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Abstract

Efficient gene targeting in embryonic stem cells requires that modifying DNA sequences are identical to those in the
targeted chromosomal locus. Yet, there is a paucity of isogenic genomic clones for human cell lines and PCR amplification
cannot be used in many mutation-sensitive applications. Here, we describe a novel method for the direct cloning of
genomic DNA into a targeting vector, pRTVIR, using oligonucleotide-directed homologous recombination in yeast. We
demonstrate the applicability of the method by constructing functional targeting vectors for mammalian genes Uhrf1 and
Gfap. Whereas the isogenic targeting of the gene Uhrf1 showed a substantial increase in targeting efficiency compared to
non-isogenic DNA in mouse E14 cells, E14-derived DNA performed better than the isogenic DNA in JM8 cells for both Uhrf1
and Gfap. Analysis of 70 C57BL/6-derived targeting vectors electroporated in JM8 and E14 cell lines in parallel showed a
clear dependence on isogenicity for targeting, but for three genes isogenic DNA was found to be inhibitory. In summary,
this study provides a straightforward methodological approach for the direct generation of isogenic gene targeting vectors.
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Introduction

Since its first demonstration [1], gene targeting in embryonic

stem (ES) cells has evolved to be a routine technique to modulate

gene function in vivo. The sequential steps of genomic DNA

isolation, vector construction, homologous recombination in ES

cells and chimaera production have seen increases in efficiency

that have accelerated the number of new mutants each year such

that more than 16,000 targeted mutations in mouse ES cells have

already been made [2,3]. Indeed, the first encyclopedia of

mutations in the mouse is near to completion, largely due to

productivity gains in serial recombination techniques [4].

Although knockout and conditional ablation of genes are the first

steps in understanding gene function in vivo, allelic variants such

as disease-mimicking point mutations or whole gene replacement

(e.g., with human disease variants) are quickly emerging as

necessary tools to phenocopy human genetic disease in model

organisms. With regard to species relevance or for clinical

applications, these mutations are increasingly created in human

ES or iPS cells [5–10], a process that is still somewhat tedious due

to its use in niche applications [11]. Nonetheless, paired with new

technologies to increase homologous recombination such as zinc-

finger nucleases, TALens, and CRISPR [12–15], targeting vectors

are employed widely for genome modification.

Genomic DNA cloning is a key step in targeting vector

construction. Inclusion of homologous isogenic targeting sequenc-

es is common practice to avoid low targeting frequencies caused by

single nucleotide or larger polymorphisms such as insertions,

deletions or inversions [16–18]. Yet, standard methods employed

for the modification of genomic-derived DNA sequences are often

not optimal for the construction of isogenic targeting constructs.

For example, bacteriophage lambda-red based homologous

recombination in bacteria has simplified genomic DNA modifica-

tion [19], but has the prerequisite of a library of mapped BACs or

plasmid vectors as a source of genomic DNA. The library

requirement hinders its application in, for instance, targeting

campaigns of unique human iPS cell lines or in patient-specific

gene-therapy, although substantial improvements have been made

here as well [20]. Moreover, the lambda-red methodology requires

sequential steps in targeting vector construction. Alternative

methods generally employ multiple-step PCR, which is challeng-

ing for longer sequences from genomic templates and introduces

undesirable mutations at higher frequencies than traditional

cloning.
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Substantial progress has been made with simultaneous multi-

fragment cloning in the yeast Saccharomyces cerevisiae, in which short

homologous sequences are joined by the DNA double-strand

break repair machinery [21–24]. In particular, larger homologous

regions [25] or overlapping oligomers [26] have been successfully

used to retrieve genomic DNA from BACs for the introduction

into targeting constructs carried on yeast shuttle vectors. Impor-

tantly, yeast readily recombines multiple fragments with a

restricted plasmid vector that can replicate and be selected for

with positive or negative selection, eliminating sequential steps in

targeting vector construction and improving throughput.

In this work we sought to extend yeast homologous recombi-

nation cloning methodology to directly retrieve DNA fragments

from host cellular genomic DNA using oligonucleotides and

without the use of intermediate library preparation or PCR steps.

We have constructed a novel yeast vector for Retrieval of

Targeting sequences with Verbatim Isogenic Regions (pRTVIR,

or ‘‘pRetriever’’) that efficiently retrieves genomic sequences when

co-transformed with isolated chromosomal DNA from embryonic

stem cells. In a series of experiments involving more than 70

targeting constructs, we find a significant association between

correct targeting and isogenic DNA. Therefore, direct DNA

cloning from purified genomic DNA in yeast should prove to be a

valuable method for sensitive targeting applications.

Results

A Yeast Plasmid for Retrieval of Targeting Sequences
(pRTVIR) Facilitates the Construction of Targeting Vectors
for Embryonic Stem Cells
Cloning overlapping DNA fragments in yeast has been

established for rapid cloning of mammalian targeting vectors

[23]. This methodology relies on the homologous recombination

between mammalian DNA sequences and a shuttle plasmid vector

that can replicate and be selected for in both yeast and Escherichia

coli. We set out to increase the frequency of successful recombi-

nation by attempting to minimize the background resulting from

unwanted recombination and ligation events. First, we designed a

vector for recombination cloning without any sequence homology

to the yeast genome. Briefly, an heterologous auxotrophic selection

marker CaURA3 (orotidine-5-phosphate decarboxylase) [27] from

Candida albicans driven by the TEF promoter from Ashbya gossypii

was combined with replication sequences derived from the yeast

episomal 2 micrometer plasmid. E. coli replication sequences and a

bacterial ampicillin selection marker were introduced in the

plasmid resulting in the 4.5 kb plasmid pCA771. When pCA771 is

used to transform a ura3 yeast strain devoid of its endogenous 2

micrometer plasmid ([Cir0]) to Ura+, no sequence homology exists

between this vector and the host DNA, thus effectively eliminating

background arising from homologous recombination.

Second, we wanted to eliminate background arising from in vivo

ligation, which in yeast occurs with high frequency [21] by making

the functionality of the CaURA3 selection marker in pCA771

conditionally dependent on a successful recombination event.

Briefly, we made small 39 truncations of the CaURA3 gene of our

pCA771 to define a minimal deletion that abolished function.

Deletion of the last two codons of CaURA3 (DQL) did not affect

the capacity to transform ura3 yeast cells to Ura+, while a four-

codon deletion (DTGQL) decreased colony formation frequency

and a six-codon deletion (DKKTGQL) completely abolished

transformation to Ura+ (Fig. 1A). Inspection of a structure model

of CaUra3 based on the structure of S. cerevisiae Ura3 [28] revealed

that the deletions had truncated an alpha-helix that is important

for the structural integrity of the orotidine-5-phosphate decarbox-

ylase enzyme. We named the new vector pRTVIR, plasmid for

Retrieval of Targeting sequences with Verbatim Isogenic Regions

(Fig. 1B).

Next, we tested if reintroduction of the four codons KKTG in

pRTVIR by homologous recombination restored the activity of

CaURA3 thereby facilitating selection of correct clones as Ura+

transformants. The vector was linearized at unique HindIII and

EcoRV restriction sites introduced right at the 39 end of the

CaURA3DKKTGQL coding sequence and was together with a

3.8 kb PCR product encoding a LacZ reporter (PAGP1-LacZ) [29]

used to cotransform [Cir0] ura3 yeast to Ura+. The PCR primers

for PAGP1-LacZ had been designed so that they introduced the

required KKTG codons together with 30 bp and 35 bp of

Figure 1. Construction of a plasmid with positive selection for
successful recombination (pRTVIR). (A) The sequence of Candida
albicans Ura3 (CaUra3) modeled onto the crystal structure of
Saccharomyces cerevisae orotidine-5-phosphate decarboxylase [28]
using the the Phyre2 server [44]. The very C-terminal 6 residues of
CaUra3 are part of a structurally important a-helix (marked in red).
CaURA3 harboring yeast vector pCA771 (WT) was modified by site-
directed mutagenesis to remove, 2 (DQL), 4 (DTGQL) or 6 (DKKTGL) of
the codons that precede the termination codon of CaURA3. Function-
ality (+++, + or 2) of the resulting CaURA3 markers were assessed by
transformation of ura3D yeast strain CAY1179 followed by plating on
media selective for Ura+. (B) A plasmid map of pRTVIR that contains
standard E. coli replication (pUC) and antibiotic selection sequences
(Amp) and replicates in yeast by means of a 2 micrometer plasmid
sequence (2 mm). The Caura3DKKTGQL marker is nonfunctional but can
be restored to function by homologous recombination that adds back
KKTG codons. HindIII and EcoRV sites facilitate restriction of pRTVIR that
enhances homologous recombination. (C). HindIII and EcoRV restricted
pRTVIR was used to co-transform CAY1179 to Ura+ in duplicates
together with either a PAGP1-lacZ PCR product flanked by homology to
the vector (Graphic) or with a similar PCR product without vector
homology but in the presence of bridging single-stranded oligonucle-
otides. Ura+ colony forming units (CFU) for each condition are
presented. Following plasmid rescue from the yeast transformants,
the fractions of correct LacZ-carrying recombinants were quantified by
X-Gal blue/white-screening (marked in blue).
doi:10.1371/journal.pone.0074207.g001
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homology to each of the free ends of the vector, respectively. While

control transformations in duplicates using only HindIII and

EcoRV restricted pRTVIR gave no Ura+ colonies, inclusion of the

PAGP1-LacZ PCR in the transformation gave encouraging 1570

and 1970 Ura+ colonies, respectively (Fig. 1C). We pooled the

yeast transformants, rescued the plasmids (see Methods) and

quantified the number of PAGP1-LacZ carrying recombinants by

using X-gal blue/white-screening of the ampicillin resistant E. coli

colonies. 76% and 73%, respectively, of the transformants were

blue and therefore carried a functional LacZ gene. In parallel

experiments, we employed bridging single- stranded oligonucleo-

tides instead of flanking homology regions to direct the homolo-

gous recombination. Briefly, each oligonucleotide was synthesized

with 35 bp homology to both one end of the vector and the

corresponding end of the PAGP1-LacZ PCR product. Although the

yeast transformation efficiency was low in this particular setup due

to the use of single and not double stranded oligonucleotides,

plasmid rescue and X-gal blue/white-screening revealed 100%

efficiency for obtaining correct recombinant plasmids (Fig. 1C).

Multiple Fragment Targeting Vector Assembly using
pRTVIR
To directly test if pRTVIR functions in homologous recombi-

nation of multiple overlapping DNA fragments, a five-fragment

mammalian targeting vector for targeting a Tau-EGFP and

hygromycin fusion (with adjoining T2A sequences; [30]) to Tubb3

was designed and products were amplified by PCR [31]. We also

included a direct comparison with a standard yeast URA3 vector

that contains extensive homology to the yeast genome, pRS316

[32]. In striking contrast to the zero background of pRTVIR upon

single-tube transformation, pRS316 gave extensive background of

yeast transformants and only modest increase in the number of

transformants when inserts were added. Colonies containing

correctly recombined fragments were identified by junction PCR

and verified by restriction digest. The frequency of correct clones

was 20/96 (20.8%) for pRTVIR and 13/96 (13.5%) for pRS316

(Fig. 2). Apparently, plasmid rescue in E. coli results in selection of

functional plasmids and thereby of correct clones, compensating to

some extent for the poor performance of pRS316 during yeast

recombination. The recombined pRTVIR-Tubb3-TauEGFPhyg

vector was then electroporated into embryonic stem (ES) cells and

cells were selected in G418-containing medium. Positively targeted

clones (targeting frequency: 4/96) were identified by long-range

PCR and analyzed by immunofluorescence (Fig. 2B, S1). As

expected, the C-terminal fusion to TauEGFP is localized

exclusively in neuronal processes derived from in vitro differen-

tiated ES cells (Fig. 2C), demonstrating that ES targeting vector

construction is possible and sequence fidelity is preserved using

pRTVIR.

Cloning of Sequences from BACs and Genomic DNA into
pRTVIR
Sensitive genomic applications preclude the use of PCR in

mammalian targeting arm amplification due to the frequency of

spontaneous mutations. We therefore chose to analyze if pRTVIR

would be able to retrieve flanking genomic DNA for a targeting

vector directly from a murine bacterial artificial chromosome

(BAC). Bridging oligonucleotides containing overlap to the vector

and genomic sequence of interest have previously been employed

with success [26]. We used a modified protocol to transform a

double-stranded primer containing a 40 bp overlap with genomic

DNA together with linearized pRTVIR and 40 bp to the

corresponding BAC for either Gfap, encoding an intermediate

filament in astroglia, or Uhrf1, encoding a cell cycle regulated E3

ubiquitin ligase (Fig. 3A). Initial results performed in triplicate

showed poor retrieval of the ,9 kb fragments, 2/96 (2.1%) for

Gfap and 0/96 for Uhrf1, but when restriction of the BAC outside

the region of interest was introduced, the frequency increased

dramatically to 91/96 (94.8%) and 51/96 (53.1%), respectively

(Fig. 3B). We also compared the efficiency of linear retrieval in the

standard yeast vector pRS316, which gave 0/96 and 1/96 (1.0%),

respectively, compared to correctly cloned fragments. This shows

that the pRTVIR vector combined with linearization is an

efficient tool for retrieval of genomic DNA fragments from

linearized BAC DNA.

Genomic DNA isolated directly from cells for targeting

experiments has the advantage of absolute isogenicity. Due to

the substantial increase in efficiency of genomic DNA retrieval

from a BAC over traditional cloning approaches, we attempted to

retrieve targeting vector homology directly from genomic DNA

derived from embryonic stem cell lines isolated from genetically

distinct mouse strains. In experiments conducted in triplicate,

following co-transfection of 100 mg of highly purified phenol:-

chloroform extracted and digested genomic DNA from ES cells

together with pRTVIR and overlapping 80-mer double-stranded

oligonucleotides corresponding to end sequences at flanking

genomic SwaI and NotI restriction sites, it was possible to retrieve

8.4 kb of Uhrf1 genomic DNA directly from E14TG2a (129/Ola)

and JM8 (C57BL/6) linearized genomic DNA, albeit at a modest

frequency of 2.1% (Fig. 3). An additional retrieval gave 14.3% and

1.0% successful clones when isolating 8.4 kb of E14 and JM8

genomic Gfap DNA, respectively, digested with flanking BsrGI

restriction sites. This demonstrates that selection with the

pRTVIR is sufficient to retrieve restricted genomic DNA directly

from purified cellular DNA without further amplification steps.

DNA engineering using homologous recombination in yeast

does not rely on restriction sites for fusing the fragments and

therefore allows for seamless fusion of DNA. To introduce an in-

frame fusion of EGFP to Uhrf1 before the ultimate stop codon, the

8.4 kb Uhrf1 and Gfap homology vectors were introduced into

yeast together with a PCR amplified EGFP-SV40 promoter-

Neomycin cassette containing 40 bp of homology at the ends.

Following transformation and selection on kanamycin, several of

the clones screened for Gfap and Uhrf1 correctly contained the

cassette (Fig. S2) and were used for targeting experiments

described below.

Targeting with Isogenic and Non-isogenic Yeast-derived
Vectors
Isogenic matching of targeting vector to target cell line is

reported to be conducive for robust targeting [16–18]. To confirm

this for yeast-derived vectors, we conducted a targeting experiment

with vectors containing genomic DNA retrieved from either JM8

or E14 ES cell lines for the Uhrf1 and Gfap genes (Fig. 4A). Vectors

were prepared in parallel and electroporated in triplicate in JM8

and E14 cell lines and 32 colonies were picked per 10 cm plate (96

total) and analyzed for targeting frequency by long range PCR as

well as GFP expression in ES cells and under neural differentiation

conditions (Figs. 4B, S2, S3). Surprisingly, isogenicity was not

always favored, as the vector derived from the E14 cell line

performed better for both genes in JM8 cells than the JM8 isogenic

vector (74 versus 52 for Uhrf1, 48 versus 10 for Gfap). In the

reciprocal experiment, the JM8 vector performed as expected

better in the JM8 cell line for Uhrf1 (52 versus 42) but not for Gfap

(48 versus 20). Perhaps most surprising, the Uhrf1 E14 vector did

not yield positive colonies in E14 cells but targeted 50% of clones

Direct Cloning of Isogenic DNA in Yeast
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correctly in JM8 cells, suggesting that there is an incompatibility

when targeting with the isogenic sequence.

Sequence analysis of Uhrf1 cloned yeast sequences did not reveal

changes other than sporadic nucleotide polymorphisms differing

from the reference genome (GRCm38) that may affect targeting

frequency. However, Gfap E14-derived DNA showed substantial

polymorphisms in a 245-bp region in a heavily-repeated and

alternatively spliced 39 UTR in exon 8a (Fig. S4). Yeast-cloned

JM8 DNA for Gfap also showed variation over a neighboring 214-

bp region. It is possible that these regions are involved in transcript

stability that may lead to a preference of the non-isogenic vector

when performing targeting experiments.

Given the disparity between published reports and our targeting

outcome, we chose to examine if isogenic DNA improved

targeting efficiency under defined circumstances for a larger set

of genes. We therefore carried out a targeting campaign of 70

different genes from the DiGtoP resource [33] in E14 and JM8

cells in parallel using recombineering-derived tagging vectors from

C57BL/6 genomic DNA. In each vector, the targeting sequences

contain an EGFP-promoter-neomycin resistance cassette and are

directed to the penultimate codon of each gene to generate an

EGFP-fusion to the endogenous gene. By picking 32 colonies from

each targeting plate for analysis, a consensus targeting frequency

could be applied to a given vector (Fig. 4C). As expected, 66 of 70

vectors gave positive clones for isogenically matched C57BL/6

DNA in JM8 cells, whereas only 38 of 70 the same vectors gave

positives in E14 cells. A significant preference for isogenicity was

seen in the percentage of successful clones for each gene

(p,0.0001, two-tailed t-test), as the mean targeting frequency

seen in JM8 is 54.5% (63.69) versus 14.6% (62.99) in E14 cells.

One gene, Ube1x, gave exactly the same number of positives

(91%) in both cell lines. Nevertheless, there were several significant

exceptions to the isogenicity rule: nine genes (Niban, Erk2, Mcm2,

Ataxin1, Cnot2, Htt, Brachyury, Meg3, Tcl1) showed a preference

for targeting in E14 with non-isogenic DNA. Surprisingly, these

differences are most dramatic for three of the four JM8 untargeted

genes: Brachyury (56%), Meg3 (97%) and Tcl1 (25%), suggesting

that isogenic sequences may be a hindrance to successful targeting

in some instances.

Discussion

In this study we have developed the novel yeast cloning vector

pRTVIR that simplifies the cloning of DNA from single or

multiple PCR products, BACs and even facilitates cloning directly

from complex genomic DNA preparations. Homologous recom-

bination cloning based on pRTVIR can rely on sequence

homology in the flanking ends of PCR products or on

oligonucleotides that provides bridging sequence homology for

recombination. The methodology outlined in this study can

readily be implemented for example when cloning genomic DNA

for sequence sensitive applications such as ES gene targeting.

In the broader perspective, pRTVIR is a general-purpose vector

for cloning by yeast homologous recombination and is by no

means restricted to mammalian genomic DNA sequences. A few

specific points regarding the use and design of pRTVIR are

noteworthy. First, homologous recombination cloning is not

Figure 2. pRTVIR improves multi-fragment recombination and enables gene targeting in mouse ES cells. (A). Direct comparison of
cloning efficiency following single step multi-fragment recombination of the Tubb3-TauEGFPhyg targeting vector. Single tube transformation of four
overlapping PCR fragments (B, top) together with linearized cloning vectors pRS316 or pRTVIR were transformed into competent yeast and
transformants plated on solid SC-ura medium plates. Background colony formation was substantially reduced and the frequency of correctly
recombined vectors was increased for pRTVIR containing vectors. (B). Following multi-fragment recombination containing heterologous 40-bp
double-stranded overlapping oligonucleotides ends (colored lines) with pRTVIR, targeting to the penultimate codon of Tubb3 was demonstrated in
mouse E14 ES cells. (C). In vitro differentiation to neurons shows overlap of EGFP expression corresponding to an antibody directed against Tubb3 in
neurons, demonstrating successful targeting following multi-fragment recombination with pRTVIR.
doi:10.1371/journal.pone.0074207.g002
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readily compatible with DNA sequences that contain extensive or

long repeats. Direct repeats might cause duplications and deletions

between these regions and indirect repeats might cause inversions.

Therefore, care should be taken when working with such repetitive

regions; DNA sequencing and propagation in recombination

deficient E. coli hosts are imperative. This said, we have actually

successfully employed yeast recombination cloning for repetitive

regions such as polyglutamine expansions (data not shown).

Second, pRTVIR relies on DNA replication sequences from the

endogenous 2 micrometer plasmid. This means that by no

circumstances should [Cir+] yeast strains be used for recombina-

tion since this would risk the low background feature of the vector.

In [Cir0] hosts pRTVIR replicates with largely varying copy

numbers, much like the behavior of standard laboratory plasmids

for E. coli and the vector is therefore not suitable for experiments in

yeast cell biology.

Our driving force that led us to develop the pRTVIR

technology stems from an interest in ES cell gene targeting [3].

Working with isogenic targeting vectors have long been the gold

standard in designing gene-targeting campaigns and has become

increasingly important in the functional study of DNA polymor-

phisms, often linked to disease. Indeed, pRTVIR can readily be

implemented in the construction of isogenic targeting constructs,

even directly from genomic DNA. Also in our hands we find

superior targeting frequencies when employing isogenic vectors,

but for individual genes there are exceptions to this rule. We

cannot at this point offer an explanation why these specific

combinations of DNA donor:recipient score better than isogenic

DNA. The vectors we used in our study do not eliminate gene

function and would not be expected to cause haploinsufficiency or

changes in expression level that may preclude correct targeting. It

has been reported that even a 2% strain difference between

targeting constructs can lead to a .25 fold in targeting success

[34], yet polymorphisms are not expected to act in favor of the

non-isogenic construct. Targeting the 39 UTRs of genes may also

lead to a bias, as they are known to be more highly polymorphic

than coding regions. Their role in mRNA structure and stability

may also reflect a unique DNA structure that should be taken into

consideration for its recombinogenic potential. Additionally,

recombination hotspots, potential for random integration, repet-

itive regions and chromatin structure as well as other factors such

as imprinting or copy number sensitivity may play a role in the

correct integration of targeting construct DNA. In the absence of

information defining these features, isogenicity is still the gold-

standard for gene targeting campaigns.

With this study we aimed to establish a proof-of-principle for

direct retrieval for genomic DNA into a vector system. Although

optimization is clearly necessary for large-scale application, this

method can be a valuable tool for targeting experiments where

absolute genomic integrity is necessary.

Methods

Construction of Plasmid Vectors pCA771 and pRTVIR
Parental plasmid pCA771 was constructed by homologous

recombination in yeast (Ura+) between a 3.4 kb PCR product

(primers A and B (Table S1)) encompassing 2 micrometer

sequences, ampicillin marker and E. coli origin of replication from

template pRS423 [35] and a 1.2 kb PCR product encompassing

PTEF-CaURA3 from template pUG60 [36] (primers C and D).

CaURA3 deletion variants of pCA771, including pRTVIR, was

constructed by site-directed mutagenesis using oligonucleotides (E,

D and F). pRTVIR and complete sequences of this plasmid are

available from Addgene (Addgene ID 46365).

Yeast Transformation and Plasmid Rescue
Yeast strain CAY1179 was used for all experiments and is a

spontaneous Ade- derivative of [Cir0] strain yAF7 [37] with the

genotype (MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1

ura3-1). Yeast was transformed by an adapted protocol described

by [38]. Briefly, 10 ml CAY1179 was grown over night in 26YPD

medium at 30uC. In the morning the strain was diluted in fresh

26YPD medium (3 ml per transformation) and grown at 30uC
from starting OD600= 0.1. After ,5 h harvest, the cultures had

reached OD600 = 1.0 and 3 ml of cell culture for each transfor-

mation was harvested by centrifugation (1.5 ml Eppendorf tubes)

and washed by resuspension and centrifugation in 100 mM

LiOAc (1 ml per transformation). 50 ml of carrier DNA (2 mg/ml

heat-denatured salmon testis DNA, Sigma D1626 in 100 mM

LiOAc) was added together with vector digest and source DNA to

Figure 3. Direct genomic retrieval from BAC and purified
genomic DNA into pRTVIR. (A). Genomic DNA can be cloned
efficiently into pRTVIR in a single step. Freshly purified BAC or genomic
was mixed with bridging oligonucleotides containing overlap to the
Caura3- selection marker and the genomic DNA of interest along with
linear pRTVIR. (B). Following high efficiency transformation into yeast in
triplicate, the frequency of retrieval of 9 kb of unmodified genomic
DNA (genomic DNA) from Gfap and Uhrf1 BAC DNA into pRTVIR was
slightly increased compared to pRS316. However, introduction of
restriction cleavage sites (BsrGI; or SwaI, NotI) immediately outside the
respective genomic region facilitated correct cloning for pRTVIR, but
not for pRS316. Due to the improved cloning efficiency of pRTVIR,
retrieval of the same region from 100 mg of freshly purified and
digested genomic DNA by phenol:chloroform extraction was attempt-
ed, giving correctly recombined vectors for both E14- and JM8-derived
genomic DNA.
doi:10.1371/journal.pone.0074207.g003
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the cell pellet. The suspension was briefly mixed by centrifugation

followed by the addition of 300 ml 39% PEG 3350 100 mM

LiOAc and intense vortexing for 15 s. After heat shock in a water

bath at 42uC for 40 min cells were pelleted by centrifugation,

resuspended in 150 ml Milli-Q water and plated on solid SC-ura

Figure 4. Targeting with isogenic and non-isogenic yeast-derived vectors. (A). Yeast-derived targeting vectors for Uhrf1 and Gfap genes are
shown. Each vector contains homologous flanking genomic DNA derived directly from ES cell lines and a T2A-EGFP-promoter-Neo cassette cloned in-
frame at the penultimate codon with the exon number shown. (B). To directly test if yeast-derived isogenic targeting vectors correlate with an
increase in targeting frequency, targeting vectors for Gfap and Uhrf1 were electroporated into ES cells. For each gene, matched vectors and cell line
(JM8 in JM8; E14 in E14) or reciprocal unmatched (JM8 in E14; E14 in JM8) electroporations were performed individually in parallel and triplicate. 32
colonies were picked from each plate and genotyped by long-range PCR, the number of correctly targeted colonies is shown. Whereas for Uhrf1, E14-
derived DNA functioned better than JM8 in isogenic (E14 in E14) as well as unmatched (E14 in JM8) cells, isogenic targeting vectors for Gfap
containing E14 DNA gave no correct colonies (E14 in E14) but performed well in unmatched cells (E14 in JM8). In all cases, E14 DNA performed best
except Gfap targeting E14 in E14. (C). To further examine if isogenic DNA may be less efficient than unmatched DNA in certain cases, an independent
targeting campaign of 70 genes was carried out in E14 and JM8 ES cells with tagging EGFP-promoter-neomycin vectors containing C57BL/6 targeting
arms. The isogenic targeting frequency in JM8 (% of correctly targeted clones;N) was compared to non-isogenic targeting frequency in E14 cells (m).
A two-tailed paired t-test showed a strong preference for targeting with the isogenic construct (p,0.0001), while nine genes showed a preference for
unmatched DNA. Gene order is as follows: 1, Lin28; 2, Stag3; 3, Dmap1; 4, Smc4; 5, Thoc4; 6, Auts2; 7, Cnot1; 8, Smc1b; 9, Smc1a; 10, Ube1x; 11, Ssrp1;
12, Ptbp1; 13, Smad2; 14, Thoc2; 15, March7; 16, Ruvbl1; 17, Cdc73; 18, Rad21; 19, Sorbs1; 20, Trim28; 21, Trrap; 22, Apc; 23, Rtf1; 24, Thoc3; 25, Zfp42;
26, Stat3; 27, Wdr61; 28, Esrrb; 29, Niban; 30, Dppa4; 31, Enth; 32, Ep400; 33, Cbx3; 34, Ddx18; 35, Tcfcp2l1; 36, Hipk2; 37, Klf5; 38, Svil; 39, Sf1; 40,
Cebpa; 41, Ddx47; 42, Erk2; 43, Smad3; 44, Sox3; 45, Ctr9; 46, Pten; 47, Tbx3; 48, Tcf7l1; 49, U2af65; 50, Mcm2; 51, Tcfap2c; 52, Yeats4; 53, Npas3; 54,
Ruvbl2; 55, Shfdg1; 56, Klf4; 57, Ppp4c; 58, Snciap; 59, Snrpf; 60, Nrob1; 61, Olig2; 62, Wdr5; 63, Mbd3; 64, Atxn1; 65, Cnot2; 66, Htt; 67, T (Brachyury);
68, Dab2; 69, Meg3; 70, Tcl1.
doi:10.1371/journal.pone.0074207.g004
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medium. Colonies were observed after 2 days of incubation at

30uC.
For plasmid rescue, single or pooled yeast colonies were picked

and standard silica miniprep kits (including Qiaprep, Qiagen) were

after lyticase digestion employed on a cell pellet corresponding to

,20 ml. Lyticase digestion to weaken the yeast cell wall prior DNA

extraction was performed by adding 3 ml Zymolyase (ZymoR-

esearch) to the cells resuspended in 200 ml 10 mM Tris-EDTA

buffer (or similar cell suspension buffer belonging to the miniprep

kit) and incubating for one hour. Tested commercial preparation

of lyticase (including Zymolyase) contains a plasmid that makes E.

coli ampicillin resistant, which necessitate its removal by DNAse I

treatment. The plasmid is present in minute amounts but can be

detected by transforming E. coli with the lyticase solution and

selecting for ampicillin resistance. Following lysis, silica column

binding, washing and elution, DNA was electroporated into E. coli

cloning strain DH10B [39].

PAGP1-LacZ Recombination Experiments
For experiments involving PCR products carrying flanking

homology regions a 3.8 kb PAGP1-lacZ product was PCR amplified

with Phusion DNA polymerase from YCpAGP1-lacZ [29] using

primers TATAGAGATGCTGGTTGGAATGCTTATTT-

GAAAAAGACTGGCTAACCTTATTTCCTCATTTCCTCG

and TGTGAGCGGATAACAATTTCACACAGGAAA-

CAGCTGTTATTTTTGACACCAGACCAA. For oligonucleo-

tide directed recombination experiments, PAGP1-lacZ without

flanking vector homology was amplified using primers

CCTTATTTCCTCATTTCCTCG and TTATTTTTGACAC-

CAGACCAAC. For transformation 250 ng of HindIII and EcoRV

restricted pRTVIR was mixed with 5 ml PCR crude product or

PCR product and 5 pmol of recombinogenic oligonucleotides

(TATAGAGATGCTGGTTGGAATGCTTATTTGAAAAA-

GACTGGCTAACCTTATTTCCTCATTTCCTCGGCGGC-

TAAAAAGGG; TGTGAGCGGATAACAATTTCACACAG-

GAAACAGCTGTTATTTTTGACACCAGACCAACTGG-

TAATGGTAGCG). Following transformation, cells were plated

on selective SC-ura medium and counted. The yeast transfor-

mants were pooled and plasmids were rescued to E. coli and scored

for LacZ by blue/white-screening on LB-medium selective for

ampicillin and supplemented with 25 mg/L X-gal (5-bromo-4-

chloro-indolyl-b-D-galactopyranoside; Sigma).

Statistical Analysis
Statistical analysis was done with Prism 5 (GraphPad Software).

All values are given as standard error of mean (s.e.m.) unless stated

otherwise.

Generation of Targeting Constructs
Tubb3-TauEGFP targeting construct. PCR amplification

was used to generate fragments corresponding to the 9 kb flanking

genomic DNA in 59 and 39 to the stop codon as well as TauEGFP

(pTauEGFP [40]), hygromycin (pSectag) and PGK-neomycin

(EUCOMM resource), gel-purified and combined with 1 mg
pRS316 linearized with SacI/KpnI (New England Biolabs) or

pRTVIR (HindIII/EcoRV; New England Biolabs) and transformed

into yeast as described above. T2A sequences to generate separate

polypeptides [41] were introduced at ends with heterologous

sequences to avoid incorrect recombination. Special care should

be taken to avoid DNA crosslinking by UV-light, a blue-light gel

analysis table was used for all experiments. For colony PCR,

colonies were picked into 30 ml 0.16 Tris-EDTA and 1 ml was
used in a 25 ml PCR reaction. DNA standards were included from

Hyperladder (Bioline). All primers were HPLC purity (MetaBion,

Martinsried, Germany) and primer sequences for the construction

of Tubb3 are included in Table S1.
Yeast genomic retrieval. 200 pmol of each complementary

primer were combined in 16NEB buffer 1, heated to 95 oC for 5

minutes, and annealed slowly on at room temperature on

benchtop. For BAC constructs, annealed primers were combined

with 2 mg cut (BsrGI, SwaI, or NotI cut; New England Biolabs) or

uncut DNA (ImaGenes, Uhrf1, RPCIB731A06223Q; Gfap,

RPCIB731E07463Q) and transformed into yeast with 1 mg
linearized pRTVIR. For genomic DNA retrieval, annealed

primers were combined with 100 mg pure digested genomic

DNA prepared from E14TG2a (129/Ola) or JM8A1.N3 (C57BL/

6) cells by phenol:chloroform extraction and transformed with

1 mg linearized pRTVIR. Colony PCR and plasmid rescue were

carried out as above. Inclusion of the EGFP-promoter-neomycin

cassette was carried out by PCR amplification with primers

containing end sequences from pEGFP-N1 (Clontech) and

selection was performed on 20 mg/mL kanamycin plates. Primer

sequences are included in Table S1.

Differentiation TauEGFPhyg Cells
Differentiation of mouse ES was carried out as described in

[42]. Briefly, 56105 cells were plated on 6 well dishes in N2B27

neural differentiation medium. Media was changed every day for

8 days and cells were fixed and stained with anti-GFP (Aves Labs)

and anti-Tubb3 (Abcam) to confirm co-localization.

ES Cell Electroporation
Electroporation of E14TG2a (ATCC) and JM8A1.N3 [43] cells

was carried out as described [4]. The exceptionally high gene

targeting frequency is due to a well-established targeting pipeline

in projects contributing to the International Knockout Mouse

Consortium [3]. In brief, media was changed the night before

electroporation, 2.5 mg of targeting vector was linearized and

resuspended in 50 ml sterile PBS and electroporated in triplicate

into 16107 ES cells (E14Tg2A.4 or JM8A1.N3) in a BTX

electroporator (700V, 400V, 25 mF, pulse count at 1) and

transferred to plates and distributed evenly. The next day, cells

were examined for growth and changed to media containing

selection antibiotic G418 125 mg/mL. 10 days following electro-

poration, cell colonies were picked, trypsinized and expanded.

Genomic DNA preparations and long-range PCR were performed

as described [4] to characterize correct recombination events.

Primer sequences are included in Table S1.

Supporting Information

Figure S1 Multiple fragment targeting vector assembly
of pRTVIR-Tubb3-TauEGFPhyg. (A). Junction colony PCR

on yeast clones demonstrating correctly recombined clones are

shown with corresponding primers (Table S1) and expected sizes

compared to DNA standards. (B). Restriction digests of correctly

assembled vectors are shown along with indicated enzymes and

expected sizes. (C). Targeting in E14 ES cells is demonstrated by

long range PCR between two independent primers binding to the

genomic region outside the targeting arms and an internal primer

as shown together with expected sizes.

(TIF)

Figure S2 Genomic retrieval and integration of EGFP-
SV40-Neomycin cassette into pRTVIR vectors. (A). Colony
junction PCR. Left side: Restricted pRTVIR was transformed

together with genomic DNA into competent yeast and colonies

were evaluated for correctly recombined clones using junction

colony PCR. Right side: Undigested vectors containing Uhrf1 and
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Gfap genomic DNA were co-transformed with a PCR fragment

containing EGFP-SV40-Neomycin into competent yeast and

bacterial colonies were evaluated by junction colony PCR. (B).
Restriction digests of correctly recombined vectors are shown

along with indicated enzymes and expected sizes. (C). Targeting in

ES cells is demonstrated by long range PCR between two

independent primers binding on each genomic side (four total)

outside the targeting arms and two respective internal primers as

shown together with expected sizes. Order is LR5a, LR5b, LR3a,

LR3b.

(TIF)

Figure S3 EGFP fluorescence in Uhrf1- and Gfap-EGFP-
SV40-Neomycin targeted ES cell lines. Brightfield and

epifluorescent images of ES cells and partially differentiated

neuronal monolayers (ND) for Uhrf1 and Gfap targeted lines are

shown. No fluorescence is observed in the Gfap image, due to the

likely absence of astroglial cells.

(TIF)

Figure S4 Multiple sequence alignment of Gfap. Se-

quencing of JM8 and E14-derived yeast vectors revealed two

polymorphic regions in the 39 UTR (brackets) of an alternatively

spliced transcript of Gfap, terminating at exon 8a.

(TIF)

Table S1 Primers used in vector construction and
genotyping.
(DOC)
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