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Classic mutagenesis and screens 

Spontaneous mouse mutants arise only infrequently in nature. Therefore it has 
been an important quest during the last century to develop new techniques for the 
generation of mouse mutants to study embryonic development. In 1923 the first 
mouse mutant (Little and Bagg, 1923) and in 1927 the first fruit fly (Muller, 1927) 
mutant were generated using X-ray radiation. Much later around 1980 chemical 
mutagens like N-Ethyl-N-Nitrosourea (ENU) were introduced by Russel and 
colleagues (Russell et al., 1982; Russell et al., 1979). The first transgenic mouse was 
made in 1982 (Palmiter et al., 1982) and around the same time Martin and Evans & 
Kaufman generated the first embryonic stem cell lines (Evans and Kaufman, 1981; 
Martin, 1981). This development proved to be essential for gene targeting in mice 
by homologous recombination. In 1989 the first knock-out mouse was generated 
(Capecchi, 1989a; Capecchi, 1989b) followed by many more in subsequent years. 
Large-scale ENU mutagenesis screens started to emerge from 1997 onward (Hrabe 
de Angelis et al., 1997; Nolan et al., 2000). More recently in a pursuit to assign a 
function to all the genes in the mouse genome, several groups in the International 
Mouse Knock Out project are now systematically targeting genes and analyzing 
the embryonic and adult mutant phenotypes (Gondo, 2008). 
In a search to identify novel genes that function in development we have performed 
an ENU mutagenesis screen in the mouse at embryonic day (E) 10.5 (discussed in 
detail in chapter 2). Because of the diversity in mutants that we have identified in 
our screen, this introduction will focus on diverse aspects of mouse development. 
The function of the COPII coated vesicles and Planar Cell Polarity (PCP) signaling 
in the tissues affected by these pathways are discussed for the reason that our 
Sec24b mutant, which is defective in Vangl2 protein trafficking, links the PCP 
pathway to COPII-coated vesicle-mediated protein trafficking (chapter 3). We also 
discuss the function of TBP, NC2 and Btaf1 in RNA polymerase II transcription 
related to our Btaf1 mutant (chapter 4).

The planar cell polarity pathway 

Function of PCP in Drosophila and vertebrates
The epithelium is one of the most highly organized tissues. Apart from apical-
basal (AB) polarity the cells are also aligned in a planar orientation. This planar 
cell polarity is regulated by the polarized protein expression of several ‘non-
canonical’ Wnt signaling molecules on the apical side of the epithelial cells (Fig. 
1a). AB polarity and PCP are interlinked with one another through the core PCP 
proteins that co-localize with adherent junctions. Some of these PCP proteins are 
able to bind AB determinants. Striking examples of the role of PCP in the highly 
organized sheets of epithelial cells are the polarized orientation of the wing cells 
along the proximal-distal axis and the ommatidia in the eye along the dorsal-
ventral axis in Drosophila. In vertebrates the ordered orientation of both external 
structure like scales in fish, feathers in birds and epidermal hairs in mammals and 
internal structure like the hair cell orientation in the organ of Corti are regulated 



10    

by PCP (Wu and Mlodzik, 2009). 
The Drosophila core PCP proteins Van Gogh (Vang), Frizzled (Fzd), Disheveled 
(Dvl) and Flamingo are evolutionary conserved in vertebrates. Single or double 
mutants of mouse Van Gogh-Like  Vangl1, Vangl2, Fzd3, Fzd6, Dvl1, Dvl2 and the 
flamingo ortholog Celsr1 lead to PCP like phenotypes. In vertebrates additional 
proteins have been identified that function in PCP (Wang and Nathans, 2007). 
Scribble and Ptk7 mutants exhibit classic PCP phenotypes and moreover they 
show genetic interaction with Vangl2(Lu et al., 2004; Murdoch et al., 2001). The 
frizzled ligands Wnt11 (Zhou et al., 2007)and Wnt5a (Qian et al., 2007) function 
in the regulation of PCP.

Asymmetric localization of PCP proteins
One of the characteristics of the proteins linked to the PCP pathway is their 
asymmetric localization on the apical cell surface.  The Celsr-Vang-Prickle (Pk) 
complex localizes at one side of the cell and the Fzd-Dvl-Celsr complex at the 
opposite side. Drosophila work has indicated that this polarity is initiated by a 
gradient of Fat and Dachsous (Ds) in the cell. Fat and Ds are localized on opposite 
sides of the cell and form heterodimers for cell-cell communication. This first cue 
of planar polarity leads to the alignment of the microtubules at the apical side 
of the cell in a - to + orientation towards the distal side of the cell where Ds is 
localized. Loss of Ds leads to random polarization of the microtubules.  
 At the proximal side the Celsr-Vang-Pk complex competes with the Celsr-Frz-Dvl 
complex. This leads to packaging of the latter complex into vesicles that travel 
on the microtubules to the proximal side of the cell. Thus establishing polarized 
localization of the core PCP proteins (Fig. 1b) (Axelrod, 2009). 
 
Cellular response to activation of PCP signaling
Downstream, the PCP pathway regulates the cytoskeleton, cell adhesion, motility 
and polarity via Rac, RhoA, Cdc42, JNK/SAPK-like kinases and Daam1.  Although 
the core PCP pathway and the downstream cellular and developmental defects 
are well understood, there is still not a lot known of the underlying molecular 
mechanisms(Rida and Chen, 2009). 

Developmental defects in PCP mutants
One of the first embryonic processes that involve PCP is convergent extension (CE) 
during gastrulation and neurulation. During CE in the neural plate mesenchymal 
and epithelial cells migrate towards the midline, narrowing the neural plate and 
elongating the tissue along the anterior-posterior axis. Defects in CE lead to shorter 
anterior-posterior axes in the mouse and zebrafish, only in the mouse resulting in 
an open neural tube(Roszko et al., 2009). The lamellipodia on migrating cells are 
polarized and these actin-rich cell ‘feet’ are responsible for the traction necessary 
for cell movement. In Xenopus cells deficient in Dvl these lamellipodia are not 
polarized and are randomized, resulting in a CE defect (Wallingford, 2006). Other 
defects seen in mouse PCP pathway mutants are heart defects(Phillips et al., 2008; 
Phillips et al., 2007), polycystic kidneys (Saburi et al., 2008), eyelid closure defects, 
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shorter cochlear duct, misorientation of the sensory hair cells of the organ of Corti 
(Montcouquiol et al., 2006) and misalignment of the epidermal hairs (Devenport 
and Fuchs, 2008).

The development of the neural tube depends in part on planar  
cell polarity signaling

Neural tube closure 
Neural tube defects are relatively common congenital malformations that develop 
in the early embryo. This group of birth defects, consisting of exencephaly in the 
region of the brain and spina bifida in the spinal cord, occurs on average once 
in every 1000 live births worldwide. This rate differs per geographic region and 
population and neural tube defects are more common in mothers that are obese 
or are on a low folic acid diet (Copp et al., 2003). 
Neurulation can be divided into two separate phases, primary and secondary 
neurulation. During primary neurulation in the mouse, the neural plate folds into 
a cylindrical neural tube that closes at the midline. Secondary neurulation takes 
place in the most caudal part of the embryo, the tail bud. Here the neural tube 
forms without the folding and closure of the neural plate.  The mesenchymal cells 
condense and adapt to epithelial fate in the dorsal part of the tail bud and form 
the secondary neural tube. This is a continuous structure of the primary neural 
tube and forms the most caudal part of the spinal cord including most of the sacral 

Figure 1: Subcellualr localization and transport of PCP proteins. (A) PCP core proteins 
like Vangl1,2, Fzd3,6 and Dvl1,2,3 are asymmetrically localized on the apical cell membrane. 
(B) The Fat-Ds complex positions the majority of the apical microtubules in one direction. 
The Celsr-Vang-Pk complex blocks the Celsr-Fzd-Dvl on the proximal side of the cells. 
Subsequently this complex gets recruited to the distal side of the cell by vesicle transport 
on the microtubules establishing planar polarity.
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and all of the coccygeal regions (Clarke, 2009; Copp et al., 2003). In the mouse 
neural tube closure during the primary neurulation phase initiates from three 
different sites in the embryo. The sequential events start at closure site 1 situated 
in the hindbrain region and proceed both in the posterior direction towards the 
posterior neuropore and the prospective tail of the embryo and interiorly towards 
closure site 2 in the midbrain. The second closure event in the midbrain also 
progresses both in an anterior and posterior direction. The third de novo closure 
event only takes place in the posterior orientation and starts from the anterior 
neuropore(Copp et al., 2003). The site of closure 2 is variable between different 
mouse strains and is completely absent in the SELH/Bc stain altogether (Copp, 
2005). Many believe that the concept of the “multi site closure” in the mouse can 
be extrapolated to human neural tube development. It has been suggested that 
neural tube closure initiates from two sites in the developing human embryo. The 
first site resides in the hindbrain region and the second at the anterior neuropore. 
Others believe it happens in one continuous movement similar to the zipper-like 
closure in the chick (Finnell et al., 2002). 
In the zebrafish the neural tube develops solely by secondary neurulation. The 
neural plate develops in the neural keel where the cells divide only over the 
midline of the future tube. The orientation of these cell division is controlled both 
by AB polarity and PCP signaling (Clarke, 2009; Lowery and Sive, 2004).

Polarity in the neural tube
Defects in many different genes and pathways can lead to neural tube defects. The 
most severe form, craniorachischisis, is characterized by an open tube from the 
hindbrain towards the tail is caused by a neural tube closure 1 defect. Thus far all 
mutants displaying this type of defect have been placed into the PCP pathway. The 
most striking examples are the Vangl2, Celsr1, Scribble and Ptk7 mutants where a 
single homozygous mutation causes this severe phenotype. Double homozygous 
mutants like: Dvl1/2, Dvl2/3 and Fz3/6 also show craniorachischisis. Single 
mutants for these genes do not exhibit this phenotype likely due to redundancy 
between these paralogous genes. Several other Wnt-signaling related genes have 
been implicated in neural tube closure and PCP by genetic interaction with Vangl2. 
The Vangl2LP/+ ;Wnt5a-/- , Vangl2LP/+ ;Cthrc1LacZ/LacZ , Vangl2LP/+ ;Grhl3CT/CT , Vangl2LP/+ 

;CoblC101/C101 , Vangl2LP/+ ;Sfrp1-/- ;Sfrp2-/- ;Sfrp5+/- , Vangl2LP/+ ;Sfrp1-/- ;Sfrp2+/- ;Sfrp5-/- , 
double or quadruple mutants all show variable degrees of NTDs in the form of 
craniorachischisis, exencephaly or spina bifida (Greene et al., 2009). 

Oriented cell divisions
Oriented cell divisions are of great importance in the developing neural tube. This 
is evident by the specific localization of the mitotic divisions that are observed at 
the lumen of the developing neural tube of the mouse embryo. The PCP pathway 
has been implicated in the orientation of cell divisions in several tissues. In the 
kidney it is involved in the oriented cell divisions in the developing tubules, 
which leads to dilation of these tubules and formation of cysts (Saburi et al., 
2008). Recently Matsuyama and colleagues identified a role for the PCP pathway 
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in the oriented cell divisions in the fore-stomach (Matsuyama et al., 2009). It is 
thought that oriented cell divisions in the neural tube are under the control of 
PCP signaling. This may, in addition to the CE extension defects, contribute the 
open neural tube seen in PCP mutants.    
 
Development of the inner ear and the organ of Corti 

From the otic placode to the inner ear
The formation of the mammalian inner ear initiates from the otic placode, a 
thickening of the ectoderm adjacent lateral to both sides of the neural tube in the  
region of the hindbrain at E8.0. The placode invaginates and by E9.0 the otic pit 
has been formed. This epithelial sac is reshaped to form the endolymphatic sac 
and duct, the utricular and saccular portions of the inner ear. An outgrowth of 
the saccule elongates and forms the cochlear duct (Fig. 2a). In the adult inner ear  
six different structures contain sensory epithelia: the organ of Corti situated along  
the cochlear duct is responsible for the recognition and transmission of auditory 
signals, the sensory epithelia in the saccula and utricle are involved in perception of 
linear and angular acceleration and the sensory patches in the three cristae associated  
to the semi-circular channels of the vestibule are responsible for maintaining 
balance (Fig. 2b). These sensory epithelia consist of non-sensory support cells and 
sensory hair cells. These mechanosensory hair cells are characterized by a bundle 
of stereocilia protruding from the luminal surface of the cell. Stereociliary bundles 
are organized and polarized in such a way that all the hair cells are aligned and 
oriented in one direction (Barald and Kelley, 2004). The sensory epithelium in the 
inner ear with the highest degree of organization is the organ of Corti. The hair 
cells are aligned in four rows along the cochlear duct, three rows of outer hair 
cells and one row of inner hair cells (Fig. 2c). These hair cells have a characteristic 
V-shaped bundle of stereocilia all individually aligned and pointing in the same 
direction towards the lateral side of the organ of corti (Fig. 2d) (Rida and Chen, 
2009). Mutant phenotypes of the hair cell arrangement can be divided into two 
subgroups, (i) defects in proliferation and differentiation leading to extra or fewer 
rows of hair cells and (ii) defects in hair cell polarity, where hair cell alignment 
and orientation are affected (Fig. 2e).
The number of rows of inner and outer hair cell rows significantly depends on Notch 
signaling. Absence or over-activation of this pathway leads to supernumerary 
or subnumerary hair cell rows (Brooker et al., 2006; Hawkins and Lovett, 2004).  
Another gene that affects hair cell numbers is Math1. Mutants exhibit ectopic hair 
cells in the greater epithelial ridge.  

The role of the primary cilium in hair cell maturation
A second class of hair cell defects is caused by a lack of cell polarization either by a 
defect in the primary cilium or one of the PCP genes. Hair cell organization starts 
with the emergence of a single microtubule-rich primary cilium on the apical cell 
surface. A link between this primary cilium and the PCP pathway is expected 
based on (i) the position of the cilium is linked to the position of the stereocilia 
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and (ii) the polarization of the stereociliary bundle is preceded by the polarization 
of the kinocilium (Rida and Chen, 2009).
Mutant mice with mutations in genes involved in Bardet-Biedl syndrome (BBS), 
a disorder associated with ciliary dysfunction, show similar defects compared 
to PCP mutant. This includes neural tube defects, open eyelids at birth and 
disruption of the hair cell orientation in the organ of Corti. In the hair cells the 
kinocilium has lost its close relation the stereocilia bundle. Double-heterozygous 
mutants with Vangl2 show an increased disruption of the hair cell orientation 
indicating a link with the PCP pathway (Rida and Chen, 2009; Ross et al., 2005). 
In a different cilia mutant, Intraflagellar transport protein 88 (Ift88) the hair cell 
orientation is affected and the cochlea is shorter and wider indicating a CE defect. 
The primary cilium if still present is much shorter and no longer closely associated 
with the stereocilia bundle in the in the mutants.  This leads to circular stereocilia 
bundles in addition to misorientation of the “V-shaped” bundles. Interestingly 
the polarized localization of the core PCP protein Vangl2 was not altered. The 
cochlear phenotype deteriorates further in Ift88CKO/CKO;Vangl2Lp/+ mutants, again 
indicating a link between PCP signaling and the position of the primary cilium. 
The data on both the BBS and Ift88 mutants suggests that the ciliary basal body, 
via the polarization of the centrioles, directs the intrinsic polarity of the hair cells 
(Jones et al., 2008; Rida and Chen, 2009).
  
Planar cell polarity regulates proper hair cell alignment
Loss of PCP in the organ of Corti leads to an easy noticeable read out in the loss 
of a organized alignment of the stereocilia bundles. Therefore this structure is the 
most used mouse tissues to study the vertebrate role of PCP. The organ of Corti 
is one of the few tissues in the mouse where the asymmetric localization of PCP 
protein is evident. Vangl1,2 localizes to the medial (center of the cochlear spiral) 
side of the cell and Frz3,6 and Dvl1,2,3 proteins to the lateral side. Loss of the 
polarized localization of these proteins leads to defects in hair cell orientation(Rida 
and Chen, 2009).
In the Vangl2Lp/LP organ of Corti the hair cell orientation is completely randomized 
and Frz3 seems to be completely absent from the cell membrane.  In the Celsr1Crash 
mutant loss of polarized localization of Vangl2 leads to a similar phenotype 
(Montcouquiol et al., 2006). This indicates that these PCP proteins depend on 
each other to become asymmetrically localized.      

Heart development and planar cell polarity 

Formation of a four chambered heart from two cardiac primordia
The formation of the four chambered heart in vertebrates starts with the emergence 
of cardiac progenitor cells from the primitive streak during gastrulation around 
E6.5. At E7.5 these cells migrate towards to their position under the headfolds to 
form two cardiac primordia lateral of the midline. When these cells extend across 
the midline they form an epithelial structure called the cardiac crescent. This 
tissue fuses at the midline to form a heart tube. Subsequently, from E8.5 to E10,5, 
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the heart starts looping in a rightward manner to form a primary heart in which 
the four cardiac chambers are specified. During looping the tube extends with 
cells coming from the anterior heart field. The cells from the anterior heart field 
reside interiorly and dorsally of the heart tube and this pharyngeal mesoderm 
contributes to the right-ventricular as well as the outflow tract myocardium. In 
the final phase of embryonic heart development cardiac septation takes place. 
During this process several morphogenetic changes result the remodeling of 
the outflow tract and in the separation of the left and right ventricles and atrias 
(Buckingham et al., 2005; Manner, 2009).
 Left/right patterning of the embryo and thus rightward looping of the heart is 
initiated in the node of the gastrula. Beating cilia generate a leftward flow of 
extracellular components including Nodal that in turn regulates the a-symmetric 
expression of several genes, including Lefty1, Lefty2 and Pitx2 (Antic et al., 
2010).

Cardiac defects in PCP mutants 
The expression of core PCP signaling molecules like Vangl1, Vangl2 and Scribble 
in the heart of the embryonic mouse suggested a role for this pathway in heart 
development. Phenotypic defects seen in Vangl2LP/LP, Vangl1GT/+;Vangl2LP/+, ScrbCRC/

CRC, Dvl2-/- and Dvl3-/- mutants include cardiac abnormalities like  affected heart 

Figure 2: Inner ear development. (A) Schematic overview of the development of the inner 
ear from the otic placode (red) at 8.0. (B) Overview of the inner ear and its structures. 
Brackets indicate the vestibular and cochlear parts. The locations of the six sensory epithelia 
are indicated in blue. Ci, cristae ; S, saccula; U, utricle; Co, cochlea. (C) Schematic depiction 
of a transversal section through the organ of Corti, demonstrating the position of the IHC 
and the three OHCs (D)The V-shaped stereocilia in the organ of Corti of a wildtype mouse 
all point in one direction. (E) In PCP mutants this organization is lost and the position of 
the stereocilia is randomized. (Panel A and B adapted from (Hawkins and Lovett, 2004))
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looping, smaller ventricles, ventricular septal defects, double outlet right ventricles 
and a retro-esophageal subclavian artery (Etheridge et al., 2008; Phillips et al., 
2008; Phillips et al., 2007; Torban et al., 2008). Interestingly similar phenotypes 
have been found in mutants for the non-canonical Wnt11 gene (Zhou et al., 2007), 
suggesting that this gene is an upstream regulator of heart development through 
the PCP pathway(Flaherty and Dawn, 2008).  
A possible explanation for the heart phenotypes seen in PCP mutants is put 
forward by Philips at al.; they suggest that changes in the cytoskeletal network 
result in cell shape changes that in turn may cause the defective heart looping. 
Studies have shown that defects in heart looping may ultimately result in cardiac 
septation and alignment defects that include abnormalities in the outflow region 
of the heart (Phillips et al., 2007).  

COPII-coated vesicle mediated protein transport 

The secretory pathway
Almost one third of all proteins are formed in association with the membranes of 
the endoplasmatic reticulum (ER).  These membrane and extracellular proteins 
need to be actively transported from the ER to the Golgi apparatus. Small peptide 
sequences on secretory proteins are a signal for COPII-coated vesicle mediated 
ER-to-Golgi transport at the ER exit sites. Once the proteins are modified, 
processed and sorted in the Golgi apparatus they are either transported to the cell 
membrane or transported back to the ER via COPI-coated vesicles in a retrograde 
movement (Fig. 3) (Nickel and Rabouille, 2009).

Formation of the COPII-coat
COPII-coated vesicles consist of cargo proteins and a coat of a polymer complex 
consisting of at least Sar1, Sec23, Sec24, Sec13 and Sec31 molecules. The assembly 
of these coated-vesicles initiates with the hydrolysis of Sar1-GDP to Sar1-GTP by 
the guanine exchange factor Sec12. Upon activation of Sar1, protein conformation 
changes and an N-terminal amphipathic alpha-helix element appears that inserts 
into the ER membrane. Activated Sar1 binds Sec23 that is in a hetrodimeric 
complex with Sec24. Sec24 specifically recognizes the cytoplasmic oriented signal 
on the transmembrane cargo proteins and these four proteins together form a 
prebudding complex. These complexes polymerize and form a budding vesicle 
with Sec13/31 as a cage like structure around the vesicle (Fig. 4) (Sato and Nakano, 
2007). 
Cargo selection takes place under the control of Sec24. In vertebrates four paralogs 
of Sec24 exist named Sec24A-D each approximately 35% identical to yeast Sec24p 
(Pagano et al., 1999). The existence of these four evolutionary conserved Sec24b 
isoforms, all simultaneously expressed in several cell types suggests specific 
individual functions. Hydrophobic motifs including FF, YY, LL and FY near or on 
the cargo protein’s C-terminus, the di-basic motif (R/K)x(R/K), the di-acidic motif 
(D/E)x(D/E)  and the additional motifs YxxxNPF and Lxx(L/M)E are classes of 
cytoplasmically exposed export signals that direct targeted selection of proteins 
into the CopIICOPII coated vesicles(Farhan et al., 2007; Sato and Nakano, 2007).
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Human disorders associated with failure of proper COPII coated vesicle 
transport
Mutations in COPII sorting genes have been implicated in human disease. 
Mutations in SARA2 (Sar1b) are associated with Chylomicron retention disease 
and Andersons disease. These lipid malabsorption disorders are linked with 
a failure to thrive in infancy and are characterized by deficiency in fat-soluble 
vitamins, low blood cholesterol levels and a selective absence of chylomicrons 
from blood. Accumulation of chylomicron-like particles can be found in the 
membrane-bound compartments of the enterocytes, which contain large cytosolic 
lipid droplets (Jones et al., 2003) .
A second disorder linked to defects in the COPII-secretory pathway is Cranio-
lenticulo-sutural dysplasia (CLSD) a disease characterized by late closing fontanels,  
facial dysmorphisms, sutural cataracts and skeletal defects. A mutation for this 
autosomal recessive disease in the gene encoding Sec23a was found within 
a large consanguineous family from Saudi Arabia.  This mutation leads to a 
defective secretion of collagen and most likely other related extracellular proteins 
and the ER of CLSD patients is severely distended due to ER retention of these 
proteins. Individuals heterozygous for the mutation develop normally, but show 
a slight dilation of the ER in cultured primary fibroblasts (Boyadjiev et al., 2006). 
Fromme and colleagues (Fromme et al., 2007)propose that Sec23a and Sec23b are 
highly redundant. They found high levels of Sec23a and low levels of Sec23b in 
primary calvarial osteoblasts suggesting that the phenotypes in CLSD patients 
may only arise in tissues that are naturally low on Sec23b. To corroborate, this 
Sec23b levels were tested in human tissue samples of spleen, liver, testis, brain 
and muscle that are normal in patients, in all cases high expression could be 
found. In zebrafish however both Sec23a and Sec23b are essential for craniofacial 
chondrocyte formation suggesting that in this specie the two proteins are not able 
to compensate their paralogs reduced activity. Surprisingly, knock down of both 
Sec23 genes does not seem to affect general early embryonic survival although 
the phenotype in the double is stronger compared to single knockdown (Lang et 
al., 2006). 

Figure 3: The secretory pathway. 
ER to Golgi protein transport 
is mediated by COPII coated 
vesicles. Golgi to ER and Golgi to 
membrane transport are mediated 
by a different type of secretory 
vesicles.
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The role of Btaf1 and TBP in RNA polymerase II mediated 
transcription

TBP is essential for RNA transcription 
A highly controlled and crucial event in all cells is RNA transcription. RNA 
polymerase I is involved in transcription of genes encoding ribosomal RNA, 
RNA polymerase II is required for all messenger RNAs, miRNAs, snRNAs and 
snoRNAs and RNA polymerase III regulates the transcription of tRNAs and the 
5S unit of the ribosome. The TATA-binding protein (TBP) is involved in all three 
types of transcription (Fan et al., 2005).
RNA polymerase II transcription starts by the assembly of the preinitiation 
complex; crucial in this event is TBP (Auble, 2009). TBP was first thought to 
specifically bind TATA-box sequences just upstream of the transcription start site. 
However the majority of eukaryotic promoters do not have a TATA-box. It is now 
generally accepted that TBP binds to both TATA-box containing and TATA-box-
less promoters. TBP protein forms a saddle like structure and analysis of the TBP-
TATA-box complex showed that the TBP saddle has a hydrophobic surface that 
mediates the binding of TBP to the DNA. TBP can predominantly be found in the 
B-TFIID complex consisting of Btaf1 and TBP.  Associated to the DNA TBP can be 
found in the TFIID complex consisting of approximately 14 TAFs or the histone 
acetyl transferase SAGA complex (Tora and Marc Timmers, 2010).
Both the function of TBP and its paralog TBP2 in embryonic development has 
been investigated. In TBP-/- embryos growth arrest occurs at E3.5 when the 
maternal TBP pool is depleted, until E2.5 low levels of maternal TBP can be found 
(Martianov et al., 2002). This proves the essential role of TBP in transcription. 
Female mice deficient for TBP2 however are apparently normal apart from 
infertility due to a defect in the differentiation of female germ cells (Gazdag et 
al., 2009).

Figure 4: Formation of COPII coated vesicles. Activation of Sar1 leads to the formation 
of the pre-budding complex consisting of the Sec23/24 dimer, Sar1 and the cargo protein. 
Subsequently the pre-budding complexes dimerize and form a budding vesicle with 
Sec13/31 forming a cage like structure around the vesicle.
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Btaf1 and NC2 are negative regulators of TBP 
The conserved NC2 complex consists of the NC2α and NC2β subunits and is a 
negative regulator of TBP. NC2 binds to TBP to form a ring like structure around 
the DNA, excluding cofactors like the TFIID complex from the DNA. The protein 
dynamics of TBP change in such a way that TBP loses its tight connection to 
the DNA, resulting in sliding of the complex across the DNA (Tora and Marc 
Timmers, 2010). Btaf1, the ortholog of yeast Mot1p is a SNF2-related ATPase that 
binds TBP. Upon ATP hydrolysis it changes the promoter binding properties of 
TBP thus regulating its function. Btaf1 can regulate RNA polymerase II mediated 
transcription both negatively and positively, but recently van Werven et al. 
showed that TBP, Mot1 and NC2 in the absence of general transcription factors or 
RNA polymerase II co-localize on transcriptionally inactivated promoters. This 
suggests that both Btaf1 and NC2 are negative regulators of transcription (van 
Werven et al., 2008). Moreover Btaf1 and Nc2 are suggested to function in the 
removal of TBP from the transcription start site (van Werven et al., 2008). 

Outline of this thesis.

In this thesis we describe the results from an ENU mutagenesis screen in the 
mouse at E10.5. We screen for recessive mutations causing developmental defects. 
In chapter 2 we describe the experimental setup, the screen itself and the mutants 
identified. Chapter 3 concerns two mutants that show classic PCP phenotypes. For 
one of these mutants we identified a mutation in the PCP gene Scribble and for the 
second we identified a mutation in Sec24b. We describe the link between Sec24b, 
involved in COPII-coated vesicle transport, with defective Vangl2 trafficking and 
the PCP pathway. In the fourth chapter we describe the function of the general 
transcription factor Btaf1 in embryonic development. We show that knock-down 
of the Btaf1 protein in the embryo leads to down-regulation of a set of genes 
including many cardiac and hematopoietic genes. In chapter 5 we show that a 
single mutation in the Sodium Calcium Exchanger Ncx1 leads to cardiac edema 
and growth arrest. This demonstrated to be caused by intrinsic abnormalities in 
the cardiomyocytes. In chapter 6 we discuss the outcome of the screen and the 
mutants that we analyzed.       
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Abstract  

ENU mutagenesis screens in the mouse have been proven useful for the identifi-
cation of novel gene functions. Here we describe an ENU-mutagenesis screen for 
recessive mutations affecting embryonic development, focused on embryonic day 
10.5. At this stage important and dynamic developmental processes take place: 
The heart tube is looping, limb buds are protruding and the neural tube has just 
closed. Mutant phenotypes that arose in our screen include cardiac and nuchal 
edema, neural tube defects, situs inversus of the heart, posterior truncation and 
the absence of limbs and lungs. Besides the identification of mutants with an un-
known causative mutation we also identified novel alleles in mutants for Dll1, Pt-
prb, Plexin-B2, FGF10, Wnt3a, Ncx1, Scribble and Sec24b. We have identified both 
mutants with severe protein truncations and mutants with interesting amino acid 
substitutions that are informative at a molecular level. Novel findings include an 
ectopic neural tube in our Dll1 mutant and lung defects in the PCP mutants for 
Sec24b and Scribble. In this paper we present the screen, the mapping and the 
characterization of these mutants. We also point out the possible advantages and 
set-backs that come with forward genetic screens.

Introduction 

In the developing embryo common molecular pathways are used to generate dif-
ferent cell types, tissues and organs. Although many of these pathways are well 
understood, not all of their components are known.  During the last two decades 
reverse genetic approaches using targeted gene knock-out strategies have been 
used to study gene function in the mouse. A drawback of this approach is the 
biased choice of the genes to be studied. Moreover, frequently no affected phe-
notype is seen in the resulting mutants. In an unbiased approach, we performed 
a forward genetic ENU-mutagenesis screen in the mouse to identify genes in-
volved in early embryonic mouse development. Large-scale mutagenesis screens 
in the past have shown to be a fruitful method for the identification of novel gene 
functions (Beier and Herron, 2004; Brown and Balling, 2001; Garcia-Garcia et al., 
2005; Justice et al., 1999; Zarbalis et al., 2004). After administration of the mutagen 
N-Ethyl-N-nitrosourea (ENU) high mutation rates occur in the pre-meiotic sper-
matogonial stem cells. ENU acts by transferring its ethyl group onto the bases, 
transitions at A-T base pairs being the most commonly found mutations (Justice 
et al., 1999; Yates et al., 2009). As ENU induces point mutations it can lead to 
a large variety of alleles: Complete loss-of-function, hypomorphic and gain-of-
function mutations have all been identified in such ENU screens.
The availability of the complete genomic sequence of several inbred mouse strains 
allows the efficient mapping of ENU-mutations. Single nucleotide polymorphism 
(SNP) databases allow the generation of SNP panels to use in high-throughput 
genetic linkage studies and sequencing can be used for the identification of the 
causative mutation.  
Here we report the results of a forward screen aimed at the identification of muta-
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tions affecting mouse development around embryonic day (E) 10.5. We identified 
novel gene functions and isolated a series of novel mutant alleles for genes that 
were previously linked to mutant phenotypes. 

Materials & Methods

ENU-mutagenesis
40 C57Bl/6 males were injected three times intraperitoneally with 60-80 mg/kg 
bodyweight ethyl-N-nitrosurea (ENU) with one-week intervals. After a recovery 
period of 8-10 weeks the mice were crossed with FVB/N females to generate 150 
G1 males. These ’founder’ males were subsequently crossed with FVB/N to gen-
erate G2 females, who were crossed with their G1 father to generate G3 embryos. 
Each of these embryos is expected to be homozygous for 6.25% of the mutations 
initially induced in the C57BL/6 mice. These G3 litters were collected at E9.5 or 
E10.5 and screened for any perceptible malformations. DNA of the mutant and 
their littermates was isolated for mapping. We screened a minimum of four G3 
litters produced by each G1 male. Animal experiments were conducted under the 
approval of the animal care committee of the KNAW.

Generation of Prkcbp1 gene trap mice
We ordered a Prkcbp1 gene-trap ES cell line for (RRN136; BayGenomics / IGTC). 
Based on the published sequence tag, (http://www.genetrap.org/cgi-bin/anota-
tion.py?celline=RRN136) the vector must be inserted in intron 4. The cells were 
cultured under standard conditions and injected in C57BL/6 blastocysts. Male 
chimeras were crossed with FVB/N mice to generate offspring carrying the gene-
trap allele. 

Genetic mapping and genotyping
A panel of 192 SNPs discriminating between FVB/NJ and C57Bl/6 DNA alleles 
was designed (see additional material). These SNPs are spread equally over the 
genome and were used for initial genome-wide mapping using approximately 8 
mutant and 8 wildtype or heterozygous DNAs isolated from each mutant line. 
Additional mapping using extra SNPs in the identified regions (http://phenome.
jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home) reduced the candidate regions 
to intervals small enough to start sequencing coding regions. If a phenotype de-
scribed for a mutant involving a gene in this interval resembled our observations, 
we first sequenced the exons of that gene. Mice and embryos were genotyped by 
PCR and sequencing of the mutation or SNPs in the identified interval.

Bone staining, histology and mRNA-in situ hybridization
Bone stainings and in situ hybridizations were performed as described by Bev-
erdam et al. (Beverdam et al., 2001) and Gregorieff et al. (Gregorieff et al., 2004), 
respectively. Hematoxylin and eosin staining were done according to standard 
procedures.
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Results 

Identified mutants 
In our screen we analyzed the offspring of 150 G1 founders at embryonic day 
(E) 10.5 (Fig. 1). This is a crucial stage when the heart, limbs, and neural tube 
develop. We indentified about 30 mutant lines characterized by a variety of repro-
ducible phenotypes, including cardiac and nuchal edema, neural tube defects, a 
truncated anterior-posterior axis, situs inversus or the absence of limbs and lungs 
(Table 1 and Fig. 2). Amongst the mutants described in this manuscript we have 
also identified several for which we have not yet identified the causative muta-
tion; these mutants are included in Table 1.
After ENU induction a mutation rate of approximately one mutation per 1.5 mil-
lion base pairs (Mbp) is expected (Weber et al., 2000). Based on this mutation 
rate, the size of the mouse genome and the percentage that encodes a protein, we 
anticipate that each G1 founder contains about 30 mutations that affect protein 
sequence.     

Seven mutants, all affected by the same Salsa mutation
Two phenotypes arose rather frequent in our mutants; we identified five different 
mutants displaying neural tube defects and at least ten cardiac edema mutants. 
Edema phenotypes are a common result of defects in blood circulation, either 
caused by heart or vascular failure. Seven of the cardiac edema mutants with an 

Table I: Overview of mutants found, with trivial name (‘line’), genomic location by chr number 
and candidate region in Mbp, and affected gene if known and reference if applicable. 

Line Phenotype Chr Mbp Affected gene 

 5120-6B Craniorachischisis 15 71-83.2 Scribble (Wansleeben et al. 2010a) 

 5120-6C Cardiac edema 10 25-29 Unknown (Fig. 1) 

 5120-7 Cardiac edema 17 78-84.5 Ncx1 (Wansleeben et al. 2010b) 

 5120-8 Open hindbrain 11 115-120 Unknown (Fig. 1) 

 59458-3 Craniorachischisis 3 121.6-130.8 Sec24B (Wansleeben et al. 2010a) 

 59459-2 Situs inversus and short tail 17 5.5-27.5 Dll1E26G (Fig. 2) 

 59468-4  Cardiac edema 10 114-116.5 PtprbY693X (Fig. 3) 

 59622-3 Cardiac edema 3 49-76 Unknown (Fig. 1) 

 59780-4 NTD fore- and midbrain 15 88-89.4 PlexinB2E369G  (Fig. 4 ) 

 Amiko E9.0 growth arrest 14 24-72 Unknown (Fig. 1) 

 Cerbo Cardiac and nuchal edema 2 165-166 Unknown (Fig. 1) 

 Flanka Abnormal head, heart and occasionally NTD  6 14.1-32.2 Unknown (Fig. 1) 

 Koro Cardiac edema 11 3.2-17.6 Unknown (Fig. 1)  

 Pootloos No limbs 13 -  Fgf10L91P (Fig. 5) 

 Linio Cardiac edema 11 94.2-98.7 Unknown (Fig. 1) 

 Nevo Cardiac and nuchal edema  8 77.4-98 Unknown (Fig. 1) 

 Salsa Cardiac edema  6 67-71 Unknown (Fig. 1) 

 Staartloos  No tail and Sirenomelia 11 - Wnt3a (Fig. 6) 

 Zoef Cardiac and nuchal edema 19 33.5-38 Btaf1V1330M(Fig. 1) 
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identical phenotype mapped to the same locus on Chr 6 between 67 and 71 Mbp. 
Compound mutants of several combinations of these lines all lead to the same 
phenotype, indicating that these lines were all derived from a single spontaneous 
mutation present in some of the C57Bl/6 mice used for the ENU injections. We 
have combined these mutants under the name Salsa (Table 1 and Fig. 2) and are 
still in the progress of identifying the causative mutation.   

A mutation in Prkcbp1 in the Cerbo mutant does not cause the phenotype
The Cerbo mutant exhibits both nuchal and cardiac edema and mapped to Chr. 2 
between 165-166 Mbp (Table 1 and Fig. 2). After sequencing all coding regions of 
the genes in this locus, we identified a rather subtle histidine-to-arginine substitu-
tion just C-terminal of the bromodomain in the Protein kinase C binding protein 1 
(Prkcbp1). This histidine is however not evolutionary conserved and arginines at 
this position can be found in related bromodomain proteins. A complementation 
test using heterozygous mice derived from a gene-trapped ES-cell line indicated 
that the loss of Prkcbp1 function is not the cause of the edema phenotype in the 
Cerbo mutant. The absence of additional mutations in the coding sequences of 
the Cerbo region indicates that there may be a disruption in a regulatory element 
within the mapped region.

A substitution mutation in Dll1 leads to disturbed left-right patterning and 
axial truncation in 59459-2 mutants
In a mutant characterized by a short tail and heart defects including situs inversus 
(Fig. 3a) mapping to Chr 17 (5.5-27.5 Mbp) an A to G mutation (Fig. 3b) was found 
in the gene encoding for the Notch DSL ligand Delta-like1 (Dll1). This mutation, 
Dll1E26G causes a glutamine-to-glycine substitution at amino acid position 26 
(ENSMUSG00000014773). Glutamine 26 is highly conserved between species as 
well as with the Dll1-related protein Jagged/Serrate (Parks et al., 2006) and is po-
sitioned in the N-terminal domain 1 of the protein (Fig. 3c). 
Dll1 is known to be required for the formation and identity maintenance of the 
caudal somites (Teppner et al., 2007) and for left-right asymmetry in the embryo 

Figure 1: Schematic diagram of the 
ENU-mutagenesis screen. Male 
C57Bl/6 inbred mice were treated 
with ENU and crossed to FVB/N fe-
males to generate 150 G1 founder 
males. These were subsequently 
crossed with FVB/N females and 
the resulting G2 females were back-
crossed with their G1 father. The 
offspring (G3) was screened for dis-
turbed phenotypes at E10.5. 

Wt Female FVB/M   X   Male C57Bl/6 

Wt Female FVB/M   X   Male ENU founder G1 

ENU

Female G2 

X

G1 x G2 = G3 
Embryos screened at E10.5
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(Przemeck et al., 2003). Dll1 expression starts in the mid-streak embryo in em-
bryonic mesoderm, is in the late-streak embryo restricted to the posterior me-
soderm, but it is absent from the node. At the 5-somite stage it is expressed in 
the presomitic mesoderm, the caudal halves of the condensed somites and in the 
neuroepithelium of the presumptive midbrain region (Bettenhausen et al., 1995). 
Similar to the Dll1 mutant reported by (Hrabe de Angelis et al., 1997) we observed 
a t AP-axis compared to wildtype littermates (Fig. 3a) in Dll1E26G mutants. In addi-
tion the neural tube and the somites were irregularly shaped in the posterior part 
of mutant embryos (Fig. 3h,i). Interestingly in some cases an ectopic neural tube 
was present in Dll1E26G mutant embryos, ventrally of the primary neural tube and 
dorsally of the notochord (Fig. 3f,g). Although Tbx6 mutants show a decrease lev-
el of Dll1 expression in the mesoderm and have ectopic neural tubes (Chapman 
and Papaioannou, 1998), we are not aware of such a report for the Dll1 mutant 
itself. Finally, we observed randomized heart looping (Fig. 3d,e) as previously 
noted by Przemeck et al. (Przemeck et al., 2003). 
Proper determination and patterning of the axes is crucial during embryo devel-
opment. Notch signaling has been implicated in the development of the left-right 
axis, and heart looping and turning of the embryo are randomized in Dll1 mu-
tants. This phenotype originates from the node, which displays morphological 
abnormalities in these mutants, including loss of monociliated cells (Przemeck et 
al., 2003). Although the mutation found appears to be relatively subtle, mutant 
embryos show a strong resemblance to the known knock-out null phenotype. A 
likely explanation is that Dll1E26 is essential in the binding of Dll1 to the Notch 
receptors, since the two N-terminal domains together with the DSL domain are 
responsible for the binding of DSL ligands to the Notch receptors (D’Souza et al., 
2008; Parks et al., 2006; Shimizu et al., 1999). 

Figure 2: Mutants identified 
in a recessive ENU-mutagen-
esis screen. A wildtype (A) 
embryo and the phenotypes 
of mutants indentified in the 
screen for which we thus far 
have not identified the caus-
ative mutation (B-L).
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Figure 3: A subtle mutation in Dll1 
leads to situs inversus and posterior 
truncation.  (A) Whole mount view of 
Dll1E26G and wildtype embryos. Note 
the shorter tail in the mutant. (B) An 
A-to-G mutation causing a glutamine-
to-glycine substitution in the Dll1E26G 
mutant protein. (C) The mutation is 
localized in the N1 domain. SP, signal 
peptide; N1, N-terminal domain 1; N2, 
N-terminal domain 2; DSL, Delta-Ser-
rate-Lag2 domain; EGF repeat, epider-
mal growth factor-like repeats; TMD, 
transmembrane domain; PDZL, PDZ 
(postsynaptic density 95, PSD-85; discs 
large, Dlg; zonula occludens-1, ZO-1) 
ligand motif. (D-I) H&E stainings on 
transverse sections at E9.5. The asterisk 
in E marks reversed looping compared 
to wildtype (D). NT, neural tube; Ht, 
heart. The arrow in G indicates an ecto-
pic neural tube (F). Irregularly shaped 
neural tube (asterisks) and somites (ar-
rows) in Dll1E26G mutants (H,I). Som, 
somites; Nc, notochord.

Figure 4: Cardiac edema in a mutant for 
Ptprb. Comparison of wildtype (A) and 
Ptprb mutant embryos (B,C). Note the 
cardiac edema in C. Sequence analysis 
shows a T to A mutation in Ptprb (D). 
Location of the PtprbY693X mutation 
(E).
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A premature stop codon in Ptprb leads to early embryonic lethality in 59468-4 
mutants
In the 59468-4 mutant exhibiting slight cardiac edema (Fig. 4a-c) we see a striking 
resemblance to the phenotype reported for the VE-PTP mutants. Ptprb/VE-PTP 
mutants are defective in angiogenesis. These vascular remodeling defects lead to 
a severely inflated pericardial sac and growth arrest at embryonic day 9.5 (Baum-
er et al., 2006; Dominguez et al., 2007). Baumer et al. also report that in their 
mutants the endocardium fails to attach to the myocardium, eventually leading 
to trabeculation defects; furthermore, they observed failure of intersomitic vessel 
development. These malformations strongly correlate with the expression pat-
tern of VE-PTP mRNA, which throughout development is predominantly local-
ized to atrial endothelium. VE-PTP acts by negatively regulating Tie2, a protein 
that regulates endothelial cell proliferation and thus blood vessel remodeling 
(Winderlich et al., 2009).
Genome wide mapping linked the 59468-4 mutant to a locus on Chr 10 between 
114 and 116.5 Mbp. The gene encoding the Ptprb protein is located within this 
region and sequencing of the coding regions revealed a T to A mutation at nu-
cleotide position 2079 (ENSMUST00000020363) (Fig. 4d). This mutation causes a 
stop codon at the tyrosine at position 445 of this 1998-amino acid long tyrosine 
phosphatase receptor b protein (Fig. 4e).This early stop codon ablates the pro-
tein tyrosine phosphatase domain in the C-terminal part of the protein and likely 
leads to total loss of protein function and therefore a null mouse mutant .
   
Exencephaly in the 59780-4 mutant is caused by a glutamic acid to glycine sub-
stitution in the Sema-domain of Plexin-B2
We identified a mutant with exencephaly (Fig. 5a-c) mapping to Chr. 15 between 
88.0 and 89.4 Mbp and containing an A to G mutation in the Plexin-B2 gene. 
This causes a glutamic acid to glycine substitution at amino acid position 369 
E369G(Fig. 5d,e). This membrane receptor is expressed in proliferating granule 
cell progenitors. Plexins are the receptors for Semaphorins; these ligands are in-
volved in processes underlying proliferation, differentiation and migration in a 
variety of tissues (Hirschberg et al., 2009).
Most Plexin-B2 mutants die at birth due to neural tube closure defects in the fore- 
mid- and hindbrain region. No cellular or molecular mechanism explaining this 
phenotype has been put forward. In the few mutants that do not show a neural 
tube closure defect and survive until after birth, Plexin-B2 has been reported to be 
important in maintaining the balance between differentiation and proliferation of 
the granule cells. Loss of this balance in Plexin-B2 mutants would lead to over-
proliferation of the differentiated granule cells that migrate into the cerebellum 
and to a severely altered cerebellar cytoarchitecture (Deng et al., 2007; Friedel et 
al., 2007).
Our mutation is localized in the Semaphorin-binding domain of the protein (Fig 
5f), which may indicate that the glutamic acid at this position is essential for the 
binding of these Semaphorins to the cell surface receptor Plexin-B2. 
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Figure 5: A mutation in Plexin-B2 
leads to exencephaly. Mutant em-
bryos displaying closure defects in 
the fore- mid- and hind brain region 
of the neural tube (A-C). Sequencing 
revealed an A-to-G point-mutation 
(D). Location of the Plexin-B2E396G 
mutation (E).

Figure 6: A Leucine-to-to-
proline substitution leads to 
absence of limbs and lungs. 
Mutant embryos displaying lack 
of limb buds at E10.5 (A,B). Bone 
staining revealed the presence 
of clavicles, anterior parts of 
the scapulae and rudimentary 
iliac bones, but the absence of 
the fore- and hind limb bones 
(C). Sequencing revealed a 
T-to-C mutation (D). Transverse 
sections of E11.5 wildtype (E) 
and mutant (F) embryos at a 
thoracic level. Lu in F indicates 
the lungs and arrows in G 
indicate the undeveloped lung 
buds.
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A leucine to proline substitution in Fgf10 leads to absence of limbs and lungs 
in Pootloos mutants.
The Pootloos mutant (Fig. 6a-c) was found on the basis of it lacking limb buds 
(Fig. 6b). The bone stainings at a later stage (Fig. 6c) show the presence of the 
clavicle and anterior scapula. In the pelvic region, a rudimentary iliac bone is 
present but the fore- and hind limb bones are absent. Transverse sections of E11.5 
wildtype and mutant embryos revealed the presence of primary lung buds, but 
no outgrowth and branching of the lungs (Fig. 6e,f). This phenotype strikingly re-
sembles the total loss of function phenotype reported for Fgf10 mutants described 
by Min et al. and Sekine et al. (Min et al., 1998; Sekine et al., 1999). These mutants 
are also characterized by the absence of limbs, retaining in the forelimb region 
the clavicle and anterior scapula, whereas the hind limb region is more severely 
affected, as only a rudimentary iliac bone remains. They have also been reported 
to die shortly after birth due to the absence of the lungs. The trachea however is 
still present.  We therefore sequenced the Fgf10-coding region and identified a T 
to C mutation causing a leucine to proline substitution at amino acid position 91 
(ENSMUSP00000020363) (Fig. 6d). The insertion of a proline is likely to have a 
major impact on protein structure and most likely causes a total loss of function.  

Severe axial truncation in the Staartloos mutant
One mutant displaying a severe posterior truncation defect was found in the 
screen. The Staartloos line (Fig. 7a,b) shows striking resemblances to the previ-
ously characterized Wnt3a knock-out phenotype. Wnt3a mutants have a disrupt-
ed notochord, lack caudal somites, fail to form a tailbud and develop ectopic neu-
ral structures (Takada et al., 1994; Yamaguchi et al., 1999). SNP mapping around 
Wnt3a indicated linkage of the Staartloos mutant to this locus. Sequencing of a 
cDNA clone and the coding region of genomic DNA (including exon/intron tran-
sitions) did not reveal a mutation. We therefore crossed the Staartloos mutant 
with the Wnt3a KO mice (Takada et al., 1994) to demonstrate non-complementa-
rity of these two mutations. Double heterozygous mutant embryos were indistin-
guishable from Staartloos mutants (Fig. 7b,c), confirming that Staartloos carries a 
Wnt3a mutant allele. Possibly Wnt3a levels in the mutant are affected by a muta-
tion in a regulatory element. Intriguingly the causative mutation for the Wnt3a 
hypomorphic mutant Vestigial tail has never been reported either. In this mutant 
Wnt3a levels are reduced, also suggesting that the mutation affects regulation of 
Wnt3a. We believe our mutant also shows a hypomorphic phenotype, since we 
see more posterior vertebrae compared to the Wnt3a KO (Fig. 7e-h).
Wnt3a is an upstream regulator of Brachyury T. In Wnt3a mutant embryos, T ex-
pression is down-regulated in the presumptive paraxial mesoderm. In the Staart-
loos mutant we also see a down-regulation of Brachyury T in posterior mesoderm, 
but not in the midline (notochord), very similar to the data reported by Yamagu-
chi et al. for the Wnt3a knockout mutant (Fig. 7i,j) (Yamaguchi et al., 1999). 

Affected lung development in two PCP mutants 
In the Sec24bKrabbel and Scribble5120-6B mutants identified in our screen (Wansleeben 
et al., 2010), which are characterized by the neural tube defect craniorachischi-
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sis, we observed a lung development defect. The lungs of both mutants are at 
E17.5 smaller and the lobes are irregularly shaped compared to wildtype (Fig. 
8a-g), with a clearly more severe phenotype seen in the Scribble mutant (Fig. 8b,e; 
compare to Fig.8c,f). As we have shown that Sec24b is essential for adequate in-
tracellular trafficking of Vangl2 in the neural tube, (Wansleeben et al., 2010), we 
propose that the lung phenotype in the Sec24b mutant is also caused by lower 
levels of Vangl2 at the cell membrane.
Scribble, Vangl2 and Sec24b are all components of the planar cell polarity (PCP) 
pathway that regulates the polarity in the plane of a sheet of epithelial cells and 
controls convergent extension of a tissue (Wansleeben et al., 2010); reviewed by 
(Rida and Chen, 2009). The involvement of PCP signaling in lung development is 
supported by the following data: (i) In vitro lung branching is under the control 
of the downstream PCP factor RhoA (Moore et al., 2005). (ii) Lung defects have 
been reported in mouse mutants for the ‘non-canonical’ Wnt5a gene (Li et al., 
2002). Furthermore,  over- and misexpression of Wnt5a  in a cultured chick lung 
explant model confirmed its importance for lung development (Loscertales et al., 
2008) and (iii) mutants for the PCP-related gen Fat4 (Saburi et al., 2008) display 
branching defects in the kidney, an organ that shares similar signaling pathways 
with the lung and other organs containing branching tubes. One might speculate 
that the involvement of Fat4 in the kidney could be extrapolated to the lung (see: 
(Morrisey and Hogan, 2010)). 
Recently Yates et al. for the first time linked the core PCP pathway to lung devel-
opment; they showed an abnormal size and shape of the lung lobes in Celsr1 and 
Vangl2 mutants. Both mutants have defects in lung branching and abnormalities 
of cytoskeletal architecture, as well as a reduced number and width of the airway 
lumina. The phenotype was confirmed in a lung explant model and in this con-
text a reduced response to FGF10 was demonstrated. In vitro activation of Rho 
kinase restores lung branching in the Vangl2 and Celsr1 mutants. In addition to 
this, Celsr1 has a specific role in bifurcation of the lung buds. These authors also 
mention that they found a similar phenotype in their Scribble mutant (Yates et 
al., in press).
We found, in addition to the small and irregular lung lobes, a disturbed cellular 
organization in the lumina in the Sec24b and Scribble mutants (Fig. 3H,I), com-
parable to the double layers of epithelial cells in the Celsr1 and Vangl2 mutants 
(Yates et al., in press). We therefore propose that Sec24b and Scribble also direct 
lung development through the PCP pathway. The strong phenotype in our Scrib-
ble mutant suggests that there might be another crucial role for Scribble in lung 
development.   
  
Discussion 

In this screen we have identified a series of mutations in genes involved in many 
of the major signal transduction pathways, and associated with a large variety of 
phenotypes. In some cases these new mutants represent unexpected genotype-
phenotype associations while in other cases subtle mutations in previously stud-
ied genes reveal new findings at a molecular level. 
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Figure 8: Affected lung 
development in mutants 
of the PCP pathway. (A-C) 
Dorsal and (D-E) ventral 
views of the lungs and 
hearts of (A,D) wildtype 
(B,E) Scribble and (C,F) 
Sec24b mutant embryos. 
Note the reduction in size 
of the mutant lung, in 
particular that of Scribble. 
(G-I) Sections of wildtype 
(G), Scribble mutant (H) 
and Sec24b mutant (I) lungs 
at E13.5.  Ht and Lu (D) 
mark the heart and Lungs 
respectively, lumina (G) are 
labeled ‘Lum’.

Figure 7: Genetic interaction of Staartloos with Wnt3a. (A-D) Wholemount views of 
wildtype (A), Staartloos homozygous (B), Staartloos/Wnt3a double heterozygous (C) and 
Wnt3a KO mutants (D). (E-H) Bone stainings of wildtype (E), Staartloos homozygous 
(F), Staartloos/Wnt3a double heterozygous (G) and Wnt3a KO mutants (H). (I,J) In situ 
hybridization for Brachyury T on wildtype (I) and staartloos mutant (J) embryos
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Our screen has been of comparable efficiency to other reported screens. Identifi-
cation of two PCP mutants in a relatively small screen is unexpected since there 
are only 5 mutants (Vangl2, Ptk7, Scribble, Celsr1) including our own Sec24b mu-
tant known to date that show the classic PCP phenotype after single gene knock-
down (Lu et al., 2004; Murdoch et al., 2001; Wansleeben et al., 2010). An extensive 
screen over several years by Garcia et al. has not identified such a mutant (Garcia-
Garcia et al., 2005). 
Advantages of a forward genetic screen like the one reported here over the use of 
reverse genetics are (i) the unbiased approach to identify genes of unknown func-
tion involved in development, (ii) the identification of single amino acids changes 
that alter protein function and (iii) the identification of novel phenotypes and 
functions of genes of known function that bypass their full knockout lethality by 
subtle induced mutations. A case in point for (i) is the Sec24b mutant, where we 
found the surprising link between Sec24b-dependent COPII-coated ER to Golgi 
protein transport, Vangl2 trafficking and planar cell polarity (Wansleeben et al., 
2010). 
Since the start of this screen new tools have come available to increase the ef-
ficiency of screens. Advanced sequencing technologies like Next Generation Se-
quencing (NGS) increase the efficiency of mapping.  NGS allows the generation 
of arrays containing specific templates, for instance the part of a chromosome 
where the causative mutation of an mutant is mapped (Metzker, 2010).  With 
these new tools, the time consuming, expensive and labor intensive mapping and 
sequencing of genes will become unnecessary. This will add greatly to the po-
tential of ENU-mutagenesis screens, since the causative mutations can be found 
more rapidly. Moreover mutations in regulatory elements are difficult to identify 
by classic methods, but NGS may also prove to be a good tool to identify this type 
of mutations in for instance the Staartloos and Vestigial tail mutants.
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25 2 T C 6 T G

45 rs13477746 4 T C 90 rs6356426 8 T C

# Rs. Number chrom. C57Bl/6J FVB # Rs. Number chrom. C57Bl/6J FVB
1 rs13475697 1 G T 46 rs13477812 4 C G
2 rs13475743 1 G T 47 rs3090728 4 G T
3 rs6272930 1 T C 48 rs13477908 4 A G
4 rs13475847 1 A G 49 rs13477960 4 A G
5 rs3158157 1 T C 50 rs13478017 4 G A
6 rs13475931 1 T C 51 rs13478087 4 G A
7 rs13475973 1 A G 52 rs13478093 5 T G
8 rs13476024 1 T C 53 rs13478257 5 G T
9 rs13476078 1 T C 54 rs13478237 5 G A
10 rs3022833 1 G C 55 rs13478241 5 A C
11 rs13476157 1 G A 56 rs13478294 5 C A
12 rs13476203 1 A G 57 rs6257272 5 T C
13 rs13476257 1 T G 58 rs13478392 5 A G
14 rs13476302 1 G A 59 rs13478447 5 A G
15 rs13476312 1 A C 60 rs13478493 5 T C
16 rs13476318 2 C G 61 rs4225536 5 T C
17 rs13476358 2 G T 62 rs13478595 5 A G
18 rs13459063 2 C T 63 rs13459096 6 T C
19 rs13476475 2 C T 64 rs13478645 6 G C
20 rs13476536 2 T A 65 rs13478695 6 G A
21 rs13476581 2 G A 66 rs13478739 6 A T
22 rs13476623 2 T C 67 rs13478782 6 A G
23 rs13476674 2 T C 68 rs13478830 6 G A
24 rs4223428 2 A G 69 rs13478882 6 A G
25 13476785rs13476785 2 T C 7070 6292642rs6292642 6 T G
26 rs13476832 2 A C 71 rs3724683 6 A G
27 rs13476887 2 A G 72 rs13479054 6 T C
28 rs13476941 2 A G 73 rs6328711 6 A G
29 rs13476958 3 C T 74 rs13479104 7 A T
30 rs6168642 3 C T 75 rs13479153 7 T C
31 rs13477055 3 T C 76 rs6206014 7 T G
32 rs13477098 3 A C 77 rs13479261 7 G T
33 rs13477152 3 T C 78 rs13479319 7 A C
34 rs13477215 3 T C 79 rs13479376 7 T C
35 rs13477268 3 T C 80 rs13479426 7 G T
36 rs13459070 3 T C 81 rs13479471 7 C T
37 rs13477373 3 G A 82 rs13479522 7 A G
38 rs13477421 3 C T 83 rs6216320 7 C T
39 rs13477482 3 A G 84 rs6361889 8 C T
40 rs13477519 3 C T 85 rs13479652 8 T G
41 rs13477541 4 A G 86 rs13479712 8 A T
42 rs6163246 4 T C 87 rs13479729 8 A C
43 rs13477643 4 C T 88 rs13479811 8 A G
44 rs13477712 4 G A 89 rs13479879 8 G A
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115 11 C G 167 17 T C

142 rs13482248 14 A T

# Rs. Number chrom. C57Bl/6J FVB # Rs. Number chrom. C57Bl/6J FVB
91 rs13479982 8 C G 143 rs13482288 14 A G
92 rs4227456 8 A G 144 rs13482334 14 A G
93 rs3024153 9 G A 145 rs13482379 14 T G
94 rs13480104 9 G C 146 rs13482414 14 G A
95 rs13480151 9 G A 147 rs13482418 15 A G
96 rs4227650 9 C T 148 rs6404381 15 G T
97 rs13480249 9 G A 149 rs13482510 15 A T
98 rs13480303 9 T G 150 rs13482554 15 A G
99 rs13480358 9 G A 151 rs6256501 15 G A
100 rs13480414 9 A G 152 rs13459188 15 G T
101 rs6304156 9 C G 153 rs13482701 15 T C
102 rs6279174 10 T C 154 rs13482752 15 T C
103 rs13459119 10 T C 155 rs4152386 16 A G
104 rs13480578 10 C A 156 rs4165069 16 A G
105 rs13480605 10 T C 157 rs4171440 16 G A
106 rs13480621 10 G A 158 rs4182964 16 T A
107 rs13480660 10 G A 159 rs4193136 16 A C
108 rs13480706 10 G A 160 rs4208823 16 A T
109 rs13480756 10 G A 161 rs4217517 16 G A
110 rs6160857 10 A G 162 rs4221760 16 A G
111 rs13480830 10 G A 163 rs13482849 17 G A
112 rs13480835 11 C T 164 rs13482904 17 C T
113 rs13480898 11 C T 165 rs13482953 17 T C
114 rs6280308 11 A G 166 rs13483016 17 A G
115 13481011rs13481011 11 C G 167 13483058rs13483058 17 T C
116 rs13481048 11 C T 168 rs13483113 17 A C
117 rs13481111 11 G A 169 rs13483151 17 A T
118 rs13481151 11 T C 170 rs13483183 18 T C
119 rs13481207 11 C T 171 rs6181580 18 A G
120 rs6280170 11 A G 172 rs13483285 18 G A
121 rs13481280 12 G A 173 rs13483345 18 A G
122 rs13481351 12 G A 174 rs13483395 18 A G
123 rs13481406 12 T G 175 rs13483446 18 A G
124 ts13481458 12 C A 176 rs13483493 18 G C
125 rs13481513 12 A T 177 rs13483499 19 T C
126 rs13481565 12 T G 178 rs13483548 19 T C
127 rs13481605 12 T A 179 rs13483595 19 G A
128 rs13481659 12 T G 180 rs13483651 19 A G
129 rs13481665 13 G C 181 rs13459158 19 G A
130 rs3023379 13 A G 182 rs13483722 X C G
131 rs13459140 13 T C 183 rs13483728 X G A
132 rs13481804 13 C A 184 rs13483769 X T A
133 rs13481848 13 A G 185 rs13483822 X A G
134 rs13481892 13 G A 186 rs13483802 X C G
135 rs13481944 13 G T 187 rs13483921 X G A
136 rs13482000 13 G A 188 rs13483941 X C G
137 rs6412462 13 G A 189 rs13484004 X A G
138 ts13482048 14 A G 190 rs13484062 X T C
139 rs13482097 14 A G 191 rs13459160 X G T
140 rs13482141 14 A T 192 rs13484100 X G A
141 rs13482194 14 A C
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Abstract

Among the cellular properties that are essential for the organization of tissues 
during animal development, the importance of cell polarity in the plane of epithe-
lial sheets has become increasingly clear in the past decades. Planar cell polarity 
(PCP) signaling in vertebrates has indispensable roles in many aspects of their 
development, in particular, controlling alignment of various types of epithelial 
cells. Disrupted PCP has been linked to developmental defects in animals and to 
human pathology. Neural tube closure defects (NTD) and disorganization of the 
mechanosensory cells of the organ of Corti are commonly known consequences 
of disturbed PCP signaling in mammals. We report here a typical PCP phenotype 
in a mouse mutant for the Sec24b gene, including the severe NTD craniorachis-
chisis, abnormal arrangement of outflow tract vessels and disturbed develop-
ment of the cochlea. In addition, we observed genetic interaction between Sec24b 
and the known PCP gene, scribble. Sec24b is a component of the COPII coat pro-
tein complex that is part of the endoplasmic reticulum (ER)-derived transport 
vesicles. Sec24 isoforms are thought to be directly involved in cargo selection, 
and we present evidence that Sec24b deficiency specifically affects transport of 
the PCP core protein Vangl2, based on experiments in embryos and in cultured 
primary cells.

Introduction

Correct polarization and orientation of cells is of crucial importance for their 
function. In addition to apical-basal polarization, cells may be polarized in an or-
thogonal orientation, often but not exclusively in the plane of an epithelial sheet 
(Wu and Mlodzik, 2009). Loss of this planar cell polarization (PCP) has been cor-
related with developmental defects as well as with tumorigenesis (Humbert et al., 
2003; Saburi et al., 2008; Zhan et al., 2008). 
PCP signaling not only determines planar asymmetry of a cell, but also the ability 
of the cell to propagate this polarity to adjacent cells, thus establishing tissue po-
larity. It was originally discovered and studied in Drosophila, but in recent years 
the significance of PCP signaling for vertebrate development has become increas-
ingly clear. Developmental processes involving PCP include the convergent ex-
tension movements that shape the embryo during gastrulation and neurulation, 
and the regular arrangement of structures as diverse as stereocilia in the organ of 
Corti and epidermal hairs (Wang and Nathans, 2007; Montcouquiol et al., 2003; 
Devenport and Fuchs, 2008). Mouse mutant embryos with a disrupted PCP path-
way frequently suffer from the extreme neural tube closure defect known as cran-
iorachischisis, which is rarely, if at all, encountered outside this context (Kibar 
et al., 2001; Curtin et al., 2003) (reviewed by Copp et al., 2003). PCP pathways 
in insects and vertebrates share a core pathway that includes members of the 
dishevelled and frizzled gene families, but which is distinct from the β-catenin-
dependent ‘canonical’ Wnt pathway (Lawrence et al., 2007). 
In a random mutagenesis screen for genes essential for normal mouse develop-
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ment, we have identified a series of mutant lines on the basis of their abnormal 
appearance at day 10.5 of gestation. Of two mutants displaying craniorachischi-
sis, one was shown to carry a novel mutant allele of the known PCP gene scribble 
(Scrib), whereas the second was found to be allelic with the Sec24b gene, which 
encodes a component of the coat protein complex II (COPII) that is essential for 
intracellular endoplasmic reticulum (ER)-to-Golgi protein transport (Sato and Na-
kano, 2007). This suggests a link between protein trafficking and PCP signaling, 
which would indicate an unexpected level of specificity in the process of cargo 
selection by Sec24 isoforms. Sec24b loss-of-function probably causes a deficiency 
in the transport of one or more membrane proteins involved in planar polarity 
and we present evidence that van gogh-like2 (Vangl2) is among these. 

Materials & Methods

Mouse strains and identification of mutants
Mutants were generated by random chemical mutagenesis and mapped using 
procedures essentially similar to those used by Kasarskis (Kasarskis et al., 1998) 
and to be published elsewhere in more detail (C.W., Van Gurp, L., H.F., C.K., Ri-
eter, E., Verberne, M., Guryev, V., E.C. and F.M., unpublished). Briefly, C57BL/6 
mice were injected three times at 1-week intervals with 60-80 mg/kg bodyweight 
of ethyl-N-nitrosurea (ENU) and after recovery, crossed to FVB/N mice. The re-
sulting male founders were crossed with their daughters and embryos were visu-
ally inspected on embryonic day (E) 10.5. A SNP panel distinguishing C57BL/6 
and FVB/N polymorphisms was used for positional cloning of the affected genes. 
Animal experiments were conducted under the approval of the Animal Care 
Committee of the KNAW. 

Histology and immunostaining
Embryos and inner ears were dissected in PBS and fixed for 2 hours in 2% para-
formaldehyde (PFA) for immunostaining and in 4% PFA overnight for Hema-
toxylin and Eosin stainings and in situ hybridizations. Cochleae were dissected 
and the organ of Corti was revealed by removing the stria vascularis. Stereocilia 
were visualized by staining with Rhodamin-Phalloidin (Cytoskeleton Inc., Den-
ver, CO, USA) or Phalloidin-Alexa Fluor 633 (Invitrogen). DNA was stained with 
DAPI (Invitrogen). Immunohistochemistry to detect PECAM, including zinc fixa-
tion, was exactly as described by Van Nes (Van Nes et al., 2006). Vangl2 staining 
was as described by Montcouquiol (Montcouquiol et al., 2006; Montcouquiol et 
al., 2008). Ptk7 staining was as described by Lu (Lu et al., 2004). Myo7A (Proteus) 
and E-cadherin (Transduction Laboratories) antibodies were used as 1:200 and 
1:1000 dilutions, respectively. In situ hybridization was as described previously 
(Kuijper et al., 2005). 

Transfection
Mouse embryo fibroblasts (MEFs) were prepared according to standard proce-
dures and cultured in DMEM + 10% fetal calf serum (FCS), trypsinized at 60-70% 
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confluency and plated at a 1:4 dilution into square 25-well dishes (4 cm2/well) 
containing 18 mm diameter gelatin-coated glass coverslips. After culturing for 16-
24 hours, medium was replaced by serum-free medium for 1 hour. DNA construct 
at 0.75 μg or 1.5 μg was mixed with 1 ml serum-free medium and incubated for 
10 minutes and then mixed with a 5-fold (w/w) excess of polyethylenimine (PEI, 
Polysciences Inc.) from a 1 mg/ml stock solution in water and left for 30 minutes 
at room temperature. Subsequently, the mixture was added to the 25-well dish 
and left for three hours at 37°C at 5% CO2, after which it was replaced by DMEM 
with 10% FCS for 21 hours. Fixation on the coverslips was for 30 minutes at room 
temperature in 4% PFA in PBS. Fluorescence was analyzed by using a Leica TCS 
SPE confocal microscope and the Leica Application Suite software. pEGFP-Van-
gl2 was described previously (Montcouquiol et al., 2006). The coding region of 
Tspan2 was amplified by PCR from total mouse embryo cDNA and cloned into 
the pEGFP-C3 vector. The CAAX-YGFP construct was a gift of J. Bussmann (Hu-
brecht Institute); it encodes the Ras prenylation signal KLNPPDESGPGCMSCK-
CVLSX fused to YGFP. 

Results & Discussion

Identification and mapping of two craniorachischisis mutants
Two mutant lines characterized by craniorachischisis, tentatively named 51206 
and krabbel, were identified in a genetic screen in mouse (Fig. 1A-C). This phe-
notype is often associated with disruption of PCP signaling. Genetic mapping of 
the 51206 allele resulted in the identification of an interval on chromosome 15 be-
tween 71 and 83.2 Mbp, containing the scribble (Scrib) gene, which has previously 
been linked to craniorachischisis and gastroschisis (Rachel et al., 2002; Murdoch 
et al., 2001; Murdoch et al., 2003; Zarbalis et al., 2004). Sequencing of the 38 exons 
of Scrib revealed a C to T transition of nucleotide 4865 (ENSMUST00000002603) 
in exon 33, resulting in a nonsense mutation of arginine 1508 that truncates the 
protein by 158 amino acids (Fig. 1D). We conclude that this mutation is respon-
sible for the affected phenotype. All conserved domains of Scrib, including the 16 
leucine-rich repeats and four PDZ domains, are left intact by the mutation and 
a specific function of the carboxy-terminus has not been reported (Albertson et 
al., 2004), leaving the possibility that this is not a null allele, in spite of the strong 
phenotype. Quantitative PCR (qPCR) experiments (data not shown) revealed an 
approximately 65% decrease of Scrib mRNA in mutant embryos, presumably at-
tributable to nonsense-mediated decay (NMD) (Stalder and Mühlemann, 2008). 
Therefore, the function of the protein encoded by the Scrib51206 allele might be af-
fected both qualitatively and quantitatively. 
Genetic mapping of the krabbel mutation identified a 9.24 Mb segment of chro-
mosome 3 expected to contain the mutation. By sequencing the exons of the 
genes in this segment, we discovered a C to A transversion at genomic position 
3:129705867, which corresponds to nucleotide 304 of exon 2 of the Sec24b gene. 
The occurrence of the mutation correlated completely with the krabbel pheno-
type in well over 100 mutant embryos. According to the ENSEMBL database, the 
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Figure 1: Mutations in Scrib and 
Sec24b lead to craniorachischisis. 
(A-C) Dorsal views of E17.5 foe-
tuses showing open neural tubes 
in both mutants. Note the typical 
rightward kink in the Scrib foetus 
also noted by Murdoch (Murdoch 
et al., 2001). The asterisk in C in-
dicates local blood effusions. (D,E) 
Schematic representation indicat-
ing Scrib51206 and Sec24bkrabbel alleles. 
The structure of the encoded pro-
teins is shown, with conserved 
domains depicted as coloured 
shapes. Red arrows indicate the 
location of truncation described in 
this paper and black arrows point 
to previously reported Scribble 
mutations.

Figure 2: Cardiac phenotype in Sec24bkrabbel 
mutants. (A) Frontal view of wild-type and 
Sec24bkrabbel mutant hearts at E16.5, demon-
strating ventrical size differences and sug-
gesting abnormalities of the pulmonary ar-
tery and aorta. The hearts were stained with 
an anti-PECAM antibody. (B-G) Histologi-
cal sections demonstrating cardiac defect 
of Sec24b mutant embryos (C,E) compared 
with wild types (B,D). The diagram to the 
left of these panels represents our interpre-
tation of the phenotype while indicating 
the level of the sections, with the mutant 
right subclavian artery in red. More-rostral 
sections show the normal position of the 
right subclavian artery (marked rsca in D) 
and the abnormal position, dorsal from the 
esophagus and the trachea (marked rsca* in 
E). In more-caudal sections, the abnormal 
location of the site where the subclavian 
branches off of the aortic arch in the mutant 
is indicated with an asterisk (C). The aorta 

and pulmonary artery are separated, demonstrating the absence of a double-outlet ven-
tricle, but an abnormal rightward orientation of the pulmonary artery (asterisk in G) is 
obvious (F,G). aa, aortic arch; Ao, aorta; e, esophagus; la, left atrium; lv, left ventricle; pa, 
pulmonary artery; pv, pulmonary valve; ra, right atrium; rsca, right subclavian artery; rv, 
right ventricle; t, trachea.
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Sec24b gene (ENSMUSG00000001052) encodes two transcripts owing to alterna-
tive splicing, ENMUST00000001079 and ENMUST00000098616. The mutation 
changes a Ser codon to a stop codon, removing 1117 of the 1251 or 1082 of the 
1216 amino acids of the two Sec24b protein variants, respectively. As the muta-
tion is upstream from the alternatively spliced exon, the same residual 134-amino 
acid peptide remains, encoded by both splice variants. This allele must therefore 
represent a null (Fig. 1E). The expected NMD effect on Sec24b mRNA concentra-
tion was confirmed by qPCR, and estimated to be 72% (data not shown). While 
this manuscript was under review, Merte et al. (Merte et al., 2010) independently 
reported a different Sec24b mutant with a craniorachischisis phenotype. The ex-
istence of a second mutant allele definitely establishes the link between Sec24b 
and craniorachischisis. 
Sec24b encodes a component of the COPII complex that has an essential role in 
generating secretory vesicles at the ER. These vesicles have a central function 
in the strictly regulated ER—Golgi secretory pathway (Salama and Schekman, 
1995; Fromme and Schekman, 2008). Genetic work in yeast has uncovered a se-
ries of genes that encode the various constituents of the COPII coat (Kuehn and 
Schekman, 1997). Sec24, occurring as a component of Sec23-Sec24 dimers, has 
been linked specifically to a function in cargo selection. Sec24b is one of four par-
alogous genes, which are found in mouse, human and other vertebrate genom-
es. Knowledge of any distinct functional specificity of these four genes remains 
rather limited (see Wendeler et al., 2007). In the early embryo (at least E8.5-E10.5) 
all four paralogues, with the possible exception of Sec24d, are ubiquitously ex-
pressed (see Fig. S1 in the supplementary material). 

Sec24bkrabbel mutants fail to undergo neural tube closure 
At least 95% of Sec24bkrabbel mutant embryos displayed severe neural tube closure 
defects, whereas the remaining fraction had a weaker but similar phenotype. We 
observed gastroschisis in less than 5% of Sec24bkrabbel mutant foetuses, in contrast 
to the Scrib51206 mutant that displayed this failure of the ventral body wall to close 
in about half of the embryos (see also Murdoch et al., 2003). 

Aberrant aortic arch morphology in Sec24bkrabbel mutants 
Homozygous Sec24bkrabbel mutant foetuses die around day E17.5 of gestation and 
are externally recognized by blood-filled yolk sacs and local effusions (Fig. 1C, 
asterisk) indicative of disturbed blood circulation. 
Several mouse mutants known to have deficient PCP signaling have been shown 
to have severe cardiac abnormalities (reviewed by Van den Hoff and Moorman, 
2005; Henderson et al., 2006; Davis and Katsanis, 2007). Numerous aspects of 
cardiogenesis may be affected in PCP mutants, often including outflow tract ab-
normalities like double-outlet right ventricle, misplacement of the great arteries, 
aortic arch abnormalities and septation defects. Possible explanations for these 
aberrancies include defects in directed cell migration due to disrupted PCP sig-
naling, deficient ‘myocardialization’ of some of the great vessels, and looping de-
fects. 
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To see whether Sec24bkrabbel mutants display any of these abnormalities, we com-
pared cardiac development of mutant and wild-type embryos. Fig. 2A compares 
PECAM-stained E16.5 hearts from a wild-type embryo and a Sec24bkrabbel mutant. 
Ventricles were abnormally small in mutants, whereas dissection of atria demon-
strated approximately normal sizes in mutants (data not shown). In addition, as 

Figure 3: Abnormal inner ear phenotype in Sec24bkrabbel mutants. (A-D) Sec24bkrabbel mu-
tant embryos have a shorter cochlear duct as shown in external view (A,B; note relatively 
normal vestibular system). This was quantified by immunostaining of the hair cell marker 
Myo7A in the cochleae of the genotypes indicated (C). The length of this expression domain 
provides an objective measure for length reduction of the organ of Corti and indirectly for 
that of the cochlear duct. White lines in C indicate definition of the basal and middle re-
gions used in the counting of abnormal cells. (D) Histogram revealing significantly shorter 
Myo7A domains in Sec24b−/− (Krb), Scrib−/− (Scrib) and Sec24b−/−; Scrib+/− (Krb/Scrib) mutant 
cochleae compared with wild-type (Wt) cochlea. Mut, mutant. (E-K) Phalloidin stainings 
of F-actin in the stereocilia. Confocal z-stack images of the basal (E-H) and middle (I-K) 
part of the organ of Corti of wild-type (E,I), Sec24b−/− (F,J), Sec24b−/−; Scrib+/− (G,K) and 
Scrib−/− (H) hair cells in the organ of Corti. Arrows indicate inner hair cells (IHC) that 
are out of line and asterisks in F-H indicate misoriented hair cells. Square brackets (G,J) 
indicate supernumerary rows of outer hair cells (OHC). (L) Histogram representing the 
quantification of results illustrated in E-K, demonstrating that the phenotype in Sec24b−/−; 
Scrib+/− embryos is more severe than in Sec24b−/− embryos in the middle as well as the basal 
part of the cochlea, thus demonstrating genetic interaction between Sec24b and Scrib. P-
values refer to statistical calculations comparing the results of countings for single mutants 
versus compound mutants as indicated by brackets. Abbreviations as in D. (M-P) Normal 
subcellular localization of Vangl2 (M,N) and Ptk7 (O,P) in supporting cells and hair cells. 
In D and L, error bars indicate standard error of the mean.
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the appearance of the great outflow vessels gave some indication of their abnor-
mal orientation in the mutant, we decided to investigate this further by analysis 
of histological sections. Transverse sections of E15.5 hearts revealed an abnormal 
arrangement of the vessels branching off from the aortic arch. Although in the 
wild-type heart (Fig. 2B,D) the subclavian artery can be seen to be located ven-
trally from the oesophagus and trachea, in the mutant this artery branches off 
of the aortic arch at an abnormal position and is at a dorsal position from the 
oesophagus and trachea (Fig. 2C,E), an anomaly known as retroesophageal sub-
clavian artery (RSA). In addition, in sections at a more caudal level, we observed 
that the pulmonary artery was directed in an aberrant, rightward direction (see 
Fig. 2F,G). 
RSA is among the abnormalities reported for embryos carrying mutations in PCP 
genes: Torban and colleagues (Torban et al., 2008) observed RSA in Vangl2 mu-
tants, where it is accompanied by severe cardiac septation defects. Interestingly, 
Vangl2/Vangl1 double-heterozygous embryos had RSA as the predominant ef-
fect. 

Sec24bkrabbel mutants have smaller cochleae and an abnormal arrangement of 
hair cells in the organ of Corti 
A classic manifestation of planar polarity in mammals occurs in the development 
of the inner ear. PCP mutants may have shorter cochlear tubes and, in addition, 
misalignment of cochlear mechanosensory receptors, i.e. the stereociliary bundles 
of the organ of Corti (Montcouquiol et al., 2003; Curtin et al., 2003). 
Dissection at E16.5 of inner ears of Sec24bkrabbel mutant foetuses revealed that mu-
tant cochleae were markedly smaller than those from wild-type and heterozy-
gous embryos. Although an extensive analysis of the vestibular system is beyond 
the scope of the present study, we tentatively conclude that it appears relatively 
normal (Fig. 3A,B). To obtain an objective quantitative measure for reduction of 
cochlear duct length, we measured the length of the organ of Corti by means 
of stainings for the hair cell marker Myo7A (Fig. 3C). This confirmed that the 
lengths of organ of Corti in Sec24b and Scrib mutants were reduced by a sta-
tistically significant degree (Fig. 3D). Comparable observations have previously 
been reported for PCP mutants, including Vangl2 (Torban et al., 2008) and double 
mutants involving Dvl1-3 genes (Wang et al., 2005; Etheridge et al., 2008). This 
prompted us to investigate in these cochleae the stereociliary bundle orientation, 
as at this stage PCP is normally manifest from an asymmetrical localization of the 
kinocilium establishing a precisely oriented chevron arrangement of stereociliary 
bundles towards the abneural side of the sensory epithelium (Rida and Chen, 
2009). 
Phalloidin staining of the dissected organ of Corti at E17.5 at basal (Fig. 3E-H) 
and middle (Fig. 3I-K) regions (as defined by white lines in Fig. 3C) of the co-
chlear duct of wild types confirmed this highly organized pattern (Fig. 3E,I), but 
in the cochleae of mutants, a significant degree of disorganization was observed. 
Locally, a fourth row (Fig. 3G,J; square brackets) of outer hair cells appeared, 
or only two rows were seen (data not shown). In the single row of inner hair 
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cells, cells were frequently positioned out of line (Fig. 3F,J; arrows). In addition, 
in the three rows of outer hair cells, stereociliary bundle orientation appeared to 
be rather frequently misaligned (Fig. 3F; asterisks). The severity of these aspects 
of the Sec24bkrabbel phenotype were mild compared with those reported for the 
PCP mutants mentioned above (Wang et al., 2005; Etheridge et al., 2008) and with 
Scrib51206 (Fig. 3H). In conclusion, a rather severe external abnormality of the co-
chlea is accompanied by a relatively mild phenotype in the organ of Corti. 

Genetic interaction between Sec24bkrabbel and Scrib51206

Evidence for involvement of two genes in a common pathway can be obtained by 
asking whether their phenotypes increase synergistically in double mutants. We 
crossed Sec24b mutants with the Scrib51206 mice, as well as with Vangl2looptail mice 
(Kibar et al., 2001), but no neural tube defects were seen in either type of dou-
ble-heterozygous embryos. Also, in other aspects of the phenotype, Sec24b/Scrib 
double-heterozygotes were indistinguishable from wild-type embryos. However, 
Merte and colleagues (Merte et al. 2010), using their Sec24b mutant line, reported 
significant incidence of open neural tube in Sec24b/Vangl2 double-heterozygous 
embryos, confirming a link with PCP signaling. As both Sec24b mutants are al-
most certainly nulls, differences in the genetic backgrounds of the mice involved 
are the most probable explanation for this unexpected disparity. 
We then analyzed embryos that were homozygous for Sec24bkrabbel and heterozy-
gous for Scrib51206. The neural tube defect of the Sec24b mutant, already extreme 
in single mutants, did not further deteriorate. Analyses of the cochleae from these 
compound mutants, however, showed significant differences, although these 
were not evident from measurements of the Myo7A domains (Fig. 3C,D). We 
compared phenotypes in basal and middle areas of cochleae from these Sec24b-
krabbel−/−; Scrib51260+/− embryos (Fig. 3G,K) with those of wild-type (Fig. 3E,I) and 
Scrib51206+/− (data not shown) embryos, as well as with Sec24bkrabbel−/− embryos (Fig. 
3F,J). Although Phalloidin stainings of Scrib51206+/− and wild-type hair cell patterns 
were indistinguishable, Phalloidin staining patterns seen in Scrib51206+/−; Sec24b-
krabbel−/− organs of Corti revealed stronger disruption of hair cell alignment than 
in those of Sec24bkrabbel−/−, as was particularly evident in the inner ear cell row. 
Quantification of this effect was performed by counting the occurrence of ab-
normal inner hair cells in subsets of 70-130 cells from basal and middle regions 
of five cochlear ducts of both genotypes. The results, summarized in Fig. 3L, in-
dicate higher percentages of abnormally positioned cells in the compound mu-
tants compared with homozygous Sec24bkrabbel mutants. We quantified the effect 
by counting, for each individual row of cells separately, the percentage of cells 
that were misoriented by 30° either left or right. This revealed, as shown in Fig. 
S2 in the supplementary material, significantly higher percentages of misoriented 
cells in the single row of inner hair cells. In the three outer hair cell rows, dif-
ferences were not statistically significant, although only by a narrow margin for 
row 3. To avoid ambiguity in cell row identification, we did not include cells of 
regions where an abnormal number of inner hair cells occurred; this might have 
had some impact on the numbers. 
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Therefore, removing one Scrib allele from a wild-type background is not enough 
to bring on an affected phenotype, but removing it from a Sec24bkrabbel−/− back-
ground aggravates the phenotype. Involvement of Scrib in PCP signaling, sug-
gested by its PCP-like phenotype, has been established by demonstrating genetic 
and physical interaction between Scrib and the PCP-core gene Vangl2 (Mont-
couquiol et al., 2003; Montcouquiol et al., 2006). Their Drosophila orthologs Scrib 
and Stbm/Vang were recently shown to interact genetically and physically as well 
(Courbard et al., 2009). Genetic interaction with Scrib therefore implicates Sec24b 
in the PCP signaling pathway. 
 
How does Sec24b link protein trafficking to planar polarity? 
Having concluded that inactivation of Sec24b leads to disruption of the PCP path-
way we asked the question of how deficiency of a COPII coat protein could lead 
to a defect in cell polarity. It would seem probable that this must somehow reflect 
a disruption of regulated protein trafficking. As Sec24 proteins are known to be 
involved in cargo selection (Mancias and Goldberg, 2008), an obvious hypothesis 
would be that transport of PCP-related membrane proteins depends relatively 
strongly on the Sec24b subunit. To test this possibility directly, we investigated 
the subcellular location of the PCP proteins Vangl2 and Ptk7 in two tissues that 
are affected by the Sec24b mutation, the presumptive neural tube around the 3-8 
somite stage, at the onset of neurulation, and the organ of Corti at E17.5. 
Wholemount immunolocalization demonstrated that Vangl2 is expressed through- 
out the presumptive neural tube of wild-type and heterozygous Sec24bkrabbel E8.25 
embryos and localizes to the plasma membrane in wild types (Fig. 4A-C; see also 
Fig. S5A-I; Fig. S3A-C in the supplementary material). 
By contrast, in neural folds of E8.25 homozygous mutant Sec24bkrabbel embryos, 
we detected abnormal Vangl2 expression or localization (Fig. 4D-F; see also Fig. 
S5J-R; Fig. S3D-F in the supplementary material). As these neural cells have large 
nuclei surrounded by a relatively thin shell of cytoplasm, it is not trivial to distin-
guish location to the plasma membrane from cytoplasmic location. We used an 
antibody against E-cadherin to demarcate the plasma membrane. At higher mag-
nifications, a distinctly different location is seen of E-cadherin (red signal in Fig. 
4A-F) and Vangl2 (green). Arrows in Fig. 4F indicate examples of Vangl2 staining 
not located at the plasma membrane, which is not seen in wild-type embryos (Fig. 
4C). In other experiments, the level of detected Vangl2 appeared to be lower in 
mutant neural folds (see Fig. S3 in the supplementary material). Staining of the 
PCP-related protein Ptk7 was identical in mutant and wild-type neural folds (Fig. 
4G,H). 
Hypothetically, the affected phenotype of the mutant could have consequences 
leading indirectly to abnormal behaviour of the Vangl2 protein. To confirm that 
abnormal Vangl2 location is not caused by such a ‘downstream’ effect, we show 
normal Ptk7 (see Fig. S4E-H,K,L in the supplementary material) and Vangl2 (see 
Fig. S4A-D,I,J in the supplementary material) protein location in cells in the neu-
ral folds of E8.5 Scrib−/− embryos and E17.5 Scrib−/− cochleae. 
In the organ of Corti, where, as shown above, the phenotype is relatively mild, 
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we observed normal Ptk7 staining patterns in wild-type embryos and Sec24b mu-
tants (Fig. 3O,P). The Vangl2 protein was detected mostly in supporting cells and 
no convincing differences between wild types and mutants were seen, neither in 
subcellular location nor in overall levels (Fig. 3M,N). Accumulated Vangl2 is at 
this stage relatively easy to detect in supporting cells, whereas it is more difficult 
to perceive hair cells where it is more diffusely located. More appropriate stages 
to analyze this aspect of the phenotype are unfortunately beyond the lethal stage 
(around E17.5) of this mutant. Patterning of the organ of Corti at E17.5 is imma-
ture and membrane-bound Vangl2 is difficult to detect. 

Figure 4: The Sec24bkrabbel muta-
tion affects trafficking of Vangl2, 
but not of membrane proteins. 
(A-F) Immunolocalization of Van-
gl2 (green) and E-cadherin (red) 
in confocal sections made of trans-
verse vibratome sections. A-C and 
D-F represent increasing magni-
fications of the same section, as 
indicated by white squares. The 
space between nuclei (blue, DAPI) 
is so narrow that it requires the 
highest magnification (C,F) to 
demonstrate that E-cadherin and 
Vangl2 co-localize to the mem-
brane in wild-type (A-C), but not 
Sec24b−/− (D-F), neural tube cells. 
Arrows in F indicate examples 
of Vangl2 staining not localized 
to the plasma membrane. For the 
individual fluorescence channels, 
see Fig. S5 in the supplementary 
material. (G,H) The PCP-related 
protein Ptk7 localizes to the plas-
ma membrane both in wild-type 
and Sec24b−/− neural tube cells. (I-
O) Defective ER exit of Vangl2 but 
not two different membrane pro-
teins, demonstrated in Sec24b−/− 
primary fibroblasts. Transfection 
with a DNA construct encoding 
a Vangl2-eGFP fusion protein of 
MEFs prepared from wild-type 
(I) or Sec24b−/− (J,K) foetuses. Ac-

cumulation of fluorescent signal at the plasma membrane was seen in 75% of individual 
wild-type cells and never in mutant cells. Normal location was observed of a Tspan2-eGFP 
fusion protein (L,M) and a CAAX-domain-YFP fusion (N,O) in wild-type (L,N) and mu-
tant (M,O) MEFs.
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Transport of Sec24b is impeded in mutant primary fibroblasts
To corroborate these results with a methodologically independent approach, we 
transfected primary embryonic fibroblasts (MEFs) prepared from wild-type and 
Sec24bkrabbel mutant embryos with a Vangl2-eGFP fusion construct (Montcouquiol 
et al., 2006). An advantage of these cells is the larger volume of the cytoplasm, 
making the distinction between cell membrane and cytoplasm easier to detect. In 
approximately 75% of Vangl2-eGFP-transfected wild-type cells (as judged from 
the presence of any detectable fluorescence at all), the fluorescent signal clear-
ly demarcated the plasma membrane, often in addition to its diffuse presence 
throughout the cytoplasm (Fig. 4I). 
By contrast, in mutant MEFs this signal at the plasma membrane was never seen 
in three experiments performed in duplicate (Fig. 4J,K). The cytoplasmic fluo-
rescence in these mutant cells was in some cases more strongly concentrated in 
areas surrounding the nucleus. Transfection with two additional constructs en-
coding fusion proteins known to localize to the plasma membrane, Tspan2-eGFP 
and CAAX-YFP resulted, as expected, in clear fluorescent signal at the plasma 
membrane (Fig. 4L-O) of MEFs of both genotypes. These data therefore confirm a 
defect in transport of the Vangl2 protein to the cell membrane. 

Conclusions

Our observations show that loss-of-function of Sec24b leads to developmental 
defects affecting the spinal cord, the heart and the inner ear, resulting in a phe-
notype characteristically seen in mutants deficient for components of the PCP 
signaling pathway. We demonstrate that in mutant neural tube cells, as well as in 
mutant MEFs, the PCP core protein Vangl2 fails to locate to the cell membrane, 
presumably because of defective export from the ER. Absence of Vangl2 from 
the cell membrane is responsible for, or at least contributes to, the development 
of craniorachischisis. This observation indicates a surprising level of specific-
ity in the mechanism of selective cargo exit from the ER. Even if, as we cannot 
exclude, transport of additional PCP proteins like Vangl1 is also compromised, 
the absence of other obvious defects in Sec24b mutants makes this a remarkably 
restricted phenotype. Interestingly, strong evidence for physical interaction be-
tween Vangl2 and Scrib (Montcouquiol et al., 2003; Montcouquiol et al., 2006) and 
their Drosophila orthologs (Courbard et al., 2009) indicates that aberrant Vangl2 
localization might also have an effect on the function of Scrib, even though this 
non-membrane protein is not expected itself to depend on ER-to-Golgi traffick-
ing. 
Clearly, functional Vangl2 deficiency is not complete, as is evident from the weak-
er phenotype in the organ of Corti and heart of Sec24b mutants compared with 
Vangl2 mutants, as well as from our protein localization studies. The milder heart 
and ear phenotypes also suggest that in those tissues other factors, possibly other 
Sec24 isoforms, contribute to the specificity of cargo selection or that other PCP 
components like Vangl1 reach higher levels and are therefore better capable to 
compensate the phenotype. 
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Supplementary material
Figure S1: Expression patterns of Sec24 paral-
ogues. (A-J) In situ hybridizations with DIG-
labelled probes on transverse sections of E8.5 
(A-D) and E10.5 (E-H) wild-type embryos. (I) 
Expression of Sec24b in the cochlear duct of an 
E14.5 embryo (transverse section). (J) Control 
hybridization with a sonic hedgehog (Shh) 
probe, carried out in parallel with the Sec24 
hybridizations under identical conditions. The 
expected pattern is seen, including expression 
in the floor plate (fp), notochord (c), gut (g) 
and stomach (s). Probes used are indicated in 
the upper right corner of each panel. 

Figure S2: Genetic interaction: quan-
tification of misoriented cells for 
each row of cells. Histogram show-
ing percentage of misoriented cells of 
each row of hair cells in homozygous 
Sec24bkrabbel mutants versus Sec24bkrab-

bel−/−; Scrib+/− mutants. The criterion for 
“misoriented” was a deviation of at 
least 30° in either direction. Error bars 
represent standard error of the mean. 
Calculated P-values are given under-
neath the graph. On the basis of these 
calculations and the P<0.05 criteria, 
only the inner hair cells are significantly more misoriented in the double mutant, whereas 
outer hair cell row 3 falls just outside this cutoff. Cells counted were from basal regions 
and, to avoid ambiguity in row identification, did not include regions where an additional 
row of outer hair cells occurred.
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Figure S3:  The Sec24 
krabbel mutation af-
fects trafficking of 
Vangl2, but not of Ptk7. 
(A-F) Immunolocaliza-
tion of Vangl2 protein 
(green) in the neural 
tube of 3-8 somite stage 
mouse embryos. Dorsal 
view of mouse embryo; 
for clarification of the 
position of the embryo, 
white lines are used to 
outline the contours of 
the neural tube (NT) and 
flanking somites (Som). 

Figure S4: Localization of Vangl2 and Ptk7 in cochleae and neural tube from scribble 
mutants. (A-H) Staining of cochleae from E17.5 embryos with a genotype as indicated in 
the figure. (I-L) Staining of forming neural tube of E8.5 embryos with indicated genotypes. 
Confocal z-stack images (A-D,F-H) and optical sections (E,G,I-L) of wild-type (A,B,E,F,I,K) 
and homozygous Scrib mutants (C,D,G,H,J,L). F-actin staining (Phalloidin) appears red, 
DNA staining (DAPI) appears blue. Phalloidin, Vangl2, DAPI and Ptk7 staining colours 
are indicated in the figure. Ptk7 staining is clearly normal in all cases, Vangl2 staining is 
also not convincingly changed. 

Scribble -/-

Phalloidin Vangl2

Wild type Wild type 

Vangl2

Scribble -/-

Phalloidin Vangl2Vangl2
Wild type 

Scribble -/-

Vangl2

Vangl2

Scribble -/-

Phalloidin Ptk7

Wild type Wild type 

Phalloidin Ptk7

Scribble -/-

Phalloidin Ptk7Phalloidin Ptk7
Wild type 

Scribble -/-

Ptk7

Ptk7

A B I

C D J

E F K

G H L Dapi

Dapi

Dapi

Dapi

Confocal sections are in a horizontal plane. DNA staining (DAPI) is in blue and is left out 
in C and F. Wild types (A-C) and Sec24bkrabbel mutants (D-F) are compared, at low- (A,D) and 
high-power (B,C,E,F) magnification. 
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Figure S5: Individual fluorescence channels of immunolocalizations shown in Fig. 4A-F. 
(A-R) Immunolocalization of E-cadherin (red), Vangl2 (green) and DAPI (blue) in confo-
cal sections made of transverse vibratome sections of E8.25 (A-G) wild-type and (H-R) 
Sec24b−/− embryos. These images correspond to the overlays shown in Fig. 4A-F and are 
separated here to facilitate evaluating the data.
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Abstract

The mouse Btaf1 gene, an ortholog of yeast Mot1, encodes the general transcrip-
tion factor, TATA-binding protein (TBP)-associated factor 172.  The function of 
this SNF-2 like ATPase has been studied mainly in yeast and human cells, which 
has revealed that it binds directly to TBP, forming the B-TFIID complex. This com-
plex binds to core promoters of RNA polymerase II- transcribed genes and, of 
crucial importance, Btaf1-TBP interactions have been shown to affect the kinet-
ics of TBP-promoter interactions. Here we report the isolation of a mouse line 
carrying a Btaf1 allele containing an ENU-induced point mutation that causes a 
substitution mutation in the Btaf1 ATPase domain. Embryos homozygous for this 
loss-of-function mutation appear to be morphologically normal until early somite 
stages, but die between embryonic day 9 and 10.5 displaying growth arrest, ede-
ma and underdevelopment of the nervous system. Transcription profiling of pre-
phenotypic mutant embryos suggests a specific down regulation in mutants of 
genes that have been linked to cardiogenesis and hematopoiesis. 

Introduction

Understanding the regulation of gene expression is arguably the most crucial ba-
sic question of biology. In this field, transcription of protein-encoding genes by 
RNA polymerase II receives most attention. This exceedingly complex control 
mechanism involves several different protein complexes binding to target pro-
moter regions, which include, in addition to sequence- and cell-specific transcrip-
tion factors, a number of non-DNA binding coactivators, the Negative Cofactor 
NC2, the TBP-associated factors (TAFs) present in basal transcription factor TFI-
ID, other basal factors like TFIIA, TFIIB, TFIIF, TFIIE and TFIIH, and the Mediator 
complex (Thomas and Chiang, 2006). 
The basic mechanisms underlying these processes appear to be highly conserved 
throughout the superkingdom Eukarya, which has allowed using yeast as a sim-
ple and accessible model system to investigate the principles of gene transcrip-
tion. Identification of many of the factors involved in transcription, as well as 
details on how they interact have thus been identified originally in human and 
in yeast cells. The TATA-binding protein (TBP) is a highly conserved protein and 
has been shown to be essential in yeast cells and mouse embryos. It has a particu-
larly pivotal role in control of RNA-polymerase II transcribed genes. Originally 
named for its binding to TATA-box containing promoters, it is now known to 
be essential for transcription by all three eukaryotic nuclear RNA polymerases 
including RNA polymerase II –transcribed genes either containing or lacking a 
TATA-box. It may be present in one of two distinct complexes, TFIID and B-TFI-
ID, of which the latter contains a specific TAF, BTAF1 in mammals or its ortholog 
Mot1p in yeast. These evolutionary highly conserved transcription factors are 
members of the SNF2-like family of ATPases. BTAF1’s capability of ATP hydro-
lysis is essential for its influence on the dynamics of TBP- promoter interactions 
(Van der Knaap et al., 2000; Klejman et al. 2004 and 2005; Auble, 2009; Timmers 
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and Tora, 2010). Btaf1 interacts directly with TBP through HEAT/ARM repeats in 
the N-terminal 600 amino acids of the protein (Klejman et al., 2005), whereas the 
ATPase domain resides in the carboxyl terminus. The molecular biology of Btaf1 
and its role in the basic transcription complexes has been the subject of many 
studies in the past decade. Here we report the consequences of loss of function of 
Btaf1 on embryonic development: Mutant embryos homozygous for a, presum-
ably hypomorphic, mutant allele of Btaf1 gene died around embryonic day (E) 
9.5 with various malformations. Transcript profiling revealed that a considerable 
number of genes linked to hematopoiesis, heart formation and related functions 
were down-regulated in mutant embryos.

Materials & Methods

Generation and identification of mutants
Mutants were generated by random chemical mutagenesis and mapped using 
procedures essentially similar to those used by Kasarskis et al. (1998); see also 
Chapter 2. Briefly, C57BL/6 mice were injected three times with one-week inter-
vals with 60-80 mg/ kg bodyweight of ethyl-N-nitrosurea (ENU), and after ap-
proximately 7 weeks of recovery crossed to FVB/N mice. The resulting male “G1 
founders” were crossed with their daughters and embryos were visually inspect-
ed on embryonic day (E) 10.5. A SNP panel distinguishing C57Bl/6 and FVB/N 
polymorphisms was used for positional cloning of the affected genes. ES cell 
clone RRF308 (originally BayGenomics) was obtained from the Mutant Mouse 
Regional Resource Centre (MMRRC) (University of California at Davis). Cells 
were grown and used to generate chimeras using standard procedure. Animal 
experiments were conducted under the approval of the animal care committee of 
the KNAW. 

Protein analysis
Polyacrylamide gel electrophoresis (PAGE) and Western blotting were performed 
according to standard procedures, including use of the ECL system for lumines-
cence detection. The anti BTAF1 serum used is a rabbit polyclonal antiserum 
(LORO) against human BTAF1, which cross-reacts with mouse Btaf1; it has been 
described by Pereira et al. (2004). Protein blot (western) analysis was according 
standard procedures. After stripping, the blot was incubated with mouse-anti- 
GAPDH (Millipore).

Transcription profiling
A microarray screen for genes with altered expression in Btaf1V1330M mutant as 
compared to WT embryos was performed with RNA from whole embryos as de-
scribed in the text. Embryos were stored in RNAlater (Ambion, cat. AM1924) and, 
upon genotyping, pools of approximately six homozygous mutant and wildtype 
embryos were made. RNA was purified using a kit from Qiagen (cat. 74104). cD-
NAs were synthesized and Cy-3/Cy-5 labeled cRNAs were generated by using 
a Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies, 
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Santa Clara, CA). The labeled cRNAs were hybridized on 4X44K Agilent Whole 
Mouse Genome Dual Color Microarrays (G4122F). A  single dye swap experiment 
was performed. Microarray signal and background information were retrieved 
with Feature Extraction (V9.5.3, Agilent technologies). All data analyses were 
performed by using ArrayAssist (5.5.1, Stratagene Inc, La Jolla, CA) and Micro-
soft Excel (Microsoft Corporation, Redmont, WA). Only features with an expres-
sion value higher than twice an arbitrarily defined background signal were fur-
ther analyzed. Genes were considered to be significantly up or downregulated, 
respectively, if their linear ratio was higher or lower than 1.5.

Quantitative RTPCR analysis of gene expression
RNA was isolated from individually collected embryos of each genotype. RNA 
was extracted from whole embryos using TRIzol method (Invitrogen, UK) and 
quantified using NanoDrop analysis (Thermoscientific, USA) according to the 
manufacturer’s instructions. PCR was performed in duplicate in pooled individ-
ual samples from each genotype, with 2μl of amplified cDNA per reaction using 
Light Cycler DNA Master SYBR Green 1 (Roche) according to manufacturer’s 
instructions. Real time PCR was carried out using the MyiQ PCR equipment (Bio-
rad). Expression of mouse Gapdh,  Ppia and β2m was used as internal controls.  
Relative gene expression was calculated by the comparative 2-DDCT method (Li-
vak and Schmittgen, 2001).

Results

In a chemical mutagenesis screen for developmental defects (Wansleeben et al., 
2010 a; b; submitted; chapters 3, 5, and 2, respectively), one mutant line was iden-
tified at E10.5 on the basis of growth retardation and extreme cardiac edema. 
These lethal abnormalities were already perceptible at E9.5 (Fig. 1 A,B). In addi-
tion to cardiac abnormalities accompanied by disturbed blood circulation, head 
and brain development appeared to be delayed. Histological sections demon-
strated incomplete trabeculation of the heart and underdevelopment of the brain 
(Fig. 1D,E).
Genetic linkage mapping by means of SNP genotyping led to the identification 
of a 4.5-Mb segment on chromosome 19 that contained 61 genes, 41 of which be-
ing protein-coding genes. This allowed us to proceed with sequencing of coding 
regions, including intron/exon transitions, of the candidate genes in this region, 
which resulted in the discovery of a mutation in the Btaf1 gene (Fig. 2A). Ho-
mozygosity for this mutation correlated completely with occurrence of the phe-
notype in at least hundred embryos observed. 
The G-to-A transition discovered in Btaf1 exon 28, at position 4299 of the cDNA 
(ENSMUST00000099494), leads to a predicted valine- to methionine substitution 
at position 1330 (ENSMUSP00000097093) within the ATPase domain (Prosite 
accession PS51192; all ID numbers see  www.ensembl.org) of the Btaf1 protein 
(Fig. 2B). The strong evolutionary conservation of this protein domain is demon-
strated in Fig. 2C, comparing the mouse Btaf1 ATPase domain to those encoded 
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Figure 1: The phenotype of the mutant. (A,B) Phenotype of E9.5 and E10.5 embryos with 
genotypes as indicated (mut= homozygous mutant; wt=wildtype). Note growth retarda-
tion at E9.5 and extreme edema at E10.5 (C) Phenotype of a transheterozygous embryo 
(‘th-mut’)carrying the V1330M allele as well as the Btaf1 gene-trap allele.(D,E) histological 
sections of E9.5 wildtype and mutant, demonstrating cardiac and brain abnormalities. a, 
atrium; hb, hindbrain; nt, neural tube; v, ventricle.

Figure 2: Mutation found in the mutant and consequences at the protein level.  (A) Se-
quence traces showing  G-to-A transition in Btaf1 exon 28. (B) Schematic representation of 
the Btaf1 protein showing conserved domains and location of the mutation (red arrow). 
(C)Protein comparison of the ATPase domain in Btaf orthologs from mouse, chicken, ze-
brafish, Drosophila melanogaster (helicase 89B), and Saccharomyces cerevisiae (Mot1p), 
respectively, demonstrating extremely strong conservation of in these various species, as 
indicated. The V1330 residue, affected in the mutant described in this paper is shown in 
red and so is the completely conserved W1340 residue thought to be positioned nearby 
V1330 in our 3D-model (see also Fig. 4); this proximity is illustrated with the bent black 
arrow.

A                                             E9.5  B                                            E10.5  C                                           E10.5

D                                             E9.5 E                                              E9.5
Btaf1V1330M                                 Wt  Btaf1V1330M                                 Wt  BtafV1330M/+/Btaf1GT/+                   Wt   

Wt                                                    Btaf1V1330M

hb

nt
a

v

av

(1) Mouse AFLNKYKLHGILCDDMGLGKTLQSICILAGDHCQRAQEYARSKLAECMPLPSLVVCPPTLTGHWVDEVGKFCS---REYLNPLHYT
(2) Chick AFLNKYKLHGILCDDMGLGKTLQSICILAGDHCLRAQEYARTKLVDSVPLPSLVVCPPTLTGHWVDEVGKFCS---KEYLNPLHYT         
(3) Danio AFLNKYKLHGILCDDMGLGKTLQSICILAGDHFLRAQEYTRTKAPDSCPLPSIVVCPPTLTGHWVDEVGKFCS---KEFLNPLHYT
(4) Fly   -FLNKYNLHGILCDDMGLGKTLQTICILAGDH-MHRQ------TANLANLPSLVICPPTLTGHWVYEVEKF--LDQGSVLRPLHYY
(5) Yeast AFLNKYHLHGILCDDMGLGKTLQTICIIASDQYLRKEDYEKTRSVESRALPSLIICPPSLTGHWENEFDQY-----APFLKVVVYA

(1) GPPTERIRLQHQVKRH-NLIVASYDVVRNDIDFFRNIKFNYCILDEGHVIKNGKTKLSKAVKQLTANYRIILSGTPIQNNVLELWSLFDFLMPG
(2) GPPTERIRLQYQVKRH-NLIVASYDVVRNDIDFFRNIKFNYCILDEGHVIKNGKTKLSKAVKQLTANYRIILSGTPIQNNVLELWSLFDFLMPG
(3) GPPTERARLQHQVKKH-NLIVASYDVVRNDVEFFRDIKFNYCILDEGHVIKNGKTKLSKAIKQLTANYRLILSGTPIQNNVLELWSLFDFLMPG
(4) GFPVGREKLRSDIGTKCNLVVASYDTVRKDIDFFSGIHFNYCVLDEGHIIKNGKTKSSKAIKRLKANHRLILSGTPIQNNVLELWSLFDFLMPG
(5) GGPTVRLTLRPQLSDA-DIIVTSYDVARNDLAVLNKTEYNYCVLDEGHIIKNSQSKLAKAVKEITANHRLILTGTPIQNNVLELWSLFDFLMPG
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by its chicken, zebrafish, fruitfly and yeast orthologs. An identity of 175 out of 
176 amino acids is seen with the ATPase domain in human BTAF1, on which so 
far virtually all biochemical work with animal Btaf1 has been based. V1330 is 
quite conservatively replaced by isoleucine in S. cerevisiae Mot1p as well as in a 
number of related helicase-like ATPases including the human nucleotide excision 
repair gene ERCC6 and zebrafish and human Rad54.  
To address the possibility that in this random screen one or more other mutated 
genes were contributing to the phenotype, we analyzed an independent Btaf1 
mutant. We generated a second mutant line by blastocyst injection of ES cells car-
rying a mutant allele in which Btaf1 was expected to be inactivated by the inser-
tion of a gene trap construct (IGTC clone RRF308; see also http://www.informat-
ics.jax.org/javawi2/servlet/WIFetch?page=alleleDetail&key=343444 and Friedel et 
al., 2005 ). We then crossed the resulting Btaf1+/RRF308 mice to Btaf1+/V1330M mice and 
analyzed E9.5 embryos that were heterozygous for both alleles. In conformation 
with the suspicion that the Btaf1 mutant allele is responsible for the phenotype, 
these transheterozygotes had a very similar phenotype, although possibly more 
severe than the ENU mutant (Fig. 1C). The observation that embryos homozy-
gous for the gene-trap allele appeared to have even more growth retardation (not 
shown) further supports the idea that the gene-trap mutant allele is less function-
al than the V1330M allele. We conclude from these data that the point mutation 
described above is responsible for the affected phenotype of the BtafV1330M mice 
and that this is probably a hypomorph mutation.

Expression of Btaf1 in mouse embryos
The function of Btaf1 and of other TAFs has been extensively studied in a bio-
chemical and cellular context, but knowledge on its function in vivo is limited. 
To begin such an analysis, we looked into the expression pattern of Btaf1 during 
embryonic development. We also included in situ hybridizations with a probe for 
TBP, in view of the important biological function of complexes containing both 
factors. Not unexpectedly given their assumed general role in gene transcription, 
we observed in in situ hybridization on sections that Btaf1 and TBP transcripts are 
omnipresent in embryos of E8.5 and E9.5 (data not shown).  

Expression of Btaf1 in mutants
To investigate a possible impact of the mutation in Btaf1 on its expression level, 
we first compared protein extracts of wildtype versus mutant embryos. Protein 
was isolated from pools of genotyped embryos, and subjected to Western analysis 
using a monoclonal antibody generated against human BTAF1, which is known 
to cross-react with mouse Btaf1.  Standard PAGE analysis showed that the migra-
tion rate of the protein in the gel was indistinguishable between wildtype and 
mutant form, but the concentration of Btaf1 protein in the extracts from mutant 
E8.5 and E9.5 embryos was at most 10% of that in wildtypes (Fig. 3 and data not 
shown). Apparently, for reasons not directly obvious, Btaf1 does not accumulate 
to normal levels in the mutant. In spite of the fact that nonsense mediated decay 
(Stalder and Mühlemann, 2008) is not expected to occur in this mutant allele, we 
nevertheless verified by means of quantitative PCR (qPCR) the concentrations of 
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Btaf1 mRNA in mutant and wildtype- embryo extracts. No significant change in 
expression levels was seen (data not shown), indicating that the lower protein 
levels must be caused by either less efficient translation or decreased stability of 
the protein. 

Possible impact of the mutation on the Btaf1 3D structure
By extrapolation of the resolved 3D structure of the ATPase domain of the ze-
brafish protein Rad54 (Thomä et al., 2005) we derived a model for Btaf1 (Fig. 
4A). The side chains of amino acids V1330 and W1340, 10 residues apart in the 
sequence are rather near in the 3-D structure (Fig. 4B; Fig. 2C, bent arrow). In-
troduction of the V1330M mutation into this model (Fig. 4C) suggests the pos-
sible occurrence of steric hindrance of the methionine side chain, clenching with 
the completely conserved tryptophan W1340 residue in the middle of the nearby 
α-helix.  We speculate that this causes a change of protein conformation that leads 
to decreased protein stability.  

Figure 3: Concentrations of Btaf1 shown 
with western blot analysis of E8.5 and 
E9.5 embryo extracts. Western blot analy-
sis using a polyclonal α-hBTAF1 antise-
rum, demonstrating far lower concen-
trations of Btaf1 in mutant embryos as 
compared to wildtype embryos. A pro-
tein extract from human U2OS cells was 
co-layered as control and for identifica-
tion of the Btaf1 band. Results of a control 
incubation with an α-GAPDH antibody 
is shown underneath, serving to confirm 
approximately equal amounts of protein 
being layered.

Figure 4: Modeling of Btaf1 structure and possible impact of V1330M mutation. (A) 
Superposition of the structures of Rad54 (blue) and Btaf1 (red). Rad54 structure has been 
determined by Thomä et al. (2005). (B,C) Detail of the model showing the proximity of 
V1330 (green) and W1340 (gold) in wildtype (B) and possible steric hindrance between 
M1330 (red) and W1340 in mutant (C) Btaf1.

Rad54   Btaf1                                    Btaf1 Wildtype                                 Btaf1V1330M

 Wt    Mut   Wt   Mut U2OS
E8.5              E9.5

Btaf1

Taf5
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Downstream effects of Btaf1 loss of function
To investigate the downstream consequences of Btaf1 loss of function of we per-
formed a transcription profiling experiment. By means of a micro-array screen, 
we compared mRNA transcripts from pools of Btaf1-/- and Btaf1+/+ embryos. Where 
possible, we used 3-5-somite embryos, a stage immediately prior to the emergence 
of a perceptible phenotype. The experiments were done in duplo i.e. two sets 
of comparisons were made:  in one case stage matching (i.e. number of somites 
counted) was the highest priority, in the other case the pools were designed such 
that a maximum number of litter mates were compared while a difference of up 
to five somites was allowed. The data obtained in this way were generally very 
similar for both comparisons. Data that were not or unsatisfactorily confirmed 
by the duplo experiments were disregarded. A subset of genes found to be sig-
nificantly up- or down regulated was analyzed by qPCR on cDNA isolated from 
independent sets of embryos, which in a number of cases did not convincingly 
confirm the results from the microarray (see Table I). Complete results will be 
submitted to the appropriate database. A selection of the results of the compari-
son is shown in Table I where most of the genes up-regulated or down-regulated 
by at least a factor log 1.8 are listed. 
Given the general character of the function of Btaf1, an impact on a collection of 
genes with a large variety of functions would be imaginable. Nevertheless, a pat-
tern emerges from the data of Table I, which is remarkable for two reasons: Firstly, 
a considerable number of genes functionally related to heart development or he-
matopoiesis are seen to be down-regulated in the mutant. Secondly, the number 
of genes significantly downregulated in the mutant appears to be far greater than 
those upregulated, suggesting a net positive function of Btaf1 in transcription in 
normal embryos. 
It should be noted that genes encoding muscle proteins are in the context of an 
early embryo necessarily heart-specific. Examples of down regulated genes in-
clude the two genes encoding Atrial Natriuretic Factor A and B, two genes encod-
ing hemoglobin subunits, the Titin gene, that is related to a function in striated 
muscle, Connexin 40 and the endothelium-specific gene Esm1. The latter gene has 
been implicated in vasculogenesis and is upregulated in Hhex mutant embryos 
that have disturbed vasculogenesis (Cong et al., 2006).  
Although we chose the embryonic stages in such a way that the anatomical phe-
notype should not have an influence on the data, we will have to exclude this pos-
sibility more rigorously by in situ hybridization experiments of the down-regu-
lated genes as well as by more detailed histological analysis of mutant embryos. 

Discussion

We describe the consequences in vivo and in vitro of a point mutation in the gene 
encoding the general transcription factor Btaf1. There is considerable interest in 
the biochemical details of the core transcription complexes as such knowledge is 
indispensable to understand the exceedingly complex mechanisms underlying 
transcriptional control in eukaryotes. Therefore, the structure function relation-
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ships of transcription factors like Btaf1 have been studied at the molecular level, 
including an extensive mutagenesis approach (Kejman et al., 2005). It would be 
impractical to perform such large-scale studies in viv, however this paper dem-
onstrates how a phenotype-based mutagenesis approach may provide subtle and 
biochemically interesting mutants. 
We show that a substitution mutation leading to a Val-Met substitution in the AT-
Pase domain of Btaf1 results in a severely compromised phenotype in homozy-
gous mutant embryos. At the molecular level the mutation has quantitative and 
possibly qualitative consequences. The question of whether the remaining Btaf1 
protein is functionally intact remains at present unanswered, and is now being 
addressed using Fluorescence Recovery After Photobleaching (FRAP) assays. In 
these experiments, cells expressing TBP linked to a fluorescent tag are radiated 
with light that inactivates the fluorescence in a limited area of the nucleus; subse-
quently the repopulation of that area by TBP is followed in time. When in these 
cells wildtype or mutant Btaf1 is co-expressed, it provides one with a read-out 
for the impact of Btaf1 loss of function on TBP mobility, allowing to test the pre-
diction that in mutant cells the on/off rate of TBP on its target promoters will be 
decreased. The strong quantitative decrease of the protein in mutant embryos 
is probably caused by conformational changes leading to a lack of stability, as 
the alternative a decrease of translation deficiency caused by the point mutation 
seems less plausible. The low amount of normal protein at E8.5, combined with 
an amino acid substitution affecting a highly conserved amino acid would sug-
gest that the mutant is either a null or a strong hypomorph. The apparently stron-
ger phenotype of the gene trap mutant suggests that an even lower functional 
level of Btaf1 is possible, but it should be noted that mice with very different 
genetic backgrounds are being compared here, which could contribute to pheno-
typic variance. 
It might appear surprising that extensive loss of function of a highly conserved 
component of one of the basic transcription complexes, B-TFIID, supposedly pres-
ent in most or all living eukaryotic cells, would be compatible with life through 
gastrulation until an early somite stage, more than eight days after conception. 
Conceivably, a level of redundancy between different TAFs might lead to partial 
compensation for Btaf1’s function, although it is far from obvious to identify a 
candidate TAF to functionally replace Btaf1. For this as well as other reasons it 
will be interesting to compare the composition of the B-TFIID complex in the 
Btaf1 mutant with the normal complex. 
Previously the function of a number of the components of the transcription com-
plexes has been studied in mice, usually by standard knockout technology, and 
these in vivo studies sometimes revealed functions more specific than might have 
been anticipated. This adds to the increasingly nuanced view of the specific roles 
of the general transcription machinery once thought to have a predominantly 
passive role in cell-specific transcription (for a more thorough discussion, see 
D’Alessio et al., 2009). For instance, inactivation of TBP leads to growth arrest and 
apoptosis at the blastocyst stage of mouse embryogenesis, but also demonstrated 
that TBP is specifically needed for de novo initiation of transcription, e.g. in zy-
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gotes and during cell proliferation, and not for re-initiation and maintenance of 
transcription (Martianov et al., 2002). Furthermore, mice lacking the TBP-related 
factor TBP2 had a very distinct phenotype: a defect in folliculogenesis leading to 
female sterility (Gazdag et al., 2009). Loss-of-function genetic data obtained for 
the TFIID component TAF10 were reminiscent of those reported for TBP: Using 
tissue-specific (conditional) knock-out technology, it was shown that deficiency 
of TAF10 in keratinocytes caused failure to terminally differentiate in foetal, but 
not adult epidermis (Indra et al., 2005). Moreover, a liver-specific inactivation 
of the same factor resulted in extensive loss of expression of liver-specific genes 
during embryogenesis (Tatarakis et al., 2008), whereas the disintegration of TFIID 
that results from TAF1- inactivation is compatible with a normal phenotype of 
adult hepatocytes. The function of the mediator complex that connects transcrip-
tional activators to RNA polymerase II was studied in vivo by knocking out the 
mediator subunit Med1/TRAP220. Embryos homozygous for this mutation died 
around E11.5, suffering from heart failure, impaired neuronal development and 
anemia.  The latter could be reconfirmed as a clear link with erythroid develop-
ment was established as this subunit interacts directly with the erythroid master 
switch Gata-1 (Stumpf et al., 2006).
To address possibility of any specific functions of Btaf1 in biological processes, it 
will be indispensable to generate conditional, tissue- or cell specific mutant alleles. 
On the short term it will nevertheless also be interesting to further investigate the 
observed link with genes linked to erythrogenesis, and heart development. Inter-
estingly the phenotype of loss-of-function mutants of Titin, one of the genes we 
found to be downregulated in our microarray analysis is similar to the Btaf1 phe-
notype, with mutant embryos dying around E9.5 (Weinert et al., 2006). Our data 
suggest that more genes are convincingly down regulated than activated in the 
mutant, arguing for a positive role of Btaf1.  Whether Btaf1 acts predominantly as 
a positive or a negative factor in transcription has been the subject of discussion, 
but in recent years a pattern has emerged suggesting that Btaf1 would influence 
the on/off rate of TBP at its target promoters, and the consequence of Btaf1’s in-
activation might be context-dependent (for a discussion and references, see Tora 
and Timmers, 2010).  More specifically, TATA-containing promoters are often 
found in regulated and tissue-specific genes, including the cardiogenesis- and 
hematopoiesis-related genes that are down regulated in the Btaf1 mutant. Such 
highly regulated genes are expected to be associated with a dynamic and rapid 
TBP-promoter dissociation. At a molecular level, the heterodimeric negative fac-
tor NC2 is known to assemble with TBP at the promoter precluding the forma-
tion of complexes like TFIIA or -B, which prevents formation of a pre-initiation 
complex.  In the NC2-TBP-DNA complex the NC2-TBP appears to wrap around 
the DNA, and this ring-like structure would be able to slide over the DNA. In-
teractions of Btaf1/ Mot1p with its substrate, the NC2-TBP-DNA complex would 
catalyze dissociation of the TBP complex, and enhance the turnover of TBP (Tora 
and Timmers, 2010 and De Graaf et al., submitted). This central event in tran-
scriptional gene regulation also involves the transition of TATA-containing DNA 
form a bent to a non-bent structure. Loss of function of Btaf1 may tend to lead 
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to a more predominant occurrence of TBP-NC2 rings keeping core promoters, 
and perhaps more specifically those containing a TATA-box, silent. Clearly this 
hypothesis needs further testing. Our paper demonstrates a substantial degree of 
specificity of an in vivo phenotype of a loss-of-function mutation in a gene that 
encodes a general transcription factor. In addition it demonstrates yet again that 
a random, phenotype-based mutagenesis screen can yield mutant alleles that are 
of interest both from a biological and a molecular point of view.
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Abstract 

The biological role and structure-function relationship of the Na+Ca2+ exchanger 
NCX1 have been subject of much investigation.  Subtle mutagenesis to study the 
function of a protein seems only feasible in in vitro systems, but genetic forward 
screens have the potential to provide in vivo models to study single amino 
acid substitutions. In a genetic screen in mouse, we have isolated a mutant line 
carrying a novel mutant allele of the mouse Ncx1 gene. In this allele, a point 
mutation causes a substitution of a highly conserved asparagine residue (N874) 
with Lysine.  Accepted models for NCX1 structure propose that the affected 
amino acid is located in one of the reentrant membrane loops and experiments in 
vitro have identified N874 as critical for the ion transport function of NCX1. We 
found in homozygous Ncx1N874K mutant embryos severe circulation defects and 
defective placentation, making the phenotype essentially indistinguishable from 
those of previously described null mutants. By ex vivo analysis, we demonstrated 
intrinsic functional abnormalities of cardiomyocytes. Western blot analysis and 
immunohistochemistry demonstrated normal levels and subcellular localization 
of the altered protein, ruling out the possibility that the abnormalities are a mere 
consequence of a major disturbance of protein structure. This study confirms and 
extends studies in vitro indicating the significance of amino acid N874 for the 
function of the NCX1 protein. It provides an in vivo model for this mutation and 
demonstrates the potential of forward genetic screens in a mammalian system.
 
Introduction 

Ca2+ flux is pivotal in excitation-contraction coupling in the heart and in other 
processes (Lytton, 2007). In cardiomyocytes, the sodium calcium exchanger NCX1 
has an important role, particularly in extrusion of Ca2+ during relaxation, but 
also in Ca2+ entry during contraction. NCX1, also known as SLC8A1, is a member 
of the superfamily of solute carriers. Three Ncx genes encoding structurally 
highly similar Na+/Ca2+ exchanger proteins are present in the mouse genome. 
Ncx2 and Ncx3 are mainly expressed in the central nervous system and skeletal 
muscle, respectively (Quednau et al., 2004), while Ncx1 is expressed ubiquitously 
in adult animals, but at much higher levels in heart, brain and kidney. Expression 
analysis on embryos shows predominant expression in the developing heart 
as of approximately the 1-somite stage (Koushik et al., 1999). In four different 
laboratories knockout lines representing null alleles of Ncx1 were generated (Cho 
et al., 2000; Koushik et al., 2001; Reuter et al., 2002; Wakimoto et al., 2000). Mouse 
embryos lacking a functional Ncx1 gene were reported to die around embryonic 
day (E) 10.5 with striking cardiac abnormalities. Given Ncx1’s assumed cardiac 
function,  these data confirmed the expected phenotype, but some controversy 
regarding the cause of lethality arose when (i) it was reported that a ‘cardiac-
specific’ Ncx1 knockout is viable into adulthood (Henderson et al., 2004); (ii) two 
groups showed that heart-specific Ncx1 expression in transgenic mice rescued 
the phenotype only to limited extent (Conway et al., 2002; Cho et al., 2003); (iii) 
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Ncx1 was shown to be expressed in the normal placenta, and placental defects 
were seen in Ncx1 mutants (Cho et al., 2003). 
The topology and the structure-function relationship of the NCX1 protein has 
been subject of much research.  NCX1 is a plasma membrane protein containing 
nine transmembrane domains, a large intracellular loop that has been directly 
linked to Ca2+ binding, and two reentrant loops, the α-1 and α-2 repeats that 
have been linked to ion transport (Nicoll et al., 1996; Iwamoto et al., 1999; Ottolia 
et al., 2005).
Here we report a novel mutant allele of Ncx1 that we found in a genetic screen for 
mutations that disturb early mouse development. We show that a point mutation 
leading to the substitution of one of the conserved asparagines in the α-2 repeat 
is sufficient to produce an essentially complete loss-of-function phenotype, as 
compared to published knockout studies. In addition, we demonstrate intrinsic 
defects of mutant cardiomyocytes, by studying Ca2+ homeostasis and action 
potential in isolated cardiomyocytes.  

Materials & Methods

Identification of mutant
We identified the HI-07 mutant in the course of a genetic screen for recessive 
mutations affecting development. This screen will be described in more detail 
elsewhere. Briefly, C57BL/6 mice were injected three times with one-week intervals 
with 60-80 mg/ kg bodyweight of N-ethyl-N-nitrosourea and crossed with FVB/N 
mice.  Founders were crossed with their daughters and embryos, which were 
potentially homozygous for ENU-induced mutations, were examined at E10.5.

Mapping procedures
We designed a SNP panel for approximate mapping of mutations from our screen. 
SNPs were chosen to be equally spread along all chromosomes excluding Y and to 
be polymorphic between C57BL/6 and FVB/N. 10 μl of PCR product was diluted 
with 25 μl water and 1 μl was used as template for the sequencing reactions. 
Sequencing reactions, containing 0.25 μl BigDYE (v1.1; Applied Biosystems), 3.75 
μl 2.5x dilution buffer (Applied Biosystems), and 0.4 μM gene-specific primers in 
a total volume of 10 μl, were performed using cycling conditions recommended 
by the manufacturer. Sequencing products were purified by ethanol precipitation 
in the presence of 40 mM sodium acetate and analyzed on a 96-capillary 3730XL 
DNA analyzer (Applied Biosystems). Sequences were analyzed for the presence 
of polymorphisms using Polyphred (Thurneysen et al., 2002). Primers for PCR 
amplification and sequencing were designed using the Ensembl genome database 
(http://www.ensembl.org). 

Western blot analysis
E9.5 mouse embryos were harvested in PBS; hearts were dissected and separately 
lysed in 5μl RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 
0.5% DOC, 0.1% SDS) including protease inhibitors. After genotyping, 11 or 12 
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hearts of every genotype were pooled, and protein concentrations of the pools 
were determined using the Bicinchoninic assay Kit (Sigma-Aldrich). 2x Laemmli 
sample buffer was added to 25μg protein and the mixture was heated at 70˚C 
before loading. Polyacrylamide gel electrophoresis (PAGE) and Western blotting 
were performed according to standard procedures, including use of the ECL 
system for luminescence detection. Mouse-anti-NCX1 (R3F1, Swant, Bellinzona, 
Switzerland) was diluted 1:500 in 5% milk powder in TBS-Tween blocking solution. 
The NCX1-specificity of this antibody has been described (Van Nes et al., 2006). 
After stripping, the blot was incubated with mouse-anti-α tubulin (1:2000 in TBS-
Tween, t6199, clone DM1A, Sigma-Aldrich). The secondary antibody used was 
HRPO-coupled anti-mouse (BDbiosciences). 

Immunohistochemistry
Embryos were dissected in PBS and fixed overnight in 4% para-formaldehyde 
(PFA) and dehydrated by increasing Methanol concentrations to 100% for storage 
at -20˚C.  After rehydration, embryos where blocked in PBS, 0.1% Triton X-100-1 % 
BSA for 1h and incubated with 1:500 mouse-anti-NCX1 (R3F1, Swant, Bellinzona, 
Switzerland).  After washing with PBS containing 0.1% Triton X-100, embryos 
were incubated with the secondary antibody (Cy3-goat-anti-mouse 1:250; Jackson 
Immunological). Nuclei were stained with DAPI (Invitrogen).  Fluorescence was 
analyzed by using a Leica TCS SPE confocal microscope and the Leica Application 
Suite software. PECAM-staining has been described (Van Nes et al., 2006).

Preparation of dispersed cardiomyocytes
Single cardiomyocytes were prepared essentially as described (Maltsev et al., 
1994). In brief, embryonic hearts were dissected, washed and then transferred 
to collegenase-containing buffer and incubated for 45’ at 37o C. Tissue was then 
transferred to KB buffer (Maltsev et al., 1994) and shaken at room temperature for 
1 hour at 100 rpm. Small amounts of tissue were dispersed by pipetting up and 
down and transferred to 12-well plates containing gelatin coated cover slips and 
hES medium (Braam et al., 2008).

Calcium measurements
The equipment used consisted of a Leica DM R upright microscope (Leica-
Microsystems Wetzlar GmbH, Germany) equipped with an UV 40x water-
immersion objective (0.9 NA) and a temperature-controlled specimen holder. 
Measurements were done in a buffer containing 145 mM NaCl, 5 mM KCl, 
2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose and 0.5% bovine 
serum albumin, at 33 0C. The cells were labelled for 15 minutes at 37 0C with 
10 M fura2-AM (Invitrogen, Molecular Probes). The light from two excitation 
monochromators (SPEX fluorolog SPEX Industries EDISON, N.J, USA) was 
rapidly alternated between 340 nm and 380 nm and the ratio of the emission 
signals (wave length 505 nm) was recorded.
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Expression analysis
In situ hybridization on whole mounts or sections was as described 
previously (Kuijper et al., 2005). Probes were previously described (Van 
Nes et al., 2006) except for Ncx1. In this case, two different probes of 
689 and 693 bp, were made by PCR from partially overlapping parts of 
exon 1 using primers: Ncx1F1, AGACTGTGTCGAACCTGACC; Ncx1R1, 
TGCTGTTGACTTAGGACCTG, and Ncx1F2, GATGGGAAAGTGGTCAACTC; 
Ncx1R2, CCCAAGACAAGCAATTGAAG, respectively. Both probes gave 
identical results. 
To ensure specificity of probes, experiments were combined with parallel 
hybridizationshybridisations using probes detecting known expression patterns. 

Results 

Identification of a mutant line with early-embryonic heart defects
In the course of an ENU-mediated, phenotype-driven screen for recessive muta- 
tions leading to developmental defects (manuscript in preparation), we identified 
a mutant line that was designated HI-07. Affected mutant embryos of this line 
displayed extreme thoracic oedema, inflated branchial arches and abnormal fol- 
ding of the heart tube (see Fig. 1). Embryos collected at E9.5 or E10.5 had similar 
morphology and size, but while a heart beat could usually be observed at E9.5, 
E10.5 embryos never had a beating heart. Yolk sacs of mutant embryos lacked a 
blood-filled vasculature. Mutant embryos at these stages were obtained with a 
frequency as expected for an autosomal recessive mutation. 

Mapping
We designed a panel of 192 single nucleotide polymorphisms (SNPs), distin- 
guishing FVB/NJ from C57Bl/6 DNA. These SNPs are dispersed evenly over 
the genome, allowing initial crude mapping. Analysis of DNA from 25 mutant 
embryos and some of their littermates indicated that the gene was located on 
Chromosome 17, between 75.8-86.1 Mbp. Further mapping using different SNPs 
in this region (http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home) 
reduced the candidate region to 78.0-84.5 Mb. Among the approximately 55 genes 
located within this segment is the Ncx1 gene. Since descriptions of homozygous 
mutant mouse embryos obtained through gene targeting appeared to match the 
HI-07 mutant, we sequenced the coding regions of Ncx1 in genomic DNA from 
mutant embryos. This demonstrated a T>A transversion of nucleotide 86 of exon 9 
(Fig. 2a) that correlated completely with the phenotype. Because of the mutation, 
the asparagine residue at position 874 is substituted by a lysine (numbering 
according to the Ensembl database (www.ensembl.org), Ensembl peptide ID 
ENSMUSP00000083725).  The occurrence of this mutation in combination with 
a very strong resemblance of the HI-07 mutant phenotype to the described Ncx1 
phenotype basically excludes a noncausal relation between the two. Functional 
relevance of N874 emerged previously from site-directed mutagenesis studies 
followed by in vitro assays (Nicoll et al., 1999). From modelling studies, it has 
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Figure 1: Cardiac phenotype 
of homozygous HI-07 embryos 
(A) Wildtype (wt) E9.5 embryo. 
(B,C) Two different E9.5 embryos 
homozygous for the HI-07 muta-
tion (mut). Note inflated pericar-
dial sac (ps) due to oedema and 
distorted heart tube (ht) in mu-
tants. (D,E) In situ hybridisation 
of E10.5 wildtype and mutant 
embryos with a probe specific 
for Ncx1. Note abnormal heart 
tube and inflated mandibular 

Figure 2: Identification of 
Ncx1 mutation in HI-07 mu-
tant embryos (A) Sequence 
traces representing the mu-
tation found in the Ncx1 al-
lele in the HI-07 line. A T to 
A transversion in the coding 
region of Ncx1 is evident in 
DNA from a homozygous 
mutant embryo, which is 

predicted to lead at the protein level to replacement of an Asparagine (N874) by a Lysine.  
(B) Scheme depicting the topology of NCX1 protein as proposed in the literature, in par-
ticular references 12,13,15. The protein contains 9 transmembrane loops, an intracellular 
loop and two reentrant loops. Orientation of the membrane is indicated by ‘Out’ and ‘In,’ 
referring to outside and inside the cell. The red dot marked ‘N874’ indicates the crucial 
Asparagine mentioned above and discussed in the text. 
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Figure 3: Immunodetection of 
Ncx1 and Ncx1N874K. (A) Western 
blot analysis of pooled embryon-
ic hearts. Hearts were dissected 
from E9.5 embryos and lysates of 
identical genotype were pooled. 
One slot contained 25 μg protein 
from pools of 11-12 hearts. Two 
NCX1 bands of 120 and 160 kD 
were detected at similar levels 
in wildtype (wt), heterozygous 
(het) and homozygous mutant 
(mut) material. To control for the 
amount of protein loaded, the 
membrane was incubated with 
an α-tubulin antibody (α-tub), as 
shown below. (B-G) Immunode-
tection of NCX1 in E9.0 embryos. 
(B,D,F) wildtype embryo; (C,E,G) 

Figure 4: Abnormal placentation in 
Ncx1 mutants. (A-D) Haematoxylin 
and eosin stained sections of E9.5 pla-
centas from wildtype (A,C) or mutant 
(B,D) embryos. Maternal blood ap-
pears red and is indicated by white 
arrows. Embryonic (nucleated) eryth-
rocytes are seen as dark round cells, 
and are pointed out by black arrows. 
Labyrinth formation manifests by the 
penetrance of embryonic blood into 
the maternal part of the placenta. This 
occurs in the wildtype, but not in the 
mutant placenta. In (C) and (D), ‘lab’ 
indicates area of labyrinth; ‘mat’ and 
‘emb’ indicate areas of maternal and 
embryonic placenta, respectively. The 
yellow arrow indicates the thin layer 
known as haemotrichorial layer  that 
separates maternal and embryonic 
circulation. This interface was never 

homozygous mutant NCX1N874K embryo.  NCX1-specific fluorescent signal appears red, 
DAPI staining for DNA is blue (only in (B-E). (B,C) confocal detection (z-stacks) of low 
power magnification demonstrates heart-specific expression. (D-G) high power magnifica-
tion (optical sections) reveals plasma membrane localization in both genotypes.

seen in mutant placenta. (E,F) PECAM staining of sections similar to those of panels A-D, 
showing normal expression of this endothelium marker. Mutant (mut) and wildtype (wt) 
placenta as indicated on top of the figure.
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been proposed that N874 is located in the membrane as part of the second of two 
re-entry loops present in the protein (Nicoll et al., 1996, 1999; Iwamoto et al., 1999, 
2000; Ottolia et al., 2005; see Fig. 2b). 

Ncx1 expression in embryos
Reports of expression analysis of Ncx1 at early embryonic stages are not entirely 
consistent, but agree on predominant expression in the heart (Koushik et al., 1999; 
Wakimoto et al., 2001).  Our analyses confirmed expression in the heart at E10.5, 
which was essentially unchanged in mutant embryos (Fig. 1D,E). 
It is hypothetically possible that the mutation we observed in the Ncx1N874K mutant 
affects the protein in a way that destabilizes it, and/or upsets its targeting to the cell 
membrane. To address this, we analyzed by Western blot analysis the presence of 
NCX1 in embryonic hearts. As shown in Fig. 3A, similar levels of 120- and 160-kD 
NCX1-specific bands were detected in pools of dissected wildtype, heterozygous 
and homozygous mutant embryos. We also compared expression and subcellular 
localization in wildtype vs. mutant embryos by immunofluorescence (Fig. 3 
B-G). Fig. 3B,C shows presence of NCX1 protein in the heart of an E9.0 wildtype 
embryo and similarly in an Ncx1 mutant embryo. Fig. 3D,F  shows the plasma 
membrane localization of NCX1 in wildtype embryos. In mutant cells (Fig. 
3E,G) this localization is unchanged. Therefore, the N874K mutation does not 
bring about a general, unspecific disorder of the NCX1 protein organization. Our 
attempts to demonstrate expression of Ncx1 in the embryonic vasculature of the 
placenta were unsuccessful, as the use of the R3F1 antibody led to artefacts in this 
tissue. 

Placental phenotype in Ncx1 mutant embryos
To investigate the possibility that placentation is disturbed in homozygous 
mutant Ncx1N874K embryos, as was reported for Ncx1 knockout embryos (Cho et 
al., 2000), we analyzed a time series of mutants between E9.0, E9.5 and E10.5. This 
suggested normal development of the allantois, prior to and including attachment 
to the chorion. Upon attachment of the allantois, in normal embryos the labyrinth 
develops because of invasion of the trophectoderm layer by allantois-derived 
vasculature. The labyrinth layer enables exchange of nutrients and gases between 
the foetal and maternal circulation (Rossant and Cross, 2001). Comparison 
of sections of E9.5 placenta from wildtype and mutants revealed that while in 
the placenta of wildtype embryos the labyrinth could easily be distinguished; 
in the mutant placenta it had not developed (Fig. 4A-D). Furthermore, the 
haemotrichorial layer that separates embryonic and maternal circulation (yellow 
arrow in Fig. 4B) is seen in wildtype (yellow arrow in Fig. 4C) but not in mutant 
placenta (Fig. 4D).
To analyze the vasculature of the placenta, we used antibodies against PECAM 
that specifically label the endothelial lining of the vessels. The results confirm the 
defective labyrinth development, but do not suggest that vascular endothelium is 
specifically affected (Fig. 4E,F).
To better understand the nature of the placenta phenotype, we analyzed 
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expression of a number of markers by in situ hybridization on sections of E9.5 
placentas. Expression of eHAND as a trophoblast giant cell marker (Cserjesi et 
al., 1995), Cdx2 as a trophoblast lineage marker (Beck et al., 1995), and Mash2 
as a spongiotrophoblast marker (Guillemot et al., 1994) was essentially normal 
compared to the wildtype placenta, apart from differences that are evidently 
a direct consequence of the abnormal morphology of the mutant placenta (see 
Supplementary Fig. 1). These results suggest that derivatives of these lineages are 
present in essentially normal amounts. 

Intrinsically affected properties of Ncx1 mutant cardiomyocytes 
The occurrence of extra-embryonic defects in this Ncx1 mutant opens the pos- 
sibility that cardiac failure might not be the only or even primary cause of em- 
bryonic lethality. We therefore set out to compare intrinsic properties of cardio- 
myocytes isolated from mutant embryos and their wildtype litter mates. Two key  
components of excitation contraction coupling were studied, the action potential 
(AP) and the Ca2+ homeostasis. Hearts from E9.5 normal and mutant embryos 
were isolated, dissected into small pieces, dissociated enzymatically and replated. 
After one day of culture, cardiomyocytes from wildtype embryos were contracting 
regularly and synchronously in small clusters. In contrast, cardiomyocytes derived  
from mutant embryos were fibrillating and contracting randomly (see sup- 
plementary videos). The Ca2+ transients of Ncx1N874K cardiomyocytes were 
smaller in amplitude and had a lower frequency (0.53 Hz) than their wild-type 
counterparts (1.06 Hz) (Fig. 5A). Although small Ca2+ transients were found, 

Figure 5: Calcium transients and action 
potentials in wildtype vs. mutant car-
diomyocytes. (A) Representative calcium 
transients in fura-2 loaded, spontaneous 
beating wild-type black) and Ncx1N874K 
mutant (red) cardiomyocytes. (B) Repre-
sentative action potentials of spontaneous 
beating wild-type (black) and Ncx1N874K 
mutant (red) cardiomyocytes.

A

B
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very rarely action potentials were detected, which were never repetitive. In 
the mutant cells we were able to measure only two prolonged action potentials 
out of ten recordings (Fig. 5B). These results are consistent with the notion that 
the Ncx1N874K mutation causes intrinsic abnormalities in embryonic cardio- 
myocytes. Clearly, these malfunctions would be sufficient to explain the embryonic 
phenotype including early lethality.

Discussion

In addition to identifying novel roles of genes in an unbiased way, a phenotype-
based approach involving generation of point mutations is also expected to 
yield subtly altered mutant alleles of genes. Such mutants may be of interest 
if they represent hypomorphic alleles, providing novel opportunities to study 
gene function. In addition, if a single amino acid substitution leads to a strong 
phenotype, as in the present study, the results may provide insight in the 
biochemistry and structure-function relation of the protein in question. 
We have characterized a novel mouse mutant, carrying a missense mutation of the 
Ncx1 gene. Our data show that homozygous Ncx1N874K embryos exhibit a wide-
ranging set of abnormalities similar to published knock-out models, including 
defective placentation, lack of yolk sac vascularization and abnormalities of 
heart development leading to impaired blood circulation. The early lethality 
of the Ncx1 mutants precludes analysis of possible other functions of the gene. 
For instance, Ncx1 is highly expressed in adult brain and kidney (Wakimoto et 
al., 2001), but the study of its function in those tissues would require the use 
of conditional mutants. Assessing whether the Ncx1N874K allele is hypomorph 
or a null mutation is complicated by certain discrepancies in the phenotypes 
described for the existing presumed null mutants. Koushik et al. (2001) reported 
total absence of heartbeat in homozygous mutant embryos at all stages (see also 
Lux et al., 2008 and Rhodes et al., 2008) whereas others (Cho et al., 2000 and 
Wakimoto et al., 2000) observed at least some contractility in all or some of the 
mutant embryo hearts. Our observation that mouse embryos homozygous for the 
mutation retain a heartbeat at E9.5 therefore does not resolve the question as to 
remaining functionality of the NCX1N874K protein. 
Our ex vivo analyses of mutant cardiomyocytes demonstrate major functional 
deficits of mutant E9.5 cells that are sufficient to explain early lethality. The 
essential physiological role of NCX1 in the heart is further emphasized by reports 
of arrhythmias in zebrafish Ncx1 mutants (Ebert et al., 2005; Langenbacher et al., 
2005) where complications of extra-embryonic development do not apply. The 
doubts that have arisen as to the question whether heart failure is the primary 
cause of embryonic lethality around E10 were based on survival of a ‘heart-specific’ 
knock-out in which, however, only 80-90% of the cells had lost Ncx1 activity 
(Henderson et al., 2004). In addition, attempts to rescue the Ncx1 phenotype by 
expressing Ncx1 under control of an αMHC promoter failed to compensate more 
than marginally (Conway et al., 2002; Cho et al., 2003). Although efficacy of the 
expression construct at the relevant embryonic stages was not demonstrated by 
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these authors, this suggests a potential role of Ncx1 in placental development. On 
the other hand, since heart failure in the Ncx1N874K mutant is already evident at 
E9.5, and our analyses of cell-specific markers in mutant placenta (Supplementary 
Fig. 1) showed essentially normal patterns, it is possible that the placental defect 
we observe is a mere secondary consequence of it, for instance as consequence of 
delayed development, as has been suggested for a number of mutants (Conway 
et al., 2003). The lack of vascularization of the yolk sac may also be a consequence 
of impaired cardiac function. It was recently reported that haemodynamic force 
is necessary and sufficient to induce vessel remodeling in the mouse yolk sac. The 
manifestation of the Ncx1 deficiency in our HI-07 mutant in appearance of the 
yolk sac phenotype strongly resembles what these authors show for Mlc2a knock-
out embryos, an immature appearance and failure of remodelling of the capillary 
plexus. Interestingly however, no labyrinth phenotype has been reported for the 
Mlc2a mutant (Lucitti et al., 2007). 
Iwamoto and co-workers (Iwamoto et al., 1999, 2000) and others studied the 
structure of dog NCX1 protein.  On the topological disposition of N842 (corre- 
sponding to mouse N874), these authors concluded that it is located in the 
membrane as part of a reentrant loop. Replacement of N842 by cysteine allowed 
examining its accessibility. It was demonstrated to be chemically accessible from 
the intracellular membrane surface and possibly also from the outside (Iwamoto 
et al., 2000). Earlier, functional importance of this amino acid had been revealed by 
demonstrating that its mutation to aspartate or valine led to decreased exchange 
activity (Nicoll et al., 1996). Mouse Ncx1 N874 is therefore likely to be a part of the 
mechanism responsible for ion transport. Interestingly, Iwamoto et al. (2000) showed 
that replacement of N874 with cysteine did not affect NCX1 performance, whereas 
subsequent treatment with methanethiosulfonate ethylammonium (MTSEA)  
did inhibit its activity. MTSEA is a sulfhydryl reagent that converts the neutral 
cysteine side-chain to a positively charged group resembling a lysine side-chain; 
therefore this in vitro experiment resembled the situation resulting from the point 
mutation in the Ncx1N874K mutant. 
In conclusion, our analysis of a novel loss-of-function mutant allele encoding 
an abnormal NCX1N874K  protein substantiates the importance of the conserved 
asparagine at position 874. By extrapolation of published work in vitro, it is likely 
that the NCX1N874K protein is specifically defective in ion transport. While protein 
levels and subcellular location of the protein remained unaffected, a strong 
embryonic phenotype was observed in homozygous mutants. Our data establish 
for the first time in vivo the essential role of this residue and demonstrate the 
potential power of phenotype-driven genetic screen as an intermediate between 
gene targeting studies and studies in vitro. 
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Although many developmental pathways and processes are known, not all of 
them are well understood. A mutagenesis screen such as the one described in this 
thesis is a way to identify novel gene functions in development. By the unbiased 
approach that goes together with the experimental setup unexpected function 
in development may be assigned to genes. Moreover the nature of the mutagen 
N-ethyl-N-nitrosourea (ENU) allows for the occurrence of subtle amino acid sub-
stitutions that can tell us more about protein structure and function of particular 
domains.

In the second chapter of this thesis we describe the experimental setup and the 
genes identified in our screen. We show the large variety of phenotypes seen in 
the screen. While many of the mutants identified mapped to genes with already 
known functions in development, in some cases the nature of the mutation may 
tell us something of the functions of the specific domains in the protein, while 
in others the mutations lead to a premature stop. Amongst the novel mutants 
we identified two genes that until now were not implicated in a specific role in 
mouse development. 
A way to increase the efficiency of screens like this would be the use of inbred 
mice that are deficient in the DNA repair machinery. In rats, the use of such mu-
tants has proven to be of great value. In a reverse genetic screen using Msh6 
deficient rats, the occurrence of mutations increased over two-fold (van Boxtel 
et al., 2008). A similar mutation in mice and applied in a forward screen would 
likely also increase the occurrence of mutants and therefore decrease the number 
of founders that need to be generated and the litters that need to be screened to 
reach the same efficiency as we observed in our screen.
Screening at E10.5 resulted in a large number of early embryonic mutants. As 
the circulatory system is essential for embryonic survival after E8.5, many of our 
embryonic lethal mutants belonged to this category. Another organ that develops 
at this stage, but which is not essential for embryonic survival, is the neural tube. 
Mutants with neural tube defects usually survive mid-gestation and die around 
birth. Neural tube defects usually occur in Mendelian frequencies in the mouse, 
while this is not the case with neural tube defects in humans. The statistical occur-
rence of two siblings having a neural tube defect is in agreement with a role of ge-
netic defects, but is lower than expected for Mendelian frequencies. It is therefore 
expected that in humans more mutant loci are required for the failure of neural 
tube closure (Colas and Schoenwolf, 2001; Copp and Greene, 2010; Fleming and 
Copp, 2000; Juriloff and Harris, 2000).
         
In the third chapter of this thesis we describe the characterization of two mutants 
from our screen that exhibit the characteristic features of defects in the planar 
cell polarity pathway (PCP). These malformations include heart defects, inner 
ear defects and craniorachischisis. Thus far, this severe form of neural tube de-
fect in combination with the specific heart and inner ear defects has only been 
found in mutants for the PCP pathway. For one of our mutants we identified a 
causative mutation in the known PCP gene Scribble: Our mutant’s phenotype is 
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essentially identical to those of the Scribble mutants published by Murdoch et al. 
and Zarbalis et. al (Murdoch et al., 2001; Zarbalis et al., 2004). The other mutant 
surprisingly mapped to the gene Sec24b, which is known to be involved in COPII 
coated mediated intracellular protein trafficking. We found that the known PCP 
factor Vangl2 is not properly localized to the plasma membrane in this mutant. 
Our data shows the first link between COPII-coated mediated protein transport 
and the PCP pathway. Around the same time as our report an independent study 
by Merte et al. reported a different Sec24b mutant that is essentially identical to 
ours. They show mislocalized expression of Vangl2 in the cells of the neural tube 
and in an in vitro assay for the formation of COPII coated vesicles they show that 
incorporation of Vangl2 into vesicles is highly dependent on Sec24b (Merte et al., 
2010).  
The relative mild phenotypes in the organs of Corti and hearts of Sec24b mu-
tants indicate that in those tissues other factors are implicated in the transport 
of Vangl2. The involvement of other factors is also indicated by the presence of 
Vangl2 on the membranes of pillar cells in the organ of Corti in Sec24b mutants. A 
candidate factor is Sec24a as the data by Merte et al. shows that not only Sec24b is 
capable of incorporating Vangl2 in COPII coated vesicle in vitro, but that Sec24a 
can do this as well, although to a lesser extent (Merte et al., 2010). A possibility is 
that Sec24a in part rescues Vangl2 transport in the heart and organ of Corti.
The specific phenotype seen in Sec24b mutants raises the question of the cargo 
specificity of the other Sec24 proteins. Unfortunately not much is known about 
the function and targets of these proteins in development. Recently Sec24d mu-
tants in medaka and zebrafish were reported to have defects in chondrocyte de-
velopment (Ohisa et al., 2010; Sarmah et al., 2010). These mutants showed a cran-
iofacial defect similar to those found in the zebrafish Sec23a mutant and Sec23b 
morpholino embryos in combination with a delay of vertebrate development 
(Boyadjiev et al., 2006; Lang et al., 2006). It remains to be discussed whether the 
function of the Sec23 and Sec24 genes are entirely conserved throughout evolu-
tion. In fish Sec23a, Sec23b and Sec24d are implicated in chondrocyte differentia-
tion. In human there is evidence of the involvement of Sec23a in this process and 
not of Sec23b (Boyadjiev et al., 2006; Schwarz et al., 2009). Human mutations in 
Sec23a lead to Craniolenticulosutural dysplasia, a disease characterized by cran-
iofacial abnormalities, late closing fontanels, cataracts and skin abnormalities. It 
is thought that Sec23b can take over the function of Sec23a in most tissues but 
the absence of Sec23b in the developing chondrocytes is considered the cause 
of the bone defects (Boyadjiev et al., 2006; Fromme et al., 2007). Surprisingly in 
zebrafish both deficiency in Sec23a and Sec23b lead to similar defects in craniofa-
cial development and chondrocyte differentiation (Boyadjiev et al., 2006; Lang et 
al., 2006). Interestingly in humans another syndrome has been linked to COPII-
coated vesicles and Sec23b. Mutations in Sec23b are thought to be the cause of 
Congenital Dyserythropoietic Anemia type II, a disease characterized by ineffec-
tive erythropoiesis and the presence of bi- and multi-nucleated erythroblasts. In 
zebrafish Sec23b morpholino injected embryos, these multi-nucleated cells can 
also be found in addition to the bone phenotype (Schwarz et al., 2009). This data 
suggests that not all functions of Sec23a and Sec23b are entirely redundant.      
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There are several mutants known that affect the COPII coated vesicles in human, 
mouse and fish (Table I). The large variety of defects and the differences between 
human and fish in the case of Sec23b open up an interesting field. It would be 
interesting to investigate the functions of all Sec23 and Sec24 isoforms in the 
mouse.  
Another interesting piece of data is the involvement of Vangl1 in human neural 
tube defects. Five variants in evolutionary conserved residues have been identi-
fied in patients with neural tube defects (Kibar et al., 2009). The association of 
Vangl1 with neural tube defects in human opens up the possibility of Vangl2 and 
other PCP genes being essential for proper neural tube development in humans 
as well. It would therefore be interesting to see if mutations in Sec24b, Vangl2 and 
other PCP genes may also be found in patients with neural tube defects.

Table I: List of defect caused by defective COPII-coated vesicle transport. Species, type 
of mutation or morpholino and phenotypes are listed alphabetically by gene 

Stenosis Drosophila Q337X Q785X Tracheal tube dilation defect (Forster et al 2010)

Gene Species Type Phenotype
SARA2 Human G37R, D137N,

S179R
Chylomicron retention disease, Anderson's
disease (Jones et al., 2003)

SEC23A Human F382L Craniolenticulo-sutural dysplasia (Boyadjiev et
al., 2006)

Sec23a Zebrafish L402X Skeletal and craniofacial defects (Lang et al., 2006)

Sec23a Zebrafish Morpholino Skeletal and craniofacial defects (Boyadjiev et al.,
2006)

SEC23B Human 19 different 
mutations

Congenital dyserythropoietic anemia type II
(Schwarz et al., 2009)

Sec23b Zebrafish Morpholino Skeletal and craniofacial defects (Lang et al., 2006)

Sec23b Zebrafish Morpholino Congenital dyserythropoietic anemia type II like
phenotype (Schwarz et al., 2009)

Sec24b Mouse Y613X Craniorachischisis, inner ear defect and
gastroschisis  (Merte et al., 2010)

Sec24b Mouse S135X Craniorachischisis, inner ear, lung and heart
defects ((Wansleeben et al., 2010); this thesis) 

Sec24d Medaka Q901X Skeletal defects. Craniofacial defects and delay of
vertebra formation (Ohisa et al., 2010)

Sec24d Zebrafish Q811X Craniofacial defects (Sarmah et al., 2010) 

Stenosis Drosophila Q337X Q785X, Tracheal tube dilation defect (Forster et al 2010)      ., 

Tmed2/ 
p24β1

Mouse A13E Embryos die at E10.5, randomized heart looping
and placenta defects (Jerome-Majewska et al.,
2010) 
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In chapter four we present a mutant for the gene Btaf1. This embryonic lethal mu-
tant is characterized by delayed development and nuchal and cardiac edema at 
E9.0. Genetic linkage mapping resulted in the identification of a Valine to Methio-
nine substitution at position 1330. Since we could detect, by western blot analysis, 
only 10-20% of normal levels in mutant embryo extracts compared to wildtype 
extracts, we concluded that this amino acid leads to loss of protein stability. This 
altered protein stability is likely caused by the steric clash between the mutant 
methionine and the tryptophane at position 1340.
Btaf1 is involved in RNA polymerase II transcription and is responsible for the 
removal of TBP from the DNA that is in complex with NC2 (Tora and Timmers, 
2010). Interestingly the mutant embryos for this basal transcription factor, Btaf1, 
survive until E9.5, whereas mutants for TBP die around the blastocyst stage (Mar-
tianov et al., 2002).         
We hypothesize that by Btaf1 deficiency Tbp-Nc2 complexes are retained on the 
DNA and are blocking specific transcription start sites. We base this hypothesis 
on the evidence that the Tbp-Nc2 complex is able to slide along the DNA as a 
ring-like structure (Tora and Timmers, 2010). In the absence of Btaf1 the complex 
would be unable to open up and release itself from the DNA. The possibility 
exists that these complexes encounter obstructions on the DNA, perhaps in the 
form of endosomes or DNA bound proteins, in the proximity of the transcrip-
tion start site. If the complex blocks these sites, transcription factors are unable to 
start transcription, leading to downregulation of the target genes. Supporting this 
hypothesis is our observation that in our microarray analysis significantly more 
genes are downregulated than upregulated. Clearly more experiments need to be 
done to prove this.

The characterization of a mutant for Ncx1 is described in the fifth chapter of this 
thesis. This mutant has a rather subtle mutation in the α-2repeat of Ncx1. Our 
data shows that this asparagines to lysine substitution does not change protein 
stability and localization, we therefore believe that the N874K mutations disrupts 
the proteins ability to transport Na and Ca ions rather than its stability. With this 
mutation we have the first model to study the function of this single amino acid 
in vivo. 
It is this type of mutations that exemplifies one of the advantages of an ENU-
mutagenesis screen, which may give new insights into protein structure and 
functions. It also opens the path to studying particular single amino acid func-
tion in vivo rather than in vitro. Another advantage of an unbiased screen is the 
identification of surprising new gene functions, like the participation of Sec24b in 
transporting Vangl2 thus regulating PCP. 
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Summary

Developmental genetics has been a field of interest for over a hundred years. We 
have set out to perform an ENU mutagenesis screen in the mouse at E10.5. In the 
first chapter the pathways and developmental processes described in this thesis 
are introduced. In the second chapter we describe the ENU-mutagenesis screen 
for developmental abnormalities at E10.5 that was the basis of this thesis. We 
identified a series of novel mutants and alleles that display diverse defects. Car-
diac and nuchal edema, neural tube defects, situs-inversus of the heart, shorter 
anterior-posterior axis and the absence of limbs and lungs are examples of the 
abnormalities we identified. Due to the nature of the mutagen ENU that induces 
point mutations we identified both mutants with severe protein truncations and 
mutants with interesting amino acid substitutions that may tell us more about 
the functional domains in the proteins. In chapter three, two mutants identified 
in the ENU-screen are described. The Sec24b and Scribble mutants both have a 
remarkable similar phenotype; they show craniorachischisis, abnormal arrange-
ment of outflow tract vessels and disturbed development of the cochlea. All are 
characteristics of defects in the planar cell polarity pathway. Sec24b is involved 
in the formation of COPII coated vesicles that are responsible for ER to golgi pro-
tein trafficking. We show that Sec24b in specifically crucial in the transport of the 
PCP protein Vangl2. Btaf1, a protein involved in RNAII-polymerase transcription 
and a negative regulator of TBP, is essential for embryonic development. In the 
4th chapter of this thesis we describe a point mutation disrupting Btaf1 function. 
Btaf1V1330M mutants are characterized by delayed development starting around 
E8.25 and severe edema in the pericardial sac at E9.5. By western blot we show 
a reduction in Btaf1 protein levels at E8.5 and 9.5 likely due to a steric clash of 
Btaf1V1330M with the tryptophan at position 1340. Microarray analysis showed a 
higher number of down-regulated genes vs. up-regulated genes. Apob and the 
heart specific gene Titin are amongst the down regulated genes, homozygous 
mutants for either of the genes die around E10.5. We suggest that the down-reg-
ulation of these genes, amongst others, in Btaf1 mutant embryos may cause the 
lethality. In the chapter 5 we describe a mutant showing severe cardiac edema at 
E9.5. We identified a point mutation resulting in the substitution of a highly con-
served asparagine by lysine at amino acid position 874. The affected gene encod-
ing for the sodium calcium exchanger Ncx1 has been under a lot of investigation 
and is important for the excitation-contraction coupling in the heart. Knock-out 
phenotypes in the mouse exhibit highly similar defects compared to our mutant. 
We demonstrated intrinsic functional abnormalities of cardiomyocytes by ex vivo 
analysis. By western blot analysis and immunohistochemistry we demonstrated 
normal levels and subcellular localization of the mutant protein. This suggests 
that the abnormalities are not caused by a major disturbance of protein structure, 
but by reduced protein activity. Here we show the first in vivo model for the im-
portance of amino acid N874 in sodium calcium exchange by Ncx1. 
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Nederlandse samenvatting

In de afgelopen decennia is de belangstelling voor de ontwikkelingsgenetica van 
gewervelde dieren sterk toegenomen. Wij hebben een ENU-mutagenese screen 
uitgevoerd, waarin gezocht werd naar muismutanten met een zichtbaar afwijk-
end fenotype op embryonale dag (E) 10.5. In hoofdstuk 1 worden enkele proces-
sen beschreven die relevant zijn voor de mutanten die wij in de screen hebben 
gevonden. In hoofdstuk 2 beschrijven wij de ENU-mutagenese-screen die als ba-
sis diende voor dit proefschrift. Wij hebben een serie mutanten en allelen ontdekt 
met een grote diversiteit aan fenotypes. Oedeem van het hart en de nekregio, neu-
rale buis defecten, situs inversus van het hart, een kortere anterieure-posterieure 
as en afwezigheid van poten en longen zijn enkele voorbeelden van fenotypes 
die wij zijn tegengekomen. Door het karakter van de stof ENU die puntmutat-
ies veroorzaakt, hebben wij zowel mutanten met ernstig getrunkeerde eiwitten 
gevonden als enkele aminozuursubstituties die ons meer kunnen vertellen over 
de functionele domeinen van de eiwitten. In hoofdstuk 3 van dit proefschrift 
worden twee mutanten uit onze ENU-screen beschreven. Deze mutanten, voor 
Scribble en Sec24b, lijken bijzonder veel op elkaar; ze hebben craniorachischisis, 
abnormale organisatie van de vaten van het uitstroom gebied van het hart en ab-
normale ontwikkeling van het slakkenhuis in het oor. Al deze defecten zijn karak-
teristiek voor mutanten in de “planar cell polarity pathway”. Sec24b is betrokken 
bij de vorming van “COPII coated vesicles”, die verantwoordelijk zijn voor het 
eiwit transport van het ER naar het Golgi. Wij laten zien dat Sec24b specifiek van 
belang is bij het transport van het PCP eiwit Vangl2. Btaf1, een eiwit betrokken 
bij RNAII-polymerase transcriptie en een negatieve regulator van TBP, is essen-
tieel tijdens de embryonale ontwikkeling. In het 4de hoofdstuk behandelen wij 
een mutant met een puntmutatie in Btaf1 die de functie verstoort. Btaf1V1330M mu-
tanten worden gekarakteriseerd door een vertraagde ontwikkeling vanaf E8.25 
en ernstig pericardiaal oedeem op E9.5. Met western-blot-analyse tonen wij een 
verlaging van het Btaf1 eiwit niveau aan op E8.5 en E9.5.  Hoogstwaarschijnlijk 
wordt dit veroorzaakt door een “steric clash” tussen Btaf1V1330M en de tryptofaan 
op positie 1340. Uit microarray-analyse bleek een hoger aantal genen neerwaarts 
gereguleerd dan opgereguleerd te zijn. Apob en het hart specifieke gen Titan zijn 
twee van de neerwaarts gereguleerde genen en homozygote mutanten van beide 
genen leidt tot embryonale dood rond E10.5. Wij verwachten dat de neerwaartse 
regulatie van deze en andere genen in de Btaf1 mutanten leidt tot de letaliteit. In 
hoofdstuk 5 beschrijven wij een mutant met ernstig oedeem in het hart op E9.5.  
Wij hebben een puntmutatie gevonden die leidt tot een substitutie van de zeer 
geconserveerde asparagine naar lysine op aminozuurpositie 874. Het getroffen 
gen, coderend voor de natrium-calcium-uitwisselaar Ncx1, is belangrijk voor de 
excitatie-contractie koppeling in het hart. Fenotypes van mutanten voor Ncx1 in 
de muis lijken zeer op onze mutant. Wij tonen met experimenten ex vivo aan dat 
hartcellen van mutanten intrinsieke afwijkingen hebben. Met western blot anal-
yse en immunohistochemie tonen wij normale waarden en subcellulaire lokali-
satie van het Ncx1 eiwit aan. Onze gegevens suggereren dat de afwijkingen van 
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het embryo niet zijn veroorzaakt door een verstoring van de eiwitstructuur, maar 
door vermindering van de activiteit van het eiwit. Onze mutant is het eerste in 
vivo-model voor de rol van het belangrijke aminozuur N874 van de natrium-
calcium-uitwisselaar Ncx1. 
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