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Abstract

Human embryonic stem cells (hESCs) hold great promise for ushering in an era of novel cell therapies to treat a wide range of rare
and common diseases, yet they also provide an unprecedented opportunity for basic research to yield clinical benefit. HESCs can be
used to better understand human development, to model human diseases, to understand the contribution of specific mutations to
the pathogenesis of disease, and to develop human cell-based screening systems to identify novel therapeutic agents and evaluate
potential toxicity of therapeutic agents under development. Such basic research will benefit greatly from efficient methods to perform
targeted gene modification, an area of hESC investigation that is currently in its infancy. Moreover, the reality of hESC-based cellular
therapies will require improved methods for generating the specific cells of interest, and reporter cell lines generated through targeted
gene modifications are expected to play an important role in developing optimal cell-specific differentiation protocols. Herein, we review
the current status of homologous recombination in hESCs, a gene targeting technique that is sure to continue to improve, and to play
an important role in realizing the maximal human benefit from hESCs. Clin Trans Sci 2011; Volume 4: 298-305
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Introduction

The first reported isolation of a human embryonic stem cell
(hESC) in 1998 triggered an explosion of research and general
interest in stem cell biology within the scientific community
and the public at large. Much of the excitement has focused on
the potential for developing novel cellular therapies to treat a
wide range of diseases of the nervous system, cardiovascular
system, endocrine system, and beyond. However, hESCs also
offer the unprecedented opportunity to better understand human
development and to establish disease models that will inform on
the biology of disease while also providing useful systems to test
the efficacy and toxicity of new therapeutics under development.
Gene modification technology will play an important role in
establishing such in vitro models, as well as new systems to screen
and identify novel therapeutic agents and to improve the in vitro,
directed hESC differentiation required to realize hESC-derived
cellular therapies.

It was only 30 years ago, in 1981,2 that Gail Martin first
coined the term embryonic stem cell for pluripotent cells
derived directly from blastocysts. The name helped distinguish
them from embryonal carcinoma cells, which are derived
from teratocarcinomas and used at the time to study early
embryo development.>> Mouse genetics over the past 25 years
has remarkably advanced our understanding of mammalian
development and helped establish animal models of human
diseases. Techniques that modify specific genetic loci within
murine embryonic stem cells (mESCs), in particular targeted
knockout and knockin mutations generated through homologous
recombination (HR), have provided the engine driving these
advances.* The broad scientific importance of these technical
advances was rightfully acknowledged by awarding the 2007
Nobel Prize in Medicine to three pioneers in the field. The
application of similar targeted gene modification techniques to
hESCs will be essential if we are to fully realize their research
and therapeutic potential.® This review summarizes the current
state-of-the-field for hESC gene targeting through HR, providing

a centralized resource for those wishing to apply this technology
to their own basic or translational research.

Gene Targeting and HR

Gene targeting through HR, which can be performed to achieve
various goals,”” relies on the cell’s innate DNA repair machinery
and requires homologous DNA sequences shared by the targeting
vector and the genomic locus of interest (Figure 1). HR can be
used to inactivate a gene by disrupting its coding sequence, that
is, a “knockout” (Figure 1). Such targeted ESCs are heterozygous
for the inactivated allele and can be used in blastocyst injections to
generate heterozygous mice.* These mice can then be interbred to
yield mice lacking both alleles, thereby providing powerful murine
models to study a specific gene’s function during development
and within selected cells of interest. Obviously, hESCs will not
be used in blastocyst injections, and other approaches will be
needed to generate genetically null hESCs.

HR can also be used to introduce a specific mutation into a
desired gene allowing one to express a mutant gene product under
the control of the gene’s endogenous regulatory elements (i.e., a
“knockin”). This is undertaken in a manner similar to generating
a knockout (Figure 1), but one must design the targeting vector
so that the introduced cDNA is expressed from the endogenous
promoter in place of the native coding sequence.* hESCs harboring
such knockin mutations, combined with in vitro differentiation
protocols to develop cells of interest, will provide unprecedented
opportunities to define the role of specific mutations in human
disease pathogenesis. They will also provide a more ideal system
to test the potential efficacy and toxicity of therapeutics developed
to target disease-related, pathogenic mutations.

A second type of knockin gene modification involves
introducing reporter gene cDNA, typically for a fluorescent
protein, into a desired genetic locus. Cells fluoresce only if they
have developed into the cell type that naturally expresses the gene
of interest, and such fluorescently labeled cells can be directly

Departments of 'Laboratory Medicine and *Medicine, University of California, San Francisco, California, USA.

Correspondence: AD Leavitt (leavitta@labmed2.ucsf.edu)
DOI: 10.1111/j.1752-8062.2011.00281.x

VOLUME 4 - ISSUE 4

WWW.CTSJOURNAL.COM



Leavitt and Hamlett « HOMOLOGOUS RECOMBINATION IN HUMAN ES CELLS

TARGETING VECTOR:

——— 5' homologyarm

3’ homology arm

LoxP LoxP

Plasmid DNA
B
—— oz HpmmEp-. St H-
ot il Targeting Vector
- > (Plasmid DNA)
—{ Exon1 + ___Exon2  j— Exon3 l—;gEgg——— »
Target Locus in
Genomic DNA

—{_Exont t-__Exon2 _-ppiNesigp-_ Exond _f—
LoxP LoxP .

Targeted Genomic Locus

Figure 1. Model for gene targeting using homologous recombination. (A) This diagram of a targeting vector highlights its basic essential components: (1) an antibiotic (posi-
tive) selectable marker flanked by LoxP sites and located between 5’ and 3" homology arms, and (2) a negative selection marker located outside the two homology arms,
in this example the herpes simplex virus-thymidine kinase (HSV-tk) gene expressed by a constitutive promoter. The example provided is for disrupting a gene of interest (a
“knockout”). The antibiotic expression cassette contains its own promoter in most targeting vectors but can be promoterless if targeting a gene expressed in the undifferentiated
hESC. The latter approach requires a design that ensures that the endogenous promoter will express the antibiotic resistance gene. Targeting vectors can also be designed to
introduce a reporter gene that will be under the control of the endogenous regulatory elements, in which case the reporter cDNA is located between the homology arms but
outside of the LoxP-flanked antibiotic selection cassette. The positive and negative selection cassettes can be oriented in either direction except when the positive selection
cDNA is promoterless. Flp recombinase and Frt sites can be used similarly to Cre recombinase and LoxP sites. (B) This diagram outlines the process of homologous recom-
bination (HR) using a targeting vector (top) designed to remove Exon3 of a target locus. The crossed lines indicate the crossing over event between the targeting vector and
the genomic locus, which is mediated by host DNA repair machinery and requires homologous sequences. HR introduces the positive selectable (antibiotic) marker in place
of Exon3. The negative selection marker, HSV-tk in this example, will not be incorporated into the target DNA in cells that have properly undergone HR, allowing gancyclovir
resistance to be used to select against recombination events that occurred through mechanisms other than HR. The LoxP-flanked Neo® expression cassette can then be
removed by expressing Cre recombinase, which can be introduced either by transient transfection of a Cre expression plasmid or by using Tat-Cre protein.

identified by microscopy, isolated by fluorescence-activated cell
sorting (FACS), or tracked in vivo without requiring an antibody.
The fluorescent reporter cDNA expression is controlled by the
endogenous promoter and associated regulatory elements of
the desired target gene, thus providing an accurate readout of
endogenous gene expression. Such hESC reporter lines, with
their ability to specifically mark cells of desired lineages, and
by permitting rapid screening of live cells over a wide range of
conditions, will provide invaluable tools for researchers wanting
to optimize differentiation protocols to yield specific cell types
for therapeutic purpose.’

The targeting vector is the critical reagent required to perform
HR (Figure IA). Its basic design includes (1) a positive selectable
marker, typically an antibiotic resistance gene expressed by a strong
constitutive promoter, to select for embryonic stem cells that have
incorporated the DNA sequence of interest, (2) a negative selectable
marker, herpes simplex virus thymidine kinase (HSV-tk) in Figure 1A,
to select against cells that incorporated the targeting vector through
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non-HR at an undesired chromosomal location, and (3) 5" and 3’
flanking sequences homologous to the desired genetic locus, which
help direct recombination at the desired chromosomal location.

HR in hESCs
The first successful report of HR in hESCs appeared in 2003,*
5 years after hESCs were first described.! As with mESCs,
hypoxanthine-guanine phosphoribosyl transferase (HPRT) was
the first gene targeted using HR. To date, there have been only 12
reports of successful HR in hESCs, yet the basic and translational
potential of the application of this technology is well defined.’
Herein, we review those studies to help bring this technology
to more investigators. The application of HR to generate faithful
hESC reporter lines and human disease models is expected
to meaningfully increase the return on our basic and applied
research investment in hESCs.

A few key problems stalled the initial progress for HR in
hESC:s. First, HR requires single-cell cloning to identify the rare
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targeted cell selected through antibiotic resistance. However,
unlike mESCs, most hESC lines are intolerant of being dissociated
to single cells. Consequently, the first report of HR in hESCs
was performed using hESCs in small clumps.® Three different
approaches have been used to overcome this problem. One group
pioneered the use of repeated single-cell passaging in an effort to
condition the hESCs. This generates extensive cell death in the
initial passages, but ultimately yields cells that are more tolerant
of the single-cell replating.>'® A second independent advance
was the observation that the p160-Rho-associated coiled kinase
inhibitor, Y-27632, markedly improves single-cell replating of
dissociated hESCs.! Its use has rapidly become incorporated into
many protocols that require recovery of single-cell dissociated
hESCs, including after single-cell FACS sorting.'> Third, some
hESC lines, including members of the HUES series,*'* are more
tolerant of single-cell passaging.’*** However, some HUES lines
have known karyotypic abnormalities."

Beyond the problem of single-cell replating, there were
problems with hESC transfection efficiency, including the
ineffectiveness of mESC electroporation protocols for introducing
targeting vectors into hESCs.® The reports of successful HR in
hESCs reviewed herein demonstrate that this problem has clearly
been overcome, but not necessarily optimized. Except for a single
inefficient example,' chemical transfection reagents have failed to
effectively introduce targeting vectors into hESCs, and none of the
reported HR-based gene targeting papers has used nucleofection.
For the moment, electroporation is the preferred method for
introducing targeting constructs into hESCs.

A third problem involved the method used to dissociate hESCs
during passage. Bulk enzymatic dissociation of hESCs, including
trypsin, was reported to predispose to gross chromosomal
abnormalities,”*' but the laborious nature of physically harvesting
multiple individual colonies made it difficult to expand adequate
numbers of cells needed for gene targeting. Fortunately, more
gentle forms of bulk colony harvesting and disruption using
accutase®, collagenase, and dispase®, or short exposures to low
concentrations of trypsin have greatly improved this problem.
However, it remains mandatory that one routinely karyotype all
cells that have been taken through single-cell replating to confirm
stable and normal chromosome content.

Gene Targeting in hESC

Successfully targeted loci

Twelve reports present 15 successful examples of hESC gene
targeting using HR when this manuscript was submitted.®*4-1922-25
They include a total of 11 different genetic loci, seven that
are expressed in undifferentiated hESCs and four that are not
(Table 1). Five of the 15 (33%) examples target HPRT, a particularly
appealing target because it is expressed in hESCs, is x-linked
so that targeting a single allele in male cells generates a cell
functionally null for HPRT activity, and there is established media
to rapidly select for cells that lack HPRT activity. Consequently,
HPRT targeting statistics do not necessarily apply to other loci.
Regardless, the initial targeting of the HPRT locus in 2003
was a welcome demonstration that HR can be performed in
hESCs, and it provided key observations for the field. First, the
authors identified electroporation settings that improved hESC
transfection by >100-fold relative to conventional mESC settings:
approximately 1 Neomycin (Neo)® colony/1 x 107 starting hESCs
versus 350 Neo® colonies/1.5 x 107 starting hESCs. Second, they
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demonstrated that HSV-tk negative selection (i.e., gancyclovir®)
reduced by approximately 85% the number of Neo® colonies
they needed to screen, more than validating the importance
of incorporating negative selection into hESC targeting vector
design. Third, they observed that electroporation in room
temperature protein-rich media worked better than phosphate
buffered saline.

HR conditions, reagents, and vector design

Table I summarizes many of the key features of reported successful
HR in hESCs. Nine hESC lines have been successfully targeted.
Beyond the suggestion that HUES-3 worked better than HUES-
1 for HR at the NANOG locus, there is no evidence to suggest
that any given hESC line is particularly inferior or superior to
another. This is encouraging given that one might want to target
more than one line when testing for the biology of various specific
mutations within a gene, or when developing reporter lines for
high-throughput screening experiments to help ensure that a
result is not cell line specific. However, with more experience,
certain lines may prove to be more robust. Both exons and introns
have been targeted, including part of the 5'-untranslated region
(Table 1).

The EFla, PGK, CAG, and SV40 promoters have been used
successfully to express antibiotic resistance genes within the
targeting vectors (Table 1). Experience with mESCs shows that
such strong constitutive promoters used in antibiotic selectable
marker cassettes can affect local gene expression, thereby altering
the biology observed. Consequently, it has become routine to
have the antibiotic resistance expression cassette in the targeting
vector flanked by recombination sites, most commonly LoxP
sites, to allow one to remove the expression cassette after the
targeted embryonic stem cell clone is generated (Figure I). This is
of particular importance when generating a reporter cell line so as
to prevent the promoter within the antibiotic resistance expression
cassette from interfering with expression of the reporter cDNA.*
Both Cre and Flp recombinase have been used successfully to
remove or rearrange parts of the targeting vectors following HR
in hESCs (Table 1).

HSV-tk and diphtheria toxin A (DTA) negative selection
have each been shown to improve targeting efficiency, more than
justifying inclusion of a negative selection cassette when designing
hESC targeting vectors. While various electroporation settings
have been used successfully, and one report claims no significant
difference when comparing 230 versus 320 V and 200 versus 500
uE '8 the settings of 320 V and 200 pF first reported in 2003® have
been the most common settings used to date (Tables 2 and 3).

Of the 11 successfully targeted loci, seven are expressed
in hESCs (Table 2). Antibiotic resistance used to identify the
rare hESC that has incorporated a targeting vector is typically
achieved by including in the targeting vector an expression
cassette that contains a strong promoter and the resistance gene
cDNA (Figure 1). However, targeting vectors for loci expressed in
undifferentiated hESCs can use promoterless selectable markers to
enhance targeting efficiency (no. of correctly targeted clones/no. of
antibiotic resistant clones). Such promoterless antibiotic resistance
genes will not be expressed in most off-target recombination sites;
expression only works if the vector lands in its intended, in-frame,
location, or if by chance, the off-target site properly links the
resistance gene cDNA to a functional promoter.

For the HPRT locus, a promoterless selectable marker
yielded 2%-14% targeting efficiency, while a promoter-driven
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Targeted Year®™ Expressed Cell line Homology Targeting Positive Negative Reporter RMCE Recombi-
locus* in hESC (sex) arms 5'/3’ location selectiont selectiont* cell line® nase
(Kb)
HPRT | 20038 Yes H1(XY) 1.9/10 Exons 7-9 Neo TK and 6-TG
2004 Yes NRT(XY) 8.5 total | Exon 2 Hygro 6-TG
20082 Yes H1(XY) 4.8/2.1 Exon 3 EF1a-Neo 6-TG YES CAG-Cre
2010%* Yes KhES1(XX) 7/2 Exon 1 PGK-Neo - YES EF1a-Cre
2010 Yes HUES-3(XY) 118/77 Intron 6 CAG-Neo- =
and IRES-Puro
HUES-8(XY)
OCT4 | 2003® Yes H1.1(XY) 6.3/1.6 Exons 3-5 Neo - YES (EGFP)
and
6.3/6.5
ROSA26 | 2007* Yes HES-2(XX) 1.0/4.1 Intron 1 Neo DTA YES Cre
MIXL1 2008° No HES-3(XX) 9.4/1.9 Exon 1 PGK-Neo - YES (GFP) Cre
FEZF2 20098 No HUES-9(XX) 4.2/4.1 Exon 2 PGK-Neo TK YES (EYFP) Cre
OLIG2 | 2009% No BGO1(XY) 2/5.3 Exon 2 PGK-Neo TK YES (EGFP) Cre
ISL1 2009'¢ No HO(XX) 9.2/5.5 Exon 1 Puro - YES (dsRED) Cre
HUES-3(XY)
ATM 2010 Yes HUES-9(XX) 9.0/2.0 Intron 40 CAG-Neo -
and and CAG-Neo-
HO(XX) 103/6.5 IRES-Puro
p53 2010 Yes Not stated 77/5.5 Exons 2-6 | Same as -
ATM
BAF250a | 2010" Yes HO(XX) 3.9/3.7 Intron 8 B-geo - CAG-Flp
HUES-8(XY) Cre-ERT2
NANOG | 2010" Yes HUES-1 (XX) 12.5/3.5 | Exon 1; SV40-Neo = YES (EGFP)
HUES-3(XY) includes
5'UTR
*HPRT = hypoxanthine polyribosyl transferase. fPromoters indicated if used: Neo = neomycin (G418); Hygro = hygromycin; CAG = cytomegalovirus early enhancer element and
chicken B-actin promoter; B-geo = B-galactosidase-neomycin resistance fusion gene. TK = thymidine kinase; 6-TG = 6-thioguanine; DTA = diphtheria toxin A. SEGFP = enhanced green
fluorescent protein; EYFP = enhanced yellow fluorescent protein; dsRED = red fluorescent protein. "NR = not reported. RMCE = recombinase-mediated cassette exchange.

Table 1. Genetic loci successfully targeted in hESCs.

selectable marker yielded only 0.16%-1.4% (Table 2). For OCT4,
a promoterless selectable marker yielded 27%-40% targeting
efficiency, while the ROSA26 targeting vector with a promoterless
selectable marker averaged a 2.3% targeting efficiency (Table 2).
Of note, the ROSA26 efficiency was achieved with homology
arms of only 1.0 and 4.1 Kb, but the vector did include DTA for
negative selection (Table 2). In aggregate, these data support using
a promoterless selectable marker when targeting loci expressed
in undifferentiated hESCs. However, alternate approaches may
be more productive depending on one’s final objective.

Most reporter cell lines will require targeting loci not expressed
in hESCs, but to date, successful targeting has been reported at
only four such loci (Table 3). Inadequate data are provided to
determine targeting efficiency for two of them, MIXL1 and ISLI,
and neither used a negative selection marker in their targeting
vector. The other two both used HSV-tk negative selection, which
increased targeting efficiency fivefold for human FEZF2 (0.3% vs.
1.5% of Neo® colonies) and yielded 5.7% targeting efficiency for
OLIG2, strongly supporting the inclusion of a negative selection
cassette in a targeting vector design.

Expressing multiple gene products

It is sometimes desirable to express more than one cDNA from
a targeted locus, and an internal ribosome entry sequence
(IRES) has been used successfully in hESCs to express multiple
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gene products from a single polycistronic message encoded by
a targeting vector.*'* However, in each case the downstream
c¢DNA encoded an antibiotic selection marker, allowing the
authors to select for cells with higher levels of downstream
gene expression. Multiple independent gene products have
also been expressed from a single cistronic message in hESCs
using foot and mouth virus 2A sequences that allow a single
ribosome to yield multiple independent protein products.?
There are inadequate published data to know whether an IRES
or a 2A sequence is preferred when wanting to express multiple
gene products from a HR targeting vector, and there may be no
single correct answer, but 2A-sequences are being employed
more and more by investigators, and one study suggests that
they may be superior to IRES sequences in hESCs, at least in
certain settings.?

Introns and targeting vectors

The murine ESC literature is rife with articles demonstrating
that introns help expression of gene products expressed from
the targeting vectors used to generate transgenic mice.”-*’ There
are no published reports directly addressing the importance of
introns in targeting vectors when performing HR in hESCs.
However, it is important to note that the rabbit -globin intron
2 was used successfully in the NANOG reporter construct that
targeted exon 1, including the 5'-UTR."”

VOLUME 4 « ISSUE 4

CTS 301




Leavitt and Hamlett « HOMOLOGOUS RECOMBINATION IN HUMAN ES CELLS

302 CTS

Targeted Year®™ Electropora- No. of antibiotic® No. of properly Positive Negative Homology
locus* tion settings colonies/starting targeted colonies/ selection selection arms 5'/3’
cell no. total (W)
HPRT* 20038 220V 960 wF ~1/107 Neo TK & 6-TG 1.9/10
320V 200 pF 350 Neo®/1.5 x 107; 7/350 (2%) Neo
50/350 Gancyclovir®; 7/50 (14%) Neo TK
7/50 6-TGR 7/7 (100%) Neo TK and 6-TG
2004 ExGen 500 2/1 x 108 2/2 (100%) Hygro 6-TG 8.5 total
reagent
2008% 300V 100uSec | 488 NeoR/1 x 10° cells 1/488 (0.2%) EF1a-Neo - 4.8/2.1
233 Neo®/1 x 106 cells 1/233 (0.43%) EF1a-Neo
320V 200p.F 600 Neo®R/1 x 10° cells 1/600 (0.16%) EF1a-Neo
2010% 250V 4 ms x 2 | 424 Neo®/2-4 x 10° cells 6/424 (1.4%) PGK-Neo - 7/2
2010 320V 200uF Data not provided Data not provided CAG-Neo-IRES- - 118/77
Puro
OCT4 20038 320V 200pF 103 Neo®/1.5 x 107 cells 28/103 (27%) Neo - 6.3/1.6
22/56 (40%) 6.3/6.5
ROSA26 | 2007 250V 500uF 24/5 x 10° cells 1/24 (4.1%) Neo DTA 1.0/4.1
64/5 x 106 cells 1/64 (1.5)
Avg: 2/88 (2.3%)
ATM 2010 320V 200uF <0.5% CAG-Neo - 9.0/2.0
10-50 Neo®/2 x 107 cells 3/14(21%); CAG-Neo-IRES- 103/6.5
10/37 (27%) Puro
2/10 (20%) with
second allele
P53 2010 320V 200p.F ~30 Neo®/2 x 107 cells CAG-Neo - 77/5.5
(done twice; yielded 60 2/60 (3.3%) &
Neor colonies) CAG-Neo-IRES-
Puro
7/32 (22%) 80/81
BAF250a | 2010" 320V 200uF 22 Neo®R/1 x 107 cells 16/22 (73%) 3-geo - 3.9/3.7
NANOG 20107 250V 500uF 637 NeoR/1.9 x 107 4/637 (0.6%) HUES-1 SV40-Neo - 12.5/3.5
or cells
800V 10uF 167 Neo®/0.9 x 107 19/40 (11.4%)
cells HUES-3
*See Table 1.

Table 2. Transfection conditions and targeting efficiency for loci expressed in undifferentiated hESCs.

Targeted Year®® Electroporation Antibiotic® colonies/ No. of properly tar- Positive Negative Homology arms
locus* settings starting cell no. geted colonies/total selection selection 5'/3’ (Kb)
MIXL1 2008° Data not Data not provided Data not provided PGK-Neo 9.4/1.9

provided
FEZF2 2009'® 320V 200 pF 128 Neo®/1.5 x 107 2/675 (0.3%) PGK-Neo - 4.2/4.1
145 Neo®/1.05 x 107 2/130 (1.5%) TK 4.2/4.1
OLIG2 2009% 250V 250 pF 106 Neo®/0.5-1 x 107 6/106 (5.7%) PGK-Neo TK 2/5.3
ISL1 2009'¢ 320V 200 pF Data not provided Data not provided Puro 9.2/5.5
*See Table 1.

Table 3. Transfection conditions and targeting efficiency for loci not expressed in undifferentiated hESCs.

Homology arms

As the name implies, HR requires 5" and 3’ DNA sequences in the
targeting vector that are homologous to sequences in the target
locus (Figure 1). Successful hESC targeting vector homology
arm length has ranged from 1 to 103 Kb (Table 1). Murine ESC
targeting data suggest that homology arms should be at least
approximately 2 Kb in length, and that increasing homology
arm length up to approximately 14 Kb yields progressively more
effective gene targeting.’®*' All but one of the hESC targeting
vectors met the approximately 2 Kb minimum rule, but many
had arms less than 14 Kb (Table 1).
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Gene targeting at three loci specifically addressed the effect
of homology arm length on HR efficiency in hESCs.*'* For
OCT4, increasing the 3’ homology arm from 1.6 to 6.5 Kb,
while keeping the 5" homology arm fixed at 6.3 Kb, increased
targeting efficiency by almost 50% (27% vs. 40%). Two targeting
vectors with different homology arm lengths were also used to
target the ATM locus. One with 5’ and 3’ homology arms of 9
and 2 Kb yielded correct targeting in <0.5% of the Neo® colonies,
while a vector with 5" and 3’ homology arms of 103 and 6.5 Kb
yielded 21%-27% properly targeted colonies." Two vectors were
also compared when targeting the p53 locus, with one having
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5’ and 3" homology arms of 77 and 5.5 Kb; the other contained
80 and 81 Kb homology arms. Targeting efficiency was roughly
sevenfold greater (3.3% vs. 22%) using the vector with longer
arms of homology.

In all three examples, longer homology arms improved
targeting efficiency, which allows one to screen fewer colonies,
and can thereby translate into significantly less work. The
findings also show that electroporation can readily introduce
targeting vectors of well over 100 Kb into hESCs, but it remains
to be seen if homology arms greater than approximately 14 Kb
provide added value when targeting hESCs. However, with the
ready availability of human bacterial artificial chromosomes
(BACs) and the power of recombineering technology to generate
targeting vectors,**** it has become much simpler to incorporate
long 5" and 3" homology arms. In fact, BAC recombineering
was used to make three of the targeting vectors in Table 1.'*"
While optimal homology arm length has not been defined, the
summary of arm lengths and targeting success presented in
Tables 2 and 3 should provide a useful guide for designing a
targeting vector.

Generating reporter hESC lines

Reporter cell lines generated through HR express a readily
detectable marker, typically a fluorescent protein, under the
control of a selected endogenous promoter and associated
regulatory sequences. Reporter lines can facilitate identification
of specific subsets of cells in a complex cell mixture. Six
hESC reporter lines have so far been generated through HR
(Table I). In two, reporter expression reflects pluripotency by
having targeted the NANOG locus' or the OCT4locus,® providing
celllines that can be used to screen for molecules that release cells
from pluripotency. In four lines, reporter expression turns on
when specific lineage-related genes are expressed, so these lines
can be used to monitor the development of a specific cell type in
culture based on the targeted locus, MIXLI° (mesoderm; primitive
hematopoietic precursors), human FEZF2'8 (corticospinal
neurons), OLIG2* (neuroglial cells), and ISL1' (cardiac cells)
(Table 1). Like their murine counterparts,® such reporter lines can
be used to identify specific cell types, making them powerful tools
for developing novel in vitro conditions to optimize production
of specific human cell types, a key step toward establishing hESC-
derived cellular therapies.®

Disease and development models through HR

HR in hESCs allows one to introduce a specific mutation into
a designated endogenous locus to develop models of human
disease. The same cell lines can also be used to test the efficacy
and toxicity of potential new therapeutic agents. However,
unlike the mouse system, independent mutations introduced
into hESCs cannot be combined through the generation of mice
and interbreeding. Recombinase-mediated cassette exchange
(RMCE) in hESCs’ provides a powerful approach for using
a single targeted cell line to evaluate the biology of multiple
mutations at a given locus by simply exchanging one mutation
for another (Figure 2).

Cre- (or Flp-) recombinase-based RMCE relies on heterotypic
Lox (or Frt) sites that inefficiently react with each other due to
differences in their sequences. When a chromosomal cassette is
flanked by two such mutually incompatible Lox (or Frt) sites,
it can readily be exchanged for another cassette (located on a
plasmid) by a double reciprocal recombination®”*® (Figure 2).
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RMCE has been used successfully in hESCs in combination
with HR for different purposes in three studies to date (Table 1),
including delivery of the necessary genetic machinery to create
doxycycline-regulated conditional gene expression in hESCs.*
Others have used RMCE to replace an initial targeting construct
and selectable cassette with a reporter transgene,” while others
have demonstrated the versatility of RMCE to readily introduce
different reporter transgenes into a targeted locus in hESCs.?
Additional versatility can be achieved by combining both Cre- and
Flp-mediated recombination sites into a single targeting event."®
The initial use of RMCE in hESCs has been more related to proof-
of-principle than to addressing a specific biological question,
but we expect this to change in the very near future. We also
envision in the near future the use of RMCE to create expression
systems that allow for cell tracking in in vitro developmental
culture systems, an advance that will open hESCs to the study
of human development much like lineage tracking has done for
advancing our understanding of mouse development.

Targeted mESCs are often used to generate mouse lines that
can be crossed to generate mice with cells deleted for both alleles
of a given locus. Such genetically null mice have proven quite
informative for understanding the role of specific gene products
during development and within specific cellular functions.
Generating genetically null hESC lines, from which to derive
genetically null cells of interest, will require one to independently
target both loci within the same hESC. Two groups have achieved
this goal using innovative but different approaches to inactivate
both alleles of a single gene in a single hESC line, including
p53," ATM," and BAF250a.” In each case, essentially proof-
of-principle experiments, the authors were able to demonstrate
an expected functional defect associated with the loss of gene
activity. To date, this has only been reported for a locus that is
expressed in hESCs, not for one that is silent in hESCs and that
initiates expression later during hESC in vitro differentiation.
However, regardless of when the gene is expressed, any attempt
to sequentially target both alleles in the same cell must use an
approach that retains the initial targeting event when performing
selection during the second round of HR. The BAF250a~- hESC"
line incorporates a 4-OH tamoxifen-regulatable Cre that allows
for the added utility of a conditional null system. These and
future null cell lines will provide new and potentially powerful
systems to understand the role of critical gene products in human
biology and disease.

Summary

HR is the gold standard for site-specific genetic modification in
mESCs,” but it is still in its infancy when being applied to hESCs.
However, the successes to date (Table 1) suggest that its application
to hESCs will soon expand considerably as investigators apply
this technology to develop improved in vitro systems for deriving
cells for therapeutic use, to model human disease in human
cells, to screen for new therapeutic agents, and to evaluate the
toxicity of therapeutic agents under development.® It is hoped
that this review will help bring HR technology in hESCs to more
investigators. At this time, there is not a clear “best” targeting
vector design, and different designs may be optimal for vectors
targeting genes expressed in undifferentiated hESCs compared
with genes not expressed in undifferentiated hESCs. However,
the details provided herein should help orient investigators as to
where to start and what hurdles they face, and the tables provide
direction regarding electroporation conditions, useful promoters
for antibiotic positive selection cassettes, and the range of successful
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Figure 2. Model for recombinase-mediated cassette exchange (RMCE). The upper linear figure depicts a site in a genomic locus that has previously undergone HR to replace
Exon3 with a Neo® expression cassette flanked by two heterotypic LoxP sites (one a black and one a purple triangle) that cannot recombine with each other. One can then
introduce a donor plasmid carrying the cDNA of interest flanked by the same heterotypic LoxP sites (the RMCE exchange cassette plasmid) into the targeted hESCs. Cre
recombinase (yellow circles) then catalyzes an exchange between the RMCE exchange cassette plasmid and the targeted locus (black “X"s), removing the antibiotic selection
marker and introducing the sequence flanked by the heterotypic LoxP sites into the targeted genomic DNA. Cre can be introduced by using an expression vector or by using
Tat-Cre. In the example shown, a specific point mutation in Exon3 (indicated by the red asterisk) has been introduced into the cell to produce a model for a disease-initiating
mutation. RMCE allows one to introduce various sequences between the heterologous LoxP sites. For example, one can introduce mutations, correct mutations, or, as has
been demonstrated, one can introduce all of the components necessary to establish a conditional gene expression system,'® giving tremendous research potential to a single
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targeted cell line.

homology arm lengths that have been reported to date. The more
recent examples of HR in hESCs have incorporated increasingly
sophisticated designs, including RMCE and conditionally
activated expression cassettes. Further advances in the design
and implementation, including tissue-specific conditional gene
expression and lineage tracing, will further exploit the benefit of
HR technology, and we anticipate that a sharp increase in its use
in hESCs is just around the corner.
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