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Key Points

• When targeted to a single
allele of the AAVS1 locus, the
Gp1ba promoter drives a high
level of expression specifically
to megakaryocytes.

• Transgene rescue in iPSCs
provides a model for the
return of surface aIIbb3
expression to near-normal
levels in patients with type I GT.

Megakaryocyte-specific transgene expression in patient-derived induced pluripotent

stemcells (iPSCs) offers anewapproach to studyandpotentially treat disorders affecting

megakaryocytes and platelets. By using a Gp1ba promoter, we developed a strategy for

achieving a high level of protein expression in humanmegakaryocytes. The feasibility of

this approach was demonstrated in iPSCs derived from two patients with Glanzmann

thrombasthenia (GT), an inherited platelet disorder caused by mutations in integrin

aIIbb3.Hemizygous insertionofGp1bapromoter-drivenhumanaIIb complementaryDNA

into the AAVS1 locus of iPSCs led to high aIIb messenger RNA and protein expression

and correction of surfaceaIIbb3 inmegakaryocytes. Agonist stimulation of these cells

displayed recovery of integrin aIIbb3 activation. Our findings demonstrate a novel

approach to studying human megakaryocyte biology as well as functional correction

of the GT defect, offering a potential therapeutic strategy for patients with diseases

that affect platelet function. (Blood. 2014;123(5):753-757)

Introduction

Inherited platelet disorders (IPDs) can be associated with a bleeding
diathesis that may be life threatening. Individually rare, in aggregate,
these disorders are estimated to affect 1 in 10 000 individuals.1

Glanzmann thrombasthenia (GT) is a rare, autosomal recessive
disease resulting in the lack of functionalaIIbb3, leading to impaired
platelet aggregation and bleeding.2 Therapy for patients with GT is
limited, and patients suffer from lifelong, recurrent mucocutaneous
bleeding that can be life threatening.3 Platelet transfusions are an
effective therapy, but run the risk of alloimmunization.4 A few
patients have undergone allogeneic bone marrow transplantation
with its attendant complications.5 Gene therapy holds promise for
a cure for GT and other IPDs. A recent study in an aIIb-deficient
canine model for GT showed improved hemostasis with modest
restoration of platelet surface aIIbb3 by lentiviral transduction of
mobilized hematopoietic stem cells.6 Here we describe the use of
a targeted and specific transgenic construct that leads to a high
level of expression of a gene of interest in megakaryocytes. We
have used this system to restore the surface expression and
function of integrin aIIbb3 in induced pluripotent stem cell
(iPSC)–derived megakaryocytes from patients with GT. Our
results demonstrate an alternative corrective strategy for IPDs
using GT as a model.

Study design

Peripheral blood mononuclear cells were collected from two patients with
type 1 GT (GTP1 and GTP2), both having mutations in ITGA2B, and from
a healthy control (control 1) and were reprogrammed as previously
described.7 A second iPSC control line (control 2) was generated from
healthy CD341 bone marrow cells.8 All iPSC lines were created by using
the doxycycline-regulated human stem cell cassette lentivirus expressing
OCT4, SOX2, KLF4, and MYC9 and were analyzed for pluripotency by
teratoma formation, flow cytometry, and quantitative gene expression
(supplemental Figure 1, available on theBloodWeb site). TheGp1ba promoter
construct10 driving either a eukaryotic green fluorescent protein (eGFP)
reporter or aIIb complementary DNA (cDNA)11 was cloned into the
pAAVS1-SA-2A-puro-pA donor plasmid and inserted into the AAVS1 locus
of iPSCs using zinc finger nuclease–mediated homologous recombination12

(supplemental Figure 2A-B). Targeted iPSCs were selected for further studies
using puromycin resistance driven by the endogenous PPP1R12C promoter.12

Hemizygous insertions were confirmed by using Southern blot analysis12,13

(supplemental Figure 2B-C). iPSCs were differentiated into hematopoi-
etic progenitor cells (HPCs) and megakaryocytes by using a previously
described protocol14 and were analyzed for both quantitative gene expression
and surface marker expression. The functionality of agonist-stimulated
megakaryocytes was evaluated by flow cytometry using PAC-1 antibody,15

which binds specifically to the active conformation of integrin aIIbb3 and
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fluorochrome-conjugated fibrinogen.16 Details regarding the methods are
provided in the supplemental Methods. The study presented in this article
was approved by the Children’s Hospital of Philadelphia Institutional

Review Board and the Institutional Animal Care and Use Committee and
the Children’s Hospital of Wisconsin Institutional Review Board and was
conducted in accordance with the Declaration of Helsinki.

Figure 1. The Gp1ba promoter drives high-level expression in iPSC-derived megakaryocytes. (A) Schematic of the targeting construct. The Gp1ba expression

construct (gray window) contains the murine proximalGp1ba promoter linked to the Simian virus 40 (SV40) 59 untranslated region (UTR) followed by a cDNA of interest (eGFP

shown) followed by the SV40 39 UTR.10 After insertion into the puromycin (puro) containing targeting plasmid (pAAVS1-SA-2A-puro-pA), the entire transgene is inserted into

the AAVS1 locus (PPP1R12C intron 1) using zinc finger nuclease–mediated homologous recombination. After insertion, the endogenous PPP1R12C promoter drives

puromycin resistance (gray arrow), while the Gp1ba promoter drives the transgenic message (black arrow) (SA, splice acceptor; 2A, self-cleaving peptide; pA, bovine growth

hormone polyadenylation signal). (B) Control 2 with hemizygous insertion of the Gp1ba promoter driving eGFP was examined by flow cytometry during hematopoietic

differentiation. (Left) Representative plots of SSEA31/SSEA41 iPSCs, KDR1/CD311 mesoderm, and CD411/CD2351 HPCs. (Right) Histograms of gated

populations on left (gray rectangles) examine eGFP expression in iPSCs, mesoderm, and HPCs. (C) (Left) Representative flow cytometry plots of iPSC-derived CD451/

CD181 myeloid cells, CD41–/CD2351 erythroid cells, and CD411/CD421 megakaryocytes. (Right) Histograms of gated populations on left (gray rectangles) examine eGFP

expression in iPSCs, myeloid cells, erythroid cells, and megakaryocytes. (D) Mean fluorescence intensity (MFI) of eGFP expression in iPSCs, mesodermal cells (meso),

HPCs, and megakaryocytes (megs). (E) Comparison of gene expression by quantitative reverse transcriptase polymerase chain reaction of endogenousGP1BA, GP1BB, and

GP9 in iPSC-derived HPCs and megakaryocytes relative to cyclophilin (mean 6 standard error of the mean [SEM] for 3 replicates).
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Results and discussion

To achieve a high level of expression during megakaryopoiesis, we
used a murine Gp1ba promoter construct (Figure 1A) previously
shown by our group to express platelet-derived factor VIII in
a transgenic mouse model.10 The Gp1ba expression cassette was
inserted into a single allele of the AAVS1 locus in human iPSCs
using site-specific zinc finger nucleases, a reliable and efficient
targeting strategy for stable transgene expression.12,17 Figure 1
shows the initial characterization of this approach by analyzing
Gp1ba promoter-driven eGFP expression in iPSCs from a normal
individual. Hemizygous targeted iPSCs were differentiated into
hematopoietic lineages as described.14 Pluripotent stem cells and
mesodermal cells showedminimal eGFP expression byflowcytometry
(Figure 1B). Surprisingly,aIIb (CD411)/glycophorin A (CD235a1)
HPCs showed eGFP expression but, were negative for surface GPIba
(CD42b) expression (data not shown). Terminal differentiationof these

cells into CD411/CD421 megakaryocytes showed an approximate
10-fold increase in eGFP expression, while erythrocytes and myeloid
cells downregulated eGFP (Figure 1C-D).

Normally, GPIba surface expression during hematopoiesis is
limited to maturing megakaryocytes as part of a complex requiring
coexpression of GPIbb and GPIX.18 When iPSC-derived HPCs and
megakaryocytes were analyzed for messenger RNA (mRNA) expres-
sion, endogenous GPIba and GPIX were expressed in HPCs, while
endogenous GPIbb was expressed at low levels (Figure 1E and
supplemental Figure 2D). These data suggest that GPIb/GPIX surface
expression is restricted by GPIbb levels during megakaryopoiesis.
Consistent with our reporter data, endogenous GPIba mRNA expres-
sion increased ;10-fold in megakaryocytes when compared with
HPCs. These results demonstrate that the Gp1ba promoter, when
targeted to the AAVS1 locus, mirrors endogenous GPIba expres-
sion in human iPSC-derived HPCs and megakaryocytes. Our
data are consistent with recently published studies showing other

Figure 2. Transgene correction of GT iPSC lines. (A) Quantitative reverse transcriptase polymerase chain reaction analysis of expression of theGp1ba promoter construct,

endogenous ITGA2B, and endogenous ITGB3 in control, uncorrected GT, and corrected GT iPSC-derived megakaryocytes relative to cyclophilin (mean 6 SEM for 3

replicates). (B) Analysis by flow cytometry of CD41 vs CD42 expression in control, GT, and corrected GT iPSC lines differentiated into megakaryocytes. (C) Bar graphs of

gated populations in Figure 2B (gray rectangles) examine expression of CD41 of corrected GTP1 and GTP2 relative to two different control iPSC-derived megakaryocytes

(mean 6 SEM for 3 independent experiments). (D) PAC-1 and fibrinogen binding in convulxin-stimulated uncorrected and corrected GT megakaryocytes relative to control

megakaryocytes (mean 6 SEM for 3 independent experiments).
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megakaryocyte-specific genes expressed at an earlier stage of
hematopoietic development.19

To study an iPSC-based correction strategy for IPDs, we
generated iPSC lines from two patients with type 1 GT, both with
mutations in ITGA2B. Analysis of GTP1 platelets by flow cytometry
showed ,5% aIIbb3 expression (data not shown), which was
confirmed by western blot analysis (supplemental Figure 3A).
Sequencing of both parental and patient genomic DNA confirmed
a previously unreported homozygous IVS4(11) G.A (g.3956G.A)
mutation in ITGA2B (supplemental Figure 3B), which occurs prior to
the first calcium-binding domain of aIIb.10 Analysis of the aIIb
cDNA of GTP1was consistent with activation of a cryptic splice site
leading to a frameshift and early termination codon within exon 5
of ITGA2B (supplemental Figure 3C-D). GTP2 has a previously
reported Gly273→Asp aIIb mutation, leading to abnormal intracel-
lular transport of pro-aIIbb3.20

Both GTP1 and GTP2 iPSCs lack aIIbb3 expression on derived
CD421 megakaryocytes. Upon activation with convulxin, a GPVI
agonist, these thrombasthenic megakaryocytes failed to bind both
PAC-1 antibody and fibrinogen above background. By replacing
eGFP with human aIIb cDNA in the transgenic construct described
in Figure 1, both aIIb mRNA levels and aIIbb3 surface levels were
restored in GT megakaryocytes. By using a transgene-specific
primer for quantitative gene expression, Gp1ba-driven aIIb was
determined to be expressed at a level comparable to endogenousaIIb
(Figure 2A). Surface aIIbb3 expression for both patients was.50%
of the level of concurrently studied control iPSCs and adult CD341

marrow-derived megakaryocytes (Figure 2B-C and supplemental
Figure 3E-F). Following activation with convulxin of both un-
corrected and corrected GT megakaryocytes, PAC-1 antibody and
fibrinogen binding approximated surface receptor function of control
megakaryocytes only on the corrected GT megakaryocytes, in-
dicating return of aIIbb3 biologic activity (Figure 2D).

In conclusion, these data confirm the efficiency and potency of a
Gp1ba promoter construct to drive expression in human megakar-
yocytes.When targeted to a single allele of theAAVS1 locus,Gp1ba
drives high-level transgene expression in megakaryocytes with
minimal expression in erythroid or myeloid cells. This system offers
a novel and reproducible tool to study megakaryocyte biology in
iPSCs derived from individuals with IPDs. For GT, this study
demonstrates surface reconstitution of integrin aIIbb3 comparable
to that in individuals with heterozygous mutations and normal
platelet function. It also provides a proof-of-concept for a potential
alternative to lentiviral-based gene therapy approaches.6 Interest-
ingly, Amabile et al21 have recently shownmultilineage engraftment
of hematopoietic stem cells derived from human iPSCs in primary
murine transplant recipients. While this technology is currently too
inefficient for clinical applications, it does show promise for the
prospect of long-termhematopoietic reconstitution from iPSC-derived
HPCs. Combined with the described Gp1ba-AAVS1 targeting

construct and current episomal reprogramming strategies,22 virus-
free corrective therapy for patients with significant bleeding due to
functional platelet defects is a possibility.
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