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 erythroid cell markers glycophorin A and transferrin receptor (CD71) 
and macroscopic hemoglobinization (Supplementary Figs. 14 
and 15). The erythroid nature of these thal-iPS cell derivatives was 
further corroborated by the marked induction of well-characterized, 
erythroid-specific genes (Supplementary Fig. 16). Notably, the eryth-
roid progeny of all wild-type and untransduced thal-iPS cell lines 
expressed α-globin, as well as embryonic and fetal ε- and γ- globins, 
albeit not the adult β-globin transcript, similarly to the erythroid prog-
eny of the H1 hES cell line (Fig. 3b–d and Supplementary Fig. 17)  
and in accordance with previous reports16–18. Expression of vector-
encoded β-globin was not detected in undifferentiated thal-iPS cell 
clones, as expected (Supplementary Fig. 17). Upon erythroid dif-
ferentiation, 12 of the 13 single-copy thal-iPS cell clones expressed 

detectable vector-encoded β-globin. Expression levels, normalized 
to endogenous α-globin expression, ranged from 9% to 159% (mean, 
53%) of a normal endogenous β-globin allele (Fig. 3b,c), similar to 
those we and others have obtained by lentiviral-mediated globin gene 
transfer in murine and human erythroid cells14. β-globin expression 
was confirmed and quantified at the protein level by high-performance 
liquid chromatography (HPLC) analysis in four clones (Fig. 3d, 
Supplementary Table 7 and Supplementary Fig. 18). Notably, clone 
thal5.10-2, which expressed 85% of the level afforded by a normal 
endogenous β-globin allele (Fig. 3b), demonstrates that a globin vector,  
integrated in a site meeting all five of our safe harbor criteria (Table 1)  
and located >300 kb from the nearest gene 5′ end, is capable of 
expressing β-globin at a high level.

Table 1 Analysis of the globin vector integration site in 13 single-vector-copy thal-iPS cell clones with respect to the five safe harbor criteria

iPS line Clone Chromosome Position Orientation
Within 50 kb of  

5′ end of any gene
Within 300 kb of cancer 

gene 5′ or 3′ end
Within 300 kb of 

miRNA 5′ or 3′ end
Inside a gene  

transcription unit Within UCR

Thal1.52 1.52-10 1 149,440,726 + + + − + −
Thal1.52 1.52-16 21 43,242,505 − + + − − −
Thal1.52 1.52-17 X 15,909,610 − − + − − −
Thal1.52 1.52-21 11 9,936,357 − − + − + −
Thal1.52 1.52-38 2 232,144,880 + + + + − −
Thal2.1 2.1-48 15 22,575,838 − + + − − −
Thal2.1 2.1-49 2 60,964,901 − + + − + −
Thal2.1 2.1-55 19 1,183,244 − + + − + −
Thal2.1 2.1-58 X 33,033,291 − − − − + −
Thal2.1 2.1-67 19 926,157 + + + − − −
Thal5.10 5.10-2 1 188,083,272 + − − − − −
Thal5.11 5.11-28 11 45,963,999 + − − − + −
Thal5.11 5.11-32 16 1,381,251 − + − − − −

Clone thal5.10-2 meets all five safe harbor criteria.

Figure 3 β-globin expression in the erythroid 
progeny of single-vector-copy thal-iPS cell 
clones. (a) Expression of erythroid cell markers 
CD71 and glycophorin A (GPA) in the erythroid 
progeny of thal-iPS cell line 1.52. (b) β-globin 
expression in the erythroid progeny of 13 single-
vector-copy thal-iPS cell clones assessed by 
qRT-PCR. Expression levels are expressed per 
gene copy, relative to the average endogenous 
β-globin expressed in the in vitro differentiated 
erythroid progeny of peripheral blood CD34+ 
cells from four healthy individuals and 
normalized to endogenous α-globin expression. 
hES: erythroid progeny of hES cell line H1,  
wt iPS: erythroid progeny of iPS cell line FDCT, 
derived from fibroblasts of an 11-year-old 
healthy individual30. Numbers below graphs 
depict thal-iPS clone numbers derived from 
lines thal1.52, thal2.1, thal5.10 and thal5.11. 
n: number of independent differentiations for 
each clone. UT: untransduced. Error bars denote 
s.e.m. (c) β-globin expression in the erythroid 
progeny of a subset of single-vector-copy 
thal-iPS cell clones and controls assessed by 
quantitative primer extension. βE: endogenous 
β-globin (80 bp); αE: endogenous α-globin 
(60 bp); βV: vector-encoded β-globin (84 bp). 
PB CD34+: erythroid cell derivatives of in vitro 
differentiated peripheral blood (PB) CD34+ cells from a normal donor; H1 hES: erythroid cell derivatives of the H1 hES line; wt iPS: erythroid cell 
derivatives of iPS cell line FDCT, derived from fibroblasts of a healthy individual; thal1.52 UT, thal2.1 UT: erythroid cell derivatives of untransduced 
lines thal1.52 and thal2.1, respectively; thal1.52-17, thal2.1-67, thal1.52-10, thal1.52-16, thal1.52-38, thal2.1-49, thal2.1-48, thal2.1-55, 
thal5.11-32, thal5.10-2: erythroid cell derivatives of the respective single-vector-copy thal-iPS clones. (d) Chromatograms of HPLC analysis of α- and  
β-globin expression in the erythroid progeny of clones thal5.10-2 and thal5.11-28. Cord blood, H1 hES and untransduced (UT) thal1.52 cells were 
used as controls. For quantification of these data, see Supplementary Table 7.

P
B

 C
D

34
+

H
1 

hE
S

H
1 

hE
S

w
t i

P
S

w
t i

P
S

T
ha

l1
.5

2 
U

T

T
ha

l2
.1

-5
5

T
ha

l2
.1

-4
8

T
ha

l2
.1

-4
9

T
ha

l2
.1

U
T

T
ha

l1
.5

2-
38

T
ha

l1
.5

2-
16

T
ha

l1
.5

2-
10

T
ha

l1
.5

2 
U

T

T
ha

l1
.5

2-
17

T
ha

l2
.1

-6
7

T
ha

l5
.1

1-
32

P
B

 C
D

34
+

P
B

 C
D

34
+

H
1 

hE
S

T
ha

l5
.1

0-
2

100

Cord blood

hES
Thal5.10-2

Thal5.11-28

Thal1.52 UT

Standard α, β
(200 µg/ml)

D
et

ec
to

r 
re

sp
on

se
 (

m
V

)

Retention time (min)

80

60 β

α
Gγ

Aγ /ε

40

20

0

–20

20 25 30 35 40

βE

αE αE

αE

βE

βE

βVβV

βV

c

d

97
104

104

103

103

102

102

101

101 104 P
er

ce
nt

 β
-g

lo
bi

n
ex

pr
es

si
on

103102101
100

100

104

103

102

101

100

100

CD34

C
D

71

0.53 0.42

180
160
140
120
100
80
60
40
20
0

10 16 17 21 38 48 49 55 58 67 28 32UTUTUT
2

Thal1.52 Thal2.1 Thal5.10/5.11

n:hE
S

w
t i

P
S

7 5 1 1 1 2 3 7 2 4 5 1
2

0.016 1.35 4.7e-3

98.2

2.49

CD45

G
P

A

a b

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.



http://www.nature.com/naturebiotechnology/






http://genome.ucsc.edu/
http://genome.ucsc.edu/
ftp://ftp.ncbi.nih.gov/gene/DATA/gene_info.gz
http://users.soe.ucsc.edu/~jill/ultra.html



	Genomic safe harbors permit high β-globin transgene expression in thalassemia induced pluripotent stem cells
	Methods
	Accession code.
	ONLINE METHODS
	Lentiviral vector construction and production.
	Human iPS cell generation.
	iPS cell characterization.
	Assessment of reprogramming vector silencing.
	Karyotyping.
	-thalassemia genotyping.
	Cre-mediated vector excision.
	Globin gene transfer and selection of single vector copy thal-iPS cell clones.
	Integration site analysis.
	Erythroid differentiation.
	Flow cytometry.
	Analysis of b-globin expression.
	Expression microarray analysis.
	CGH array analysis.

	Acknowledgments
	AUTHOR CONTRIBUTIONS
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Safe harbor selection strategy and characterization of thal-iPS cell lines.
	Figure 2 Single-vector copy, clonality 
and mapping of the integration site.
	Figure 3 β-globin expression in the erythroid progeny of single-vector-copy thal-iPS cell clones.
	Table 1  Analysis of the globin vector integration site in 13 single-vector-copy thal-iPS cell clones with respect to the five safe harbor criteria


