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Mutational screens are an effective means used in the functional annotation of a genome. We present a method for

a mutational screen of the mouse X chromosome using gene trap technologies. This method has the potential to screen all

of the genes on the X chromosome without establishing mutant animals, as all gene-trapped embryonic stem (ES) cell lines

are hemizygous null for mutations on the X chromosome. Based on this method, embryonic morphological phenotypes

and expression patterns for 58 genes were assessed, ~10% of all human and mouse syntenic genes on the X chromosome.

Of these, 17 are novel embryonic lethal mutations and nine are mutant mouse models of genes associated with genetic

disease in humans, including BCOR and PORCN. The rate of lethal mutations is similar to previous mutagenic screens of the

autosomes. Interestingly, some genes associated with X-linked mental retardation (XLMR) in humans show lethal phe-

notypes in mice, suggesting that null mutations cannot be responsible for all cases of XLMR. The entire data set is available

via the publicly accessible website (http://xlinkedgenes.ibme.utoronto.ca/).

[Supplemental material is available online at http://www.genome.org. Phenotype data and images of analyzed cell lines

have been submitted to Mouse Genome Informatics (http://www.informatics.jax.org) under the allele IDs listed in Sup-

plemental Table 2.]

X-linked genetic disorders play a major role in the impact of

Mendelian traits on human health. The human X chromosome

contains only 4% of all annotated genes (1098) (Ross et al. 2005),

but nearly 10% of all known Mendelian diseases in the Online

Mendelian Inheritance in Man (OMIM) database are linked to the

X chromosome (387/3983), as of October 2009. It has been sug-

gested that this may be due to a discovery bias (Ross et al. 2005).

Most of these traits disproportionately affect males, where there

is only one copy of the mutant X chromosome. Females can often

escape severe effects of these mutations because X inactivation ren-

ders themfunctionallymosaic. Alternatively, theXchromosomecar-

rying the mutated allele is preferentially inactivated (Garrick et al.

2006). Of these X-linked diseases, 30% (149/387) are not mapped to

a mutation in a specific gene. In addition, embryonic lethal muta-

tions in X-linked genes are thought to underlie the preferential loss

of male embryos in many cases of recurrent spontaneous abortion

(RSA) (Pegoraro et al. 1997; Lanasa et al. 2001). Clearly, there is a need

to better understand the function of genes on the X chromosome in

order to link them to the full range of human X-linked disorders.

Comparative analysis of the mouse and human genomes re-

veals that there is a high degree of conservation and synteny be-

tween the X chromosomes, with 90% of known genes (629/699)

conserved (Ross et al. 2005). The ability to genetically manipulate

the genome in mouse embryonic stem cells (mESC) makes it pos-

sible to generate mouse models of human X-linked disorders.

However, phenotypic analysis of such mutations to date has been

slow, because of the frequent difficulties in generating high-per-

centage chimeras with hemizygous XY mESCs and transmitting

the mutant X-linked allele through the germ line. There are 211

targeted mutant phenotypes on the mouse X chromosome re-

ported in the Mouse Genome Database (http://www.informatics.

jax.org/phenotypes.shtml), 50 of which are associated with a hu-

man disorder. However, the efforts of the International Gene Trap

Consortium (IGTC) (Nord et al. 2006) and the International

Knockout Mouse Consortium (IKMC) (International Mouse

Knockout Consortium 2007) have placed a growing resource of

mutant mESC lines in the public domain. As of January 2010, 473

of the genes on themouse X chromosome are now associated with

either a gene trap (379 genes) or targeted mutant cell line. As a

means of identifying novel disease genes, the mouse gene trap

(GT) resource can be mined for insertions in genes with human

X-linked orthologs that have yet to be associated with develop-

mental processes in either mice or humans.

Using a straightforward approach of generating and analyz-

ingmESC-derived embryos, we have added embryonic phenotypic
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and functional data to almost 10% of syntenic genes on themouse

X chromosome. This rapid and cost-effective screening method

has identified 19 (13 novel to mouse and human) X-linked

mutations that cause developmental defects in the mouse and are

therefore likely to cause human congenital disease. These embry-

onic abnormalities occur during gastrulation, neurulation, and

organogenesis and include phenotypes such as neural tube closure

defects, axis truncation, cardia bifida, and heart failure, all leading

to early embryonic lethality. Moreover, the beta-galactosidase (lacZ)

reporter gene introduced by the GT vector insertion provided gene

expression information of value in predicting gene function.

Two of the embryonic lethal phenotypes resulted from mu-

tations in the genes BCL6 interacting corepressor (Bcor) and the

Wnt-ligandmodifier porcupine homolog (Porcn). Interestingly, after

the start of our screen, these genes were associated with X-linked

diseases in humans: oculofaciocardiodental syndrome (OFCD)

(OMIM:300166; BCOR) (Ng et al. 2004) and focal dermal hypo-

plasia (FDH) (OMIM:305600; PORCN) (Grzeschik et al. 2007;Wang

et al. 2007). In both cases symptomatic human females survive

into adulthood, but fully hemizygous null males are never ob-

served (Ng et al. 2004; Grzeschik et al. 2007; Wang et al. 2007). We

show that GT mutants for Porcn fail to complete gastrulation, while

Bcor GT mutants have severely affected heart development. This

provides proof-of-principle of the utility of mutagenic screens in the

mouse to identify candidate genes for human disease.

Recent resequencing of the coding exons of the human X

chromosome identified few novel candidates for X-linked mental

retardation (XLMR), indicating that XLMR may be due to muta-

tions in gene regulatory regions rather than coding regions. We

observe that many of the known XLMR genes assessed in our

screen have lethal phenotypes when null in themouse, suggesting

that human XLMR may be caused by hypomorphic rather than

null mutations. To facilitate disease candidate data mining be-

tween human and mouse phenotypes, expression patterns, and

genetic loci, we have compiled our data set into an online re-

lational database (http://xlinkedgenes.ibme.utoronto.ca/), along

with human data from OMIM.

Results

The genotype-driven screen

The protocol for choosing GT mESC lines is summarized in Figure

1A and detailed in the Methods section. Briefly, sequence tags for

trapped genes were aligned against transcripts that localize to the

X chromosome. Those that alignedwere selected based on deleting

>50% of the gene (exceptions were made if no alternate traps were

available). Finally, genes were filtered for reports of mutagenesis in

the mouse or linkage to a human disease as of September 2004,

when the screen began. Two genes that are linked to human dis-

eases, Atrx and Flna, were included as positive and negative con-

trols. Null mutations in ATRX have no embryonic lethality in

humans, while null mutations in FLNA cause embryonic male le-

thality. A total of 68 GT cell lines representing 58 genes were ag-

gregated with wild-type embryos to generate mESC-derived em-

bryos for phenotypic analysis (Table 1; Fig. 2). While the focus of

the screen was to identify novel human disease candidates, several

human disease alleles weremapped during the course of the screen

(Fig. 2, human genes in bold).

Two different aggregation techniques were used to generate

embryos that were derived completely from the GT mESC lines:

aggregation with tetraploid (Nagy et al. 1990) and diploid (Nagy

et al. 1990; Poueymirou et al. 2007) eight-cell stage embryos, with

the exception that we aggregated rather than injected cells under

the zona (seeMethods; Fig. 1B).While the two techniques produce

comparable numbers of mESC-derived embryos, tetraploid aggre-

gation requires twice asmanyhost embryos as diploid aggregation,

since two embryos are aggregated with a clump of mESCs. We

noted similar rates of embryo implantation and mESC-derived

embryos regardless of genetic background or source of cell line

(Supplemental Table 1). At mouse mid-gestation stage (embryonic

day [E9.5]; equivalent to human week 5), the fully mESC-derived

embryos were fixed and stained for lacZ expression (Fig. 1B), then

imaged and assessed for phenotype and expression pattern. At this

stage, the basic body plan is laid down, patterning of the nervous

system is apparent, and organogenesis has begun. It thus provides

an effective developmental stage to compare human and mouse

development, gene expression patterns, and mouse mutant phe-

notypes relevant to human congenital disease. All image and text

information has been placed in a relational database (Fig. 1B). The

entire data set includes results from 128 different aggregation ex-

periments that generated over 1200 fully mESC-derived embryos

(Table 1).

Phenotypes and gene expression patterns

Figure 2 summarizes the genes analyzed in our screen and their

phenotypes and expression patterns. In total, 26 cell lines repre-

senting 19 genes were scored as having a phenotype in the mouse

embryo by E9.5 (Fig. 2, mouse genes in bold). Of these 19 pheno-

types, 17 are novel mouse phenotypes where nomutants have been

reported in the literature. Thirteenof thenovelmousemutants have

no reported mutations in human homologs, making them candi-

date human disease loci. The remaining 38 genes had no obvious

morphological phenotype by E9.5. Aggregation of the parental lines

E14 and R1 by either tetraploid or eight-cell-stage diploid embryos

produced healthy and normal embryos at E9.5 (data not shown).

For assessment of phenotypes we considered the develop-

mental processes completed or in progress by E9.5, then classified

the observed phenotypes into several broad categories (Table 2).

The majority of phenotypes fell into the classes of turning, neu-

rulation, cardiogenesis, and axial growth (i.e., somitogenesis and

posterior axis elongation). Several genes were scored with a gas-

trulation phenotype (i.e., formation of the basic body plan and

three germ layers), and showed arrested development or altered

morphology. Only one GT mESC line did not yield any gastrula-

tion-stage embryos, possibly because themutated gene, cytochrome

c oxidase subunit VIIb, produces an enzyme for general energy me-

tabolism of cells, although mESC are viable (Table 2; Cox7b).

We also scored expression of the lacZ GT reporter in the em-

bryos. Of the lines with embryonic phenotypes, 15 had expression

of lacZ at the stages observed, with six restricted and nine ubiq-

uitous expression patterns (Fig. 2, expression information and

database). Three cell lines had no lacZ staining: Cul4b, Rbm3 (no

lacZ reporter), and Porcn (insertion before the start codon). Of the

GT mutations without a phenotype at E9.5, 13 had restricted ex-

pression patterns, four werewidespread, ninewere ubiquitous, and

10 had no expression (Fig. 2). Lack of a phenotype at E9.5 does not

preclude later effects, which were beyond the scope of this study,

but the observation of expression restricted to particular tissues at

E9.5 can be used to focus future phenotypic analysis of mutant

mouse lines.

To assess the robustness of the screening method, we aggre-

gated at least two independent lines for 11 genes (Fig. 2, replicates).
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In 10 out of 11 cases the resulting repli-

cates had highly similar phenotypes (Fig.

2). Several of the GT lines used in this

screen contained conditional multipur-

pose alleles that can be inverted using site-

specific recombination to restorewild-type

function (Schnutgen et al. 2005). The loss-

of-function Nono GT mESC line presented

a strong gastrulation phenotype, with de-

velopmental arrest at E7.5. We confirmed

specificity of the phenotype by Cre-medi-

atedGT inversion, rescue of gene function,

and restoration of Nono protein to normal

levels (Supplemental Fig. 1). Furthermore,

embryos derived from inversion-rescued

GT lines were phenotypically normal at

E9.0 (n = 10; Supplemental Fig. 1). Al-

though we did not test all GT lines simi-

larly, the results of the redundant lines, the

high correlation of phenotype and lacZ

reporter expression, and the inversion of

the GT demonstrate that the screen was

robust. There is high confidence that the

observed phenotypes are the results of the

GT mutations and not nonspecific effects

associated with particular mESC clones.

Relationship of embryonic phenotypes

to human disease genes

Although our screen was intended to focus

on genes with no known phenotype in

mouseorhuman, severalhumanhomologs

were linked to human diseases during the

course of our screen. Two of the GT lines

assayed in our screen recapitulated known

human diseases with embryonic lethality

in male embryos: Bcor and Porcn. BCOR is

a transcriptional repressor that has been

described to affect levels of histone H3 K4

trimethylation (activated gene mark) (Fan

et al. 2009) and physically interact with

histone demethylases (Sanchez et al. 2007).

The human homolog of mouse Bcor is

associated with OFCD (OMIM:300166)

(Ng et al. 2004). We generated fully mESC-

derived mutant embryos from three differ-

ent GT lines of Bcor: one in intron 1c

(P101H07) and two in intron 5 (DB0053

and XE541, the latter was used in the study

byWamstad et al. 2008) (Fig. 3A). Based on

cap-analysis gene expression (CAGE) tag

analysis of the Bcor locus, there are two al-

ternate transcriptional start sites in the first

exon and twomore in the fourth exon (Fig.

3A; Kawaji et al. 2006). Thus, a GT in the

first intron would not trap all alternative

transcripts, but the two GTs inserted after

exon 5 would, possibly causing a more se-

vere phenotype (Fig. 3A). To test this idea,

we analyzed and compared all three Bcor

GT lines.

Figure 1. An overview of the screening method. (A) mESC GT clone selection involved blasting of
sequence tags to transcripts from the X chromosome (i ). All BLAST (Altschul et al. 1990) hits >95%
identical were then compared with the human X chromosome (ii ). Those genes with a syntenic ho-
molog were then filtered for any known mouse mutants and known links to human disease (iv,v). GT
lines were ordered and quality controlled by RT-PCR to confirm the sequence tag prior to aggregation
(vii,viii ). (B) Two different aggregation techniques (i ) were used with similar results and efficiency (Table
1). mESCs were aggregated with either one diploid or two tetraploid host embryos and cultured
overnight. After overnight culture, the colony of mESC preferentially forms the epiblast of the embryo
and displaces the host cells to the primitive endoderm and trophectoderm of the blastocyst. mESCs
contribute only to the epiblast (EPI) that will generate the embryo proper, while the host (all tetraploid
and a large proportion of diploid) embryos generate the primitive endoderm (PE) and the trophecto-
derm (TE). Aggregated embryos were transferred to pseudopregnant mothers and collected at E9.5 (ii ).
Dissected embryos were scored for mESC contribution by observing GFP fluorescence (iii ). The embryo
on the left is GFP positive and has diploid host embryo contribution, while the embryo on the right is GFP
negative and is fully mESC-derived (iii ). Fully mESC-derived embryos were fixed and stained for beta-
galactosidase (lacZ ) activity. After staining, the embryos were digitally imaged and scored for expression
and phenotype (iv). All digital images and aggregation data were entered into a relational database (v).
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BcorGT lines DB0053 and XE541 both show lethality by E9.5

with apparent fusion of the ventral forebrain, greatly reduced and

malformed cardiac tissue, and severe posterior truncation with

failure of chorioallantoic fusion (cf. Fig. 3B,C,D and Q,R). Con-

sistent with the phenotype, lacZ reporter staining was observed

strongly in the head, heart, and tail bud at E8.5 (Fig. 3B,C). Em-

bryos derived frombothGT lines showed variable numbers of cysts

along the dorsal region flanking the neural tube and occasionally

in the head region (Fig. 3C; data not shown). Histological sections

through the head revealed the eyes to be either delayed in for-

mation or missing completely (cf. Fig. 3F and G, star). Histological

sections through the heart showed a bilateral symmetrical heart,

compared with the looped asymmetrical heart of similarly staged

wild-type controls (cf. Fig. 3H and I). At this level of analysis it is

not clear if this is a result of failed looping or cardia bifida. These

results clearly indicate that different GT mESC lines give reliable

and consistent embryonic phenotypes.

GT line P101H07 displayed a less severe phenotype with an

open head and delayed cardiac folding, but a more elongated tail

region, proper chorioallantoic fusion, and normal optic cup anlage

(Fig. 3E; data not shown). These results demonstrate that a GT line

is a valuable resource to mutagenize splice-specific and promoter-

specific isoforms, and that this can generate tissue-specific phe-

notypes with different levels of severity.

We aggregated a GT cell line for Porcn for which the human

homolog is associated with FDH (OMIM:305600) (Grzeschik et al.

2007; Wang et al. 2007). The PORCN gene encodes a membrane-

bound O-acyl transferase (MBOAT) that is involved in the acyl

modification of Wnt ligands, which is important for long-range

signaling (Tanaka et al. 2000). The GT insertion for Porcn lies be-

tween the first and second exons before the translational start

codon (Fig. 3J), truncating the entire coding region of the tran-

script (as confirmed by RT-PCR; data not shown). Porcn null em-

bryos were observed from E7.5 to E9.5 (Fig. 3K–M), but embryonic

development arrested during gastrulation, with no recognizable

anterior–posterior axis based onmorphological landmarks, such as

head fold or allantois (cf. Fig. 3K and P). Histological sections at

E7.75 (Fig. 3O,T) revealed that themutant epiblast accumulated in

the amniotic cavity, and there was a marked absence of the allan-

tois (data not shown).

Epiblast overgrowthmay be a result of a failure of the epiblast

to differentiate. To assess the differentiation state of the Porcn

mutant epiblast, we assayed the RNA expression of Pou5f1 (Oct3/4)

as a marker of pluripotency by whole mount in situ hybridization.

Comparedwith E8.0 controls, where Pou5f1was sufficiently down-

regulated and epiblast cells started to differentiate (Fig. 3S), Porcn

GT mutants showed prolonged expression indicating a lack of

differentiation (Fig. 3N). This is very similar to Wnt3 (Liu et al.

1999) and beta-catenin (Morkel et al. 2003) mutants, which fail to

undergo EMT and lack mesoderm and endoderm. The Porcn GT

mutant embryos are phenotypically similar to Wnt3 mutants (the

earliest Wnt phenotype), which supports accumulating evidence

that Porcn is required for the secretion of

WNT. More detailed analysis of anterior–

posterior axis patterning genes is needed to

confirm this phenotype. Our observations

provide insight into the cause of male em-

bryonic lethality in humans with PORCN

mutations.

There were seven additional known

human X-linked disease genes where hu-

manmutations are viable, but for whichwe

report an embryonic phenotype; four of these are described here

for the first time (Brwd3,Cul4b,Huwe1, andKdm5c (formerly Jarid1c);

Table 3), while the others have been previously published (Atrx,

Dlg3, Flna; Table 3). In many cases the GT line was a null allele,

while no null alleles have been found in the human pathologies

(Table 3). For example, mutations in CUL4B are associated with

Cabezas syndrome (OMIM:300354) and mental retardation (MRX

15, OMIM:300639). We analyzed a GT resulting in a null mutation

for Cul4b and observed incomplete turning, defective neurulation,

shortened posterior axis, swollen pericardium, and stalled cardiac

development. In humans with Cabezas syndrome (CUL4B), all

reported mutations are C-terminal truncations. As the null muta-

tion has not been observed in humans, this strongly suggests that

a null allele may also cause early gestational lethality in humans.

Novel early embryonic lethal genes

We observed 17 novel embryonic mutant phenotypes in X-linked

genes that exhibited a wide range of defects and had no previous

mutation reported in mice (Table 2). As noted above, 13 of these

have no reported mutations in human homologs and therefore

represent novel candidates for human disease loci. We present

a focused morphological assessment of three candidates, one from

each phenotype class of cardiac development, neurulation, and

axis formation.

Of the genes giving cardiac defects, themutation inAlg13was

the most striking, causing cardia bifida where the two heart pri-

mordia remain separate and form two hearts on either side of

midline (Fig. 4A,B). This cardiac defect is typically due to defects in

foregut development resulting in failure of the cardiac precursors

tomeet at themidline. ALG13 is a soluble cytosolic protein recruited

to the endoplasmic reticulum (ER) to form a heterodimer with

the ER membrane protein ALG14 (Gao et al. 2005). Together, they

generate a UDP-GlcNAc glycosyltransferase that catalyzes the sec-

ond sugar addition in the synthesis of the dolichol-linked oligo-

saccharide precursor inN-linked glycosylation (Gao et al. 2005). The

exact enzymatic targets of theALG13/14 complex areunknown, but

several protein ligands (i.e., WNTs, SHH) and transmembrane re-

ceptors require N-linked glycosylation for proper function.

In Kdm6a (formerly Utx) mutant embryos we observed re-

stricted GT lacZ reporter gene expression in the neuroectoderm of

the brain and neural tube at E9.5 (Fig. 4C). The embryos showed

exencephaly in themid- andhindbrain region.Histological sections

through the head showed that the forebrain vesicle fails to fuse in

the rostral region and the optic pits are asymmetrical as compared

to control embryos (cf. Fig. 4D and J, stars). KDM6A has been

identified as a histone H3 K27 demethylase involved in epigenetic

regulation of gene expression (Lee et al. 2007).Kdm6a also escapes X

inactivation in both themouse and human (Greenfield et al. 1998).

Expression of Ccdc160 in mutant embryos was first observed

in the node at E7.5 (Fig. 4E; Supplemental Fig. 2A,E) and in the

neural tube at E9.5 (Fig. 4F). At E9.5, Ccdc160mutant embryos had

Table 1. Total numbers of embryos processed during screen of 68 gene trap cell lines for 58
genes

Method
Tested
cell lines Experiments

Transferred
embryos

Recovered
embryos

Fully ES-derived
embryos

Delayed diploid 41 54 4663 1647 645
Tetraploid 27 74 2850 768 630
Total 68 128 7513 2415 1229

X-linked phenotypes
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a severe truncation of the posterior body axis (cf. Fig. 4F and I).

Histological analysis of lacZ expression revealed highly restricted

expression in the ventral neural tube (Fig. 4G,H). The neural epi-

thelium was disrupted bilaterally in three out of three embryos

examined (cf. Fig. 4G,H and K,L; data not shown). The posterior

truncation and other defects may result from the expression and

function ofCcdc160 in the node, which gives rise to the notochord

and is required for dorsal–ventral patterning of the neural tube as

well as trunk and tail organizers (Yamanaka et al. 2007). Moreover,

a weak and transient expression of the

lacZ reporter was observed in the late

streak at E7.5 (Supplemental Fig. 2B–D),

which suggests a role for Ccdc160 in pos-

terior mesoderm development. The gene

codes for a small protein of 323 amino

acids with no known domains aside from

a putative coiled-coil domain that is a

common feature of centrosome/basal

body proteins (Andersen et al. 2003). In-

terestingly,Ccdc160 is expressed in regions

of high Shh signaling (i.e., node and ven-

tral neural tube), which in mammals de-

pends on primary cilia. Genomic BLAST

analysis showed that the gene Ccdc160

and its homologs are found only in mam-

mals, including opossum and platypus,

perhaps indicating that Ccdc160 is an

evolutionary adaptation to mammalian

development.

Online database

Data on aggregation efficiency and images

of mESC-derived embryos are available

on a publicly accessible website (http://

xlinkedgenes.ibme.utoronto.ca/). The da-

tabase is searchable by gene name or can

be browsed.We have integrated our image

and text data of these mutant embryos

with theOMIMdatabase. Asmentioned in

the introduction, there are over 140 sus-

pected X-linked diseases that have not

been mapped to a specific gene. To facili-

tate data mining we have extracted these

OMIM entries and entered them into

our database, placing all mouse GTs for

orthologous human genes within the de-

fined linkage regions for OMIM entries on

the human X chromosome. Constraints

can be placed on either the expression

pattern or phenotype of the mouse ho-

mologues to find those similar to the hu-

man disease or syndrome. Phenotype data

and images of analyzed cell lines have

been deposited with MGI (http://www.

informatics.jax.org). MGI allele IDs for

each of the characterized lines can be

found in Supplemental Table 2.

Discussion

Using publicly available GT insertion

mESC lines and a rapid and cost-effective

phenotypic assay based on generating entirely mESC-derived em-

bryos, we have added functional annotation to almost 10% of

mouse syntenic X-linked genes and provided an online resource to

link mouse phenotype and expression information to human

disease.

It has been suggested that the observation of a higher per-

centage of Mendelian genetic diseases being linked to the X chro-

mosome is a discovery bias (Ross et al. 2005) based on the ease

of detection of X-linked phenotypes in males and, in some cases, in

Figure 2. Linkage to human homologs and summary of expression and phenotype. The human
orthologs of the mouse GT genes are aligned to their cytoband on an ideogram of the human X
chromosome. Also shown are the names of human and mouse homologs and a brief summary of the
observed expression pattern of the beta-galactosidase reporter gene in the embryos. (Bold mouse genes)
Gene names for GT lines that gave a phenotype. Eleven mouse genes were tested by two or more GT
lines and are indicated in parentheses next to the mouse gene name as a ratio of lines with similar
expression or phenotype. The phenotype for the gene Nono was confirmed by inverting the GT and
restoring Nono expression and normal phenotype in aggregated embryos (#). (Bold human genes)
Names associated with human disease or syndromes when mutated.
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X-inactivationmosaic females. In our unbiased screen for embryonic

phenotypes in X-linked GT mutations in the mouse, we have

detected about 32% (19/58) with an early developmental pheno-

type. This is in line with other GT-based mutagenesis studies that

focused on the autosomes,where 33% (Mitchell et al. 2001) and37%

(Friedrich and Soriano 1991) of genes tested presented phenotypes.

This assessment does come with the caveat that we have included

both recessive and dominant phenotypes of the previous gene trap

screens. We justify this by the fact that our screen is a hemizygous

null so we cannot discriminate recessive from dominant mutations

in our screen. Thus, we conclude from our analysis that autosomal

and X-chromosomal-lethal phenotypes occur at similar rates.

Importantly, as a proof-of-principle we confirmed early male

embryo lethality in two mouse models, Bcor and Porcn, where le-

thality in humans was only suspected. BCOR mutations are asso-

ciatedwithhumanOFCD (OMIM300166) (Ng et al. 2004). Human

males do present with OFCD when BCOR has a hypomorphic

mutation such that some functional protein is made (Hilton et al.

2009). Bcor mutants have previously been generated in the mouse

and, although no hemizygous null males were observed postnatal,

there was no assessment of the embryonic phenotype (Wamstad

et al. 2008). We clearly demonstrate that Bcor has an essential

function during embryonic development and we offer an expla-

nation for male embryonic lethality.

Mutations in PORCN are associated with human FDH

(OMIM:305600) (Grzeschik et al. 2007; Wang et al. 2007). The ma-

jority of patients are female, and only males with mosaic sponta-

neous somaticmutations are viable, indicating that hemizygous null

males die during gestation (Grzeschik et al. 2007; Wang et al. 2007).

Patients present with lateral skin lesion and hair loss, fused and extra

digits, mental retardation, microphthalmia, and dental and palate

disorders (Grzeschik et al. 2007; Wang et al. 2007). Our data dem-

onstrate that Porcn mutants phenocopy known Wnt/beta-catenin

mutants and that Porcn is essential for epiblast differentiation, as

Pou5f1 expression was not down-regulated. This embryo morphol-

ogy is very similar to Wnt3 mutants, the earliest of Wnt mutant

phenotypes (Liu et al. 1999), which fail to undergo EMT and lack

mesoderm and endoderm. Taken together, our observations support

accumulating evidence that Porcn is required for the secretion of

functional Wnt proteins and provide a cause/mechanism for male

embryonic lethality in humans. From the analysis of Bcor and Porcn

we conclude that our screen can identify embryonic phenotypes

that can give insight into key developmental pathways associated

with postnatal disease.

Although the screen was designed to identify mid-gestation

lethal mutations, we also observed many embryos with a normal

morphology, even though the trapped genes showed clear ex-

pression by lacZ reporter at and before E9.5. It is possible that loss

of function of these genes could be compensated by the coex-

pression of close paralogs or that the phenotypemaynot be overtly

apparent at this stage. Of the genes that were observed to have

cardiac expression, for example, many were in the trabecular cells,

which are only just developing at E9.5. Defects in trabecular for-

mation may not be phenotypically or even morphologically ap-

parent until later in gestation. An example of this was Klf8, which

had expression in the left side ventricle and outflow tract. In-

terestingly, the human homolog KLF8 maps to the locus of the

human syndrome TARPS (Kurpinski et al. 2003) that has left side

cardiac defects. Unfortunately, sequencing of the coding regions of

KLF8 in two families did not reveal any mutations in the coding

regions; however, mutations in the promoter or enhancers have

not been tested (L Biesecker, pers. comm.).

Another common class was genes with expression in the de-

veloping brain; these could be associatedwithXLMR,whichwould

not be apparent until postnatal time points. For example, Brwd3,

which was associated with XLMR by another group during the

course of our study (Field et al. 2007), has lacZ reporter expression

in the brain and neural tube. Expression does not have to be re-

stricted; an example of this from our screen is Dlg3, where in

humansmutations inDLG3 are associatedwithmental retardation

(Tarpey et al. 2004). Aggregation results from mESC line with

a gene-trap insertion in Dlg3 (clone P038A02) revealed ubiquitous

expression of lacZ and showed a range of phenotype severity.

Embryo phenotypes for Dlg3 mutants ranged from morphologi-

cally normal to failure of embryonic turning (five out of 18), in-

cluding rare cases with forebrain deletion (one out of 18). This GT

phenotype has been confirmed using a Dlg3 KO mouse line in

an inbred background (C van Campenhout, P Giallonardo,

Table 2. Genes scored as having a morphological phenotype

Gene
symbol

Human
mutation

Novel mouse
mutant

Phenotype class

Implantation Gastrulation Turning Neurulation Axial/ trunk Cardiogenesis

Ccdc160 This study U U U U

Alg13 This study U U U U

Sfrs17b This study U U

Bcor Yes Wamstad et al. 2008 U U U

Cox7b This study U

Cul4b Yes This study U U U U

Dlg3 Yes Cuthbert et al. 2007 U U U

Huwe1 Yes This study U U U U

Kdm5c Yes This study U U

Nono This study U

Otud5 This study U U U

Porcn Yes This study U

Rbbp7 This study U U

Rbm3 This study U U

Rbm41 This study U

Rps6ka6 This study U U

Usp9x This study U U U

Kdm6a This study U U

Zdhhc15 This study U
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C Gloeckner, A Eitelhuber, M Gegg, S Grant, D Krappmann,

M Ueffing, and H Lickert, in prep.). The mouse phenotype in-

dicates a critical role forDlg3 in neural induction and that non-null

mutations could cause more subtle developmental defects leading

to cognitive deficiencies. The partial penetrance of this phenotype

suggests that alleles of other genes could modify the penetrance of

the mutant phenotype.

A large-scale resequencing of the X chromosome in families

with XLMR found few novel genes with exonic mutations that

could be associated with mental retardation (Tarpey et al. 2009). A

possible explanation is that the causative mutations are in regu-

latory elements or splicing control regions; a difficult prospect for

sequence analysis. This is indirectly supported by our observation

that some human XLMR genes had lethal phenotypes when null

in the mouse (Cul4b, Dlg3, Huwe1, Kdm5c; Table 3). Thus, it is

possible that null mutations give rise to early embryo lethality, but

tissue-specific loss of gene expression caused by mutations in

regulatory regions may cause XLMR. We suggest that mutagenic

screens in the mouse, such as this current study, may be used to

identify genes with expression patterns or phenotypes consistent

with a function in brain or neural development. These genes

would be candidates for more focused resequencing efforts.

The screening method used here does not rely on the gener-

ation of founder animals, extensive crossing schemes, or mapping

ofmutations. Instead, preselection and testing of candidate disease

genes can be carried out in a very short time frame. Generation of

mESC-derived embryos was first reported by aggregation of mESC

with tetraploid embryos (Nagy et al. 1990), a technique also used in

part of our screen. However, a subsequent report suggested that

laser-assisted injection of mESCs under the zona pellucida of dip-

loid eight-cell embryos could also generate mESC-derived mice at

an efficient rate (Poueymirou et al. 2007). In this study, we used an

aggregationmethod with diploid eight-cell embryos and were able

to generate completely mESC-derived embryos with similar suc-

cess to aggregation with tetraploid embryos. Eliminating the need

for electrofusion or laser-assisted injection simplified the method

and dramatically reduced labor and cost of the assay. The majority

of GT lines were generated using a vector that only traps genes

expressed in mESCs, thus limiting the genes available for analysis.

However, newer GT lines from the Center for Modeling Human

Disease node of the IGTC are designed to trap all genes in-

dependent of expression (Stanford et al. 2006). This and the in-

ternational functional genomic effort to generate targeted muta-

tions in all genes (International Mouse Knockout Consortium

2007) are adding new X-linked mutations to the mouse mutant

resource. In principle, using this screeningmethod in combination

with newer mutant mESC resources should make it possible to

assess the embryonic phenotype of every gene on the mouse X

chromosome. While this goal would require the coordinated ef-

forts of several research centers, it would represent a major con-

tribution to functional analysis of the X chromosome.

Figure 3. Analysis of Bcor and Porcn early embryo phenotypes. (A)
Diagram of Bcor gene locus with locations of gene trap alleles, the con-
ditional targeted allele as reported by Wamstad et al. (2008), and tran-
scriptional start sites (red triangles). (B–E ) mESC-derived embryos from
three different Bcor GTs stained for lacZ expression. (B) Embryo from
DB0053 cell line, used for histological analysis in F and H. Note the small
head and heart, and truncated tail bud compared with controls (Q,R). (C )
E8.5 mESC-derived embryo from XE541 cell line. Note the similar ap-
pearance and expression to DB0053 line. Also shown is a cyst (arrowhead)
on the dorsal region of the embryo flanking the neural tube. (D) E9.5 Bcor
mutant embryo stained for lacZ expression; of note is the severe posterior
truncation, and small head and heart compared with wild-type controls
(Q,R). (E ) E8.5 embryo from P101H07 cell line exhibits exencephaly. (F )
Transverse histological section of Bcor mutant embryo (B) head showing
poor formation of optic pits (star), compared with an equivalent region
from a wild-type stage-matched embryo (G). (H) Transverse histological
section through heart field of Bcor mutant embryo (C ) compared with
equivalent region in stage-matched embryo (I ). Bcor mutants (H ) have
a small symmetrical heart compared with the looped asymmetrical heart
of controls (I ). Also, Bcor mutants have an open neural tube compared
with control embryos. (F–I ) Scale bar, 100 mm. ( J ) Schematic of Porcn
gene locus showing exons andGT insertion in first intron. (K–N ) Porcn fully
mESC-derived embryos. (P–S ) Stage-matched wild-type embryos. (K ) At
E7.5, the Porcn null epiblast is highly folded and accumulates in the am-
niotic cavity compared to wild-type embryos (P). (L) At E8.5, Porcn mu-
tants have no head, heart, allantois, or somite structures compared with
stage-matched controls (Q). (M) At E9.5, Porcnmutant embryos consist of
a yolk sac and small cyst-like structures, compared with wild-type controls
that have a fully formed embryo body axis (R). (N) At E7.75 head-fold
stage, Porcnmutant embryos fail to down-regulate Pou5f1 compared with
stage-matched controls (S). (O) Hematoxylin and eosin-stained sagittal
section along the presumed anterior posterior axis of Porcn mutants re-
veals details of highly folded epiblast and epiblast vesicles compared with
the smooth epiblast of controls at E7.75 (T ). Porcn mutants had no mor-
phological node apparent in any of the sections from two mutant E7.5
embryos examined; also, the visceral endoderm does not appear to be
displaced from the embryonic region of Porcn mutants. (K,P,O,T ) Scale
bar, 200 mm.
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Overall, the integration of our data set with the OMIM data

set will produce an important resource for both the biological and

clinical communities to identify the molecular causes of human

genetic disease. The data set will also expand our understanding of

the role of the X chromosome during embryonic development.

Methods

Selection and verification of ES lines

A multistep approach was used to select all trapped genes on the

X chromosome. First, sequence tags for all available GT lines were

obtained from the IGTC database. These tags were then blasted

against a library of mRNA sequences with chromosomal and ge-

netic locations from themouse. BLAST (Altschul et al. 1990) scores

had to be below E�30 sequences and have >95% identity over the

span of the tag to be considered a match to a gene. The next se-

lection criterion was that the trap deleted >50% of the gene. From

this list, mouse genes with synteny to the human X chromosome

were selected. Finally, any gene that had been mutated in mice or

was known to be associated with a human disease was removed to

generate a final list of genes for screening. In some cases, multiple

cell lines per gene were used to test the specificity of observed

phenotypes as well as the differences in insertion position and

phenotype.

Confirmation of the GT integration site, as mapped by the

GermanGene TrapConsortium (GGTC), BayGenomics viaMutant

Mouse Regional Resource Center (MMRRC), or Center for Model-

ing Human Disease (CMHD) GT node, was done by RT-PCR.

Primers were designed in an exon directly before the trap, or, if no

appropriate primer was available, an exon further upstream was

used. A primer was also placed in the GT as supplied by the GT

resource group. Lastly, a primer was placed in an exon 39 of the trap

to test for the presence of normal transcripts. In cases where the

PCR fragment size was not close to the expected size, the PCR

product was sequenced to confirm the PCR product. mRNA from

wild-type cells was used as a negative control for the trapped

transcript and as a positive control for the wild-type transcript. All

primers are listed in Supplemental Table 3. RNA was isolated from

a 6-cmdish ofmESCs using TRIzol (Invitrogen) and dissolved in 30

mL of DEPC water. Two micrograms of total RNA was used for re-

verse transcription, which was performed with the SuperScript II

Reverse Transcriptase kit (Invitrogen) and primed with random

octamers. From a final reverse transcription reaction volume of 20

mL, 1 mL was used for subsequent PCR analysis. PCR extension

times and annealing temperatures were optimized for each tran-

script. Each line was tested for mycoplasm infection and con-

firmed negative prior to aggregation.

Culture of ES lines

Cell lineswere thawed and expandedon a feeder layer ofMitomycin

C-inactivated mouse embryonic fibroblasts (MEFs) using standard

protocols (Joyner 2000). mESC media contained high glucose

DMEM supplemented with 15% FBS (tested to support generation

of chimeras; Hyclone), 1000 U/mL LIF, 2 mM GlutaMAX (Invi-

trogen), 1 mM Na pyruvate (Invitrogen), 0.1 mM nonessential

amino acids (Invitrogen), 50 U/mL penicillin and streptomycin

Table 3. Known human and mouse phenotypes and associated mutations

Mouse gene
symbol Human disease (OMIM) Human phenotype Mouse phenotype Mutation comments

Atrx ATRX (301040) (1995) Mental retardation, facial
abnormalities

Normal embryos No reported embryonic lethality
in humans.

Bcor OFCD (300166) (2004) Male lethal; microphthalmia
(small eyes), mental
retardation, dental
and pallet abnormalities,
skeletal deformities,
variable cardiac and
laterality defects

Forebrain fusion, midline defects,
cardiac defects, posterior
truncation

Recapitulated male lethality
in humans.

Brwd3 MRX 93 (30065) (2007) Mental retardation,
macrocephaly, muscular
hypotonia

Normal embryos Expression in heart and brain.

Cul4b Cabazes syndrome
(300354), MRX 15
(300639) (2007)

Mental retardation Incomplete turning, defective
neurulation, shorted posterior
axis, swollen pericardium, and
stalled cardiac development

No reported null in humans, only
C terminal truncations.
Gene trap is fully null.

Dlg3 MRX 90 (300189)(2004) Mental retardation Forebrain deletion, severe
posterior truncation, and an
absence of embryonic turning

Human mutation is splice donor.
Mouse is null.

Flna OPD1, OPD2, and
frontometaphyseal
dysplasia (300017)
(1998-2001)

Male lethal; females
malformations of the
head and face, skeleton,
brain, and urogenital tract

Normal embryos More 39 mutations associated
with male survival and milder
symptoms in females. Gene
trap is very 39 in gene.

Huwe1 MRX17 (300705); Tuner
Type mental retardation
(300706) (2008)

Mental retardation and
macrocephaly

Posterior truncations,
gastrulation defects

No null or truncation mutations
observed in humans, only point
mutations or gene duplications.

Kdm5c MRSXJ (300534) (2005) Mental retardation Cardiac looping defect May have alternate translational
start, gene trap blocks majority
of transcription.

Porcn FDH (305600) (2007) Male lethal; lateral skin lesion,
hair loss, fused and extra
digits, mental retardation,
microphthalmia, dental and
pallet disorders

Failed gastrulation, failed
differentiation of the epiblast

Recapitulated male lethality in
humans.
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(Invitrogen), and 0.1 mM 2-mercaptoethanol (Invitrogen). Cells

were fed daily and passaged every 2 d. Each cell line was tested

for mouse pathogens (Research Animal Diagnostics Laboratory

[RADIL]) prior to use for aggregation.

Aggregation assays

Tetraploid embryos

Embryos at the two-cell stage were collected at E1.5 from super-

ovulated ICR (Harlan) or BDF1 (Charles River) mice mated with

ICR, BDF1, or B5/EGFP [Tg(CAG-EGFP)B5Nagy] (Hadjantonakis

et al. 1998), eYFP (7AC5/EYFP) [Tg(CAG-EYFP)7AC5Nagy]

(Hadjantonakis et al. 2002), or DsRed*MST [Tg(CAG-DsRed*MST)

1Nagy] (Vintersten et al. 2004) males and electrofused to generate

tetraploid embryos (Nagy 2003). The fused, tetraploid embryos were

cultured in microdrops of KSOM with amino acids (Millipore)

under mineral oil at 37°C in 94% air/6% CO2. Twenty-four hours

after fusion the tetraploid embryos that developed to four-cell

stage embryos were used for aggregation. Zonae pellucidae of the

embryos were removed by treatment with acid Tyrode’s solution

(Sigma). mESCs were briefly trypsinized to form clumps of loosely

connected cells, and clumps of eight to 15 mESCs were placed

between two zona-free tetraploid embryos in depression wells

made in the plastic dish. These aggregates were cultured overnight

in KSOM microdrops before morulae and blastocysts were trans-

ferred into the uteri of 2.5-d pseudopregnant recipients.

Diploid embryos

Superovulated ICR (Harlan) female mice were mated with male

mice homozygous for a ubiquitously expressed transgene coding

for eGFP (B5/EGFP) [Tg(CAG-EGFP)B5Nagy] (Hadjantonakis et al.

1998), eYFP (7AC5/EYFP) [Tg(CAG-EYFP)7AC5Nagy] (Hadjantonakis

et al. 2002), or DsRed*MST [Tg(CAG-DsRed*MST)1Nagy] (Vintersten

et al. 2004). Embryos were collected at day E1.5 and cultured over-

night in microdrops of KSOM with aminoacids (Millipore) under

mineral oil at 37°C in94%air/6%CO2until the uncompacted eight-

cell stage. The next morning each embryo was aggregated with

a clump of eight to 15 mES cells in depression wells and cultured

onemore night in KSOMmicrodrops, thenmorulae and blastocysts

were transferred into the uteri of pseudopregnant females at E2.5 as

described (Nagy 2003).

Phenotypic analysis

Embryos from diploid aggregations were dissected at day E9.5 and

screened for host embryo contribution. Only embryos with no

host contribution, aside from the typical hindgut contribution,

were used (Kwon et al. 2008; Burtscher and Lickert 2009). An initial

morphological assessment determined if there was any obvious

phenotypic difference between the mESC-derived embryos, chi-

meric, and fully host-derived embryos. Embryos were fixed and

processed for lacZ staining. After lacZ staining the embryos were

again assessed for staining patterns and morphology.

Embryos from tetraploid aggregations were screened in two

stages. In the first stage mESC were aggregated with ICR or BDF1

tetraploid embryos, dissected at E7.5, E8.5, and E9.5, and com-

pared with controls to assess any morphological defect. ES cell

clones that gave either patchy lacZ staining (an indication of chi-

merism with host cells) or constant phenotypes were validated in

a second screen. In the second screen the ES cells were again ag-

gregated with tetraploid embryos, but using CD-1 females that

ubiquitously expressed a fluorescent marker (dsRed*MST, eGFP, or

eYFP) to exclude tetraploid cell contribution to the embryo.

For lacZ, embryos to be stained (E6.5–E11.5) were fixed in PBS

(pH 7.3) containing 0.02% NP-40, 5 mM EGTA (pH 8.0), 2 mM

MgCl2, 1% formaldehyde, and 0.2% glutaraldehyde for 30 min at

room temperature, washed three times with 0.02% NP-40 in PBS,

and then placed in X-gal staining solution (PBS at pH 7.3 con-

taining 0.02% NP-40, 2 mM MgCl2, 5 mM K3[Fe(CN)6], 5 mM

K4[Fe(CN)6] 3 6H2O, 0.01% sodium deoxycholate, 1 mg/mL

X-gal). Staining was carried out in the dark, overnight at room

temperature. After staining, samples were washed in PBS and

stored in 4% paraformaldehyde at 4°C. Whole-0mount in situ

hybridization was performed as described previously (Tamplin

et al. 2008).

Allmousemutant embryoswere digitally imaged regardless of

lacZ staining pattern or body morphology. Image data were stored

in a relational database. Embryos were imaged in PBS on a stereo

fluorescence microscope (Leica MZ16F) and attached digital cam-

era (QIMAGING MicroPublisher 5.0RTV); raw images were pro-

cessed with Volocity5 software or a Zeiss SteREO Lumar.V12 mi-

croscope using an AxioCam MRc5 camera.

Embryos were sectioned by the Center for Modeling Human

Disease core histology facility at the Toronto Center for Phenoge-

nomics. Slides of embryo sections were imaged on a ZEISS scanner

(MIRAX SCAN), and single images were captured in MIRAX

VIEWER 1.11 software and processed in Adobe Photoshop CS2.

Figure 4. Novel embryonic phenotypes. (A,B) Alg13 mutants have
widespread expression of the lacZ reporter, are severely developmentally
delayed, and have cardia bifida. (C ) Kdm6amutant embryos have an open
head and lacZ reporter expression in the head and neural tube. (D) His-
tological analysis of heads of Kdm6amutants shows a fused forebrain and
uneven, delayed optic pits (stars), compared with a similar region in
a stage-matched control embryo ( J ). (E ) Ccdc160 mutant embryos have
expression in the node at E7.5. (F) At E9.5, expression of Ccdc160 has
become highly restricted to the developing brain and neural tube. (G)
Histological analysis of an E9.5 Ccdc160 mutant embryo revealed the
presence of cells in the lumen of the neural tube; this was observed in three
out of three embryos examined (data not shown). (H ) Closer view of the
neural tube in G highlighting the trapped cells (star). (I ) A wild-type E9.5
embryo has a single folded heart and closed head. ( J ) Histological section
of the head of an E9.5 wild-type embryo showing segmented developing
brain and symmetrical optic pits (stars). (K ) Histological section though
a wild-type E9.5 embryo showing normal number of developing cham-
bers and a closed neural tube with an empty lumen (star). (L) Higher
magnification view of neural tube in K.
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Database construction

An internal database was constructed with File Maker Pro 8.5. All

data were manually entered and curated in the database. Tables

were then exported from the internal database to construct the

online version using MySQL, Java, Php, and HTML.
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