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Large-scale gene trapping in C57BL/6N mouse

embryonic stem cells

Gwenn M. Hansen,'->* Diane C. Markesich,'3 Michael B. Burnett,’ Qichao Zhu,’
Karen M. Dionne," Lizabeth J. Richter,' Richard H. Finnell,? Arthur T. Sands,’

Brian P. Zambrowicz,' and Alejandro Abuin'’

"Lexicon Pharmaceuticals Incorporated, The Woodlands, Texas 77381, USA; 2Texas A&M Institute for Genomic Medicine,

Houston, Texas 77030, USA

We report the construction and analysis of a mouse gene trap mutant resource created in the C57BL/éN genetic
background containing more than 350,000 sequence-tagged embryonic stem (ES) cell clones. We also demonstrate
the ability of these ES cell clones to contribute to the germline and produce knockout mice. Each mutant clone is
identified by a genomic sequence tag representing the exact insertion location, allowing accurate prediction of
mutagenicity and enabling direct genotyping of mutant alleles. Mutations have been identified in more than 10,000
genes and show a bias toward the first intron. The trapped ES cell lines, which can be requested from the Texas
A&M Institute for Genomic Medicine, are readily available to the scientific community.

[Supplemental material is available online at www.genome.org.]

It has been appreciated for some time that humans and mice
share sufficiently similar genomes and physiology to allow the
prediction of human gene function using the mouse as a model
system. One of the most scalable genetic technologies available
for the study of gene function in mice is “gene trapping,” a
method of random mutagenesis in which the insertion of a syn-
thetic DNA element into endogenous genes leads to their tran-
scriptional disruption. In its most common form, a gene trapping
construct consists of a splice acceptor, a selectable marker gene,
and a polyadenylation signal that is placed within a retroviral
genome such that it can be packaged into retroviral particles and
used to infect cells (for review, see Abuin et al. 2007). When
insertions occur within transcriptionally active regions, the
marker gene is expressed and translated, allowing selection of
mutant clones. Gene disruption is accomplished most often
through the capture of endogenous gene transcription by the
splice acceptor element within the trapping construct, or alter-
natively, by direct gene disruption as a result of insertion within
an exon. Gene trapping is inherently amenable to high-
throughput, cost-effective mutant clone production and muta-
tion identification. A single gene trapping vector can be used to
produce thousands of mutations and associated sequence tags,
over the course of only a few weeks. In contrast, gene targeting
via homologous recombination, while aided by the availability of
complete genome sequences, still requires a unique construct for
every mutation as well as subsequent clone screening to find the
desired targeted mutation. The efficiency of homologous recom-
bination is dependent on the characteristics of the targeting con-
struct (extent of homology, positive/negative selection schemes,
etc.) and the characteristics of each unique locus. A third
method, chemical mutagenesis, produces basepair mutations
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that, while of value for understanding protein function, cannot
be identified directly and thus necessitate complex genetic
screens and mapping procedures.

Transcript-based technologies such as RACE (rapid amplifi-
cation of cDNA ends) have been historically used to identify
genes disrupted by gene trapping, as they allow amplification of
fusion transcripts that are produced by splicing between endog-
enous gene exons and the gene trap construct, also known as
“transcriptional tagging.” These technologies do not require ex-
tensive knowledge of gene structure or sequence; therefore, they
were the ideal methodologies for mutation identification prior to
completion of the mouse genome sequencing efforts. Ready ac-
cess to the essentially complete sequence of the mouse genome
now provides the basis for precise mapping of retroviral insertion
mutations using genomic sequence tags. Direct genomic-based
insertion site amplification, sequencing, and mapping obviate
the problems associated with transcript-based sequence acquisi-
tion (e.g., variable RNA expression levels, effects of insertion site
proximity to the 5'- and 3’-ends of the transcribed gene, and RNA
stability). In addition, desirable mutation classes that cannot be
identified through transcriptional tagging, such as those in single
exon genes, can be detected readily from genomic insertion site
sequence data. Furthermore, genomic-based insertion site sequence
data permit the study of retroviral insertion patterns, genome
and chromatin structure, and transcriptional activity in embry-
onic stem (ES) cells, in addition to producing a greater proportion
of confirmed sequence-tagged clones in the resulting library.

The Knockout Mouse Project, initiated by the NIH, empha-
sized the generally acknowledged utility of a new resource of
knockout mice in a non-hybrid C57 background (Austin et al.
2004). Even though C57-derived ES cell lines have been available
for nearly two decades, the robust performance of 129 lines in
cell culture and mouse production has led to their nearly exclu-
sive use in knockouts to date. Germline-transmission breeding of
129-derived chimeras with C57 animals produces F, hybrid het-
erozygotes and subsequent generations of individuals with vari-
able background inheritance. Making knockout mice using mu-
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tated C57 ES cells would alleviate doubts about the effects of
hybrid backgrounds on phenotypic expression and would elimi-
nate the delays and costs associated with isogenization breeding.
We report here the construction and analysis of a library consist-
ing of more than 350,000 genomically tagged gene trapped ES
cell clones of C57BL/6N origin. The creation of this fully public
resource was supported by the state of Texas through the Texas
Enterprise Fund and serves as the principal genetic resource of
the Texas A&M Institute for Genomic Medicine (Collins et al.
2007). We have phenotyped more than 2000 lines of mutant
mice derived from OmniBank, a gene trap library of transcrip-
tion-tagged 129-derived ES cells (Zambrowicz et al. 1998, 2003),
and we are using these data to identify medically relevant genes
to aid drug discovery (Rice et al. 2004; Powell et al. 2005; Desai et
al. 2007; Brommage et al. 2008). Compared to existing gene trap
resources such as OmniBank, this new effort represents advances
in both the strain of origin of the ES cells and in the mode of
acquisition and mapping of mutation sequence tags. Further-
more, we describe the use of this library for the generation of
C57BL/6 knockout mice.

Results

Generation of the OmniBankll gene trap library

We have used high-throughput gene trapping with retroviral
vectors in mouse C57BL/6N ES cells to generate OmniBankII, a
library of 481,152 mutated ES cell clones that are cryopreserved
in duplicate in vapor-phase liquid nitrogen. Using an automated,
genomic-based inverse-PCR (IPCR) sequencing and annotation
protocol (Supplemental Fig. 1), we have

produced a total of 532,829 insertion A

parate mapping information, owing either to ambiguous map-
ping of insertion site sequence or to a mixture of gene trapped
cell populations within the sample. A total of 396 OmniBankII
clones have been thawed, expanded, and resequenced to deter-
mine the accuracy of the automated analysis. Ninety-six percent
of expanded clones were confirmed to match the automated
analysis. In 3% of cases, only one of two different annotated
mutations assigned to the same well was identified in the sample
following clone expansion. This suggests that clone loss from a
mixed population could be one factor limiting the overall con-
firmation rate. Following expansion, 7% of clones have been
shown to contain mixed populations of gene trap mutations.

OmniBankll gene coverage

To identify the genes disrupted in the OmniBankII library, gene
trap vector insertion site positions were compared with a collec-
tion of 28,907 gene and transcript entries (including, but not
limited to, NCBI Refseq genes). These entries were derived from
NCBI'’s gene annotation database, Entrez Gene, for which corre-
sponding mouse genome map locations (NCBI build 36) were
available. Figure 1A shows the gene acquisition rate over the
course of OmniBankII production. The rate is comparable to that
observed for OmniBank (Zambrowicz et al. 2003), despite the fact
that the methodologies for sequence acquisition and gene iden-
tification differ. Trapped genes were distributed among all chro-
mosomes (Fig. 1B), and there was a linear correlation between
chromosomal gene content and gene acquisition (Fig. 1C;
Supplemental Fig. 3). A total of 10,433 unique genes have been
trapped one or more times in the OmniBankII library. In agree-
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Figure 1. OmniBankll gene acquisition and chromosomal distribution. (A) Gene acquisition rate over
the course of OmniBankll production, shown as a function of the number of clones processed for
sequence acquisition. For comparison, a plot of OmniBank gene acquisition (Zambrowicz et al. 2003)
is shown. (B) Frequency of gene trap acquisition across the mouse genome. Frequency is calculated as
a percentage of RefSeq genes trapped in each library. (C) Correlation between chromosomal gene
content and gene acquisition for OmniBankll. RefSeq genes mapped to the random contig set were
excluded from analysis. (D) Density of gene trap mutations per gene for the OmniBankll library.
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ment with previous studies (Nord et al. 2007), gene acquisition
increased with increasing gene span; 63% of genes with a chro-
mosomal span of =20 kb were trapped in OmniBankIl, whereas
less than 35% of genes with a span of <20 kb were trapped.
Analysis of the density of insertions at each gene locus revealed
that although many genes have only a single associated gene trap
clone (2793), the majority (73%) of genes that have been trapped
in the OmniBankII library have more than one mutant clone
available for mouse production (Fig. 1D).

Novel mutation classes

We next evaluated the frequency of three specific mutation
classes: exonic insertions, single exon gene insertions, and inser-
tions within gene promoters. To date, these mutation classes
have not been effectively harvested from gene trap screens be-
cause the previously used transcriptional tagging methodologies
are not accurate predictors of the exact location of retroviral in-
tegration. We first examined the frequency of exonic insertions
within the OmniBankII data set. Using a subset of our gene query
table for which we had complete exon position information (see
Supplemental Table 2), we queried for insertions that occurred
within exons. Our analysis showed that 16.8% of the genes que-
ried have one or more exonic insertion in OmniBankII (Table 1).
Next we examined gene trap insertions that occurred within
single exon genes. Single exon genes do not undergo splicing;
therefore, they should not be particularly amenable to gene trap-
ping screens that select for functional splicing between endog-
enous exons and the selectable marker within the vector con-
struct. We found that 9.9% of single exon genes were disrupted
by direct insertion (Table 1). Finally, we looked for insertions
occurring within an arbitrary but small distance (100 bp) imme-
diately preceding each gene’s transcriptional start site (TSS)
within the genome in an effort to identify mutations that could
disrupt gene transcription by physical disruption of promoter
elements. Only 174 genes were found to carry insertions within
the 100 bp preceding the TSS (Table 1). Eleven percent of these
genes are not otherwise represented in the OmniBankII library.
Therefore, although very few genes may carry potentially useful
promoter mutations, a small number of additional mutations
useful for studying gene function could be identified by expand-
ing the gene coordinates to include gene promoter elements.

OmniBankll mutations in microRNAs

To identify gene trap insertion mutations that might be useful for
defining the function of microRNAs (miRNAs), a class of non-
coding RNA genes, we obtained the most recent set of mouse
miRNA sequences from the Sanger Center miRNA database

Table 1. Novel mutation classes identified by ISTs

Unique
mutations

Percentage of genes
or promoters trapped

Query
Mutation category set®

Exonic insertions
Single exon genes
(unspliced) 987 425
Promoter insertions® 28,907 220
microRNAs 442 29

12,039 5424 16.8% (2023/12,039)
9.9% (98/987)
0.6% (174/28,907)
3.4% (15/442)

*The set of mouse genes used for each query can be found in Supple-
mental Table 2.

bFor the purposes of this query, promoter regions were defined as an
interval of 100 nt immediately preceding each gene start.

miRBASE (release 10.0). This data set (Griffiths-Jones 2006; Grif-
fiths-Jones et al. 2006) contains 442 mouse miRNAs, of which
423 can be mapped to discrete locations within the NCBI mouse
genome assembly (build 36). Because the primary transcripts,
TSSs, and promoter elements for most miRNAs have not yet been
described in sufficient detail for accurate gene trap mutation pre-
diction, we limited our analysis to mutations that directly dis-
rupted the characteristic stem-loop sequence (called a pre-mir) of
the miRNA. Comparisons of these pre-mir genome positions
with the OmniBankII gene trap insertion site data set revealed 26
gene trap mutations that occur within a total of 12 miRNA genes
(Supplemental Table 3). The full set of miRNA sequences was also
used to search the OmniBankIl gene trap library sequence tag
data set directly using BLAST. This search identified three addi-
tional gene trap mutations within miRNAs that are not present in
genome build 36, but can be found in earlier versions of the
mouse genome assemblies. Together these mutations disrupt 15
unique miRNAs, representing 3% of the mouse miRNA genes
(Table 1). These 15 miRNA genes show a proportional distribu-
tion between genic and intergenic locations, implying that our
selection scheme had no particular bias for miRNAs located
within larger spliced transcriptional units. However, we found a
strong bias for a single miRNA located on mouse chromosome
17, accounting for 39% of all OmniBankIl miRNA gene trap
clones (Supplemental Table 3). The greater genomic context
for this particular miRNA showed frequent trapping in both
OmniBank and OmniBanKkII insertion site data sets, suggesting
that Mirn715 (mmu-mir-715) is a frequent target for gene trap-
ping, and may be highly expressed in embryonic stem cells.

OmniBankll insertions show a first intron bias

When no selection scheme is used, murine leukemia retroviruses
(MLV) exhibit a nondirectional preference for inserting near the
TSSs of genes (Wu et al. 2003). This bias toward TSSs is unique to
MLV viruses, as opposed to other classes of retroviruses, and is
reported to be the most important factor influencing MLV inte-
gration site preference (Mitchell et al. 2004). This bias has been
reported to be coincident with genomic distance, where insertion
density is highest within 1 kb of the TSS (Wu et al. 2003). Under
a gene trap selection scheme, insertions within a transcriptional
unit are highly favored; therefore, one would expect a directional
bias toward the TSS, within the transcriptional unit. Our previous
gene trap library showed a strong bias toward the 5’-end of genes,
as measured by 3’-RACE tagging (Zambrowicz et al. 2003);
however, the exact distribution of insertions with respect to the
TSS could not be determined from a transcript-tagged data set.
Therefore, we calculated the exact physical distance of each
OmniBankII gene trap from its associated TSS and plotted the
percentage of insertions found within 500-bp intervals on either
side of the TSS as a percentage of total insertions (Fig. 2A). This
analysis showed that insertion density was highest near the TSS,
and decreased as physical distance from the TSS increased. The
overall density was greatest within a 2-kb interval downstream of
the gene’s TSS. A similar pattern was observed when plotting
insertion frequency with respect to CpG islands (Supplemental
Fig. 4). We subsequently plotted the distribution of insertions
with respect to intron rather than by physical distance as a sec-
ondary measure of TSS bias. This distribution revealed a strong
preference for insertions in intron 1, where 36% of all Omni-
BankIl gene traps are located within the first intron of the
trapped gene (Fig. 2B).
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Figure 2. OmniBankll gene trap insertions show first intron bias. (4) All
insertions occurring within 10 kb upstream or downstream of a TSS were
identified and used to plot the percentage of insertions occurring within
500-bp intervals on either side of the TSS. (B) Graph showing the per-
centage of total genic insertions occurring within exon 1 (e1) or introns
1 through 20 (i1-i20). The percentage was calculated as a function of
total genic insertions, or as a function of genes containing insertions in
each category.

OmniBankll mutations display insertion site sequence
preferences that vary according to the offset of strand
cleavage

Most regions of the genome can be accessed by retroviral ele-
ments; however, retroviral insertion is essentially nonrandom.
Target site selection is influenced by many factors including the
sequence of the insertion site itself. Although our insertion data
set is biased in that we used a selection scheme to enrich for
insertions within transcriptional units, we sought to determine
whether we could identify a significant consensus sequence for
insertion within our large gene trap data set, and if so, whether it
was similar to the sequences reported for MuLV target sites in
human cells where no selection was used (Holman and Coffin
2005; Wu et al. 2005). Surprisingly, our initial observation re-
vealed that the mutations in OmniBankIl showed a variable
length of duplicated target sequence at the insertion site, rather
than a consistent 4-base duplication as has been described for
MulLV retroviruses (Varmus 1983). This prompted us to query our
data set to determine the fidelity of the described 4-base dupli-
cation. We analyzed 10,977 gene trap insertion sites from which
we obtained high-quality sequence from both the upstream and
downstream proviral/genomic junction. Sequence overlaps
ranged from 3 to 5 bp, with 79.8% displaying a 4-bp duplication,

18.6% displaying a 5-bp duplication, and 1.6% displaying a 3-bp
duplication. We hypothesized that the insertion site signature
might differ according to the distance of the cleavage offset, as
insertion is thought to be governed by spatial and energy require-
ments for the interaction of the integration complex with the
host DNA strand (Wu et al. 2005). Therefore, we calculated the
frequencies of A, C, G, and T at each position around the inser-
tion site separately for insertion sites with each of the three dif-
ferent cleavage offsets. The values were compared to the expected
nucleotide frequency based on the average frequency of each
nucleotide within the mouse genome (Waterston et al. 2002).
Significant base preferences were identified near the insertion
site for each cleavage class (Fig. 3A-C). The base preferences for
insertions showing a 4-bp cleavage offset were consistent with
those reported previously. Base preferences for insertions show-
ing a 3-bp or 5-bp cleavage offset, however, showed obvious dif-
ferences, yet maintained an overall symmetry that appeared to
scale according to the cleavage offset (Fig. 3A-C). For all insertion
classes, the strongest base preferences were observed 2 nt distal to
each cleavage position (position —2 [preference T] and positions
5, 6, or 7 [preference A], respectively).

Qualification of clones for mouse production

Isolation and qualification of C57BL/6N ES cell lines, initial char-
acterization for germline transmissibility, and tissue culture for
high-throughput gene trapping were performed using standard
methods (described in Supplemental material). We used quanti-
tative PCR to measure the proportions of neo and the Sry gene
(located on the Y chromosome) in the ES cell population as a
quality control procedure to approve or reject clones for mouse
production. A neo gene copy number of 1 indicated that there
were not multiple integrations per cell (value > 1) and that the
clone was not mixed with wild-type cells (value < 1). An Sry copy
number equal to 1 is a useful indicator of the ability of the mu-
tated ES cells to convert female embryos to male and for the
ability of all male chimeras to pass the mutation through the
germline. Clones with low Sry values (<0.5) typically produce a
high percentage of female chimeras. In cases where Sry or neo
QPCR values (either or both) were low, we performed clonal iso-
lations and additional G418 selection to generate subclones that
carry the Y chromosome and the gene trap construct in a high
proportion of the cell population. Likewise, cultures that were
determined to be mixtures of two different mutation populations
(by IST sequences and IPCR confirmation) were subjected to sub-
culture for isolation of clonal populations of each mutation. To
date, all such mixed clones have been successfully separated and
confirmed by both IPCR and QPCR. No individual clones bearing
more than one insertion per genome have been identified in
OmniBanKII or the original 129S5/SvEvBrd-derived OmniBank
library, although multiple retroviral insertions per ES cell clone
have been reported for other library resources (Gragerov et al.
2007).

The rate of loss of the Y chromosome and the neomycin-
resistance marker may reflect genomic stability of the ES cells
during in vitro culture. We compared post-expansion neo and Sry
QPCR results (16-18 passages) for the C57BL/6N clones with re-
sults from 129S5/SvEvBrd clones expanded during the same time
period. Both clone types were expanded in the absence of anti-
biotic selection for neo. The number of clones that failed to meet
standards for microinjection was compared statistically using x>
analysis. No significant difference was found for loss of the mark-

Genome Research 1673

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 2, 2026 . Published by Cold Spring Harbor Laboratory Press

Hansen et al.

A base expect -2 -1 ES cells to the chimera and requires the
A 29% 22% 31% /0 presence of the Sry gene on the Y chro-
C 2% 9% 12% 8%  offsetof 3 ;
G 21% 39 o 16% 18%  n=171 mosome. The female chimeras from
T 29% [[66% 22% 20% C57BL/6N cells tend to occur in a greater
range of coat color contribution than
B ge of t col tribution th
base expect -2 -1y 1 2 3 4 5 6
A 20% 26% 24% [35% 25% 36% % 27% [E9%N those from the 12955/'SVEVBI‘CI 0ES cells
C  21% JA%Y 27% [IB1%) 21% 20% 27% |28% 7%  offsetofd (€57, n =152, median = 35%; 129
G 21% 7% 24%|24% 18% 21% 26% |28% 10% n=8765 n =128, median = 20%) (see Supple-
T 29% WST%N 26% | 10% 36% 24% 36% | 18% 25% mental Fig. 5).
Cobaseexpect 2 -1y 1 2 3 _4 5 6 7 Chimera breeding for germline
A 29% 24% 16% [25% 21% 20% [A4%) 9% | 35% [I65%! .
C  21% 8% 22% | 28% 14% 29% 20% [ASYNIBT%N 5%  offsetof S transmission
G 21% 5% 3% [B89%N 17% 30% 14% 23% | 17% 7% n=2041 . cos
T 2o @n 32% S%’Jﬁ 21% 20% 23% | 11% 23% A germline transmission event was

Figure 3.

Symmetrical sequence preferences at OmniBankll gene trap insertion sites. (A-C) Base
compositions surrounding each gene trap insertion site are shown according to chromosomal cleavage
offset. Insertion occurs between position —1 and 1 on the top strand (with respect to the orientation
of the retroviral backbone rather than the gene trap construct components). Confirmed duplicated
junction sequences are shown within the solid box. (Arrows) Base positions for DNA strand transfer.
Positions showing statistically different base frequencies are highlighted. (Gray) Differences of 10%;

scored when any chimera produced
progeny with coat color. These progeny
were analyzed for transmission of the
mutation. For C57BL/6N chimeras, the
rate of germline transmission was re-
lated to coat color contribution as the
estimated contribution increased. As

differences of >10% (blue, increased frequency; or yellow, decreased frequency). Additional discussion

and an expanded version of this table can be found in the Supplemental material and Supplemental

Figure 7.

ers Sry (x%, P=0.2990) or neo (x* P=0.0753), suggesting that
stability of the Y chromosome and autosomes is comparable dur-
ing standard expansion in culture (Supplemental Table 4). For
C57BL/6N clones, an increased rate of loss of the Y chromosome
was observed only after subjecting cultures to 10 additional pas-
sages (data not shown).

Chimera production by blastocyst microinjection

We examined performance of the C57BL/6N clones in our stan-
dardized high-throughput knockout mouse production opera-
tion (see Supplemental material). Results of chimera production
over a 20-mo period are shown in Tables 2 and 3. We compared
the success rates in successive injection rounds for individual
gene trapped clones of 12985/SvEvBrd or C57BL/6N origin. Our
criterion for injection success was based on our experience with
129S5/SvEvBrd cells and was defined as one that produced at
least one male chimera of 20% or greater non-albino fur that
survives to 14 d of age. On a per-clone basis, as described in Table
2, the C57BL/6N clones showed a lower overall success rate after
two injection rounds, as compared to the 12955/SvEvBrd clones.
The difference is statistically significant (x% P = 0.0481). The in-
jection success rate of individual clones of the OmniBankII li-
brary (64%) is consistent with the rate observed in our pilot ex-
periment (see Supplemental material). Our overall production
statistics for all microinjections performed using gene trapped
clones from the C57BL/6N and 129S5 libraries are presented in
Table 3. The proportion of black-eyed chimeras born from
C57BL/6N ES cell microinjections is significantly lower than that
produced from 129S5/SvEvBrd ES cells (P < 0.0001).

Other factors used to define success, such as survival of chi-
meras and extent of chimerism, have a smaller but still detectable
effect on the success rate. A recognizable difference between the
two types of ES cells, which appears to contribute to the differ-
ential success rate for chimera production, is seen in the propor-
tion of female chimera births (Table 3). The relative ability of the
C57BL/6N and 129S5/SvEvBrd cells to convert female blastocysts
(50% of all blastocyst hosts are expected to be female) to male
chimeras is dependent on the extent of contribution of the male

shown in Figure 4, even for C57BL/6N-
derived chimeras of 20% or less black
coat color, germline transmission was
obtained 10% of the time. The C57BL/
6N-derived chimeras approached transmission rates of 12985/
SvEvBrd chimeras only at the highest rates of chimerism. Sterile
chimeras of both strains were not included in the analysis; the
percentage of sterile chimeras was stable and apparently unre-
lated to the percent chimerism (data not shown).

On a clone-by-clone basis, the average germline transmis-
sion rate achieved from each of the C57BL/6N clone projects was
43% for coat color transmission, roughly half the rate 12985/
SvEvVBrd lines at 81% (Table 4). Looking at the rate of mutation
transmission (heterozygotes) versus coat color transmission,
there was no apparent difference in loss of the mutation in
C57BL/6N as compared to 129S5/SvEvBrd, suggesting autosome
stability (x?, P = 0.4973). Significantly, the coat color transmis-
sion rate by C57BL/6N OmniBankII clone projects (43%) ap-
proached the result established by the pilot experiment (55%)
with no statistically significant difference observed between the
two sets of results (x?, P = 0.1406). Additional chimera produc-
tion and breeding of these projects will likely increase this overall
success rate for OmniBanKIIL.

Analysis of OmniBankIl mouse lines

The first OmniBanklII gene trap clone from which we obtained
homozygous progeny carries a mutation in the solute carrier pro-

Table 2. Chimera production results with C57BL/6N and
129S5/SvEvBrd gene trapped clones

Second
Individual gene series successful>  Overall
trapped First series after first round  success
ES cell clones (n) successful® (n) failure (n/total) rate (n)
C57BL/6N (191) 53% (102) 39% (21/53) 64% (123)
12955/SvEvBrd (236) 63% (149) 29% (25/85) 74% (174)

A successful result is defined as a microinjection that produces at least
one surviving male chimera of 20% non-albino coat color or greater that
survives to 14 d of age. The average number of injections per clone for
both first round and second round series is two. Injection results were
collected over a 20-mo period.
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Table 3. Production results for all blastocyst microinjections

Injections with Surviving Successful Failed, female
Total injections (n) births (n) Chimeric pups chimeras injections® (n) Female chimeras chimeras only
C57BL/6N (583) 89% (518) 23% (926/3783) 55% (559/926) 32% (187) 27% (152/559) 14% (46/331)
12955/SvEvBrd (666) 91% (608) 35% (1466/4191) 64% (938/1466) 46% (309) 13.6% (128/938) 9.6% (29/299)

A successful result is defined as a microinjection that produces at least one surviving male chimera of 20% non-albino coat color or greater. Injection

results were collected over a 20-mo period.

tein family member Slc25a40. The insertion in Slc25a40 was
mapped to intron 2 of this 14-exon gene, within the 5'-
untranslated region (Supplemental Fig. 6A). The insertion was
flanked by two alternately spliced exons, potentially locating the
splice acceptor of the gene trap vector within an intronic context
favoring less effective capture of the endogenous transcription by
the vector trapping cassette (Jarvik et al. 1996). To determine the
efficiency of transcript capture by the splice acceptor of the gene
trap vector, we isolated RNA from the spleen and kidney of both
wild-type and homozygous mutant animals and subjected it to
RT-PCR using primers that flanked both the insertion site and the
alternately spliced exons. No endogenous splicing of any of the
Slc25a40 splice forms was detected in the homozygous mutant
animals (Supplemental Fig. 6B). To verify that the insertion
produced a null allele, a second RT-PCR assay directed at the
coding region of the gene was performed, showing that the
Slc25a40 transcript was, indeed, absent in the mutant. Mu-
tant mice were born in the expected Mendelian ratios and ap-
peared overtly normal in a battery of physiological, metabolic,
and behavioral assays (Abuin et al. 2002; Beltrandelrio et al.
2003).

We have since bred 18 OmniBankIl mouse lines to homo-
zygosity and have analyzed all nonlethal lines by RT-PCR. En-
dogenous gene expression was eliminated or drastically reduced
in all lines. Unlike the results reported by Gragerov et al. (2007),
we did not observe incomplete gene inactivation for insertions
located within the 5’-untranslated region of trapped genes (six of
18 lines). This is probably because all available transcript data
present in public databases are reviewed to select insertions lo-
cated downstream from alternate promoters/TSSs.

Discussion

OmniBankKII represents the first large-scale use of a C57BL/6 ES
cell line in the production of a library of mutagenized ES cell
clones for generating knockout mice. Increased interest in deriv-
ing new C57 ES cell lines and improving methodology for using
existing lines is demonstrated by multiple recent publications
(Cheng et al. 2004; Seong et al. 2004; Shimizukawa et al. 2005;
Collins et al. 2007; Hughes et al. 2007; Keskintepe et al. 2007;
Mishina and Sakimura 2007). Although these reports provide
valuable assessments of performance of the C57 lines, ultimately
they are limited by the scale of the characterization effort re-
ported, as methodology and definitions of success have not been
standardized. Any study including relatively few injection and
chimera breeding attempts could present results biased either in
favor of, or against, a particular clone or cell line. Because 129
cells are in use worldwide as a standard line for knockout mouse
production, they provide an important benchmark for establish-
ing production methods using other lines. Our direct comparison
of 191 OmniBankII C57BL/6N clones with OmniBank 129S5/

SvEvBrd clones over 20 mo of production in our core facility is
the most comprehensive report of performance of mutant
C57BL/6 ES cells to date.

A library of insertion site tags has limited value if the cells
that carry the mutations cannot be used successfully to generate
mutant mice. C57BL/6 ES cell lines have typically been consid-
ered to be less robust in cell culture, that is, more sensitive to less
than optimal handling (Auerbach et al. 2000; Seong et al. 2004).
Our results demonstrate that when cultured with attention to
regular media changes and subculturing as required to resist dif-
ferentiation that is promoted by overcrowded or clumpy growth,
OmniBanKII clones are of sufficient quality for use in large-scale
knockout mouse production. Importantly, we found that blasto-
cyst microinjection success and germline transmission rates of
these C57BL/6N clones met expectations established in a small-
scale pilot experiment. This is a strong indicator that techniques
for tissue culture, quality control, and quality assurance were well
maintained during the high-throughput phase of production
of the library. Furthermore, the uniformity of this library and
the scale of our tests allow us to provide realistic guidance to
investigators regarding expectations for achieving germline
transmission from any particular mutant cell line obtained from
OmniBankII.

For blastocyst microinjection, we did not investigate alter-
native host strains to find a combination that would favor
growth of the injected C57 ES cells, preferring instead to assess
performance in our established operation, using C57BL/6]-Tyr5¢
albino blastocyst recipients. This approach provided a consistent
background of technical and environmental effects for direct
comparison of the OmniBankKII cells to the laboratory standard
129S5/SvEvBrd cells. Our results for germline transmission rates
for 110 unique gene trapped clone projects show that even when

B C57BLeN
[0 12985/SvEvBrd
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Germline transmission rate
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Figure 4. Germline transmission rates as a function of percent chime-
rism. The C57BL/6N derived chimeras approach those of 129S5/SvEvBrd
chimeras only at the highest percent contribution.
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Table 4. Germline transmission rates

Percent of
projects
Clone  Percent of projects transmitting
projects transmitting coat color
ES cell line bred coat color (n) and mutation
C57BL/6N (583) 110 43% (47) 39% (43)

12955/SvEvBrd (666) 131 81% (106) 76% (100)

chimera matings are set up without bias for high coat color con-
tribution, overall, better than one in three clones (39%) will
transmit the desired mutation to the F; generation, a rate about
half that of the 129S5/SvEvBrd lines.

As expected, the extent of coat color contribution and the
probability of germline transmission are linked for both 129 and
C57 clones. The correlation between chimerism and germline
transmission for 129S5/SvEvBrd lines is clearly better than 1:1
and is pronounced at percentages of 30% or less. Our definition
of success in microinjection for chimera production is based on
the observation that, for 129 clones, we routinely obtain germ-
line transmission from ~50% of chimeras of 20% agouti fur. In
contrast, for OmniBankKII cells, our germline transmission results
suggest that microinjection should be pursued until chimeras of
70% or greater black coat color contribution are obtained. The
reduced correlation of chimerism to germline transmission rate
for OmniBankIl may be an indication of comparative defects of
C57BL/6 cell lines. For instance, in vitro characterizations indi-
cate that C57 lines exhibit altered differentiation potential and
decreased expression of pluripotency markers as compared to 129
ES cells (Hughes et al. 2007; Sharova et al. 2007). A common
approach to improve germline transmission potential is to sub-
clone isolates from a mutant cell line to eliminate aneuploid
cells. In cases where microinjection fails to produce high percent-
age chimeras, it may be advantageous to take these extra steps
when alternate gene trap clones are not available. The results
may also be a demonstration that 129S5/SvEvBrd-derived cells
have a growth advantage in the germline of the C57BL/6] host
that is not shared by isogenic cells.

We expect that an aggressive program of microinjection of
two mutant ES cell clones (that meet our quality criteria) will
nearly always provide sufficient chimeras for successful germline
transmission. We have used the same C57BL/6N cell line de-
scribed here for creation of knockout mice by gene-targeting
(data not shown). To date, 36 of 106 targeted clones from 49
homologous recombination projects have transmitted through
the germline (34%), an outcome comparable to that of the
OmniBankKII clones. The overall germline transmission rate, with
an average of two clones per targeted knockout project, is 67%
(33 of 49 projects to date). Performance expectations for C57BL/6
cell lines, as established for the NIH Knockout Mouse Project,
were set at one in four clones per project (25%) giving germline
transmission. Our C57BL/6N OmniBanKII clones clearly exceed
that minimum standard.

Based on the most recent studies of gene number in the
mammalian genome, the OmniBankII mutation collection is es-
timated to contain mutations in roughly one-half of the protein-
coding genes in the mouse (Clamp et al. 2007). The trapped gene
set shows significant (74%) overlap with genes trapped in our
original OmniBank library (Zambrowicz et al. 2003). A notable
exception to consistency of gene capture between these two li-

braries is provided by the Nodl gene (previously known as
Card4). This gene was not captured in OmniBank; however, it
was frequently trapped in OmniBankII (O events vs. 94 events).
This is unlikely to be explained by bias or deficiencies in the
RACE sequence-tagging methodology used for OmniBank, as
>10% of the OmniBank clone set has also been sequenced using
IPCR. The exclusivity of Nodl trapping in OmniBanKII is likely
due to increased expression of this gene in C57BL/6N ES cells, as
suggested by a recent study characterizing differences in gene
expression between 129 and C57 ES cell lines (Sharova et al.
2007). The Nod1 gene was identified as a C57 “signature gene,”
being one of the most differentially expressed genes between
these two genetic backgrounds. Several other differentially ex-
pressed genes from that study also show correspondingly differ-
ential rates of trapping in our two libraries, for example, Hectd1,
Dhrs7, and Ostf1 for C57, and Casc4, Fxyd6, and Necab1 for 129.
Nonetheless, the majority of differentially expressed genes show
roughly equivalent rates of trapping. Gene expression differ-
ences, therefore, play a minor role in differences between Om-
niBank and OmniBankIl. Access to mutations inaccessible
through RACE, and improvements in the accuracy of our muta-
tion prediction as a consequence of our switch to genomic-based
sequence tagging also contributed to the observed differences in
gene acquisition and trap frequency between these libraries.

Our analysis of miRNA capture through gene trapping re-
vealed a small number of mutations in this gene class. It is im-
portant to note that we limited our search to only those muta-
tions that directly disrupted the 75-100-nt pre-mir interval that
contains the characteristic stem-loop sequence (Kim 2005). Any
insertion that disrupts production of the primary transcript con-
comitantly abrogates production of the miRNA; however, the
primary transcription unit for most miRNAs is not yet known.
Therefore, it is reasonable to assume that we have underesti-
mated this mutation class.

Retroviral transfer of gene trapping constructs into cells pro-
vides a key advantage over other DNA delivery methods, most
importantly the consistent generation of discrete insertion
events not associated with deletions or rearrangements of host
chromosomal DNA. This is advantageous for insertion site tag-
ging and high-throughput gene identification, but also essential
for the direct and consistent interpretation of the mutagenicity
of a gene trap event. Concomitantly, retrovirus based gene trap-
ping outcomes are constrained by underlying integration site
preferences or biases. In the absence of selective screens, MLV
retroviruses display a local, nondirectional preference for inser-
tion near CpG islands, gene TSSs, and DNase I-hypersensitive
sites (Wu et al. 2003; Mitchell et al. 2004; Lewinski and Bushman
2005; Lewinski et al. 2006). We also observed increased percent-
ages of insertions near CpG islands and TSSs; however, owing to
our selection scheme, insertions showed a unidirectional
bias where insertions within the transcriptional unit were highly
favored. These insertion biases translate into a collection of mu-
tations that are frequently located within the first intron of
trapped genes, a particular advantage for effective gene disrup-
tion.

In addition to transcription-focused biases, this analysis also
revealed variability in the action of the retroviral integrase en-
zyme that executes the cleavage and strand transfer that pro-
duces near-perfect insertion mutation events. The MLV-derived
retroviral integrase typically cleaves chromosomal DNA with an
offset of 4 bp; however, we observed a range of chromosomal
cleavage offsets, each showing a unique but weak insertion site
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sequence preference. While the insertion site sequence prefer-
ences limit the randomness of retroviral integration in this sys-
tem, the observed flexibility of this enzyme in its interaction
with the host chromosome reduces the extent of the overall ef-
fect.

In the context of gene trapping, the characteristic biases of
retroviral insertion combined with the requirement for sufficient
locus expression to allow mutant clone survival through the se-
lection process ultimately limit gene acquisition by favoring par-
ticular loci. In an attempt to overcome these limitations, a recent
study produced 10 million clones, and potentially 22.7 million
retroviral insertion mutations in an unsequenced but screenable
format (Gragerov et al. 2007). Based on analysis of capture rate of
403 GPCR and nuclear receptor genes, the mutation collection
was estimated to contain 90% coverage of mouse genes, with a
mutation density per gene equivalent to that achieved in the
present study. In a significant change from standard gene trap-
ping approaches, selective requirements for splicing with endog-
enous gene exons were removed. Whether this change was nec-
essary to achieve an acquisition rate of 90% is not clear, and a
bias toward expressed genes is still in evidence. As demonstrated
by the present study, standard splice-acceptor gene trapping ap-
proaches can yield insertions in unspliced genes and poorly ex-
pressed genes, albeit at a low rate of acquisition. Rather than
eliminating the advantage provided by screening schemes that
require genic insertion for mutation selection, it might instead be
useful to explore changes at the level of the retroviral integrase to
increase the efficiency and extent of gene capture. Other classes
of retroviral proteins show increased rates of genic insertion in
the absence of selection, and hybrid integrase proteins have been
created whereby biases of one integrase can be shifted toward
another (Lewinski et al. 2006). Modifying the underlying muta-
tion profile of the retroviral-mediated DNA transfer seems an
unexplored avenue for increasing acquisition of useful mutations
and may ultimately aid in the creation of near-complete gene
mutation libraries with individually isolated and sequenced
clones available for widespread use.

In conclusion, the OmniBanKkII resource described here rep-
resents a large pool of germline-competent ES cell clones in the
novel, desirable C57 genetic background. The genome-based se-
quence data collected for each mutation allow more accurate
prediction of mutagenicity and more straightforward geno-
typing. OmniBanKII clones can be accessed through TIGM, at
www.tigm.org.

Methods

ES cell line derivation, cell culture for gene trapping, chimera
production, QPCR, and RT-PCR were performed using standard
methods and are described in the Supplemental material, along
with descriptions of pilot studies for qualification of cell line
performance for germline transmission.

Generation of insertion site sequence tags (ISTs)

Genomic DNA was isolated in 96-well format from confluent
G418-resistant ES cell clones. Cells were rinsed twice with PBS
and frozen at —80°C prior to processing. ES cell clone samples
were treated with 50 pL of lysis buffer (50 mM Tris at pH 7.5, 50
mM EDTA at pH 8.0, 100 mM NacCl, 1% SDS, and 3 mg/mL
Proteinase K) and were incubated overnight at 65°C. DNA was
precipitated and washed with ethanol and resuspended in TE

buffer. Templates for inverse PCR (IPCR) were prepared by digest-
ing ~0.5 png of each DNA sample in parallel with either BamHI
and BglII or Hincll and Mscl according to the manufacturer’s
recommendations (NEB). Digestion reactions were prepared in
384-well format and incubated in an air incubator at 37°C. Com-
pleted reactions were heat-inactivated and then ligated in a final
volume of 75 pL using 100 U of T4 DNA ligase (NEB). Two rounds
of PCR using nested primers complementary to the gene trapping
vector (Supplemental Table 1) were used to amplify vector-
genomic junction sites. Reactions were prepared with 1 M beta-
ine, 0.2 mM dNTPs, 1.5 mM MgCl,, 1.25 U of Taq polymerase,
2.5 pmol of each primer, and 5 pL of ligation template for round
1 (or 1 pL of first round PCR template for round two). Cycling
conditions consisted of 1 min at 94°C followed by 30 cycles
of 30 sec at 94°C, 1 min at 60°C, and 2 min at 72°C; followed
by a 2-min hold at 72°C, Mastercycler Ep384 (Eppendorf). The
number of cycles was increased to 40 for the second round
of PCR. The PCR product yield was determined using Pico-
green fluorescence. Products were purified using size-exclusion
filtration in 384-well MultiScreen PCR purification plates (Milli-
pore). Purified products were cycle-sequenced using a primer
(Supplemental Table 1) complementary to the retroviral vector
LTR (long terminal repeat). The sequencing primer was extended
in length with nontemplate-derived nucleotides to improve
sequence resolution within the first 50 nt of the sequence
trace. Sequence reactions were prepared with 0.5 uL of BigDye
Terminator v1.1 premix (Applied Biosystems), ~1-10 ng of
PCR template, and 1.6 pmol of sequencing primer in a 10-uL
total volume. Unincorporated dye terminators were removed
from completed reactions using either size-exclusion filtration
(Millipore) or the BigDye Xterminator Purification Kit (Applied
Biosystems). The Xterminator reactions were maintained at 4°C
during the entire 30 min vortex step to prevent irreversible bind-
ing of low-molecular-weight products to the resin. Sequence data
were collected with a 3730 capillary sequencer (Applied Biosys-
tems). Liquid handling was performed in 96- and 384-well for-
mats using a Sciclone ALH 3000 (Caliper Life Sciences). Dispos-
able polypropylene tips for liquid handling were cleaned for re-
use during method runs using a 384-well plasma tipcharger
(Cerionx).

Bioinformatics processing and genomic mapping of ISTs

ISTs were defined as IPCR sequences showing a significant, con-
tiguous alignment with the mouse genome. IPCR sequence reads
were compared with the NCBI Build 36, UCSC mm8 assembly
mouse genome assembly using BLAT (Kent 2002) after masking
retroviral LTR sequence derived from the gene trap vector. Align-
ments shorter than 25 nt or with <90% nucleotide identity were
excluded from analysis. The remaining alignments were ranked
according to contiguous hit length; the longest alignment begin-
ning coincident with the end of the provirus was selected for
annotation. The sequence terminus was truncated at the end of
the genome match after merging all adjacent alignments show-
ing a gap of =6 nt. The annotation process was then reiterated for
all sequences that failed to produce a valid IST, substituting a
BLAST analysis (Altschul et al. 1997) for the previous BLAT search
(Supplemental Fig. 1). ISTs were then tailored to retain a maxi-
mum of 30 nt of LTR sequence (in lowercase) preceding the con-
tiguous genome match identified by BLAT or BLAST. A total of
37,080 IST annotation entries have been reviewed manually to
verify the LTR-genomic junction and mapping assignments. Ad-
ditionally, manual curation was used to annotate IST entries
where the IPCR sequence tag produced an alignment with an
earlier genome sequence build rather than the current build
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(NCBI Build 34). Clones with multiple valid ISTs were categorized
as “confirmed” if two or more independent IST annotations pro-
duced the same chromosomal map position. If disparate map
positions were produced, the clone was categorized as “mixed.”
Each IST was then assigned an accession that contains four ele-
ments: (1) a sample well identifier, (2) a designation for the en-
zyme combination used for IPCR template preparation, (3) a des-
ignation for sequence orientation (F for upstream junctions, R for
downstream junctions), and (4) a final number that serves to
count the number of uniquely mapped insertions associated with
each individual clone. A minimum of two independent IPCR
experiments were attempted for each ES cell clone.

Identification of trapped genes

Gene disruption was defined as any gene trap vector insertion
event occurring within the exons or introns of a gene. The ge-
nome position of each mapped insertion site was compared with
the mouse genome map positions of a comprehensive list of
genes derived from the NCBI and UCSC gene data tables (Supple-
mental Table 2). All gene entries have a valid Entrez gene iden-
tification number (GenelD) and a defined genome map location
reported for NCBI Build 36. To more accurately annotate the full
genomic span of each gene, gene start and stop positions were
adjusted as necessary from the positions reported by NCBI to
accommodate alternate exons and transcription start sites de-
fined by transcripts annotated in the UCSC Build 36 data set. The
complete list includes 28,907 entries.
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