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Many applications of pluripotent stem cells (PSCs) require 
efficient editing of silent chromosomal genes. Here, we 
show that a major limitation in isolating edited clones is 
silencing of the selectable marker cassette after homolo-
gous recombination and that this can be overcome by 
using a ubiquitous chromatin opening element (UCOE) 
promoter-driven transgene. We use this strategy to edit 
the silent IL2RG locus in human PSCs with a recombinant 
adeno-associated virus (rAAV)-targeting vector in the 
absence of potentially genotoxic, site-specific nucleases 
and show that IL2RG is required for natural killer and T-cell 
differentiation of human PSCs. Insertion of an active UCOE 
promoter into a silent locus altered the histone modifi-
cation and cytosine methylation pattern of surrounding 
chromatin, but these changes resolved when the UCOE 
promoter was removed. This same approach could be 
used to correct IL2RG mutations in X-linked severe com-
bined immunodeficiency patient-derived induced PSCs 
(iPSCs), to prevent graft versus host disease in regenera-
tive medicine applications, or to edit other silent genes.

Received 20 May 2015; accepted 30 September 2015; advance online  
publication 3 November 2015. doi:10.1038/mt.2015.190

INTRODUCTION
Many applications require that silent genes be edited. This is 
especially true for pluripotent stem cells (PSCs), which may not 
express the tissue-specific genes responsible for diseases. For 
example, in one common paradigm for regenerative medicine, 
PSCs reprogrammed from a patient’s cells would be propagated 
as undifferentiated cells, the disease-causing mutations present 
in silent genes such as β-globin (HBB) or interleukin 2 receptor 
gamma (IL2RG) would be corrected by gene editing, and the cor-
rected cells would then be differentiated into a therapeutic cell 
product. The creation of isogenic PSC-based cellular disease mod-
els requires the same types of genetic manipulations, as does the 
engineering of lineage specification genes.

Transcription has long been known to increase homologous 
recombination1 and gene targeting by transfection-based methods.2 

One way to overcome this limitation is the introduction of sequence-
specific double-strand breaks (DSBs) by engineered nucleases in 
order to enhance silent gene targeting. For example, zinc finger 
nucleases (ZFNs) and transcription activator-like effector nucle-
ases (TALENs) have been used to isolate human PSC clones edited 
at PITX3 (ref. 3), HBB,4,5 and IL2RG.6,7 However, it seems likely 
that these site-specific DSBs did not completely eliminate the bias 
against editing silent loci, since the targeting frequencies were lower 
than those of expressed genes in these same cell types.3,4 The use of 
engineered nucleases may also lead to a variety of genotoxic effects, 
including unwanted sequence changes at on- and off-target sites,6,8 
which could be a disadvantage in some settings.

Alternatively, the lower targeting frequencies observed at silent 
loci could be due to inadequate expression of the selectable marker 
gene after it integrates, rather than a decrease in homologous 
recombination. This appears to have occurred when a hygromycin 
resistance cassette was inserted into the HBB gene in human PSCs, 
since the gene-edited cells lost hygromycin resistance over time.4 
This example highlights the poorly understood epigenetic changes 
that presumably occur during silent gene editing, which include 
potential alterations induced by the recombination and repair 
enzymes acting on the locus, the effects of introducing an expressed 
selectable marker into silent chromatin, and in many cases, the sub-
sequent removal of that same expressed marker after isolating an 
edited clone. In general, the epigenetic consequences of gene edit-
ing remain an important but largely unexplored area of research. 
Two notable exceptions are studies showing that gene expression 
and DNA methylation can be altered in mice derived from embry-
onic stem cells (ESCs) with gene-targeted, imprinted loci,9,10 and 
a recent report showing that DNA methylation can be rendered 
unstable at a gene-targeted locus in Arabidopsis.11 The epigenetic 
effects of gene editing in human cells have not yet been described.

In this study, we use recombinant adeno-associated virus 
(rAAV) vectors to edit silent genes in human PSCs. rAAV vec-
tors deliver single-stranded linear DNA genomes that efficiently 
recombine with homologous chromosomal sequences in human 
cells,12 including PSCs.13–15 Under optimal conditions, between 
0.1 and 1% of normal human cells exposed to rAAV targeting 
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vectors undergo high fidelity gene editing at expressed target 
loci,12,16 without a requirement for site-specific nucleases. To date, 
rAAV vectors have not been used to edit silent genes in PSCs, 
although rAAV-mediated editing of silent genes has been dem-
onstrated at lower frequencies in hepatocytes and fibroblasts.17–19 
Here, we evaluate different selectable marker cassettes to develop 
a robust, silent gene-editing method for human PSCs that does 
not require a site-specific nuclease, we examine the epigenetic 
consequences of targeting silent loci, and we determine the 
developmental effects of IL2RG gene editing.

RESULTS
Transgene promoter type determines targeted clone 
survival
In order to optimize vector designs, we developed an assay to 
detect gene-editing events at a nontranscribed locus, in which 
only gene-targeted cells survive selection (Figure 1a). The assay 
uses induced pluripotent stem cells (iPSCs) containing a silenced 
Neo gene that can be activated by upstream promoter insertion. 
We first infected human mesenchymal stem/stromal cells (MSCs) 
with a rAAV knock-in vector designed to insert a Neo gene at 

Figure 1 Targeting a silent COL1A1-IRES-Neo cassette in human iPSCs. (a) Diagram of experimental design. (b) RT-qPCR of COL1A1 expression 
in undifferentiated iPSC clones containing COL1A1-IRES-Neo knockins. Fibro, human fibroblasts; ESC, undifferentiated H1 cells. (c) Structures of 
wild-type and IRES-Neo targeted COL1A1 alleles in iPSC clone 1 with rAAV promoter knock-in vector overlap indicated. The targeted COL1A1 locus 
contains two identical IRES-Neo cassettes, each of which can be targeted with rAAVs. Black triangles, primer-binding sites used for qPCR measure-
ments of homologous recombination frequencies. (d) G418 resistance frequencies of iPSC clone 1 infected with promoter knock-in rAAVs. *less than 
4 × 10−5. (e) Homologous recombination frequencies measured by qPCR with primers shown in c. Each infected cell population was analyzed with 
two primer pairs.
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the endogenous COL1A1 locus encoding type I collagen, which 
is highly expressed in MSCs. A polyclonal population of G418-
resistant MSCs was then converted to iPSCs by expressing OCT4, 
SOX2, NANOG, and LIN28 transgenes.20 Three of these iPSC 
clones were analyzed further, and clone 1 had the lowest level of 
COL1A1 expression after reprogramming (Figure 1b). Southern 
blot analysis showed that this clone also had a duplication of the 
Neo transgene (Supplementary Figure S1c), which happens in a 
small percentage of targeted clones when vector genomes form 
dimers before recombination.16 Although this complicated our 
analysis, we confirmed that clone 1 was completely sensitive to 
G418 (Supplementary Figure S1a), so both Neo transgenes had 
been silenced and could therefore be activated by promoter inser-
tion. The residual COL1A1 transcription detected in clone 1 cells 
may have been derived from the subpopulation of differentiating 
cells present in PSC cultures, which do not contribute to the PSC 
clones isolated by selection.

A series of gene editing vectors were designed to insert differ-
ent promoters upstream of either silenced Neo transgene cassette, 
each of which contained a truncated Neo gene fragment in the 
right homology arm so that random integration could not confer 
G418-resistance, and only gene-edited clones would survive selec-
tion (Figure 1c). Two types of promoters were incorporated into 
the rAAV gene-editing vectors: developmentally regulated promot-
ers that are expressed in human PSCs (REX1, murine Sox2, and 
EPCAM), and ubiquitously expressed promoters (EF1α, murine 
Pgk, human PGK, and ubiquitous chromatin opening element 
[UCOE]). When clone 1 PSCs with silenced Neo genes were infected 
with each of these vectors at the same multiplicity of infection, there 
were dramatic differences in the number of G418-resistant colonies 
obtained (Figure 1d), with the UCOE promoter producing the 
highest number. Southern blots showed that the G418-resistant 
colonies had been targeted at one of the two silent Neo gene targets 
(examples in Supplementary Figure S1c).

For a subset of vectors, gene-editing frequencies were also mea-
sured in unselected cells directly by qPCR, using one primer within 
the inserted promoter and one in chromosomal DNA outside of 
the homology arm (Figure 1e and Supplementary Figure S1b). 
This showed that despite a more than 100-fold difference in their 
ability to produce G418-resistant colonies, the REX1, EPCAM, 
EF1α, mPgk, hPGK, and UCOE promoter vectors all produced 
homologous recombinants at similar frequencies. Thus, rAAV vec-
tors can edit a silent COL1A1 gene in human PSCs regardless of the 
transgene promoter they contain, but transgene selection requires 
a promoter that can drive expression at a silent locus. In the case of 
the UCOE promoter, the G418-resistance and homologous recom-
bination frequencies were very similar, suggesting that almost 
every recombination event produced a G418-resistant cell. One 
potential drawback of the UCOE promoter is its relatively large 
size. Unfortunately, smaller promoter fragments did not produce 
as many G418-resistant colonies (Supplementary Figure S1d). 
These experiments demonstrate that the 1.2 kb UCOE promoter 
can be used to select for PSCs that undergo silent gene editing.

Editing of the silent IL2RG gene
IL2RG encodes a common subunit for several cytokine receptors 
expressed in hematopoietic cells and is mutated in individuals 

with X-linked severe combined immunodeficiency (X-SCID). 
IL2RG is not expressed at a detectable level in human PSCs as 
measured by global expression arrays and RT-qPCR (data not 
shown and Figure 2b), is present as a single copy in male cells, 
and represents a promising target for developing PSC-based ther-
apies. We therefore tested if a rAAV editing vector could be used 
to insert a UCOE-Neo-pA (UNA) cassette into exon 2 of IL2RG 
(Figure 2a). H1 human ESCs (a male cell line) were infected with 
vector AAV-IL2RGe2UNA and 3 of 18 G418-resistant colonies 
screened by PCR were targeted at the IL2RG gene (Supplementary 
Figure S2a). This represented 17% of G418-resistant colonies and 
0.14% of the unselected cell population, which was similar to what 
we observed when targeting the COL1A1 locus, confirming that 
the UCOE promoter could be used to select for PSC clones with 
edited IL2RG genes.

Many gene-editing applications also require the removal of 
the selectable marker cassette, so that only a linked, subtle editing 

Figure 2 Targeting a silent IL2RG gene in human ESCs. (a) Structure of 
the IL2RG locus and rAAV targeting vector, with the locations of restric-
tion enzyme sites and probe used in c. (b) RT-qPCR of IL2RG expression 
in undifferentiated ESCs. (c) Southern blot performed on age-matched 
wild-type (W), targeted (T), and Cre-out (C) clones, digested with 
HindIII and NheI and probed with a 3′ chromosomal fragment outside 
the homology arm, which produces fragments of 3.8, 4.7, and 2.6 kb 
in wild-type, targeted, and Cre-out clones, respectively. The same blot 
was stripped and re-probed with a Neo fragment. (d) RT-qPCR of gene 
expression of IL2RG’s genomic neighbors and Neo in age-matched wild-
type, targeted, and Cre-out clones. Relative expression signals were 
normalized to GAPDH and plotted as 2−(CT of gene − CT of GAPDH). Statistical sig-
nificance was calculated by comparing to wild-type cells. *P < 0.01.
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change remains. Vector AAV-IL2RGe2UNA was designed so that 
Cre-mediated recombination would remove the floxed Neo cassette 
and leave behind a polyadenylation signal and three stop codons 
to inactivate IL2RG. We infected two different IL2RG-targeted 
clones with a nonintegrating foamy virus vector that transiently 
expressed Cre,21 and efficiently removed the Neo transgene cassette 
from 6–28% of cells (Supplementary Figure S2b). Southern blots 
confirmed the structures of the targeted and Cre-out alleles, as well 
as the lack of random integrants in targeted clones (Figure 2c).

Ideally, the editing of a silent locus would not affect the expres-
sion of other genes, so we analyzed neighboring gene expres-
sion in 10 genes spanning a 700 kb window surrounding IL2RG 
(Figure  2d). One gene (SNX12) had slightly increased expres-
sion in targeted cells that still contained the UCOE-Neo cassette, 
reflecting a potential long distance effect of the UCOE promoter. 
A second gene (GJB1) had statistically significant changes in 
RT-qPCR measurements, but all values were below those of the 
Neo signal from control cells lacking a Neo gene, suggesting a lack 
of expression. The eight other genes had no significant changes 
in expression, including the three genes located closest to IL2RG 
(NLGN3, MED12, and FOXO4), indicating that IL2RG gene tar-
geting and subsequent Cre-out had minimal impact on neighbor-
ing gene expression.

Epigenetic consequences of gene editing
Insertion of an active promoter could change the epigenetic sta-
tus of the surrounding chromatin, as could the recombination 
and repair proteins that carry out homologous recombination, 
yet the epigenetic consequences of gene editing remain a largely 
unexplored area of research. One possible effect is removal of 
5-methylcytosine (5mC) residues in DNA, in particular at CpG 
islands, which are typically methylated in silent loci.22 The wild-
type COL1A1 gene contains a CpG island that was duplicated in 
the PSC clone we used for promoter insertion studies (Figure 3a). 
When the locus is silent, these CpG islands are highly methylated, 
but after UCOE promoter insertion at either duplicated site, one 
of the islands became mostly unmethylated (Figure 3b). Although 
the bisulfite sequencing reaction does not distinguish between the 
two islands, these results are consistent with a localized region of 
hypomethylation at the CpG island nearest to the UCOE inser-
tion site. Since this region is included within the 5′ homology arm 
of the UCOE insertion vector, incorporation of the unmethylated 
vector genome could have led directly to the loss of 5mC resi-
dues. In support of this hypothesis, we confirmed that the pack-
aged rAAV vector genome was unmethylated (Figure 3b), and 
we showed previously that the entire homology arm sequence 
extending to the terminal repeats are typically incorporated into 
a targeted locus.23 Unfortunately, a similar analysis could not be 
performed at the IL2RG locus, which does not contain a CpG 
island within the homology region. We found no consistent dif-
ference in the methylation status of eight nonisland CpGs present 
in the IL2RG gene that were assayed in wild-type cells and knock-
out cells, suggesting that UCOE promoter insertion may not lead 
to demethylation of nonisland CpGs (Supplementary Figure S3).

Histone modifications can also vary depending on the tran-
scriptional activity of a locus and other factors. Although many such 
modifications have been described, here we studied acetylation and 

methylation at lysine 27 of histone H3 (H3K27Ac and H3K27Me3), 
which are associated with active and silent chromatin, respec-
tively.24–26 In the case of COL1A1, the 1 kb region immediately 
surrounding the UCOE insertion site that includes the IRES ele-
ment and Neo gene contained H3K27Me3 markers before UCOE 
insertion, indicative of silent chromatin (Figure 3c). After UCOE 
insertion, this pattern changed to one of active chromatin, with an 
increase in H3K27Ac levels that extended throughout the dupli-
cated locus to sites 2.8 and 8.4 kb distal to the insertion site, as well 
as lower levels of H3K27Me3 in the more localized IRES and Neo 
regions. Interestingly, the change in H3K27Ac markers extended to 
regions outside of the homology arms, demonstrating that epigen-
etic changes had been propagated beyond the recombination site.

We studied the same histone markers at the IL2RG locus, 
only in this case, the analysis was more relevant because the tar-
get was single copy, the UCOE promoter was inserted at a wild-
type gene that had not been previously targeted, and we could 
assay after both UCOE insertion and subsequent Cre-mediated 
UCOE removal. The wild-type locus had low levels of H3K27Ac 
and higher levels of H3K27Me3 throughout a 3.3 kb region sur-
rounding the exon 2 insertion site, consistent with silent chro-
matin (Figure 3d). Insertion of the UCOE-Neo cassette activated 
this entire locus, including regions beyond the vector homology 
arms, as evidenced by increased H3K27Ac levels. However, unlike 
the COL1A1 locus, we did not observe a corresponding reduc-
tion in H3K27Me3 throughout this region. Instead, the decrease 
in H3K27Me3 was only observed downstream of the UCOE-
Neo cassette. The basis for this asymmetry is unclear and was 
not shared by COL1A1, which had decreased H3K27Me3 levels 
on both sides of the UCOE insertion site. Importantly, once the 
UCOE-Neo cassette was removed by Cre-mediated recombina-
tion, the epigenetic status of the entire locus reverted back to that 
of the wild-type locus.

IL2RG-knockout human ESCs model X-SCID in vitro
While IL2RG mutation correction could be used to treat X-SCID, 
inactivation of IL2RG by gene editing could also have applica-
tions in regenerative medicine. For example, when differentiating 
pluripotent cells into hematopoietic progeny to be used for trans-
plantation, it may be desirable to prevent the formation of natural 
killer (NK) or T cells that could react against host cells in a form 
of graft versus host disease. Based on the phenotype of X-SCID 
patients,27,28 and the known roles of the cytokine receptors that 
include IL2RG subunits,29 we predicted that IL2RG knockout stem 
cells should not produce NK or T cells in vitro.

We first differentiated wild-type and IL2RG-edited ESC lines 
into embryoid bodies (EBs) containing hematopoietic progeni-
tors, which were then selectively differentiated into NK or T cells 
as described.30,31 After 8 days of NK differentiation, all the ESC 
lines produced similar numbers of cells expressing the CD56 
NK marker, including CD2+ and CD7+ early lymphoid subsets 
(Figure 4a). In comparison, NK differentiation of CD34+ cells 
isolated from umbilical cord blood cells produced fewer CD56+ 
cells and lower expression levels of CD7. However, after 22 days 
of differentiation, the umbilical cord blood and wild-type EB cul-
tures both contained nearly 80% CD56+ NK cells with substantial 
CD2+ and CD7+ subpopulations that were largely absent from 
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both IL2RG-edited cultures (targeted and Cre-out; Figure 4b). 
The wild-type and umbilical cord blood cultures also expressed 
IL2RG (CD132) and supported the expansion of CD14-, CD56+ 
NK cells that could lyse MHC class I-negative target cells as 
expected, while the gene-edited cells did not (Supplementary 
Figure S4a,b), confirming that both the targeted and Cre-out 
alleles were functional knockouts. Importantly, the IL2RG-edited 

lines were still able to produce monocytic and granulocytic 
CD14+ and CD15+ progeny (Supplementary Figure S4c). 
When EBs were cultured under T-cell differentiation conditions, 
the IL2RG-knockout cultures produced slightly fewer CD34+, 
CD7+ progenitors than wild-type cells at day 10, and these pro-
genitors did not mature further and downregulate CD34 at later 
time points (Figure 4c). The IL2RG-knockout cells were capable 

Figure 3 Epigenetic consequences of gene editing. (a) Structures of wild-type and IRES-Neo targeted COL1A1 loci shown with rAAV overlap, UCOE 
insertion sites, and CpG islands. DNA fragments (A to D) amplified in ChIP assays and bisulfite sequencing regions are marked. (b) Methylation status 
of the region spanning from exon 1 of COL1A1 (blue circles) to IRES (orange circles) in rAAV vector genomes, clone 1 genomic DNA, and clone 1 
targeted at either the first or second Neo gene. Open and filled circles indicate unmethylated and methylated cytosines in CpGs, respectively. (c) The 
relative occupancies of H3K27Ac and H3K27Me3 in regions of the COL1A1 locus before and after UCOE insertion as measured by ChIP analysis. *P < 
0.01. (d) Structure of the UCOE-Neo targeted IL2RG locus shown with rAAV overlap, loxP sites, and the locations of DNA fragments A to F amplified 
in ChIP assays. Histone occupancies were analyzed in age-matched wild-type, targeted, and Cre-out clones. *P < 0.01.
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of producing CD5+, CD7+ pro-T cell progeny (Supplementary 
Figure S4d) but failed to produce more mature CD4+, CD8+, 
and double-positive (CD4+CD8+) T cells (Figure 4d). Both 
IL2RG-edited lines generated normal numbers of primitive and 
definitive erythroid/myeloid progenitors (data not shown). These 
combined data show that in a human ESC in vitro differentia-
tion model, IL2RG expression is required for progression from 

a CD7+ Pro-NK cell or Pro-T cell into more mature cell types 
(Figure 4e), confirming the well-known role of IL2RG in NK and 
T-cell development.

DISCUSSION
Here, we have described a robust method for editing silent loci in 
human PSCs without employing a nuclease. Our approach requires 

Figure 4 NK and T-cell differentiation of IL2RG-targeted human ESCs. (a) Flow cytometry analysis of CD2, CD7, CD132, and CD56 expression 
in day 8 NK cell differentiation cultures derived from UCB or wild-type, IL2RG-targeted or Cre-out ESC-derived EBs. (b) Same as a but assayed at 22 
days. (c) Flow cytometry analysis of CD34 and CD7 expression T-cell differentiation cultures of wild-type, IL2RG-targeted or Cre-out ESCs harvested 
at the indicated day. (d) Same as c but analyzing CD4 and CD8 expression. (e) Working model of the differentiation block of IL2RG-knockout ESCs. 
EB, embryoid bodies; NK, natural killer; UCB, umbilical cord blood.
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the use of a UCOE promoter-driven selectable marker gene that 
resists silencing, rAAV vectors that efficiently deliver the targeting 
construct to PSCs, and subsequent selectable marker removal if 
desired. The UCOE promoter was superior to the other ubiquitously 
expressed promoters we tested, consistent with its known ability to 
maintain active chromatin.32–34 With this approach, 0.1–1% of the 
entire cell population undergoes gene editing, and these clones can 
be isolated by antibiotic selection. The Neo selection cassette used 
for IL2RG targeting could also function after random integration, 
and 1 out of 6 of G418-selected clones were accurately edited in 
those experiments, which is comparable to results obtained when 
using rAAV vectors to edit active human genes.35 Cre-mediated 
recombination can be used to efficiently excise the transgene and 
produce a minimally altered locus that reverts to silent chromatin.

The raw (unselected) editing frequencies we obtained were sim-
ilar to what has been reported for nuclease-based editing of silent 
genes in PSCs. For example, both our approach (Supplementary 
Figure S2a) and TALEN-based targeting of IL2RG6 led to gene 
editing in 0.14% of unselected PSCs. After antibiotic selection, 
0.3–60% of PSC clones were edited by ZFN- or TALEN-based 
targeting of silent PITX3 or HBB genes,3,5 which demonstrates 
the variability observed in these types of experiments, but still 
encompasses the 17% editing frequency we observed in G418-
selected clones. An important advantage of our approach is that 
the rAAV vector does not include any nuclease or integrase pro-
teins that might lead to unwanted on- or off-target mutations.6,8 
And while rAAV can integrate randomly at spontaneously occur-
ring chromosomal DSBs, infection with rAAV does not increase 
background mutation rates in cellular genes.36 Random rAAV 
integrants are rarely found in edited PSC clones and can be eas-
ily ruled out by PCR or Southern blots for vector sequences.13 In 
contrast, the small in-del mutations produced by nonhomolo-
gous end joining at off-target, nuclease-induced DSBs can only be 
identified in an unbiased manner by full genome sequencing. This 
reduced genotoxicity of rAAV-mediated gene editing may be an 
advantage when preparing cells for clinical applications.

In settings where nuclease-induced genotoxicity can be toler-
ated or lowered to an acceptable level, our findings may also lead to 
further improvements in these gene-editing methods. Prior studies 
of silent gene editing in PSCs with ZFNs or TALENs used a PGK 
promoter to express the selectable marker,3–5 and our results sug-
gest that using the UCOE promoter instead would have increased 
the number of edited clones that survived selection approximately 
fourfold (Figure 1d). Sequence-specific nucleases could also be 
combined with rAAV vectors for efficient delivery of both nuclease 
genes and UCOE-based targeting constructs to PSCs. Target-site 
DSBs can increase rAAV-mediated gene editing significantly,37,38 
and rAAV-encoded ZFNs have been combined with rAAV tar-
geting vectors for efficient in vivo gene editing,39 demonstrat-
ing the potential of this approach. Finally, the recently developed 
Clustered, Regularly Interspaced Short Palindromic Repeat systems 
that employ guide RNAs to induce sequence-specific DSBs could 
also be combined with rAAV and provide further enhancements 
in silent gene editing, given the promising results obtained so far in 
CRIPSR-based editing of expressed genes in human PSCs.40–42

Our study begins to describe the epigenetic changes that can 
occur at an edited locus. We found that insertion of a UCOE promoter 

into silent chromatin can lead to a loss of CpG island 5mC residues 
and convert histone modifications to a more active signature, but 
the details of these changes can be complex. For example, UCOE 
insertion increased H3K27Ac levels throughout the transcribed Neo 
cassette and into both upstream and downstream regions, but only 
reduced H3K27Me3 levels over a more localized region in the case 
of COL1A1, and only in downstream sequences in the case of IL2RG. 
The gene-editing process itself could have played a role in some of 
these changes, for example, by incorporating unmethylated vector 
DNA into the chromosome. Or alternatively, UCOE-dependent 
transcription could have indirectly altered the epigenetic signa-
ture, which may explain why some changes in histone modifica-
tions extended beyond the region of vector homology. Importantly, 
removal of the UCOE-Neo cassette caused the edited locus to return 
to an inactive epigenetic signature indistinguishable from the uned-
ited, parental locus, based on the limited analysis we performed. 
However, a more detailed examination of the many other histone 
modifications that have been described,26 as well as the identifica-
tion of DNA-binding proteins,43,44 DNase hypersensitive sites,45 and 
long-range chromatin interactions46,47 found at the locus, would pre-
sumably reveal additional epigenetic changes associated with gene 
editing, and it remains to be seen if all these changes convert back to 
a wild-type signature after removing the UCOE-Neo cassette.

Our choice of the IL2RG gene illustrates some of the poten-
tial applications of silent gene editing in PSCs. Edited PSCs 
can be used as cellular disease models to study the function of 
lineage-restricted genes. IL2RG-knockout PSCs were unable 
to differentiate into NK or T cells, confirming a central role for 
IL2RG-dependent signaling in the developing immune system29 
and demonstrating that the lack of NK and T cells observed in 
X-SCID patients27,28 is due to a differentiation block at the Pro T 
and Pro NK stage of lymphopoiesis. A similar rAAV editing strat-
egy could be used to correct the IL2RG point mutations that typi-
cally cause X-SCID48 so that patient-derived, gene-edited iPSCs 
could in principle be differentiated ex vivo into hematopoietic 
cells and transplanted into autologous recipients. In vivo selec-
tion should enrich for edited cells, and only a few cells would be 
required to correct the disease based on the mild phenotype of 
patients with spontaneous reversion mutations49,50 and the suc-
cess of IL2RG gene therapy.51 TALEN-mediated gene editing was 
recently used to correct an IL2RG mutation in X-SCID iPSCs.7

IL2RG knockouts could also be used to prevent graft ver-
sus host disease when transplanting PSCs for therapeutic pur-
poses, by eliminating PSC-derived T cells that may react against 
HLA-mismatched host cells. This would be especially valuable 
when using allogeneic PSC-derived cells to produce nonlym-
phoid hematopoietic cell types, such as macrophages and neu-
trophils to treat chronic granulomatous disease, or erythrocytes 
to treat hemoglobinopathies. In these settings, transplanted, 
PSC-derived hematopoietic stem/progenitor cells capable of 
long-term engraftment would continuously produce terminally 
differentiated therapeutic cell types in the absence of host-reac-
tive allogeneic lymphoid cells. IL2RG-knockout cells may even be 
an advantage when transplanting autologous cells, because PSC-
derived T and NK cells do not develop in a normal embryo and 
may not be educated appropriately to tolerate autologous host 
cells. Other scenarios can also be envisioned where preventing 
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the expression of a lineage-specification gene could produce 
a therapeutic advantage, such as PSCs with edited glucagon or 
somatostatin genes that can differentiate into insulin-secreting 
beta cells for the treatment of diabetes without producing the 
alpha or delta cells that frequently contaminate PSC-derived pan-
creatic islet cell preparations.52,53

MATERIALS AND METHODS
Cell culture. H1 human ESCs54 and human iPSC lines were cultured on 
mouse embryo fibroblasts as described.20,55 COL1A1-targeted G418-
sensitive iPSCs were derived by reprogramming of (COL1A1-IRES-Neo)-
targeted MSCs with lentiviral vectors as described.55 50 μg/ml active G418 
was used for selection. Jurkat cells were cultured in RPMI-1640 with10% 
FBS and 1% Pen/Strep (Life Technologies, Carlsbad, CA).

Viral vectors. AAV vector plasmids were assembled from PCR products 
by standard methods and confirmed by DNA sequencing. Homology arm 
fragments were amplified from the target cell type, and promoter frag-
ments were amplified from H1 human ESCs and CF1 mice, respectively. 
The 1.2 kb UCOE fragment has been described and consists of nucleo-
tides 26240199 to 26241411 of chromosome 7 (GRCh37/hg19).56 Plasmid 
sequences are available upon request. AAV vectors were packaged in sero-
type 3b capsids by co-transfection of vector plasmids and packaging plas-
mid pDGM3B into 293T cells, purified by iodixanol step gradients, and 
their titers were determined by Southern blots as described.57

Gene targeting. In promoter comparison experiments, 4 × 105 iPSCs were 
seeded in triplicate in 35-mm wells and transduced with rAAVs at a mul-
tiplicity of infection of 104 genome-containing particles/cell the next day. 
G418 selection was initiated 2 days after infection, and the surviving colo-
nies were counted, picked, and expanded for further analysis. The total 
number of colony-forming units (CFU) was calculated by culturing 4 × 103 
cells in a 6-cm dish without selection. In IL2RG targeting experiments, 
5 × 105 wild-type H1 ESCs were seeded in a 10-cm dish and transduced 
with AAV at a multiplicity of infection of 3 × 103 genome-containing parti-
cles/cell the next day. Four days later, transduced ESCs were disaggregated 
into single cells using Accutase (Stemgent, Lexington, MA) and plated in 
serial dilutions in 10-cm dishes for G418 selection. 5 × 103 transduced H1 
ESCs were also plated in a 10-cm dish without selection to determine the 
total number of CFUs. G418-resistant colonies were counted, picked, and 
screened initially by PCR to identify targeted clones.

Cre-mediated transgene removal. A polyclonal population of wild-type 
and IL2RG-targeted H1 ESCs was transduced as described with the nonin-
tegrating foamy vector, NIFV-EokCreW, that expresses Cre recombinase.55 
Four days later, infected ESCs were disaggregated into single cells with 
Accutase, and serial dilutions were plated in 10-cm dishes. The surviv-
ing colonies were randomly picked and screened by PCR to identify age-
matched clones with wild-type, UCOE-Neo-containing, or Cre-out IL2RG 
alleles for subsequent experiments.

DNA and RNA isolation. Genomic DNA was prepared from PSCs as 
described.57,58 Total cellular RNA was extracted by the Trizol method (Life 
Technologies) and used to generate cDNA with M-MLV reverse tran-
scriptase and oligo-dT primers according to the manufacturer’s protocol 
(Life Technologies).

Quantitative PCR and RT-PCR. cDNA qRT-PCR reactions were per-
formed in triplicate with SYBR Select Master Mix (Life Technologies) 
on a StepOnePlus Real-Time PCR System (Life Technologies), and the 
relative gene expression levels were calculated by the ΔΔCT method. 
Homologous recombination frequencies were measured by infecting 
iPSCs with rAAV vectors, culturing for 5 days without selection, and 
determining the number of promoter-targeted alleles in 1 μg of genomic 

DNA by Taqman qPCR (Life  Technologies). Plasmids containing pro-
moter-targeted COL1A1 sequences were constructed by conventional 
cloning methods and used in qPCR reactions containing 0 to 104 plasmid 
molecules and 1 μg of wild-type genomic DNA (1.5 × 105 diploid genome 
equivalents) to generate standard curves.

Bisulfite sequencing. Genomic DNA was treated as described in the EZ 
DNA Methylation-Gold Kit (ZYMO Research, Irvine, CA) and used to PCR 
amplify COL1A1 CpG island fragments. These PCR products were cloned 
into the pGEM-Teasy vector (Promega, Madison, WI), and the recombinant 
plasmids were sequenced.

Chromatin immunoprecipitation (ChIP). The ChIP protocol was adapted 
from Abcam’s “X-ChIP protocol” (http://www.abcam.com) as follows. 
Three weeks after transduction with an AAV or Cre vector, PSCs with 
verified genotypes were dissociated with Accutase and fixed with PBS 
containing 1% formaldehyde at room temperature for 10 minutes with 
constant mixing. Fixation was stopped by adding glycine to a final con-
centration of 125 mmol/l. Samples were sonicated until chromatin was 
sheared to 500 to 1,000 bp. For binding, chromatin from 107 cells, 10 μg 
antibodies, and 30 μl solid protein-A/G beads (Santa Cruz Biotechnology, 
Dallas, TX) were combined and incubated at 4 °C overnight. After wash-
ing the beads, chromatin was eluted and incubated at 65 °C overnight 
to reverse cross-linking. The eluted chromatin was purified using a PCR 
purification kit (Qiagen, Valencia, CA) and used in qPCR reactions per-
formed in triplicate with SYBR Select Master Mix (Life Technologies) on 
a StepOnePlus Real-Time PCR System (Life Technologies). Relative occu-
pancy was calculated by the ΔΔCT method. Antibodies used were against 
H3K27me3 (Millipore, Billerica, MA), H3K27Ac (Abcam, Cambridge, 
MA), and normal rabbit IgG (Santa Cruz Biotechnology) as a control.

NK cell differentiation. NK differentiation was performed as 
described.30,59 Briefly, day 13 EBs were co-cultured with EL08-1D2 stro-
mal cells in media supplemented with IL-3, IL7, IL-15, SCF, and FLT3L 
(Peprotech, Rocky Hill, NJ), and cells were harvested at appropriate 
time points for analysis. In chromium release assays, derived NK cells 
were stimulated by Clone 9.mbIL-21 aAPCs as described60 and incu-
bated with radioactive 51Cr-labeled K562 target cells, and lysis was 
measured by scintillation counter using the equation: % specific lysis 
= 100 × (test release − spontaneous release)/(maximal release − spon-
taneous release) as described.61 Flow cytometry was performed with a 
BD LSRII (BD Biosciences, Franklin Lakes, NJ) flow cytometer, and the 
data were analyzed by FlowJo software version 10.0 (Tree Star, Ashland, 
OR). Antibodies, which were used according to the manufacturers’ rec-
ommendations, were from BD Biosciences unless otherwise indicated. 
Live cells were distinguished from dead cells by CYTOX blue dead 
cell stain (Life Technologies). Antibodies used for NK cell phenotype 
analysis were: CD56 (PE-Cy7-clone B159); CD7 (Alexa Fluor 700-clone 
M-T701); CD2 (PE-CF594-clone RPA-2.10); and CD132 (PE-clone 
TUGh4, eBioscience, San Diego, CA).

T-cell differentiation. T-cell differentiation and analysis were performed 
as described previously.31 Briefly, at day 8 of EB differentiation, 2 × 104 
CD34+ CD43- CD73- CXCR4- cells isolated by fluorescence activated 
cell sorting were plated onto individual wells of a six-well plate contain-
ing OP9-DL4 stromal cells in the presence of rhFLT3L and rhIL-7. rhSCF 
was added for the first 7 days only (R&D Systems, Minneapolis, MN). 
Every 5 days, co-cultures were passaged onto fresh OP9-DL4 stromal 
cells. Cells were harvested and assayed at various time points. Cell sus-
pensions were stained and analyzed on a BD LSR II flow cytometer. Data 
analysis was performed using FlowJo Software by gating on live cells 
followed by lack of DAPI uptake. Fluorophore-conjugated antibodies 
against CD4, CD5, CD7, CD8, CD34, and CD45 were purchased from 
BD Biosciences and eBioscience.

PCR Primers. All primer sequences are listed in Supplementary Table S1.
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Statistical analysis. Statistical significance was assessed using the two-
tailed Student’s t-test. P values less than 0.01 were considered statistically 
significant. Data represent mean ± SEM of three.

SUPPLEMENTARY MATERIAL
Figure S1. Targeting a silent COL1A1-IRES-Neo cassette.
Figure S2. IL2RG targeting and UCOE-Neo removal.
Figure S3. CpG methylation at the IL2RG locus.
Figure S4. Characterization of T and NK cells derived from ESCs.
Table S1. Primer sequence.
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