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Dear Editor,

We report our application of a promoterless knockout
(KO) strategy combined with Flpase- and Cre-mediated
recombination to efficiently ablate gene function in hu-
man embryonic stem (hES) cells. Using this strategy, we
modified and deleted both alleles of BAF250a (ARID1A),
a signature component of the ATP-dependent SWI/
SNF chromatin remodeling complex BAF. This strategy
should facilitate the functional studies of genes essential
for hES cell self-renewal and differentiation, and be in-
strumental for human therapeutic applications.

The past two decades have witnessed the revolution in
studying mammalian gene functions, with the develop-
ment of gene KO technology in mouse [1]. Typically, ho-
mologous recombination-mediated gene DNA sequence
replacement creates heterozygous (Het) mouse ES cells
of a gene of interest. These ES cells are then injected into
mouse blastocysts to generate Het animals. Homozygous
KO (null) mice can then be generated with the intercross
of Het animals. Null ES cell lines are normally derived
from null blastocysts, but can be obtained with sequential
targeting of two KO vectors bearing different selection
markers [2] or with a high dose of drug selection that po-
tentially leads to substantial modification in the genome
[3]. However, the generation of hES cell lines bearing
gene-specific KO with homologous recombination has
proved to be very difficult due to challenges in hES cell
culture and the lack of efficient means to transfect and
target KO vectors for biallelic gene inactivation [4].

Consequently, other methods, such as phiC31 inte-
grase-mediated gene insertion [5] and engineered zinc
finger nuclease (ZFN)-mediated gene editing [6], have
been applied to manipulate gene expression in hES cells,
and could be modified to ablate gene expression. In fact,
ZFN-mediated gene KOs were accomplished in hES/
iPS cells just recently [7, 8]. However, the efficiency
and specificity of ZFN-mediated gene KO may have to
be determined experimentally; the design of ZFN pairs
for gene-specific sequences is technically challenging to
most research labs and whether researchers are willing

to pay the high price for commercial custom-designed
ZFNs (Sigma) remains to be seen.

A conditional KO strategy that we applied successful-
ly to ablate BAF250a (ARID1A) function in mouse ES
cells [9] and its alternatives could be practical for hES
KO studies. This strategy consisted of an entirely in vitro
approach in which both copies of the BAF250a gene
were targeted sequentially in ES cells using the same
targeting vector to avoid the possible lethal phenotype of
BAF250a KO ES cells. This in vitro strategy utilized pro-
moterless [10] and reading frame-enhanced homologous
recombination to increase targeting efficiency. The initial
KO allele was converted back into a reverted wild type
(rWT, f (floxed by two loxP sites)) by Flpase-mediated
recombination. The same KO vector was used again to
target the second allele of BAF250a. Finally, Cre-mediat-
ed recombination renders both copies into mutant alleles
lacking a critical exon that leads to open-reading frame
shift and nonsense-mediated decay of the mRNA. This
strategy effectively eliminates gene function in a highly
controlled manner following the activation of Cre-ERT2
[11] with the ligand 4-hydroxy tamoxifen (4-OH TAM).

To determine if this strategy is applicable in ablating
genes in hES cells, and if BAF250a is also essential for
hES cell pluripotency or maintenance, we attempted to
knock out human BAF250a gene using the NIH H9 ES
cells (Figure 1A and 1B, see Supplementary information,
Data S1 for all the experimental details). A PCR-ampli-
fied 0.7-kb fragment of the exon 8 region was inserted in
front of the B-geo cassette in the conditional KO vector,
followed by sequential insertions of PCR-amplified 3.9-
kb and 3.7-kb genomic fragments that are 5" and 3’ to the
exon 8 of BAF250a [9]. After Notl digestion, 25 pg of
the linearized vector was electroporated into 10’ ES cells
using BioRad gene pulser set at 320 V, 200 pF. ES cells
were then plated onto 10-cm culture dishes (~2 x 10° per
dish) with 10 ml of fresh hES medium. After 3 days, 50
png/ml G418 was added to the culture, and ES cells were
cultured under G418 selection for 5 days before G418
removal. During the process, the culture medium was
changed every day until colonies were ready for picking.
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Figure 1 A strategy to generate BAF250a-null human ES cells. (A) Diagram of the strategy for homologous recombination. (B)
Derivation of BAF250a homozygous ES cells from WT hES cells. The initial KO allele is neo-resistant and labeled as Neo-r, and
the Cre-treated KO alleles at the final step lack exon 8 and are neo-sensitive and labeled as Neo-s. (C) Long-range PCR with prim-
ers P1-P4 confirmed homologous recombination. (D) PCR using P5 and P6 confirmed the successful targeting of both BAF250a
alleles, as detected by the presence of an extra loxP sequence in front of exon 8 (lanes 2 and 8). flox/flox (-/flox): 341 bp; flox/+:
341 bp/290 bp; +/+: 290 bp. (E) PCR using P7-9 identified WT, Flox (rWT) and exon 8 deletion (-) alleles. (F) Time course of
mMRNA expression after 4-OH TAM treatment for BAF250a f/f; Cre-ERT2 and BAF250 f/+; Cre-ERT2 cell lines. (G) After transfec-
tion of a CAG tamoxifen-inducible Cre-ERT2 plasmid into the BAF250a —/f ES cells, 24-h 4-OH TAM treatment completely ablated
BAF250a protein expression, as judged by western blotting. (H) Immunostaining of BAF250a, Oct4 and Nanog. BAF250a Het cells
were used as controls. f, flox allele (reverted WT allele); P, primer.
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G418-resistant colonies were picked, trypsinized and
passaged as described [12].

Long-range PCR was used to identify the initial KO
allele generated by homologous recombination between a
BAF250a WT allele and the two homologous sequences
in the KO vector. Out of the 22 clones examined, 16 were
positively targeted BAF250a Het hES cell lines (Figure
1C), an efficiency comparable to what was observed in
mouse ES cells [9]. These ES cells are LacZ positive and
appear morphologically normal (data not shown).

To avoid the possibility that complete ablation of
BAF250a causes lethality of hES cells, two such Het cell
lines were then transiently transfected with 2 pg of a non-
linearized CAG-Flpase plasmid (containing a puromycin
cassette) to revert the initial KO allele back to a WT (rfWT,
f) allele (Figure 1B). Two days after electroporation, 0.5
pg/ml puromycin was added to the medium for 2 days.
Cells were then cultured without the drug until colonies
were formed and ready for picking. Picked colonies were
cultured, expanded and split. Replica plates were then
subject to LacZ staining and PCR genotyping. Roughly,
30% of the colonies picked were LacZ negative and the
initial KO allele was converted to a rWT allele, in which
exon 8 of BAF250a is flanked by loxP sites (data not
shown).

To target the second WT allele of BAF250a, the rtWT
(+/1) ES cells were electroporated a second time with the
same BAF250a KO vector and selected with G418. Not
surprisingly, due to preferential retargeting of the first
modified allele, only about 10% of the colonies identi-
fied carried both targeted alleles (BAF250a —/f, Figure
1D), similar to what has been observed in our mouse
BAF250a KO studies [9]. To avoid the possibility that
constitutive Cre expression may have a detrimental effect
on BAF250a KO ES cells, we next transfected a plasmid
expressing the ligand-inducible Cre recombinase (Cre-
ERT2) and containing a puromycin cassette [12]. After
puromycin selection, colonies were expanded and treated
with 2.5 uM 4-OH TAM. The 4-OH TAM treatment
induced deletions between the two loxP sites on each tar-
geted allele to produce cells lacking both copies of exon
8 of BAF250a (Figure 1E). Removal of exon 8 with Cre
recombinase is predicted to create a frameshift mutation
and induce nonsense-mediated decay of the mutant tran-
script. Indeed, after 24 h of 4-OH TAM treatment, the
expression of BAF250a mRNA and protein dropped to
background levels (Figure 1F and 1G).

We next examined the effects of BAF250a ablation on
the self-renewal and differentiation of the H9 hES cells.
At least three different KO hES cell lines were used for
these assays. Quantitiative (q) RT-PCR (Supplementary
information, Figure S1A) and immunostaining of pluri-
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potency markers Nanog and Oct4 (Figure 1H) showed
that their expression was largely normal in BAF250a
KO hES cells shortly after tamoxifen treatment. We also
examined the apoptotic marker Casp3, which appeared
not affected by BAF250a ablation, either (Supplemen-
tary information, Figure S1A). The BAF250a KO hES
cells can be passaged for more than 10 times with rather
normal morphology, and the morphologies of Het and
KO hES cells appeared similar even under feeder-free
culture conditions (Supplementary information, Figure
S1B). Therefore, it appeared that BAF250a ablation did
not lead to immediate differentiation as we observed in
mouse BAF250a KO ES cells under feeder-free culturing
conditions [9].

However, by examining the germ layer markers in ES
cells and embryoid bodies (EBs), we did observe prema-
ture differentiation of the human BAF250a KO ES cells.
Germ layer markers were prematurely expressed in these
KO hES cells, and their expression was much higher
in EBs from KO hES cells than from control Het cells
(Supplementary information, Figure S1C). At the same
time, a large percentage of EBs generated from KO hES
cells quickly turned into cystic-like EBs (~30% at Day
5 and ~70% at Day 7), whereas the Het control EBs did
not become cystic (Supplementary information, Figure
S1D). These data suggest that like mouse ES cells, hES
cells without BAF250a are prone to differentiation.

To test whether this KO strategy is applicable to other
hES cell lines, the linearized BAF250a targeting vector
was also electroporated into HUESS hES cells, and three
out of the four colonies that we picked were positively
targeted BAF250a Het hES cell lines, suggesting that this
strategy may work for many hES cell lines.

In this study, we report an efficient KO strategy to
ablate gene function in hES cells. Using a promoterless
KO strategy, we first converted a WT BAF250a allele
into a mutant allele. Flpase-mediated recombination then
converted the initial KO allele back into a WT allele. The
same KO vector was applied the second time to mutate
the second WT allele in hES cells. Finally, Cre-mediated
recombination rendered both modified alleles into KO
alleles (Figure 1B and 1F). This highly efficient and
controlled gene KO strategy will be especially useful to
study of essential genes in hES cells.

We envision that alternatives of this strategy can be
applied to introduce point mutation, insertion or dele-
tion of target genes, or knock-in genes of interest to the
modified gene locus (Supplementary information, Figure
S2A and S2B). A second selection gene (such as hygro-
mycin, blasticidin etc.) could be used in the second allele
targeting vector to reduce the manipulations and increase
the overall efficiency of the process. Furthermore, the
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knock-in gene(s) can be further replaced efficiently by
yet another gene(s) by Cre-mediated recombination and
selection against G418, similar to a strategy described in
mouse ES studies [13] (Supplementary information, Fig-
ure S2B).

The highly efficient homologous recombination in
this strategy seems to be dependent on the expression of
the target gene [10], although genes with non-detectable
expression in mouse ES cells can be targeted fairly ef-
ficiently, too (William C Skarnes, personal communica-
tion). Thus, further work may be needed to establish
whether tissue-specific genes can be targeted efficiently
in hES cells.

This strategy can also be applied to human somatic
cell lines. In fact, similar studies were performed in hu-
man cancer cells and other recombinogenic human cell
lines [14, 15]. We envision that alternatives of this strat-
egy can be applied to introduce modifications in genes
of interest to the modified gene locus (Supplementary
information, Figure S2A and S2B). Our study, together
with other strategies, will provide complementary and
alternative approaches to manipulating gene activity in
hES cells, and help identify transcription network in hES
cells and establish hES cell-based disease models and
therapies.
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