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SUMMARY

The importance of miRNAs during development and
disease processes is well established. However,
most studies have been done in cells or with patient
tissues, and therefore the physiological roles of
miRNAs are not well understood. To unravel in vivo
functions of miRNAs, we have generated conditional,
reporter-tagged knockout-first mice for numerous
evolutionarily conserved miRNAs. Here, we report
the generation of 162 miRNA targeting vectors, 64
targeted ES cell lines, and 46 germline-transmitted
miRNA knockout mice. In vivo lacZ reporter analysis
in 18 lines revealed highly tissue-specific expression
patterns and their miRNA expression profiling
matched closely with published expression data.
Most miRNA knockout mice tested were viable,
supporting a mechanism by which miRNAs act
redundantly with other miRNAs or other pathways.
These data and collection of resources will be of
value for the in vivo dissection of miRNA functions
in mouse models.

INTRODUCTION

With the completion of the mouse and human genome

sequencing, attention has shifted to deciphering the function

of individual genes systematically to better understand human

diseases. In fact, genome-wide gene targeting knockout

approaches were taken for protein-coding genes by multiple

programs including KOMP, EUCOMM, and NorCOM (Austin

et al., 2004; Auwerx et al., 2004; Collins et al., 2007; Friedel

et al., 2007). In 2007, these programs were consolidated
under the International Knockout Mouse Consortium (IKMC)

to facilitate these efforts more effectively (Skarnes et al., 2011).

Unfortunately, only protein-coding genes were included in this

global effort because noncoding RNA gene knockouts had not

captured the same level of attention at that time. However, the

last decade has seen a surge of interest in microRNAs (miRNAs),

given their roles in developmental and disease processes. These

small RNAs of about 22 nucleotides can bind to target mRNAs

based on sequence complementarity and direct posttranscrip-

tional regulation of target gene expression. Computational

analyses, microarrays, proteomics approaches, and high-

throughput sequencing analyses suggest that one miRNA may

regulate hundreds of targets. Given that as many as 500–800

miRNAs may exist in mammalian genomes, these data predict

that nearly all genes are likely to be regulated by miRNAs at

some level. If so, miRNA knockout mice might be expected

to exhibit visible phenotypes, including developmental abnor-

malities and embryonic lethality.

Several recent studies have described knockout mouse

phenotypes for a small number of individual miRNAs in mice

and larger numbers of modified ES cells (Prosser et al., 2011,

and. for review, see Park et al., 2010), suggesting that noncoding

RNAs deserve increased attention and should be considered

for large-scale knockout efforts. Here, we report our ongoing

progress on the generation of conditional reporter-tagged

knockout-first mouse strains for miRNAs. This study focused

on the generation of miRNA knockout mice, and provides

a limited set of whole-mount lacZ reporter expression analysis

in embryos.

RESULTS

Construct Design and ES Cell Targeting
miRNA genes have a great diversity in their genomic organiza-

tion. About one-half of mammalian miRNAs are expressed
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Figure 1. ES Cell Targeting and PCR Genotyping

(A) Schematic representation of a miRNA locus and targeting strategy. Two

homology arms at the 50 and 30 ends of the targeting vector mediate gene-

specific targeting by homologous recombination. Targeting leads to insertions

of a promoter-less lacZ reporter with an IRES (in pink color) and a polyA signal,

b-actin-driven neomycin selection marker with a polyA signal, and a miRNA

stem-loop flanked by loxP sites into the miRNA locus.

(B) PCR genotyping strategy of targeted ES cells. Positions of the PCR primers

used for genotyping wild-type and targeted alleles aremarked with arrows and

expected size differences for PCR products are illustrated. To verify homolo-

gous recombination on the 50 arm, PCR was done with two gene-specific

primers and 1 universal mutant primer. For the longer 30arm side, PCR was

done to verify the insertion of the third loxP site with two gene-specific primers.

The mutant products were verified by sequencing.
from introns of annotated protein-coding genes (intronic

miRNAs), whereas the others are found outside the context of

an annotated gene (intergenic miRNAs). Intronic miRNAs can

be transcribed via the promoter of their host gene, or be tran-

scribed from an intronic promoter; intergenic miRNAs

have their own promoter. Regardless of their genomic location,

miRNAs are frequently found as polycistronic clusters.

There are at least 450 well-conserved miRNAs between

mouse and human residing at more than 166 alleles. In this

pipeline we focused on the mouse:human conserved subset

of miRNAs, conditionally deleting polycistronic miRNA loci

when possible. Given the relatively large numbers of miRKO

[microRNA knockout] vectors required for these types of

projects, we embraced high-throughput recombineering proto-

cols. For most of the vectors we utilized the knockout-first

approach derived by Testa et al. (2004), adapted to permit

parallel preparation of many vectors in microtiter dish format

(Fu et al., 2010; Nefedov et al., 2011). In this approach, sequen-

tial steps of genetic engineering do not require colony isolation

and intermediate construct verification. We have generated

162 constructs targeting 194 miRNAs. This includes a second

smaller subset of vectors targeting single miRNAs within a

cluster (�30 miRNAs). So far we have generated conditional
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lacZ-reporter targeting vectors covering nearly 50% of the

conserved miRNA genes.

Cre-lox technology was used to generate conditional miRNA

knockout mice to ensure that gene function could be studied in

a tissue- and temporal-specific manner. LoxP sites approxi-

mately 200–250 bases 50 and 30 proximal to themiRNA precursor

(Figure 1A, middle panel) were placed in the constructs to

achieve efficient conditional deletion with a Cre recombinase

enzyme. For polycistronic miRNAs, loxP sites were placed

outside of the first and the last miRNA precursor in the cluster.

The length of polycistronic miRNAs ranged from a few hundred

to hundreds of thousands of bases. To maximize efficient Cre

recombination, miRNAs were targeted for individual deletion if

their resident cluster was comprised of more than 2,000 bases.

A short 50-arm (�1–2 kb) to aid PCR genotyping and a long 30-
arm (�10–15 kb) to boost specific targeting of the allele were

chosen for homologous recombination.

A key addition to the vector design was the inclusion of

a promoter-less lacZ reporter and a neomycin selection marker

between the 50 arm and the floxed miRNA precursor sequence,

which could be removed with a Flp recombinase (Figure 1A,

middle panel). This insertion allowed for the selection of the inte-

grated transgene, and importantly provided the lacZ readout for

transcription of the miRNA.

The majority of miRNA expression data have been generated

by quantitative RT-PCR (qRT-PCR), microarrays, and se-

quencing analyses using pools of isolated cells or tissue biopsy.

In mammals, in vivo expression data have been limited to the

study of a small number of miRNAs, which were mainly studied

during early embryo development by in situ hybridization or

the use of in vivo miRNA ‘‘sensors’’ (Mansfield et al., 2004;

Wienholds et al., 2005). Due to the small size of miRNAs (22–

23 nucleotides), the signal to background ratio of miRNA

in situ hybridization is very narrow and, therefore, it is difficult

to achieve strong and specific signals in whole-mount tissues.

For this reason, we opted to design a promoter-less lacZ

reporter such that it would indicate the activity of the endoge-

nous miRNA promoter. This allowed the temporal and spatial

detection of primary miRNA transcriptional activity in mouse

tissues or live cells. However, it is important to note that, similar

to protein-encoding genes, transcriptional readout will not

always be a true readout for the expression of the given gene,

since miRNA expression may be regulated posttranscriptionally

(Siomi and Siomi, 2010).

Thus far, 194 miRNAs (corresponding to 162 constructs) have

been electroporated into embryonic stem cells. PCR screening is

used to identify the properly targeted ES clones (PCR strategy

shown in Figure 1B). For the 50 short arm, a three-primer PCR

protocol was optimized to distinguish between nontargeted

and targeted alleles. Given the technical challenge of long-range

PCR across the entire �10–15 kb long arm, the sequence

integrity of the 30-loxP site was verified as a proxy for 30-end
homologous recombination. PCR products from the targeted

alleles were sequenced to validate the correct targeting.

A diphtheria toxin gene was used as a negative selectionmarker,

and Southern blot analyses were performed to ensure that

there were no additional integrations at nontargeted loci (data

not shown).
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Figure 2. Generation of Knockout Mice

(A) Breeding strategy. Combination of FRT and loxP sites allows manipulation of the targeted allele in mice. Germline-transmitted mice (lacZ-neo-flox) can be

crossed with germline deleter Flp mice, which will remove the reporter and the neomycin cassette to restore the wild-type allele (conditional allele/flox). Then

conditional mice can be crossed with either germline- or tissue-specific Cre transgenic mice to generate knockouts (knockout allele/KO). Instead of sequential

recombination steps, germline-transmitted mice can be crossedwith germline deleter Cremice to produce mice with a reporter-tagged null allele (lacZ-knockout

allele/lacZ-KO).

(B) Flp-mediated recombination of FRT sites in mice. Germline-transmitted mice were crossed with homozygous Rosa-Flp mice. Parents and offspring were

PCR-genotyped to check deletion of the lacZ reporter. Flp excision was not fully penetrant as the lacZ was not deleted in #5 pup, although it was completely

excised in #2 pup (F and M indicate father and mother, respectively).

(C) Cre-mediated recombination of loxP sites in mice. Germline-transmittedmice were crossed with actin-Cre transgenic mice. Parents and offspring were PCR-

genotyped to evaluate deletion of the neomycin marker, but not of the lacZ reporter. Excision by actin-Cre was complete among all pups (#7 to #9).

(D) qRT-PCR analysis to confirm the loss of miRNA in lacZ-KO mice. Either lung (miR-30b/30d, miR-339, miR-130a, miR-141/200c, miR-479/195, and miR-296/

298) or brain (miR-7a-2) of 2- to 6-month-old knockoutmicewas used to isolate total RNA. RT-PCRwas done by using TaqmanmiRNA assays. PCRwere done as

triplicates and data were presented as means with standard deviation.
A 129/Ola-derived E14 ES cell line was used for targeting

because of its history of highly efficient and reliable germline

transmission (Auerbach et al., 2000). We screened 46 ES colo-

nies per construct as a first pass. This first pass allowed us to

identify loci that were easily targeted and yielded at least one

to two ES cell lines. This constituted approximately 20% of the

targeted loci; those that did not pass the first screen were retar-

geted until the correctly targeted line(s) were identified.

Generation of Knockout Mice
To produce reporter-tagged knockouts and conditional knock-

outs from the same allele, targeting constructs were engineered

to contain a combination of FRT and loxP sites (Figure 2A). By

crossing a germline-transmitted lacZ-neo-flox mouse with

a germline Flp deleter, the reporter and the selection marker

can be removed to restore a functional wild-type allele (this

constitutes a conditional allele, where two loxP sites flank the

intact miRNA). Performing this step is critical for intronic

miRNAs, as the presence of the lacZ-neo cassette could

adversely affect host gene expression, potentially complicating
the interpretation of the phenotype. Conditional mice can be

crossed either with special Cre strains to generate temporal

or tissue-specific knockouts or with a germline Cre-deleter

strain to generate constitutive knockouts. Crossing a germline-

transmitted lacZ-neo-flox mouse to a Cre deleter line (lacZ-

knockout allele) resulted in a knockout line that also reported

on the transcription of the miRNA locus. This may be desirable

in studies where miRNA expression patterns or the fate of cells

harboring a deleted miRNA need to be tracked.

To verify the functionality of the recombination sites in vivo, we

performed mating with either Flp or Cre germline deleter mice

(Figures 2B and 2C). While Actin-Cre mice were very efficient

in transgene excision (Figure 2C), Rosa-Flp mice showed a

reduced efficiency (Figure 2B). Actin-Flp also displayed a similar

level of recombination activity (data not shown). Incomplete

penetrance by Flp recombinases may have been caused by

the fact that the distance between FRT sites (�7 kb) is greater

than between loxP sites (�3 kb). In any case, we were able

to obtain the designed recombination by evaluating a litter

or two.
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Table 1. Analysis of Embryonic Lethality Due to Loss of miRNAs

Line +/+:Cre �/�:Cre Total No. of Pups Lethality

miR-7a-2 8 (5) 7 (5) 41 no

miR-30b/30d 7 (5) 6 (5) 39 no

miR-130a 6 (5) 4 (5) 42 no

miR-141/200c 4 (5) 4 (5) 43 no

miR-146a 4 (4) 3 (4) 33 no

miR-205 8 (7) 0 (7) 56 yes

miR-210 5 (5) 5 (5) 40 no

miR-296/298 4 (5) 4 (5) 39 no

miR-497/195 11 (5) 4 (5) 41 no

miR-654/376b 8 (5) 3 (5) 43 no

miR-688 6 (5) 6 (5) 40 no

To determine whether a miRNA gene (or a cluster) is essential during

development, homozygous lacZ-KO mice were generated by intercross-

ing lacZ-neo-flox/+ and lacZ-KO/+: actin-Cre transgenic mice. About

40 offspring were genotyped and the expected number of animals was

indicated inside parenthesis. +/+:Cre denotes wild type/wild type with

Cre and �/�:Cre indicates lacZ-KO/lacZ-KO with Cre.
To assess whether miRNAs are essential for normal develop-

ment in general, we generated knockout-first mouse lines for

11 intergenic miRNA lines (Table 1). Among 11 lacZ-KO lines

for intergenic miRNAs tested, we observed embryonic lethality

only in the miR-205 lacZ-KO line. To ensure that the surviving

homozygous lacZ-KOmice were true knockouts lacking specific

miRNAs, we performed qRT-PCRs using lacZ-positive tissues

(Figure 2D). We observed near-complete ablations with the

exceptions of the miR-30b/30d cluster and miR-7a-2. The

remaining signals for miR-30b/30d and miR-7a-2 were most

likely generated from related family members, since Southern

analysis showed the insertion of the lacZ cassette into specific

loci (data not shown). In fact, the miR-30 family is represented

by six members (miR-30a, miR-30b, miR-30c-1, miR-30c-2,

miR-30d, andmiR-30e) and the miR-7 family has three members

(miR-7a-1, miR-7a-2, and miR-7b). To confirm the ablation of

the targeted miRNAs from related family members, investigators

must employ qRT-PCR measuring pre-miRNAs or deep

sequencing approaches in the future analysis of miRNA

knockouts.

The observed 9% lethality in our screen (1/11) is within the

lowest range of estimates of essential genes reported for mice

(10%�20% based on ENU-mutagenesis screens (Wilson et al.,

2005). Although the sample size is small, these datamay suggest

that deletion of most individual murine miRNAs do not lead to

embryonic lethality or gross developmental defects. Similar find-

ings have been reported for C. elegans (Miska et al., 2007).

Another important consideration relates to the allele context

(Osokine et al., 2008). For example, miR-301a exists as an in-

tronic miRNA, thus the generation of lacZ-KO mice by Cre re-

combinase would be expected to introduce an intronic stop

cassette, likely altering host gene (fam33a) expression. Since

fam33a is a known protein-coding gene with potential roles in

cell cycle and cell division processes (Hanisch et al., 2006), it is

not possible to distinguish which gene(s) are responsible for

embryonic lethality in this case. Thus, for ablation of intronic
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miRNAs, the appropriate experimental cross will be to employ

germline deleter Flp recombination, followed by Cre-mediated

knockout of the miRNA (Figure 2A).

Expression Analysis in Embryos
As an initial step toward understanding the in vivo function of

miRNA genes, we performed expression analyses of the reporter

in mouse embryos. The lacZ reporter can provide informative

single cell expression patterns in complex tissue types such as

the nervous and the immune system. To eliminate the interfer-

ence of the neomycin cassette with miRNA transcription, we

excised the neomycin cassette by crossing lacZ-neo-flox mice

with actin-Cre mice (Figure 2A). The resulting lacZ-KO/+ males

were crossed with wild-type females, and the pregnant females

were examined at two time points, 11.5 and 18.5 days postcoi-

tum (E11.5 and E18.5). Embryos at E11.5 were chosen to study

early developmental expression patterns, different germ layers,

and overall body plan. Embryos at E18.5 were used to collect

data on lacZ expression inmajor organs, including brain, sensory

organs in the head, thymus, lung, heart, stomach, spleen,

pancreas, intestine, liver, kidney, and bladder.

The lacZ reporter displayed distinctive patterns for different

miRNAs and the expression patterns matched well to chicken

and fish in situ hybridization patterns on a chicken embryo

gene expression database (GEISHA), as well as previous

moderate- to high-throughput miRNA expression studies

(Darnell et al., 2006; Kloosterman et al., 2006; Wienholds et al.,

2005).

One-third (6/18) of embryos displayed ubiquitous expres-

sion (for miR-30b/30d, miR-30e, miR-130a, miR-296/298, miR-

301a, and miR-339), while approximately two thirds of the

embryos showed distinct expression patterns. For miR-210

and miR-146a, we could not detect the lacZ reporter at either

E11.5 or E18.5 stages (Figure 3; data not shown). Expression

of miR-210 has been reported in some cancers and hypoxic

conditions (Camps et al., 2008; Giannakakis et al., 2008) and

miR-146a is mainly observed in a subset of immune and cancer

cells (Jazdzewski et al., 2009; Lu et al., 2010; Taganov et al.,

2006), suggesting that they may not be expressed during normal

development or they are expressed only in a subset of special-

ized tissues. In fact, the adult mice have shown lacZ activities

in a subset of specialized immune cells (Figure S1; unpublished

data).

We also conducted a limited but focused expression analysis

in adult mice, investigating miRNA expression in defined

subsets of hematopoietic cells isolated from tail blood using

flow cytometry (Figure S1). This single cell-based reporter

assay was able to distinguish lacZ activities for the closely

related family members such as miR-30 family. The lacZ

expression detected in peripheral blood lymphocytes corre-

lated with published expression data in 22 of the 25 mouse

strains tested. It is important to note that we unexpectedly

did not detect significant lacZ activity for miR-150 in lympho-

cytes. We suspect that the flow cytometry assay may not be

sufficiently robust to detect low levels of lacZ expression, or

perhaps the lacZ reporter cassette is silent at this locus.

The expression of miRNAs varies dynamically in the brain

both before and after birth in mice (Krichevsky et al., 2003;
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Figure 3. Expression Analysis of miRNA lacZ Reporter

(A) LacZ reporter expression in E11.5 embryos. Embryos for miR-30b/30d, miR-30e, miR-130a, miR-296/298, miR-301a, andmiR-339 displayed lacZ expression

ubiquitously, whereas embryos for miR-210, miR-146a, miR-688, miR-497/195, and miR-654/376b exhibited no expression. The central nervous system was

positive for miR-7a-2, miR-135b, and miR-325. Embryos for miR-141/200c showed staining only in the nostrils, as shown with an arrow. Posterior trunk staining

was detected for miR-196a-1. Although both expressed in pharyngeal arches and limb buds, expression patterns of miR-130b/301b and miR-205 were distinct.

In addition, miR-130b/301b embryos displayed forebrain staining.

(B) lacZ reporter expression in E18.5 embryos and adult. Brains of E18.5 embryos for miR-7a-2, miR-135b, and miR-325 displayed broad lacZ expression,

whereas miR-688 exhibited very restricted expression domain in the dorsal cortex and ventral mid-brain (for each miRNA, top and bottom panels correspond to

dorsal and ventral view respectively). Expression of miR-135b was also found in the inner ears (semicircular canals, vestibule and cochlea), whereas miR-325

expression was found in the visual sensory system (eyes, optic tracts, and lateral geniculate nucleus). The spinal cord staining was detected for miR-325. The

CNS expression pattern of miR-7a-2 was maintained in adults as shown in the vibratome-sectioned brain. Expression of miR-141/200c was found in the airways

of the respiratory tract, including in the nasal cavity, trachea, bronchi, and bronchioles, as well as in olfactory bulbs in the brain. Expression of miR-497/195 was

found both in the airways and the air sacs of the lungs of E18.5 embryo and vibratome-sectioned adult lungs. Kidneys of miR-196a-1 displayed a striking lacZ

staining pattern. For miR-654/376b, the frontal portion of the ribcage (corresponding to cartilage at this developmental stage) stained positive in E18.5 embryos.
Miska et al., 2004). As expected, we found several miRNAs that

were exclusively expressed in the central nervous system (miR-

7a-2, miR-135b, miR-325, and miR-688). In addition to the

central nervous system, we observed interesting reporter

expression patterns in the respiratory system (miR-141/200c

and miR-497/195). We performed limited histological analysis

for a handful of lacZ-stained tissues either using vibratome

sectioning or traditional paraffin sectioning and confirmed that

the lacZ reporter expression is very specific to a subset of cells

in a given tissue and easily tractable with a single cell resolution
(data not shown). Detailed expression profiling of tissue-

specific miRNAs may shed light on the roles of miRNA genes

in that sub-compartment. In addition, the reporter expression

pattern will guide the selection of Cre lines for conditional

knockouts.

In addition to differential spatial expression patterns, temporal

regulation of miRNA expression was observed for several

miRNAs in a variety of tissues (miR-688, miR-654/376b, and

miR-130b/301b). A more detailed analysis of temporal expres-

sion changes may provide additional clues about their function.
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DISCUSSION

In this study, we generated a battery of novelmiRNA reporter and

conditional knockout mouse lines, and collected limited in vivo

expression data from a subset of targeted lines. Investigators

can use this resource to explore the phenotypic consequences

of disruption of miRNAs. Our analysis of a limited (11) set of

homozygous miRNA knockouts suggests that ablation of many

miRNAs will be tolerated in the mouse. This would be consistent

with the systematic ablation of miRNAs in C. elegans, where less

than 10% of miRNAs give rise to embryonic developmental or

grossly abnormal phenotypes but which may appear in sensi-

tized backgrounds or under stress (Alvarez-Saavedra and Hor-

vitz, 2010; Brenner et al., 2010; Miska et al., 2007). In part, our

observations may be partially explained by the functional redun-

dancy of multiple family members. Many miRNAs exist as dupli-

cates or highly similar genes, and therefore deleting one of the

members might not reduce expression of target genes below

the threshold needed to exhibit phenotypic outcomes. Thus, it

may be necessary to generate double, triple, or perhaps more

complicated knockouts to totally ablate an entire miRNA family

in vivo. In theory, it may be possible to use miRNA inhibitors to

ablate all related family members (Krützfeldt et al., 2005);

however, the discrepancy between genetic ablation and the

in vivo use of miRNA inhibitors has raised questions about this

approach in mice (Patrick et al., 2010; Thum et al., 2008). In

any case, genetic ablation is the gold standard for elucidation

of gene function and large-scale projects such as this are

possible using the pipeline described here.

This miRKO resource should be of value to the community

using mouse models to study human diseases. For example,

the role of miRNAs in human cancers has been well established

during the past decade; there is a veritable need to ablate

specific oncomiRs and modifiers of tumorigenesis. Having

a lacZ reporter might allow the monitoring of miRNA expression

in tumors. In addition, given that these lines are conditional,

investigators will have a more powerful tool to perform coinci-

dent ablation of multiple genes in tissue-specific contexts. This

will allow amore precise dual ablation of genes that would render

developmental phenotypes, also aiding miRNA studies in adult

tissues and tumor contexts.

This project is continuing to generate additional data.

Generated resources including targeting vectors, ES cell lines,

and mice will be available to researchers via the UC Davis

KOMP Repository and the Jackson Laboratory. The active pipe-

line can be viewed online at the miRKO database, where each

miRNA can be tracked from plasmid production stage to the

generation of mice and the deposition of mice to the Jackson

Laboratory. Vector maps, ES cell data, high-resolution reporter

expression data, and protocols are available for download.

EXPERIMENTAL PROCEDURES

Knockout Vector Construction

Vectors were constructed via a previously described ‘‘knockout-first’’

approach (Testa et al., 2004). Two versions of this approach were imple-

mented to generate knockout vectors from C57BL/6J BACs using a high-

throughput recombineering pipeline essentially as described (Fu et al.,

2010). For the first ten vectors, the process was started by selecting BAC
390 Cell Reports 1, 385–391, April 19, 2012 ª2012 The Authors
clones from the CHORI-39 library by a simultaneous selection and first

modification step (Nefedov et al., 2011). The CHORI-39 library has been

created in a BAC vector (pBAC-RED) that includes the lambda recombineering

genes (exo, bet, and gam) under control of a thermosensitive cI repressor. All

subsequent KO vectors were prepared by the more efficient pipeline

developed for the KOMP and EUCOMM projects. In essence, BAC clones

were selected from the RPCI-23 and RPCI-24 BAC libraries (Osoegawa

et al., 2000) using bioinformatics. All recombineering steps were performed

using arabinose-inducible recombineering functions provided by plasmid

pSC101-BAD-gbaA-tet (Fu et al., 2010). Although the two approaches

provided recombineering functions either in cis or in trans, all other aspects

of the process were very similar and made use of the same basic modification

cassettes.

Generation of miRNA Transgenic Mice

E14, a substrain of 129/Ola, was electroporated with targeting constructs and

electroporated cells were under G418 selection (250 mg/ml) for 1 week.

Surviving colonies were picked and PCR-genotyped to identify recombined

alleles. Correctly targeted ES cells were injected into C57BL/6 blastocysts

to generate chimeras. Two to three Chimeras with higher than �70% coat

color chimerism were mated with either wild-type or actin-Cre C57BL/6

females to achieve germline transmission. Total of 46 chimeric lines out of

48 tested contributed to colonize germline mice when they have higher than

70% coat color chimerism. All procedures were performed according to

protocols approved by the Animal Care and Use Committee of University of

California at San Francisco.
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