml), and 
G-CSF (50 ng/ml)). CFU, colony-forming units; FC, flow cytometry; MC, methylcellulose. (b) Graph showing AND-1_WASKO relative expression 
levels of hematopoietic markers (CD34 and CD45) and transcription factors SCL, RUNX1 and GATA-1 at day 10 (white bars) and 15 (black bars) 
of differentiation. Expression levels are shown relative to AND-1_WT (2-ΔΔCt AND-1_WASKO/2-ΔΔCt AND-1_WT). (c) Graph showing percentages 
of CD31+CD34+CD45- (hemato-endothelial precursor cells, left graph), CD34+CD45+ (hematopoietic precursors; middle graph) and CD34-CD45+ 
(Mature hematopoietic cells; right graph) of AND-1_WT and AND-1_WASKO cells at different time points during the hematopoietic differentia-
tion process. Data were obtained from cells gated based on size (FSC), granularity (SSC) and 7-AAD negative (viable) population as shown in 
Supplementary Figure S12. Data are mean ± standard error of the mean of at least four separate experiments using two AND-1_WT cell lines 
(AND-1_WT1 and AND-1_WT2) and two AND-1_WASKO (AND-1_WASKO_c1.1 and AND-1_WASKO c1.2). *P < 0.05; **P < 0.01.

EBs differentiation protocol

Day 0 Day 1

hESCs
EBs EBs

cc1

EBs EBs EBs

40

30

20

40

30

20
10

5

0

E
xp

re
ss

io
n 

le
ve

ls
(r

el
at

iv
e 

to
 W

T
)

10

0
CD34 CD45 SCL

D10
D15

Runx1 GATA-1

FC

FC

FC
MC

Day 15

10 3

2

1

0
Days

WT WASKO

**

** *8

6

%
 C

D
34

+
C

D
45

−

%
 C

D
34

+
C

D
45

+

%
 C

D
34

−C
D

45
+

4

2

0

5–
10 15 22

5–
10 15 22

CFU
Day 30

Day 3 Day 8 Day 10 Day 22

Days

WT WASKO

5–
10 15 22

5–
10 15 22 Days

WT WASKO

5–
10 15 22

5–
10 15 22

a b

c

344 www.moleculartherapy.org vol. 24 no. 2 feb. 2016



Modeling WAS With ZFNs-edited hESCs
Official journal of the American Society of Gene & Cell Therapy

showed by some authors.33 Although we found that HPCs derived 
from AND-1_WASKO cells (WASKO-HPCs) had a slight reduc-
tion in clonogenic potential (colony-forming units (CFU)/
CD34+CD45+ cells) compared to the HPCs derived from AND-1_
WT cells (WT-HPCs) both in the OP9 and EBs differentiation 
systems (Figure 3a), the data was not significant. These data is in 
agreement with Ingrungruanglert et al.34 showing a normal clo-
nogenic potential of CD34+ cells derived from iPSCs from WAS 
patients. Interestingly, Ca++ Flux in response to SCF was signifi-
cantly reduced in WASKO-HPCs, confirming the role of WASp 
in kit-mediated signals in hematopoietic progenitors (Figure 3b).

WASKO hESCs cells differentiate into the 
megakaryocytic lineage generating WASKO-MKs  
and WASKO-Plts
The low platelet counts (thrombocytopenia) found in WAS 
patients’ blood can be restored to normal values after spleen 

removal35 suggesting that WAS patients do not have an intrinsic 
problems for Plt production. However, there are controversy in 
this matter.14,33,34,36 We used the AND-1_WASKO cells to study 
the role of WASp on megakaryocytic differentiation. The different 
hESCs lines were differentiated into the megakaryocytic lineage 
following the protocol pictured in Supplementary Figure S5.30 Lu 
et al. demonstrated that Plts derided from hESCs following this 
protocol responded to thrombin stimulation, formed microag-
gregates, and contribute to developing thrombi at sites of vascu-
lar injury in mice. Upon differentiation, human MK- and Plt-like 
structures were observed in the differentiation cultures of both 
cell lines both by microscopy (Figure 4a, arrows; Supplementary 
Figure S6) and flow cytometry (Figure 4b, arrows). The pheno-
typic characterization of the cells contained in our megakaryocytic 
cultures corroborated the presence of MKs and Plts (Figure 4b). 
Indeed, AND-1_WT and AND-1_WASKO cell lines generated 
large, granular, CD41+CD42+ MKs, (Figure 4b, top plots, dark 
green) and small Plts CD41+CD42+ (Figure 4b, bottom plots, 
bright green). Interestingly, AND-1_WASKO cell lines presented 
increased percentages of both MKs and Plts (Figure 4b, left versus 
right panels).

Additionally, when adhered to fibrinogen-coated slides and 
activated with thrombin, MKs from both WT and WASKO cell 
lines expressed CD61+ (Supplementary Figure S7a) and formed 
proplatelets and lamellipodia structures that were positive for actin 
and vinculin (Figure 4c, arrows and Supplementary Figure S7b). 
Interestingly, WASKO-MKs presented more irregular shapes and 
actin distribution than WT-MKs (Figure 4c and Supplementary 
Figure S7b). Plts derived from both cell lines were also CD61+ 
(Figure 4d, bottom panels and Supplementary Figure S7c), 
presented a trapezoidal structure as Plts from peripheral blood 
(Supplementary Figure S8) and had a clear colocalization of 
actin and vinculin (Figure 4d, top panels and Supplementary 
Figure  S7d). As described for WAS patients, WASKO-Plts 
appeared slightly smaller and presented less protrusions compared 
with WT-Plts (Figure 4d and Supplementary Figure S7c,d). In 
summary, these data showed that AND-1_WASKO cells can effi-
ciently generate MKs and produce Plts.

Enhanced megakaryocytic differentiation of WASKO 
hESCs cells compared to WT hESCs
We further evaluated the kinetics of emergence of MKs and Plts 
from AND-1_WT and AND-1_WASKO cells. We found an ear-
lier appearance (Figure 5a, top graphs) and increased amounts 
(Figure 5a, bottom graphs; Supplementary Figure S9) of MKs 
and Plts from AND-1_WASKO cells compared to AND-1_WT. 
Indeed, the percentages and total counts of MKs and Ptls at 
days 18 and 20 of differentiation were significantly higher for 
AND-1_WASKO cells but no differences could be detected after 
day 22. Moreover, the total numbers of MKs and Plts produced 
by AND-1_WASKO cells during the megakaryocytic culture was 
two to four times higher to those produced by AND-1_WT cells 
(Supplementary Figure S9). This data is in line with the prema-
ture MK differentiation observed by Sabri et al. in WASKO mice 
and indicates that this phenomenon can also occur in humans.

In order to evaluate whether this phenomenon was in part 
due to an early appearance of MK progenitors, we analyzed the 

Figure 3 Functional analysis of hESCs-WASKO derived CD34+CD45+ 
cells. (a) Graphs showing colony-forming units (CFUs) potential of 
CD34+CD45+ derived from AND-1_WASKO-c1.1 (black bars) and AND-1_
WT (white bars) on the OP9 differentiation system (left graph) or in the 
EBs system (right graphs). Day 15 (EBs) or day 10 (OP9) cells were har-
vested, analyzed for CD34 and CD45 expression and 1,000 CD45+CD34+ 
cells plated onto methylcellulose (see Materials and Methods for detail). 
(b) Graph representing intracellular Ca++ mobilization of CD34+CD45+ 
WASKO (squares) and WT (diamonds) cells in response to SCF. Day 15 
cells (EBs) were harvested, washed, and prepared for Ca++ mobilization 
studies (see Materials and Methods for details). Cells were analyzed by 
flow cytometry with continuous acquisition for 30 seconds to measure 
background levels (T = 0). Acquisition was then paused to add the SCF 
(100 ng/ml; arrow) and immediately restart the continuous acquisi-
tion for 6 minutes. Ca++ flux is shown as the increment in MFI of SCF-
stimulated cells at the different time points related to unstimulated cells 
(time = 0). Data are mean of at least three separate experiments ± stan-
dard error of the mean. *P < 0.05; **P < 0.01.
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presence of CD34+CD41+ cells in the EBs at the moment of being 
plated onto OP9 cells (day 15 of megakaryocytic differentiation). 
We detected increased levels of CD34+CD41+ cells in WASKO-EBs 

(Figure 5b). To further corroborate this result, we analyzed the 
expression levels of two megakaryocytic-specific surface mark-
ers (CD41+ and CD61+) and five transcription factors associated 

Figure 4 Megakaryocytic differentiation and Plts production of hESCs-WASKO cells are not impaired. (a) Morphological analysis of megakaryocytic 
differentiation cultures of AND-1_WT1 and AND-1_WASKO_c1.1 cells (see Supplementary Figure S5 and Materials and Methods for details). Day 20 
megakaryocytic cultures were photographed with a microscope Primo Vert (Carl Zeiss) on tissue culture plates (top-left panels), after collection (bottom-left 
panels) or after adhesion to fibrinogen coated slides and stained with Papanicolau (right panels). MKs and Plts-like structures are indicated by arrows. (b) 
Phenotypic characterization of cells contained in the megakaryocytic cultures. Cells were gated based on size (FSC) and granularity (SSC) into MK-region 
and Plts region (SSC/FSC plots). Each gate was further analyzed for expression of CD41 and CD42 (right plots at the side of the FSC/SSC plot). Large and 
granular, CD41+CD42+ cells were identified as MKs (SCChighFSChighCD41+CD42+; top plots, dark green). Small CD41+CD42+ cell fragments were identified 
as Plts (SSClowFSClowCD41+CD42+; bright green). (c) MK derived from AND-1_WT1 and AND-1_WASKO bind to fibrinogen and express CD61 and vincu-
lin. Megakaryocytic cultures from AND-1_WT1 (top panels) and AND-1_WASKO_c1.1 (bottom panels) were collected on day 20, adhered to fibrinogen 
coated slides, activated with thrombin and immune-stained Phalloidin (red, actin), anti-vinculin (green) and 4',6-diamidino-2-phenylindole (DAPI) (blue). 
A Merge image is shown at the right of each set. (d) Platelets from AND-1_WT1 (top panels) and AND-1_WASKO_c1.1 (bottom panels) were collected on 
day 20 and treated as above. Samples were immune-stained with DAPI (Blue), Phalloidin (red) together with anti-vinculin (green) (top panels) or anti-CD61 
(green) (bottom panels). A Merge image is shown at the right of each set. Confocal images were captured with a confocal microscope Zeiss LSM 880.
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with megakaryocytic differentiation (NF-E2, GATA-1, FOG-1, 
RUNX-1, and FLI-1) confirming the enhanced MK differentiation 
of WASKO-EBs compared to WT-EBs (Figure 5c,d; Black bars 
versus white bars). All these data together indicate that WASp is 
controlling megakaryocytic differentiation which is in agreement 
with data showing premature MK differentiation in mice WASKO 
models and the accumulation of MKs in bone marrow.14,37

MKs and Plts derived from WASKO hESCs cells mimic 
the defects found in MKs and Plts from WAS patients
Plts from WAS patients are smaller and have some pheno-
typic alterations like reduced levels of CD43 at their surface.15–18 
However, it is not known whether these abnormalities are already 
present at the time of Plts emergence from the MKs or if these 
alterations are acquired in the blood stream. We therefore com-
pared the phenotype of MK and Plts derived from WASKO hESCs 
with MK and Plts derived from control hESCs. FACS analysis 
showed that WASKO-Plts were generally smaller (lower FSC) 
and less granular (lower SSC) than WT-Plts (Figure 6a; left and 
middle graphs-Plts). These data is in agreement with the smaller 
Plts size found in Plts from WAS patients and in Plts derived from 
WAS paitents’ iPSCs34 On the contrary, WASKO-MKs appeared 
bigger and more irregular than WT-MKs (Figure 6a; left and 
middle graphs-MKs), although this data can reflect a more 
mature phenotype of WASKO MKs due to the early appearance 
during the differentiation process. Plts from WAS patients have 
also reduced CD43 expression levels.18,38,39 As observed in WAS 
patients, WASKO-Plts derived from WASKO hESCs had lower 

CD43 expression (Figure 6a; right graphs-Plts). However, no sig-
nificant differences were detected in WASKO-MKs.

To study whether WASKO-MKs and WASKO-Plts had altered 
functionality, we first studied their intracellular Ca++ flux (an 
important regulator of Plts function) after agonist stimulation. 
As controls, we used Plts from a healthy individual and from a 
WAS patient (L101P on exon 3) (Figure 6b; left graph). Our data 
showed that Plts derived from hESCs WASKO had near normal 
intracellular Ca++ mobilization after thrombin signaling com-
pared to Plts derived from hESCs WT (Figure 6b; middle graph). 
Similar results were obtained when comparing Plts from periph-
eral blood of the WAS patient with Plts from a healthy individual 
(Figure 6b; left graph). Interestingly, a tendency to prolong the 
agonist-induced Ca++ flux in WASKO-Plts compared to WT-Plts 
can be observed both in Plts derived from hESCS WASKO and 
in Plts from the WAS patient (Figure 6b; left and middle graphs, 
open circles). These observations are in agreement with previous 
data showing a normal Ca++ flux increment and prolongation of 
the agonist-induced Ca++ flux in WAS patients.19 However, con-
trary to WASKO-Plts, WASKO-MKs responded poorly to throm-
bin (Figure 6b; right graph), indicating that WASp could play an 
important role in MKs function.

We next measured activation of the fibrinogen receptor (mea-
sured as PAC-1 binding) of WASKO-MKs and WASKO-Plts 
compared to WT-MKs and WT-Plts. Our data indicated that the 
fibrinogen receptor of WASKO-Plts was efficiently activated by 
thrombin (Figure 6c, lower plots and graphs) while WASKO-MKs 
had this response slightly compromised compared to WT-MKs 

Figure 5 Megakaryocytic specification and Plts production is enhanced in hESCs-WASKO cells. (a) Enhanced MKs and Plts production in 
AND-1_WASKO compared to AND-1_WT cells. Graphs showing percentages (top) and total counts (bottom) of MKs (left) and Plts (right) derived 
from AND-1_WT (white bars) and AND-1_WASKO (black bars) cells at different days of megakaryocytic differentiation. Supernatant from OP9 cocul-
tures were collected each 2 days, starting from day 18 and continued up to day 24. Cells were stained using CD41 and CD42 monoclonal antibodies 
and double positive cells considered as MKs and Plts as described in Figure 4. (b) Enhanced percentages of megakaryocytic progenitors in WASKO 
EBs. The EBs from AND-1_WT and AND-1_WASKO cells were dissociated on day 15, stained with anti-CD34 and anti-CD41 antibodies and analyzed 
by flow cytometry. Graph shows the percentage CD34+CD41+ cells identifying the MK progenitors. **P < 0.01. (c) and (d) Gene expression analysis 
of AND-1_WT (white bars) and AND-1_WASKO (Black bars) cells on EBs at day 15 of differentiation. Two MK specific surface markers (CD41 and 
CD61) (c) and five transcription factors associated with megakaryocytic differentiation (NF-E2, GATA-1, FOG-1, RUNX-1 and FLI-1) (d) are shown. 
Graphs represent expression levels relative to undifferentiated AND-1_WT. Data represent mean ± standard error of the mean of at least three separate 
experiments using two AND-1_WT cell lines (AND-1_WT1 and AND-1_WT2) and two AND-1_WASKO (AND-1_WASKO_c1.1 and AND-1_WASKO 
c1.2). *P < 0.05; **P < 0.01.
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(Figure 6c, upper plots and graphs). Interestingly, both WASKO-
Plts and WASKO-MKs had increased PAC-1 binding in basal 
(unstimulated) conditions compared to WT-Plts and WT-MKs 
(Figure 6c and Supplementary Figure S10). These data is in 
agreement with Gross et  al.40 showing a slight increase rate of 
aggregation and dense granules secretion in response to agonist 
of platelets from WAS patients. All these data together indicate 
a deregulation of the mechanisms of activation of the fibrinogen 
receptor in WASKO MKs and Plts.

Ectopic expression of WAS in AND-1_WASKO cells 
restored typical MKs and Plts development and 
normal MKs function
We finally investigated whether ectopic expression of WAS 
in AND-1_WASKO cells could restored the altered pheno-
types observed. We generated two bulk populations (AND-1_
WASKO_WW.1 and AND-1_WASKO_WW.2) by transduction 
with the WW-puro vector (see Materials and Methods) and 
puromycin selection. In both cell lines, we observed low levels 

of WAS expression in undifferentiated hESCs and above nor-
mal levels of WAS expression upon hematopoietic differentia-
tion (Supplementary Figure S11). We then studied whether the 
ectopic expression of WAS in hESCs-WASKO cells could restored 
normal megakaryocytic differentiation, as this is one of the most 
clear but at the same time unexpected phenotype. We therefore 
performed megakaryocytic differentiation of the AND-1_ WT, 
AND-1_WASKO and AND-1_WASKO_WW cell lines and stud-
ied emergence of CD34+CD41+ progenitors, MKs and Plts. Our 
data showed that the percentage of CD34+CD41+ cells derived 
from AND-1_WASKO_WW at day 15 was similar to those 
derived from AND-1_WT (ration WT/WW = 1; Figure  7a) 
but much lower than those obtained from AND-1_WASKO 
cells (ratio WASKO/WW = 3 in Figure 7a). In the same direc-
tion, the AND-1_WASKO_WW cell lines also produced similar 
levels of MKs (Figure 7b, left) and Plts (Figure 7b, right) com-
pared to AND-1_WT (white versus gray bars) and lower levels 
compared to hESCs-WASKO (gray bars versus black bars). In 
summary, our data showed that the ectopic expression of WAS 

Figure 6 MKs and Plts from the hESCs-WASKO cell lines mimic functional and phenotypic alterations present in WAS patients. (a) Graphs 
showing size (FSC; left graphs), granularity (SSC; middle graphs) and CD43 expression (mean fluorescence intensity (MFI); right graphs) of MKs 
and Plts derived from AND-1_WASKO cells (Black bars) and AND-1_WT (white bars) cells. Data were collected from the CD41+CD42+ gate. Data 
are mean ± standard error of the mean of at least six separate experiments using two AND-1_WT cell lines (AND-1_WT1 and AND-1_WT2) and two 
AND-1_WASKO (AND-1_WASKO_c1.1 and AND-1_WASKO c1.2). *P < 0.05; **P < 0.01. (b) Impaired calcium response of AND-1_WASKO MKs. 
Intracellular calcium levels were evaluated in WASKO (open circles) and WT (black diamonds) Plts obtained from peripheral blood (right graph) or 
hESCs-cultures (middle graph) as well as in hESC-derived MKs (right braph). WAS patient (L101P on exon 3) peripheral blood was obtained at the 
Virgen del Rocio Hospital (Sevilla). Healthy donor peripheral blood was obtained as described in Materials and Methods. Ca++ flux was measured 
by flow cytometry using the Calcium Sensor Dye eFluor 514 at a final concentration of 5 μmol/l. Data represent the increase in calcium levels after 
thrombin stimulation over the basal calcium levels, measured by the intensity of fluorescence of the calcium sensor dye. Thrombin addition (2 U/ml)  
is indicated by an arrow. (c) WASKO-MKs had altered fibrinogen receptor alterations but WASKO-Plts had near-normal responses. AND-1_WT (left 
plots) and AND-1_WASKO (right plots) were activated with thrombin and stained with CD42 (MK marker) and PAC-1 (antibody that recognizes 
the dimerized form of this integrin). Plots represent PAC-1 intensity on CD42+-gated MKs (top) and Plts (bottom). The graphs show increment in % 
(left graph) and intensity (right graph) of PAC1+ MKs and Pts derived from AND-1_WT (white bars) and AND-1_WASKO (black bars) cells. Data are 
Mean of at least three separate experiments ± standard error of the mean using two AND-1_WT cell lines (AND-1_WT1 and AND-1_WT2) and two 
AND-1_WASKO (AND-1_WASKO_c1.1 and AND-1_WASKO c1.2). *P < 0.05; **P < 0.01.
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in AND-1_WASKO cell lines restored normal megakaryocytic 
development.

We next studied whether the expression of WAS in AND-1_
WASKO could also restore normal MKs calcium responses 
to thrombin. Calcium responses were therefore evaluated in  
MKs derived from AND-1_WT, AND-1_WASKO and AND-1_
WASKO_WW. Our data clearly indicates that the ectopic 
expression of WAS in AND-1_WASKO restored the ability 
of MKs to respond to thrombin (Figure 7c, lower-left plots  

and graph; AND-1_WASKO versus AND-1_WASKO_WW; 
P < 0.01).

DISCUSSION
The present work aims to unveil the defects associated with the 
absence of WASp during hematopoietic and megakaryocytic 
development as well as Plts production. A matter still not well 
understood due to the obvious difficulties in isolation of human 
hematopoietic progenitors from WAS patients, together with 

Figure 7 Ectopic expression of WAS on AND-1_WASKO cells restored normal MKs and Plts development and function. (a) Ectopic expression 
of WAS restores normal levels of CD34+CD41+ progenitors from hESCs-WASKO. The percentages of CD34+CD41+ were determined at day 15 of 
Megakaryocytic differentiation. The graph shows the ratio between the percentages of CD34+CD41+ cells derived from different hESCs as indicated 
at the bottom of each bar. Note that a ratio of 1 indicates no differences as observed in the WT/WW (ratio between WT and AND-1_WASKO_WW) 
and WT1/WT2 (ratio between WT1 and WT2) bars. Data are mean from at least five different experiments ± standard error of the mean. **P < 0.01. 
(b) Ectopic expression of WAS restores normal levels of MKs and Plts generated from hESCs-WASKO. Supernatant from OP9 cocultures from AND-1_
WT, AND-1_WASKO, and AND-1_WASKO_WW were collected every 2 days from day 18 and the percentage of MKs (left graph) and Plts (right 
graph) determined as described in Figure 4. (c) Ectopic expression of WAS restores normal calcium responses to AND-1_WASKO_WW derived MKs. 
Calcium responses to thrombin (arrow) were evaluated in MKs derived from AND-1_WT, AND-1_WASKO, and AND-1_WASKO_WW. The upper plots 
shows the population considered as MKs. An example of the data generated for each cell line is shown in the bottom-left plots. A graph showing 
WASKO (open circles), WT (black diamonds) and WASKO_WW MKs (open squares) Ca++ responses along time is shown at the bottom-right corner. 
Data represent the increase in calcium levels after thrombin stimulation over the basal calcium levels, measured by the intensity of fluorescence of 
the calcium sensor dye. Thrombin addition (2 U/ml) is indicated by an arrow. Data represent mean ± SEM of at least three separate experiments 
using two AND-1_WT cell lines (AND-1_WT1 and AND-1_WT2), two AND-1_WASKO (AND-1_WASKO_c1.1 and AND-1_WASKO c1.2) and two 
AND-1_WASKO_WW (AND-1_WASKO_WW.1 and AND-1_WASKO_WW.2. *P < 0.05; **P < 0.01.
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incapability of the WASKO mice in resembling human thrombo-
cytopenia. In addition, these mice models have not been able to 
detect the genotoxicity of retroviral insertions when used to test 
gene therapy safety in preclinical studies. Therefore, we were also 
interested in the development of human cellular models that could 
be used to study efficiency and safety of new gene therapy strate-
gies for the treatment of Wiskott-Aldrich syndrome. We therefore 
proposed the development of a human stem cellular model for 
WAS. Based on the AND-1 cell line31 and using ZFNs targeted 
to the WAS locus,41 we have developed two pluripotent cell line 
clones (AND-1_WASKO_c1.1 and AND-1_WASKO_c1.2) with a 
complete absence of WASp to mimic WAS patients with a severe 
phenotype.

WASp expression starts at the first stages of hematopoietic 
differentiation1,32 but little is known about its role in early hema-
topoiesis. We investigated if WAS-deficient hESCs displayed 
any alterations during early hematopoietic development. WAS 
patients and animal models exhibit some abnormal hematopoi-
etic parameters.12,23 These abnormalities could be explained by 
defects in proliferation, migration, and/or apoptosis of the differ-
ent mature hematopoietic lineages rather than due to a defective 
hematopoietic development. In fact, most of the data generated 
from WASKO mice indicate that WASp does not play a major role 
during hematopoietic development. However, recent publications 
showed increased number of hematopoietic progenitors in the 
peripheral blood and spleen of WASKO mice.12,23 Charrier et al.23 
showed that the total number of progenitors in WASKO mice 
(taken together CFC from peripheral blood, spleen, and bone 
marrow) was almost double the total number of progenitors found 
in WT mice. This is in agreement with our data indicating that the 
absence of WASp can promote hematopoietic differentiation and 
generate higher numbers of progenitors and blood cells. A recent 
publication by Ingrungruanglert et al.34 reported the development 
of the first induced pluripotent Stem Cells (iPSCs) from two WAS 
patients. In this work, the authors did not found alterations in 
hematopoiesis of the WAS-iPSCs. However, although their data 
did not reach significance, a similar tendency can be observed in 
their data (CD34+CD45+ Average of 0.56% WT-iPSCs versus 0.9% 
WAS-iPSCs in their Figure 1d (ref. 34)) corroborating our results 
with hESCs WASKO.

The role of WASp in Plts development remains also largely 
unknown with contradictory results.12,13 Different studies showed 
either, abnormal14,36 or normal15–17,20 megakaryocytic develop-
ment. Interestingly, Sabri et  al.14 published evidences of prema-
ture MK differentiation in WASKO mice. Our data corroborate 
the idea of an enhanced differentiation toward the megakaryo-
cytic lineage in the absence of WASp favoring the hypothesis that 
WASp is negatively regulating megakaryocytic differentiation in 
the absence of the appropriate signals. In agreement with our 
data, Ingrungruanglert et  al.34 reported enhanced megakaryo-
cytic differentiation in one of their WAS iPSCs (WASX503R-R#1), 
although this result was not repeated in the other WAS iPSCs they 
generated.

It is a matter of active discussion whether the microthrombo-
cytopenia observed in WAS patients is due to defective produc-
tion of Plts in bone marrow or due to Plts depletion by the spleen 
and other organs. AND-1_WASKO cells produced higher levels 

of MKs and Plts compared to WT MKs. Importantly, these data 
was confirmed by demonstrating that the ectopic expression of 
WAS in AND-1_WASKO cell lines restored normal megakaryo-
cytic development and Plt production. Contrary to our results, 
Ingrungruanglert et al. reported similar (WASQ19X cell lines) or 
reduced (WASX503R cell lines) Plts production compared to con-
trol iPSCs. These contradictory results can be explained by several 
factors: (i) Ingrungruanglert et al. data was obtained at day 24 and 
at this day of production, we had similar data (Figure 5a, day 24). 
(ii) Ingrungruanglert et al. used iPSCs derived from two patients 
harboring two different mutations, Q19X, which introduce a pre-
mature stop codon and X503R, which produce a larger, instable 
WASp protein. These mutations can render different phenotypes. 
In addition, the reprogramming factors can induce alterations in 
the differentiation process. Our two WASKO hESCs lines harbor 
the same mutation generated by gene edition and can be compared 
with the original hESCs used to generate the mutations (AND-1).

We finally investigated whether WASKO-HPCs, WASKO-
MKs, and WASKO-Plts mimicked the functional defects found 
previously in HPCs, MK, and Plts from WAS patients and WASKO 
mice models. Some authors reported reduced clonogenic poten-
tial of HPCs from WASKO mice and WAS patients33 while oth-
ers found normal CFU formation capabilities and maintenance of 
WAS HPCs.34,42 We found a slight, although not significant, reduc-
tion in the clonogenic potential of WASKO-HPCs compared to 
WT-HPCs, indicating that the absence of WASp does not play a 
relevant role in this property of HPCs, at least under this experi-
mental conditions. Mani et al.22 showed that WASp is involved in 
kit (SCF-receptor)-mediated signal transduction and required 
for kit-induced cellular Ca++ signaling and survival. Interestingly, 
we found defective Ca++ responses to SCF in WASKO-HPCs 
compared to WT-HPCs. This finding corroborates Mani et  al.22 
data and back up a role of WASp in HPCs survival/maintenance 
through its function as an effector of SCF signaling.

The phenotypic and functional alterations of MK and Plts 
from WAS patients are also an open debate. Some authors main-
tain that Plts function normally but have phenotypic alterations 
(enhanced phosphatidylserine expression, low CD43 expression) 
that give rise to its clearance by the spleen.15–18 However, other 
groups have reported increased basal intracellular Ca++ content 
and prolongation of agonist-induced Ca++ flux upon stimula-
tion19 as well as reduced activation of the fibrinogen receptor,20,21 
both important players in Plts function. WASKO-Plts generated 
from WASKO-hESCs presented the typical phenotypic alterations 
found in Plts from WAS patients (reduced size and granularity as 
well as reduced expression levels of CD43). In addition, we con-
firmed the ability of WASp-deficient Plts to respond to different 
agonist presenting near-normal Ca++ flux and fibrinogen recep-
tor activation. These data are in agreement with the hypothesis 
that Plts from WAS patients have a near-normal activity and that 
the recurrent bleeding observed in these patients are due to the 
thrombocytopenia caused by Plts clearance by resident macro-
phages in spleen and other tissues. This hypothesis is further con-
firmed by the restoration of Plts count and coagulation rates in 
most splenectomized WAS patients.

Interestingly, contrary to the near-normal function observed 
in WASKO-Plts, WASKO-MKs had significant alterations in both, 

350 www.moleculartherapy.org vol. 24 no. 2 feb. 2016



Modeling WAS With ZFNs-edited hESCs
Official journal of the American Society of Gene & Cell Therapy

intracellular Ca++ flux and fibrinogen receptor activation upon 
stimulation with thrombin. Mks require a very structured and 
dynamic organization of the actin cytoskeleton to generate Plts at 
the correct place and time. We hypothesized that the absence of 
WASp deregulate actin cytoskeleton dynamics that became now 
governed by WASp-homologs (N-WASp, WAWE, etc.) leading to 
enhanced megakariopoiesis and altered Plts phenotypes.

In summary, we have developed and validated the first human 
embryonic stem cell model that mimics WAS patients with a severe 
phenotype. Using these cells, we have demonstrated that WASp 
is regulating early hematopoietic development, megakaryocytic 
differentiation, and thrombopoiesis. We have also demonstrated 
that WASp plays an important role in HPCs and MKs function by 
showing defective Ca++ responses in its absence. Finally, we have 
demonstrated that these cells can be used to investigate efficiency 
and safety of gene therapy strategies by restoring WAS phenotype 
by lentiviral transduction of hESCs WASKO.

MATERIALS AND METHODS
Embryonic stem cell lines culture. Human embryonic stem cells AND-1_
WT1 (ref. 31) (AND-1; International Stem Cell Registry: Spanish 
National Stem Cell Bank, Granada, Spain) were cultured in Matrigel (BD 
Biosciences)-coated T25 flasks in human mesenchymal stem cells-condi-
tioned medium supplemented with 8 ng/ml basic fibroblast growth fac-
tor (bFGF) obtained from the Biobanco del Sistema Sanitario Público de 
Andalucia or onto irradiated human mesenchymal stem cells (Biobanco 
del Sistema Sanitario Público de Andalucia) in DM medium (KO-DMEM 
(Invitrogen, Carlsbad, CA), 20% fetal bovine serum (FBS), 1% Glutamax, 
1% non-essential aminoacids, and 0.2% β-mercaptoethanol) as previ-
ously described.43 Approval from the Spanish National Embryo Ethical 
Committee was obtained to work with hESCs. AND-1_WT2 was gener-
ated by cloning the original AND-1_WT1 cells following a similar pro-
cedure as for the generation of the WASKO clones but without antibiotic 
selection.

Gene edition of hESCs. Plasmids encoding the ZFN pairs targeting the WAS 
locus and the plasmid containing the Donor DNA (harboring a Neomycin-
resistance expression cassette) were previously published.41 The hESCs 
were pretreated with 10 µmol/l ROCK inhibitor (Millipore, Billerica, MA) 
for 1 hour, detached with 1 ml of TrypLE (Invitrogen), neutralized with 
DM medium (KO-DMEM (Invitrogen), 20% FBS, 1% Glutamax, 1% non-
essential aminoacids, and 0.2% β-mercaptoethanol)) and resuspended in 
100 µl of Amaxa nucleofector solution II (Lonza, Basel, Switzerland). The 
three plasmids (two ZFNs and one donor DNA) were added to this solu-
tion and applied the program A23. The cells were resuspended in 500 µl 
of prewarmed RPMI medium and recovered for 15 minutes at 37 °C and 
transferred onto a matrigel-coated 10-cm dish with DM medium containing 
ROCK inhibitor for 3–4 days. The medium was complemented with 50 µg/
ml of G418 for 15 days, refreshing the medium each 2–3 days. Visual screen-
ing under the microscope was performed to identify gene-edited colonies. 
After growth, G418-resistant AND-1 colonies were collected and expanded. 
The different clones were stored in liquid nitrogen and analyzed for genomic 
edition by PCR using the NeoF1/WASR1 and the WASF1/WASR1 primer 
combinations (see Supplementary Table S1). Two clones were selected for 
characterization and analysis (AND-1_ WASKO c1.1 and AND-1_ WASKO 
c1.1; International Stem cell Registry, Spanish National Stem Cell Bank).

DNA preparation, RNA preparation, and quantitative real-time 
PCR. Genomic DNA was isolated at the GENYO general service facili-
ties using NucleosSpin Tissue kit (Macherey-Nagel, Düren, Germany). 
Total RNA was isolated using TRIzol (Invitrogen) following the manu-
facturer’s instructions and reverse transcribed into cDNA using the 

MultiScribe™ Reverse Transcriptase kit (Applied Biosystems, Foster 
City, CA). Quantitative real-time PCRs were performed in the Mx3005P 
Stratagene thermal cycler (Agilent Technologies, Santa Clara, CA) using 
the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). The 
primers used to quantify relative levels of the different genes are showed 
in Supplementary Table S1.

Vector production and transduction of hESCs-WASPKO cells. The 
human immunodeficiency virus (HIV) packaging (pCMVΔR8.91) and 
VSV-G (pMD2.G) plasmids (http://www.addgene.org/Didier_Trono) are 
described elsewhere.44 The lentiviral vector expressing WASP (WW-puro) 
was obtained by inserting the pSV40-puro cassette from the pPur Vector 
plasmid into the KpnI site of the WW plasmid45 using standard cloning 
techniques. Vector production and concentration was performed as previ-
ously described.46 For transduction, hESCs-WASKO cells were incubated 
with WW-puro lentiviral particles at multiplicity of infection = 10–20. 
Transduced hESCs-WAKO were incubated under 0.25 μg/ml of puromy-
cine to generate hESCs expressing WAS. Two bulk populations (AND-1_
WASKO_WW.1 and AND-1_WASKO_WW.2) resistant to puromycine 
where generated in two different experiments.

Western blot. Cells were lysed with 0.2% NP-40 lysis buffer containing 
protease inhibitor cocktail (Sigma, St Louis, MO), resolved by sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), elec-
trotransferred to nitrocellulose membranes (Amersham, UK) and probed 
with anti-human WASp mAb D1 (Santa Cruz Biotechnology, Santa Cruz, 
CA). For detection, we used goat anti-mouse antibody conjugated with the 
800CW infrared dye (1:10,000 dilution) (Li-cor Biotechnologies, Lincoln, 
NE). The blot was developed by the infrared detection system Odyssey 
(Li-cor Biotechnologies). Loading controls were carried out by rehybrid-
ization of stripped membranes with a rabbit anti-human Erk polyclonal 
antibody (anti-MAP kinase 1/2, Upstate Biotechnology, UK), followed by 
incubation with goat anti-rabbit antibody conjugated with the infrared dye 
680LT at (1:20,000) (Li-cor Biotechnologies).

hESCs hematopoietic differentiation through EB. Near confluent hESCs 
(day 0) were treated with collagenase IV for 1 minute, scraped off, trans-
ferred to low-attachment plates (Corning Life Sciences, Amsterdam, The 
Netherland) and incubated overnight in DM medium. The next day, the 
EBs were centrifuged and resuspended in DM medium supplemented 
with cytokine cocktail 1 (CC1): BMP-4 (25 ng/ml), Flt-3L (300 ng/ml), 
SCF (300 ng/ml), IL-3 (10 ng/ml), IL-6 (10 ng/ml), and G-CSF (50 ng/
ml) with medium changes every 4 days. EBs were dissociated using col-
lagenase B (Roche Diagnostic, Basel, Switzerland) with Cell Dissociation 
Buffer (Gibco-Invitrogen) for FACS analysis and CFUs assays. To evaluate 
hematopoietic differentiation, dissociated cells were stained with 7-AAD 
(Life Technologies), anti-human CD31-PE, anti-human CD34-PE-Cy7, 
and anti-human CD45-APC (all from eBiosciences, San Diego, CA). The 
samples were analyzed in a FACS Canto II flow cytometer equipped with 
the FACS Diva analysis software (Becton Dickinson, Franklin Lakes, NJ).

hESCs hematopoietic differentiation in OP9 coculture system. 
Hematopoietic differentiation was induced by transferring the hESCs 
lines onto OP9 feeders as previously described for at least 15 days (see 
Supplementary Figure S4). To evaluate hematopoietic differentiation at 
the different days, cells were treated with collagenase IV 1 hour, 10 min-
utes with Tryple (Gibco), resuspended in phosphate-buffered saline (PBS) 
1× +3% FBS + 2 mmol/l ethylenediaminetetraacetic acid buffer, filtered 
through a 70-µm cell strainer (BD Biosciences, Bedford, MA) and stained 
with anti-mouse CD29-FITC (AbD Serotec, Raleigh, GBK), anti-human 
CD31-PE, anti-human CD34-PE-Cy7, and anti-human CD45-APC (all 
from eBiosciences) and analyzed in a FACS Canto II flow cytometer.

CFU assay. For CFU assays, 20,000–35,000 cells were filtered through 
a 40-μm cell strainer (BD Biosciences) and directly plated into 
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methylcellulose H4034 (Stem Cell Technologies, Vancouver, Canada). 
Cells were incubated at 37 °C, 5% CO2 humidified atmosphere. The colo-
nies were count based on morphological characteristics after 10–14 days.

Megakaryocytic differentiation protocol. We used a protocol adapted 
from Lu et al.30 and is depicted in Supplementary Figure S5. The hESCs 
contained in a T-25 flask were treated with collagenase IV, scrapped, and 
incubated in DM medium on ultralow attachment plates in order to form 
EBs (day 0). Twenty-four hours later, the DM medium was complemented 
with the cytokine cocktail 1 (cc1: BMP4 (50 ng/ml), vascular endothelial 
growth factor (50 ng/ml), and bFGF (20 ng/ml)) for 2 days (till day 3). 
From day 3 till day 8, the cytokine cocktail 2 (cc2: SCF, thrombopoietin 
(TPO), and FLT3 ligand (20 ng/ml each)) were added to the previous cyto-
kine cocktail. Finally, from day 8 to day 15, the EB medium is comple-
mented only with cytokine cocktail 3 (cc3: 350 ng/ml of TPO and 20 ng/
ml of SCF) (all cytokines were from PeproTech-London, UK). At day 10 of 
the EB differentiation protocol, 3 × 104 OP9 cells/well were plated on 0.1% 
gelatine-coated 6-well plates to form the stroma. On day 15, the EBs were 
dissociated with 1 ml of collagenase B (Roche, Switzerland) diluted 1:10 in 
EB medium and collected at 1100 rpm for 2 min. The samples were then 
incubated with 1 ml of dissociation buffer (Gibco) without pipetting, incu-
bated at 37 °C for 10 minutes, washed with PBS, centrifuged at 1,200 rpm 
for 4 minutes and resuspended in 1 ml of OP9 differentiation medium (α 
minimum essential medium basal medium, 10% non-heat-inactivated 
FBS, 100 μmol/l monothioglycerol, and 50 μg/ml ascorbic acid) containing 
TPO (100 ng/ml), SCF (50 ng/ml), and heparin (25 U/ml) very carefully 
until no clumps were seen. Cells were then added onto the OP9 stroma and 
maintained in this medium during the rest of the differentiation protocol 
(for another 10–15 days).

To evaluate megakaryocytic differentiation, day 15 EBs from one 
well of a six-well plate were dissociated, the megakaryocytic progenitors 
analyzed in 1/5 of the sample and the rest plated again onto one OP9-
coated well of a six-well plate. The progenitors were analyzed by staining 
with 7AAD, mouse anti human CD34-PECy7 (eBiosciences) and mouse 
anti human CD41-PE (eBiosciences). With the remaining sample, at the 
indicated days during the differentiation protocol, half of the medium 
was harvested (containing emerging MKs and Plts) and replaced by 
fresh medium. Collected samples were spun down at 900 g for 5 minutes, 
stained in PBS with 3% FBS and 2 mmol/l of Ethylenediaminetetraacetic 
acid using 7-AAD, mouse anti human CD41-PE (eBiosciences) (1/100 
dilution) and CD42b-APC (Biolegend, San Diego, CA) (1/50 dilution) 
antibodies. Samples were analyzed using a FACSCanto II flow cytometer.

Isolation of peripheral blood platelets from healthy donors and WAS 
patients. All healthy donors and a WAS patient (L101P on exon 3) gave 
written informed consent following the Declaration of Helsinki Protocols 
and the research was approved by the ethical committee of the HU Virgen 
del Rocio (Sevilla). Blood extractions were performed at the H. Virgen 
del Rocío. To isolate the Plts, 5 ml of blood were diluted 1/1 in PBS and 
centrifuged at 300 g for 20 minutes at RT without break. The supernatant 
containing the Plts were collected and counted.

PAC-1 binding assay. MKs and Plts were collected from the supernatant by 
centrifugation at 900 g for 5 minutes, washed with Tyrode’s buffer (TB) with 
calcium and magnesium (150 mmol/l NaCl, 2.9 mmol/l KCl, 12 mmol/l 
NaHCO3, 0.1% glucose, 0.1% BSA, 5 mmol/l 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid, 1 mmol/l CaCl2, 1 mmol/l MgCl2) and 
resuspended in 100 µl of the same buffer. The cells were activated with 
thrombin (2 units/ml) during 10’ at RT, stained with the anti-CD42b-APC 
and PAC-1-FITC antibodies and incubated for 25’ at RT. The cell suspen-
sion was then washed with TB and fixed in 0.25% PFA in TB.

Calcium flux. For hESCs-derived CD34+CD45+-derived cells: On day 15 
(EBs) or Day 8 (OP9) of differentiation, suspension cells were collected by 
centrifugation (400 g for 7 minutes) and stained with the anti-CD34-APC 

antibody for 30 minutes at RT, and washed with TB. Cells were diluted in 
TB containing the calcium sensor dye eFluor 514 (eBiosciences) at a final 
concentration of 5 µmol/l. For loading the cells with the dye and estab-
lish the background, they were incubated for 40 minutes at 37 °C, then 
washed and resuspended in TB without dye. Cells were then analyzed by 
flow cytometry with continuous acquisition for 30 seconds to measure 
background levels (T = 0). Acquisition was then paused to add the SCF 
(100 ng/ml) and immediately restarted for the continuous acquisition for 
6 minutes.

For MKs and Plts: On selected days of differentiation, suspension 
cells were collected by centrifugation (900 g for 7 minutes), stained with 
the anti-CD42b-APC antibody for 30 minutes at RT and washed with 
TB. The rest of the procedure is the same as above but using 2 U/ml of 
thrombin as stimuli.

Statistical analysis. All data are expressed as mean ± standard error of 
the mean. Statistical comparisons were performed using the Student t-test, 
with the assumption of normal distribution. Statistical significance was 
defined as a P value < 0.05.

SUPPLEMENTARY MATERIAL
Figure S1. Phenotypic characterization of AND-1_WASKO cell lines.
Figure S2. AND-1_WASKO_C1.1 generates normal teratomas in an 
immunodeficient mice model.
Figure S3. Karyotype of hESCs used.
Figure S4. hESCs hematopoietic differentiation in OP9 co-culture 
system.
Figure S5. Scheme of megakaryocytic differentiation of hESCs.
Figure S6. MKs and Plts derived from hESCs.
Figure S7. Characterization of MKs and Plts derived from hESCs.
Figure S8. Characterization of Plts from Peripheral blood.
Figure S9. AND-1_WASKO cells produce higher number of MKs and 
Plts.
Figure S10. WASKO-MKs had increased basal levels of PAC-1 binding.
Figure S11. WW-puro LVs Transduced AND-1_WASKO cell express 
WAS.
Figure S12. Plots showing the population analyzed to measure hema-
topoietic differentiation on the EB system
Table S1. List of primers used for qPCR and RT-qPCR.

ACKNOWLEDGMENTS
This work has been financed by Fondo de Investigaciones Sanitarias 
ISCIII (Spain) and Fondo Europeo de Desarrollo Regional (FEDER) from 
the European Union, through the research grants PI12/01097 (F.M.); 
CD09/00200 (P.M.); CP09/00228 and PI12/01390 (P.A.); CP12/03175 
(V.R.-M.); CP09/0063 and PI12/01598 (P.J.R.), and ISCIII Red de 
Terapia Celular (TerCel: RD12/0019/0006) (F.M.), by the CICE and 
CS de la Junta de Andalucía FEDER/Fondo de Cohesion Europeo (FSE) 
de Andalucía 2007–2013 through research grants P09-CTS-04532, 
PI-57069, PI-0001/2009 and PAIDI-Bio-326 (F.M.); PI-0160/2012 (K.B.); 
PI-0407/2012 (M.C.); SAS-111244 and P10-CTS/6406 (P.J.R.). The 
authors thank Raquel Marrero Diaz from the Microscopy Unit for the 
help with confocal imaging. Tha authors declared no conflict of interest.

REFERENCES
 1. Parolini, O, Berardelli, S, Riedl, E, Bello-Fernandez, C, Strobl, H, Majdic, O et al. 

(1997). Expression of Wiskott-Aldrich syndrome protein (WASP) gene during 
hematopoietic differentiation. Blood 90: 70–75.

 2. Derry, JM, Ochs, HD and Francke, U (1994). Isolation of a novel gene mutated in 
Wiskott-Aldrich syndrome. Cell 78: 635–644.

 3. Stewart, DM, Treiber-Held, S, Kurman, CC, Facchetti, F, Notarangelo, LD and 
Nelson, DL (1996). Studies of the expression of the Wiskott-Aldrich syndrome protein. 
J Clin Invest 97: 2627–2634.

 4. Ochs, HD (1998). The Wiskott-Aldrich syndrome. Springer Semin Immunopathol 19: 
435–458.

 5. Shcherbina, A, Rosen, FS and Remold-O’Donnell, E (1999). WASP levels in platelets 
and lymphocytes of wiskott-aldrich syndrome patients correlate with cell dysfunction. 
J Immunol 163: 6314–6320.

 6. Snapper, SB, Rosen, FS, Mizoguchi, E, Cohen, P, Khan, W, Liu, CH et al. (1998). 
Wiskott-Aldrich syndrome protein-deficient mice reveal a role for WASP in T but not B 
cell activation. Immunity 9: 81–91.

352 www.moleculartherapy.org vol. 24 no. 2 feb. 2016



Modeling WAS With ZFNs-edited hESCs
Official journal of the American Society of Gene & Cell Therapy

 7. Nguyen, DD, Wurbel, MA, Goettel, JA, Eston, MA, Ahmed, OS, Marin, R et al. (2012). 
Wiskott-Aldrich syndrome protein deficiency in innate immune cells leads to mucosal 
immune dysregulation and colitis in mice. Gastroenterology 143: 719–29.e1.

 8. Recher, M, Burns, SO, de la Fuente, MA, Volpi, S, Dahlberg, C, Walter, JE et al. (2012). 
B cell-intrinsic deficiency of the Wiskott-Aldrich syndrome protein (WASp) causes severe 
abnormalities of the peripheral B-cell compartment in mice. Blood 119: 2819–2828.

 9. Molina, IJ, Kenney, DM, Rosen, FS and Remold-O’Donnell, E (1992). T cell lines 
characterize events in the pathogenesis of the Wiskott-Aldrich syndrome. J Exp Med 
176: 867–874.

 10. Toscano, MG, Frecha, C, Ortega, C, Santamaría, M, Martín, F and Molina, IJ (2004). 
Efficient lentiviral transduction of Herpesvirus saimiri immortalized T cells as a model 
for gene therapy in primary immunodeficiencies. Gene Ther 11: 956–961.

 11. Strom, TS (2009). The thrombocytopenia of WAS: a familial form of ITP? Immunol Res 
44: 42–53.

 12. Massaad, MJ, Ramesh, N and Geha, RS (2013). Wiskott-Aldrich syndrome: a 
comprehensive review. Ann N Y Acad Sci 1285: 26–43.

 13. Bosticardo, M, Marangoni, F, Aiuti, A, Villa, A and Grazia Roncarolo, M (2009). Recent 
advances in understanding the pathophysiology of Wiskott-Aldrich syndrome. Blood 
113: 6288–6295.

 14. Sabri, S, Foudi, A, Boukour, S, Franc, B, Charrier, S, Jandrot-Perrus, M et al. (2006). 
Deficiency in the Wiskott-Aldrich protein induces premature proplatelet formation and 
platelet production in the bone marrow compartment. Blood 108: 134–140.

 15. Haddad, E, Cramer, E, Rivière, C, Rameau, P, Louache, F, Guichard, J et al. (1999). The 
thrombocytopenia of Wiskott Aldrich syndrome is not related to a defect in proplatelet 
formation. Blood 94: 509–518.

 16. Rengan, R, Ochs, HD, Sweet, LI, Keil, ML, Gunning, WT, Lachant, NA et al. (2000). 
Actin cytoskeletal function is spared, but apoptosis is increased, in WAS patient 
hematopoietic cells. Blood 95: 1283–1292.

 17. Shcherbina, A, Bretscher, A, Rosen, FS, Kenney, DM and Remold-O’Donnell, E (1999). 
The cytoskeletal linker protein moesin: decreased levels in Wiskott-Aldrich syndrome 
platelets and identification of a cleavage pathway in normal platelets. Br J Haematol 
106: 216–223.

 18. Higgins, EA, Siminovitch, KA, Zhuang, DL, Brockhausen, I and Dennis, JW (1991). 
Aberrant O-linked oligosaccharide biosynthesis in lymphocytes and platelets from 
patients with the Wiskott-Aldrich syndrome. J Biol Chem 266: 6280–6290.

 19. Shcherbina, A, Rosen, FS and Remold-O’Donnell, E (1999). Pathological events in 
platelets of Wiskott-Aldrich syndrome patients. Br J Haematol 106: 875–883.

 20. Gröttum, KA, Hovig, T, Holmsen, H, Abrahamsen, AF, Jeremic, M and Seip, M (1969). 
Wiskott-Aldrich syndrome: qualitative platelet defects and short platelet survival. Br J 
Haematol 17: 373–388.

 21. Tsuboi, S, Nonoyama, S and Ochs, HD (2006). Wiskott-Aldrich syndrome protein is 
involved in alphaIIb beta3-mediated cell adhesion. EMBO Rep 7: 506–511.

 22. Mani, M, Venkatasubrahmanyam, S, Sanyal, M, Levy, S, Butte, A, Weinberg, K et al. 
(2009). Wiskott-Aldrich syndrome protein is an effector of Kit signaling. Blood 114: 
2900–2908.

 23. Charrier, S, Blundell, M, Cédrone, G, Louache, F, Vainchenker, W, Thrasher, AJ et al. 
(2013). Wiskott-Aldrich syndrome protein-deficient hematopoietic cells can be 
efficiently mobilized by granulocyte colony-stimulating factor. Haematologica 98: 
1300–1308.

 24. Chadwick, K, Wang, L, Li, L, Menendez, P, Murdoch, B, Rouleau, A et al. (2003). 
Cytokines and BMP-4 promote hematopoietic differentiation of human embryonic 
stem cells. Blood 102: 906–915.

 25. DeRouen, MC, McCormick, JB, Owen-Smith, J and Scott, CT (2012). The 
race is on: human embryonic stem cell research goes global. Stem Cell Rev 8: 
1043–1047.

 26. Gaj, T, Gersbach, CA and Barbas, CF 3rd (2013). ZFN, TALEN, and CRISPR/Cas-based 
methods for genome engineering. Trends Biotechnol 31: 397–405.

 27. Urnov, FD, Miller, JC, Lee, YL, Beausejour, CM, Rock, JM, Augustus, S et al. (2005). 
Highly efficient endogenous human gene correction using designed zinc-finger 
nucleases. Nature 435: 646–651.

 28. Hockemeyer, D, Soldner, F, Beard, C, Gao, Q, Mitalipova, M, DeKelver, RC et al. 
(2009). Efficient targeting of expressed and silent genes in human ESCs and iPSCs 
using zinc-finger nucleases. Nat Biotechnol 27: 851–857.

 29. Soldner, F, Laganière, J, Cheng, AW, Hockemeyer, D, Gao, Q, Alagappan, R et al. 
(2011). Generation of isogenic pluripotent stem cells differing exclusively at two early 
onset Parkinson point mutations. Cell 146: 318–331.

 30. Lu, SJ, Li, F, Yin, H, Feng, Q, Kimbrel, EA, Hahm, E et al. (2011). Platelets generated 
from human embryonic stem cells are functional in vitro and in the microcirculation of 
living mice. Cell Res 21: 530–545.

 31. Cortes, JL, Sanchez, L, Ligero, G, Gutierrez-Aranda, I, Catalina, P, Elosua, C et al. 
(2009). Mesenchymal stem cells facilitate the derivation of human embryonic stem 
cells from cryopreserved poor-quality embryos. Hum Reprod 24: 1844–1851.

 32. Muñoz, P, Toscano, MG, Real, PJ, Benabdellah, K, Cobo, M, Bueno, C et al. (2012). 
Specific marking of hESCs-derived hematopoietic lineage by WAS-promoter driven 
lentiviral vectors. PLoS One 7: e39091.

 33. Kajiwara, M, Nonoyama, S, Eguchi, M, Morio, T, Imai, K, Okawa, H et al. (1999). 
WASP is involved in proliferation and differentiation of human haemopoietic 
progenitors in vitro. Br J Haematol 107: 254–262.

 34. Ingrungruanglert, P, Amarinthnukrowh, P, Rungsiwiwut, R, Maneesri-le Grand, S, 
Sosothikul, D, Suphapeetiporn, K et al. (2015). Wiskott-Aldrich syndrome iPS cells 
produce megakaryocytes with defects in cytoskeletal rearrangement and proplatelet 
formation. Thromb Haemost 113: 792–805.

 35. Litzman, J, Jones, A, Hann, I, Chapel, H, Strobel, S and Morgan, G (1996). Intravenous 
immunoglobulin, splenectomy, and antibiotic prophylaxis in Wiskott-Aldrich 
syndrome. Arch Dis Child 75: 436–439.

 36. Miki, H, Nonoyama, S, Zhu, Q, Aruffo, A, Ochs, HD and Takenawa, T (1997). 
Tyrosine kinase signaling regulates Wiskott-Aldrich syndrome protein function, 
which is essential for megakaryocyte differentiation. Cell Growth Differ 8:  
195–202.

 37. Bender, M, Stritt, S, Nurden, P, van Eeuwijk, JM, Zieger, B, Kentouche, K et al. (2014). 
Megakaryocyte-specific Profilin1-deficiency alters microtubule stability and causes a 
Wiskott-Aldrich syndrome-like platelet defect. Nat Commun 5: 4746.

 38. Reisinger, D and Parkman, R (1987). Molecular heterogeneity of a lymphocyte 
glycoprotein in immunodeficient patients. J Clin Invest 79: 595–599.

 39. Khan, S, Holding, S, Doré, PC and Sewell, WA (2008). Abnormal O-glycosylation of 
CD43 may account for some features of Wiskott-Aldrich syndrome. Med Hypotheses 
70: 269–272.

 40. Gross, BS, Wilde, JI, Quek, L, Chapel, H, Nelson, DL and Watson, SP (1999). 
Regulation and function of WASp in platelets by the collagen receptor, glycoprotein 
VI. Blood 94: 4166–4176.

 41. Toscano, MG, Anderson, P, Muñoz, P, Lucena, G, Cobo, M, Benabdellah, K et al. 
(2013). Use of zinc-finger nucleases to knock out the WAS gene in K562 cells: a 
human cellular model for Wiskott-Aldrich syndrome. Dis Model Mech 6: 544–554.

 42. Lacout, C, Haddad, E, Sabri, S, Svinarchouk, F, Garçon, L, Capron, C et al. 
(2003). A defect in hematopoietic stem cell migration explains the nonrandom 
X-chromosome inactivation in carriers of Wiskott-Aldrich syndrome. Blood 102: 
1282–1289.

 43. Ramos-Mejía, V, Fernández, AF, Ayllón, V, Real, PJ, Bueno, C, Anderson, P et al. 
(2012). Maintenance of human embryonic stem cells in mesenchymal stem 
cell-conditioned media augments hematopoietic specification. Stem Cells Dev 21: 
1549–1558.

 44. Zufferey, R, Nagy, D, Mandel, RJ, Naldini, L, Trono, D (1997). Multiply attenuated 
lentiviral vector achieves efficient gene delivery in vivo. Nat Biotechnol 15: 871–875.

 45. Martin, F, Toscano, MG, Blundell, M, Frecha, C, Srivastava, GK, Santamaria, M et al. 
(2005). Lentiviral vectors transcriptionally targeted to hematopoietic cells by WASP 
gene proximal promoter sequences. Gene Ther 12: 715–723.

 46. Toscano, MG, Frecha, C, Benabdellah, K, Cobo, M, Blundell, M, Thrasher, AJ et al. 
(2008). Hematopoietic-specific lentiviral vectors circumvent cellular toxicity due 
to ectopic expression of Wiskott-Aldrich syndrome protein. Hum Gene Ther 19: 
179–197.

This work is licensed under a Creative Commons 
Attribution 4.0 International License. The 

images or other third party material in this article are 
included in the article’s Creative Commons license, unless 
indicated otherwise in the credit line; if the material is not 
included under the Creative Commons license, users will 
need to obtain permission from the license holder to 
reproduce the material. To view a copy of this license, visit 
http://creativecommons.org/licenses/by/4.0/

Molecular Therapy vol. 24 no. 2 feb. 2016 353


