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Abstract

IFT172, also known as Selective Lim-domain Binding protein (SLB), is a component of the
Intraflagellar Transport (IFT) complex. In order to evaluate the biological role of the Ift172 gene, we
generated a loss-of-function mutation in the mouse. The resulting SIb mutant embryos die between
E12.5-13.0, and exhibit severe cranio-facial malformations, failure to close the cranial neural tube,
holoprosencephaly, heart edema and extensive hemorrhages. Cilia outgrowth in cells of the
neuroepithelium is initiated but the axonemes are severely truncated and do not contain visible
microtubules. Morphological and molecular analyses revealed a global brain-patterning defect along
the dorsal-ventral (DV) and anterior-posterior (AP) axes. We demonstrate that 1ft172 gene function
is required for early regulation of Fgf8 at the midbrain-hindbrain boundary and maintenance of the
isthmic organizer. In addition, Ift172 is required for proper function of the embryonic node, the early
embryonic organizer and for formation of the head organizing center (the anterior mesendoderm, or
AME). We propose a model suggesting that forebrain and mid-hindbrain growth and AP patterning
depends on the early function of Ift172 at gastrulation. Our data suggest that the formation and
function of the node and AME in the mouse embryo relies on an indispensable role of Ift172 in cilia
morphogenesis and cilia-mediated signaling.
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INTRODUCTION

The protein encoded by the mouse Ift172 gene was detected via its in vitro interaction with
certain LIM-homeodomain transcription factors (Howard and Maurer, 2000). As a homolog
of the IFT172 of the Chlamydomonas reinhardii, it belongs to a group of IFT (Intraflagellar
Transport) proteins which are part of a multimeric protein complex that operates in cilia where
it is transported along microtubules between the cell body and the tip of these external cell
organelles. Mutations that affect components of the IFT machinery are known to compromise
the formation and function of cilia (reviewed in Rosenbaum and Witman, 2002; Scholey and
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Anderson, 2006). The IFT172 protein is well conserved among different organisms (Pedersen
et al., 2005). The IFT172 homolog Osm-1 of C. elegans is required for signal transduction of
certain sensory neurons. Mutations in this gene affect the ability of the nematode to avoid high
osmolarity (Perkins et al., 1986). In zebrafish, 1ft172 has been shown to play an essential role
in kidney cilia formation (Sun et al., 2004).

Numerous human diseases and congenital syndromes have been associated with cilia
deficiencies or malfunctions, including polycystic kidney disease, situs inversus, retinal
degeneration, and polydactyly (Bisgrove and Yost, 2006; Kulaga et al., 2004; Pan et al.,
2005). Cilia play essential roles in the differentiation and survival of olfactory and retinal
neurons and auditory hair cells (Tsujikawa and Malicki, 2004). Recent studies have uncovered
an important role of vertebrate cilia components in cell-cell communication, including Shh
(Corbit et al., 2005; Haycraft et al., 2005; Huangfu and Anderson, 2005; May et al., 2005;
Huangfu et al., 2003; Huangfu and Anderson, 2006; Rohatgi et al., 2007), non-canonical and
canonical Wnt (Jones et al., 2008; Park et al., 2006; Ross et al., 2005) and Platelet-Derived
Growth Factor mediated signaling events (Schneider et al., 2005). These findings provide a
link between ciliogenesis and known pathways of developmental regulation.

To evaluate the role of Ift172 in mouse development, we generated a loss-of-function mutation.
The mutant phenotypes include defects in cilia morphogenesis, global defects in brain
patterning, open neural tube defects and exencephaly. Another mutant allele of this gene, called
wimple, was recently isolated via an ENU mutagenesis screen (Huangfu et al., 2003). The
wimple mutant carries a point mutation that causes one amino acid substitution at the C-
terminus of the IFT172 protein. The study of this mutant focused primarily on the observed
ventral neural tube defect. In the study presented here we show that the Ift172 gene plays a
crucial role in forebrain growth and patterning and in the maintenance of the isthmic organizer,
a signaling center essential for the anterior-posterior patterning of the mid- and hindbrain
regions. In addition, we find that I1ft172 is required for proper function of the embryonic node,
an early embryonic organizer, and for formation of the head organizing center, known as
anterior mesendoderm (AME). We propose a model suggesting that the mechanism of global
brain patterning depends on an early function of Ift172 at gastrulation and is linked to the role
of this gene in cilia morphogenesis.

MATERIALS AND METHODS

Gene targeting and the generation of mutant mice

1.9 kb EcoRlI and 2.5 kb Xbal/EcoRI fragments of the 1ft172 gene were inserted into the
Ostdupdel TKneo targeting vector (O. Smithies, University of North Carolina). The neo
cassette present in the construct is inverted with respect to the direction of Ift172 transcription.
The targeting construct was electroporated into R1 embryonic stem (ES) cells. DNA from ES
cells was analyzed by PCR and Southern hybridization using a 3’ external probe (EcoRI-Xbal
fragment). ES cells from two independent clones demonstrating the correct targeting event
were injected into C57/BL-6 blastocysts. The Slb mutant allele was maintained in a 129/Sv x
C57/BL-6 background by intercrossing. The genotyping of mice and embryos was performed
by PCR. The mutant allele in heterozygous mice was identified using the following primers:
Left: 5-AGTTGAGCCTTCTTACGGGAAT-3'; right: 5-TTGGCTACCCGTG
ATATTGC-3'. To discriminate between the wild type and mutant alleles the following primer
set was used: left: 5’CTCTCCCGATTCCACAAAAA-3'; right: 5’
AGCCCTGGAGCTACATCAAA-3'.
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RNA isolation and RT-PCR Analysis

Total RNA was isolated from embryos using the TRI reagent from Invitrogen, CA. RNA
quantification was performed using RiboGreen RNA Quantification reagent (Molecular
Probes, Eugene, Oregon). For RT-PCR we used the Cloned AMYV first-strand synthesis kit from
Invitrogen. The sequences of Ift172 primers used for RT-PCR analysis are as follows: Left
primer: 5-AAAGTTCGCGACTCAGGAAG-3'; right primer: 5'-
TGCTTCTTTGACAAGGTCCA-3'. The Glycerol Aldehyde Phosphate Dehydrogenase
(GAPDH) control primer-set was used as a positive control.

Whole-mount in situ hybridization, TUNEL assay and histology

Whole-mount in situ hybridization with digoxigenin-labeled RNA probes was performed
essentially as described by Wilkinson et al., 1989. Modifications of the protocol include: fixing
E7.0-7.5 embryos in 4% paraformaldehyde for 3 hrs, washing in PBS (pH7.4), bleaching with
6% hydrogen peroxide for 30 min and treating with 15ug/ml of proteinase K (Roche, IL) for
3 min. Embryos were otherwise processed following the standard protocol. The hybridization
signals were detected with alkaline phosphatase-conjugated anti-digoxigenin antibodies and
BM-purple substrate (Roche, IL).

The following probes were used in this study: Fgf8 (previously described in Gorivodsky et al.,
2003), Wntl (AP. McMahon, Harvard University), Pax2 (A. Simeone, Medical Research
Council, King’s College, UK), Otx2 (A. Simeone, Medical Research Council, King’s College,
UK), Twistl (Wolf et al., 1991), Krox-20 (DG. Wilkinson, National Institute for Medical
Research, UK.), Kreisler (Cordes S., Mount Sinai Hospital, NY), Hoxa2 (R. Krumlauf, Stowers
institute for Medical Research), Gbx2 (P. Chambon, Institut de Génétique et de Biologie
Moléculaire et Cellulaire INSERM, France), Shh (AP. McMahon, Harvard University), Glil
(A. L. Joyner, New York University, School of Medicine), Nodal (T. Yamaguchi, NCI, NIH),
Foxa2 (S. L. Ang, MRC National Institute for Medical Research, UK) and Gsc (R. Behringer,
University of Texas M. D. Anderson Cancer Center).

The fragment corresponding to nucleotides 1536-2212 of Ift172 cDNA (NM_026298) was
isolated by PCR and cloned into the pBluescript SK cloning vector (Stratagene, USA) in order
to generate the Ift172-specific probe.

The TUNEL assay was performed according to the manufacturer’s recommendations (Cell
Death kit, Roche, IL). Whole-mount TUNEL reaction on E8.5 embryos was carried out as
described previously (Chi et al., 2003). Anti-DIG antibody conjugated with Horse Radish
Peroxidase enzyme (Roche, IL) and Fast-DAB substrate (Sigma-Aldrich, St. Louis, MO) was
used to detect apoptotic cells. Embryos were cleared in glycerol and photographed.

For histology embryos were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin
and sectioned. Sections were stained with hematoxylin and eosin.

Transmission Electron Microscopy

Fixation and embedding in plastic was performed according to electron microscopy standard
protocols. Micrographs were taken on a Morgagni electron microscope (FEI company
Eindhoven, Netherlands) with a Megaviewll CCD camera (Soft Imaging Systems) and
AnalySis software (Olympus). The length of the primary cilia was determined by analyzing
consecutive 200 nm sections for the presence of cilia in adjacent sections and once having
identified cilia, which were present in their full extent within one section (and not obliquely
cut), measuring the distance from the apical end of the basal body to the tip of the cilium.
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RESULTS

The expression pattern of Ift172 mRNA

We analyzed the expression pattern of 1ft172 mRNA at different stages of embryonic
development. In early gastrulating embryos (E6.5), Ift172 is expressed throughout the whole
epiblast, while at late primitive streak stages (E7.75-E8.0) transcripts are localized mainly in
the anterior neuroectoderm (Fig. 1A and B). While the neuroectoderm is prominently stained,
the signal is missing in the node and notochord. Ift172 would be expected to be expressed and
to support cilia formation in these structures as well, albeit possibly at levels below our limit
of detection. Alternatively, Ift172 transcription in the cells of the node may be downregulated,
whereas IFT172 protein activity may persist.

At E8.5, Ift172 is strongly expressed in the ventral neural tube and the somites and weakly in
the dorsal neural tube (Fig. 1C). By E9.0-9.5, Ift172 transcripts become localized
predominantly to the ventral part of the neural tube and the brain. We also observed strong
signals in the first branchial arch, the outflow tract of the heart and the aortic arches (Fig. 1D).
This pattern of 1ft172 mRNA expression suggests that itsfunction is required for early
embryonic patterning during gastrulation and later in the neural tube and the cardiovascular
system.

Targeted deletion of the Ift172 gene and the mutant phenotype

To target the Ift172 gene, we inserted a neo cassette replacing the first three exons (Fig. S1A).
We confirmed a correct targeting event in ES cells by Southern blot hybridization showing
deletion of the 5’ end of the gene (Fig. S1B). We refer to the mutant allele as Slb. Reverse
transcription-PCR analysis with primers corresponding to the deleted region detected a band
of expected size in RNA isolated from wild type but not mutant embryos (Fig. S1C). The 3’
portion of the gene is still expressed in the mutant tissues (Fig. S1C). While we cannot exclude
the possibility that this remaining portion of the gene gives rise to truncated IFT172 proteins,
we can nevertheless rest assured that our mutants carry a hypomorphic allele since their
phenotype closely resembles that of the previously published wimple mutant allele of Ift172
(Huangfu et al., 2003).

Slb mutant embryos are viable until E12.5. The mutant embryos show a neural tube defect
(NTD) and holoprosencephaly with 87% penetrance (n=92). At E9.5, the cranial neural tube
fails to close, leading to exencephaly by E12.5.

All mutant embryos demonstrate truncation of the telencephalon and diencephalon and lack
eyes. However, the optic vesicle is visible at E9.5 suggesting that eye induction is not
compromised. We also observed severe cranio-facial defects with a hypertrophic maxillar
prominence of the first branchial arch (Fig. 2B and C).

We noted a randomization of left-right asymmetry in SIb mutant embryos. In 42% of observed
mutant embryos (n=92) heart looping is inverted compared to the wild type heart (Fig. 2F and
G). The outflow tract is remarkably shorter in the mutant, and the right ventricle is reduced in
size. The mutation typically causes heart edema (Fig. 2B) and hemorrhages and leads to death
by E13.0. Finally, about one in six mutant embryos analyzed at E12.5 show polydactyly
suggesting defects in AP limb axis formation (data not shown).

Altered cilia morphology in Slb mutants

Since IFT172 is a component of the IFT complex whose assembly and function is critical for
cilia morphogenesis, we performed a detailed ultrastructural study of the primary cilia in Slb
mutant embryos. We analyzed cilia formation in embryonic neural tubes at E8.5 because at
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this stage Ift172 expression is abundant in the brain. Using transmission electron microscopy,
we examined a series of ultrathin sections from various forebrain, midbrain and hindbrain
regions, including the area around the midbrain-hindbrain boundary (MHB).

The cilia are located on the apical cell surface and have both extracellular and intracellular
components. The extracellular portion is a cylindrical structure, 250-300 nm in diameter,
which extends from the cell body. It consists of a specialized membrane and an inner core of
microtubules and specific proteins called the axoneme. The axoneme is anchored to the basal
body, which originates from the centriole (Hagiwara et al., 2000).

The structure of the basal body of the cilia of SIb mutant cells resembles that of wild type cells,
suggesting that the intracellular portion of the Slb mutant cilium is not affected. Axonemes of
neuroepithelial cilia from wild type embryos have a well-organized microtubule apparatus (Fig.
3A). In contrast, cilia from SIb mutant embryos possess very short axonemes with no visible
microtubules (Fig. 3B, C, and D), although in rare cases a thin membranous sheath is present
(Fig. 3B). We conclude that 1ft172 gene function is not required for the induction of cilia per
se, yet the truncated, abnormally shaped cilia formed by mutant cells are likely non-functional.
Since these morphological changes were observed in a variety of brain sections, it is entirely
possible that I1ft172 gene function is essential for cilia morphogenesis in all 1ft172-expressing
cells of the developing brain.

Defect in anterior hindbrain patterning

The shortcomings in cilia formation of Slb mutant brain cells suggests that signaling events
mediated by the IFT machinery are adversely affected, resulting in the observed defects in
brain patterning and development. In order to study Ift172 involvement in hindbrain
development, we examined several transcription factors that show rhombomere-specific
expression patterns. The hindbrain is composed of seven rhombomeres: r1-r7. The
transcription factor Mafb (Kreisler) marks r5 and r6 and is critical for hindbrain segmentation
posterior to r4 (Cordes and Barsh, 1994). Egr2 (Krox20) is specifically expressed in r3 and r5
(Wilkinson et al., 1989) and plays a crucial role in the maintenance of segment identity in the
hindbrain (Schneider-Maunoury et al., 1993). Both are expressed normally in Slb mutant
embryos (Fig. 4A-D). The Hoxa2 homeobox gene marks r2—r7 (Manley and Capecchi,
1995) and is required to specify the identity of the r2/r3 segment (Davenne et al., 1999; Gavalas
etal., 1997). The expression pattern of Hoxa2 was similar for wild type and mutant embryos
(Fig. 4E and F). In contrast, Gbx2 which is expressed in rl and the posterior domain of the
isthmic organizer (Liu etal., 1999), was dramatically reduced in the mutant brain at E9.5 (n=5;
Fig. 4G and H), suggesting that r1 formation is adversely affected in the SIb mutant.

A role for Ift172 in the maintenance of the MHB boundary and forebrain development

The isthmic organizer plays a crucial role in the development of the first rhombomere. We
examined the formation and correct positioning of the organizer in Slb mutants by studying
the expression of the genes which mark the region. The Fgf8 gene plays a major role in
controlling the function of this organizer. In wild type embryos, Fgf8 transcripts begin to
accumulate at the MHB boundary at the 3—4 somite stage (Crossley and Martin, 1995). Between
E8.5 and E9.5 the Fgf8 expression pattern becomes more refined, and by E10.5-11.0 it appears
as a sharp boundary.

In Slb mutant embryos (n=7), a severe reduction in Fgf8 mRNA expression levels at the MHB
boundary is observed as early as E8.3 (Fig. 5A and B). At later stages, Fgf8 transcripts are
strongly reduced in the isthmic region (Fig. 5C and D). Wnt1 activity is also critical in this
context. Its expression precedes that of Fgf8 and is known to regulate Fgf8 expression
(McMahon et al., 1992). In wild type embryos, Wnt1 expression has been observed at the MHB
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boundary and in the dorsal neural tube at E8.5-9.5 (McMahon and Bradley, 1990; McMahon
et al., 1992). While Wntl is expressed at a normal level at the MHB boundary in E8.5 Slb
mutants, it is lost in the dorsal neural tube (n=4; Fig. 5E and F). By E9.5, Wnt1 is also drastically
reduced at the MHB boundary, and fails to be induced in the dorsal brain (n=5; Fig. 5G and
H).

Pax2, another gene prominently expressed in the isthmic organizer, is required to refine the
domain of Fgf8 expression. Pax2 is normally expressed at the MHB boundary and in the optic
vesicles (Schwarz et al., 1997). At the MHB boundary, itsexpression precedes and regulates
that of Fgf8 (Ye et al., 2001). Once turned on, Fgf8 regulates Pax2 expression via a positive
feedback loop (Schwarz et al., 1997). In E8.5 SIb mutant embryos, the Pax2 expression pattern
resembles that of the wild type embryo (Fig. 5K and L). At E9.5 however, the anterior
expression domain of Pax2 mMRNA at the MHB boundary is absent in Slb mutants (n=4; Fig.
51 and J), most likely a consequence of diminished Fgf8 levels.

The anterior limit of the isthmic organizer is determined by the Otx2 expression domain
(Broccoli et al 1999), while the posterior margin of the organizer is marked by Gbx2 expression
(Liu et al., 1999). These two transcription factors negatively regulate each other, and deletion
of one leads to an ectopic expansion of the other. Their function is required for proper
positioning of the MHB boundary (Liu and Joyner, 2001). In the Slb mutant, Otx2 (n=5) is
expressed normally at E8.5 in the fore- and midbrain regions, including the MHB boundary
(Fig. 5M and N), while Gbx2 (n=6) expression is significantly reduced (Fig. 50 and P).
Gbx2 expression in rl is sufficient to repress Otx2 in the developing hindbrain (Liu and Joyner,
2001). Although a severe Gbx2 reduction is observed in the SIb mutant, there is no noticeable
expansion of the Otx2 expression domain. Residual Gbx2 function in the SIb mutant might
suffice to maintain the boundaries of Otx2 expression. This may serve to explain why the
isthmic organizer is correctly positioned at the junction of the mid- and hindbrain of the mutant.

Failure to maintain the expression of the MHB boundary-specific signaling molecules and
transcription factors may conceivably be due to increased cell death. Therefore, we analyzed
the level of apoptosis of SIb mutant embryos at different stages of brain development. At E8.5
(9-10 somites) no increase in cell death is detected by TUNEL assay at the MHB boundary of
the mutant embryo.

Expression of both Otx2 and Pax2 is similar in both wild type and mutant embryos at E8.5
(Fig. 5). By E9.5 signals for Pax2 are still found in the forebrain of the mutant. In the optic
vesicle of the wild type embryo, Pax2 mRNA is localized in more distal ventral parts. In the
mutant, Pax2 expression was reduced and ectopic signals were detected in the media-dorsal
part of the optic vesicle (Fig. 51 and J). Expression of Fgf8 was attenuated in the anterior neural
ridge at E8.5 (data not shown) and abolished in the commissural plate at E9.5 (Fig. 5C and D).
Fgf8 deficiency is positively correlated with increased cell death in the forebrain region, as
already seen at E8.5 (Fig. 6D and E). By E10.0 (23-25 somites), the level of cell death has
increased dramatically in the mutant brain (Fig. 6B and C). These data suggest that Ift172 is
required for maintenance of Fgf8 in the forebrain and for cell survival.

Collectively, our data indicate that expression patterns of Pax2, Wntl and Gbx2, the factors
whose function is critical for isthmic organizer activity, are appropriately induced but fail to
be maintained in SIb mutant embryos. We conclude that an early disruption of Fgf8 expression
and subsequent increase of cell death in the isthmic region account for the defect in mid-
hindbrain patterning.

Studies of wimple and other IFT mutants have revealed an interaction between the intraflagellar
transport mechanism and hedgehog (Hh) signaling (Huangfu et al., 2003; Huangfu and
Anderson, 2005). In fact, several elements of the Hh pathway have been located to primary
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cilia(Corbitetal., 2005; Haycraft et al., 2005; Rohatgi et al., 2007). It therefore stands to reason
that the defects in cilia formation that we detected in the SIb mutant may lead to a Hh deficiency.
Indeed, some phenotypes, including holoprosencephaly and midline defects, suggest that Hh
signaling may be compromised in the SIb mutant. Shh expression is practically abolished in
the ventral forebrain and reduced in the midbrain (Fig. 7A and B). Expression of Glil, a direct
target of Shh, is severely downregulated in both fore- and midbrain (Fig. 7C and D). This
suggests that Ift172 either directly or indirectly regulates Hh pathway activity in the embryonic
brain.

A requirement forlft172 in AME formation and the regulation of nodal in the node

The reduction in forebrain size and defects in mid- and hindbrain development observed in the
mutant suggest an earlier role of the Ift172 gene in development, most likely during
gastrulation. In fact, the defect in cilia morphogenesis at the node of the Wim mutant and the
failure to establish a correct left-right axis in both SIb and Wim mutants (Huangfu et al.,
2003) strongly suggest a function for Ift172 in the node organizer.

In an effort to determine the cause for the global defect of brain patterning in Slb mutant
embryos, we analyzed the expression of nodal, a key molecular marker of the node. In early
streak stage wild type embryos, nodal is expressed in the posterior epiblast. By the mid-streak
stage, its transcripts are localized to the embryonic node (Conlon et al., 1994; Zhou et al.,
1993). However, in the SIb mutant nodal expression is drastically reduced in the epiblast at
E7.0 (Fig.8Cand D), as well asin the node at E7.5 (n=6; Fig. 8A and B). This strongly suggests
that the function of the node in the Slb mutant is compromised. The observed role of Ift172 at
gastrulation, prior to the onset of Shh expression thought to occur at E7.5, suggests an early,
Shh-independent function that requires further study.

The generation of the AME during late gastrulation stages is controlled by Nodal signaling at
the node (Camus et al., 2000; Schier and Shen, 2000; Vincent et al., 2003; Whitman, 2001). It
is well established that signals emanating from the AME and anterior endoderm are required
for patterning of the ventral neural tube and growth of the forebrain (Rubenstein, 2000). Lack
of these signals may lead to cell death and defects in fore- and midbrain patterning.
Furthermore, the AME has also been shown to regulate early expression of the Fgf8 at the
MHB (Camus et al., 2000). In order to test whether the AME is preserved in Slb mutants, we
analyzed the expression of Gsc, Shh and Foxa2, genes known to be expressed in the AME
underlying the prospective forebrain (Belo et al., 1998; Chiang et al., 1996; Filosa et al.,
1997). In Slb mutant embryos, Foxa2 expression is drastically reduced (n=4) and expression
of both Gsc (n=5) and Shh (n=6) is absent (Fig. 8E-J).

Cells of the AME and the most anterior part of the ventral neural tube are derived from the
posterior epiblast of the early primitive streak embryo (Tam and Behringer, 1997; Yamanaka
etal., 2007). Thus observed defects in nodal expression and AME formation could conceivably
be secondary to the defect in primitive streak formation. However, this is unlikely because the
expression domain of Brachyury (T) in the SIb mutant embryos at E8.0 is similar to that in
their wild type counterparts (data not shown). This indicates that the primitive streak is formed
and elongates normally in the mutant. In sum the defect in AME formation is the earliest defect
in brain development that we were able to detect in the SlIb mutant.

DISCUSSION

Our study has shown that a targeted ablation of the 1ft172 gene causes profound defects in brain
development of the resulting Slb mutant embryo. The gene encodes a structural component of
cilia. Thus, itis no surprise that the structure of these external cell organelles is severely affected
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in all brain regions examined, although the intracellular or basal portions of the cilia appear
morphologically intact.

We noted an early onset and widespread distribution of Ift172 expression in the wild type post-
implantation embryo. Impairment of embryonic development caused by targeted ablation of
Ift172 function is early, severe, and ultimately lethal, affecting multiple vital organ systems.
Forebrain truncations, holoprosencephaly and open cranial neural tubes are indications of
severe rostral patterning defects. Reduction of Fgf8 in the anterior neural ridge and failure to
maintain its expression in the developing forebrain leads to increased cell death and severe
anterior truncation. In this context, the profound reduction in the expression of both Shh and
its target Glil in the developing forebrain and midbrain is most notable, as also observed in
the neural tube of the wimple mutant (Huangfu and Anderson, 2005; Huangfu et al., 2003). A
high level of apoptosis in the developing Slb mutants as early as E10.0 precludes a more detailed
analysis of the extent of defects in Shh expression, particularly in ventral aspects. However,
given that impairment of Shh is drastic and widespread, the specification of the ventral brain
is likely also affected.

Our analysis of anterior-posterior patterning in the developing mid- and hindbrain of the mutant
reveals novel functions of Ift172 in the maintenance of the isthmic organizer, a signaling center
formed between mid- and hindbrain that controls growth and patterning of this brain region.
Previous studies have shown that Fgf8, Wnt1, and Pax2 form a regulatory loop essential for
the formation and maintenance of the vertebrate isthmic organizer (Liu and Joyner, 2001), with
Fgf8 assuming a key role in this process (Chi et al., 2003; Liu et al., 1999; Martinez et al.,
1999). In the SIb mutant, Fgf8 is reduced dramatically at E8.3 at the MHB boundary. Consistent
with this, expression of Gbx2, a direct target of Fgf8 (Liu et al., 1999) is substantially reduced
in the first rhombomere. Wntl and Pax2 expression precedes that of Fgf8, and both factors
have been shown to initiate Fgf8 at the MHB boundary, which in turn maintains their expression
(McMahon and Bradley, 1990; McMahon et al., 1992; Ye et al., 2001; Schwarz et al., 1997).
We find that Wntl and Pax2 expression in the Slb mutant at E8.5 is comparable to that of wild
type embryos whereas, at E9.5 Wnt1 is reduced and the anterior expression domain of Pax2 is
lost in the mutants. This loss of Wntl and Pax2 is most likely a consequence, rather than a
cause, of the decreased Fgf8 levels. Fgf8 is down-regulated not only in SIb but also in Shh and
SmoEM-1¢r¢ mytant embryos (Blaess et al., 2006; Zhang et al., 2001). However, it remains to
be elucidated whether the reduction of Fgf8 expression at the MHB boundary that we observed
in our Slb mutant as early as E8.5 reflects a defect in a feedback loop between Shh and Fgf8.
Analysis of the Shh mutant cannot answer this question because early apoptosis precludes an
analysis at this and subsequent stages of development. SmoE"-1¢re mutants failed to maintain
Fgf8 at MHB boundary at E11.0, but its level remained normal at E9.0 (Blaess et al., 2006)
suggesting that regulation of early Fgf8 expression is most likely Hh/Smo independent.

The striking phenotypes of the developing mutant brain drew our attention to possible
shortcomings in the function of signaling centers that organize brain morphogenesis and
patterning prior to organogenesis in the gastrulating embryo. Our screen for signaling defects
in the SIb mutant has revealed a dramatic reduction of nodal expression in the early streak stage
embryo. As a member of the transforming growth factor beta (TGFf) superfamily, nodal plays
an essential role in early patterning events in gastrulating embryos (Shen, 2007). In the wild
type embryo, this gene is initially expressed throughout the epiblast. In early streak embryos
the actions of its antagonists Leftyl and Cerberus-1 result in the restriction of nodal to the
posterior epiblast (Yamamoto et al., 2004). In midstreak embryos, nodal mMRNA is detected in
the node as this embryonic organizer is formed at the anterior end of the primitive streak
(Conlon et al., 1994; Zhou et al., 1993). Loss-of-function studies have revealed key roles of
nodal in the establishment of the anterior-posterior (AP) axis, the induction of the primitive
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streak and the mesodermal and endodermal germ layers during gastrulation (Brennan et al.,
2001; Norris et al., 2002).

Given the wealth of data showing an intimate connection between ciliogenesis and cell
signaling events, there is good reason to believe that the defect in nodal expression observed
in Slb mutants is closely related to cilia dysfunction in node precursor cells, thus affecting
organizer function. This defect clearly affects the formation of a functional AME as reflected
by the drastic reduction of the AME markers Shh, Gsc and Foxa2. Defects in AME formation
have previously been noted in nodal mutants (Lowe et al., 2001; Vincent et al., 2003) further
supporting the notion that the defect in nodal expression is a key element in the inability of the
SIb mutant to establish functioning signaling centers required for brain patterning. Importantly,
a severe reduction in nodal expression was registered in the epiblast as early as E7.0. Epiblast
cells are not known to be ciliated. If this holds true, the Slb phenotype suggests a cilium-
independent role of Ift172 in these cells. It is worthwhile to note, in this context, that
immunostaining for IFT172 in Chlamydomonas has localized the protein not only to flagellae
but also to cytoplasmic regions (Pedersen LB. et al., 2005).

Abnormal cilia morphogenesis, node dysfunction and failure to form normal AME ultimately
lead to a defect in global brain patterning in Slb mutants. Signals from the AME are critical
for growth and patterning of the forebrain. Furthermore, the mesendoderm of headfold stage
embryos has also been shown to regulate early markers of the MHB boundary (Ang and
Rossant, 1993; Camus et al., 2000). The resulting phenotypes, including truncation of anterior
brain and holoprosencephaly, have also been observed in the nodal mutants cited above.
Interestingly, mutations of genes in the nodal signaling pathway, including Cripto and

TGIF, have been associated with holoprosencephaly in humans as well (de la Cruz et al.,
2002; Gripp et al., 2000).

In conclusion, we have demonstrated that I1ft172 plays a key role in cilia morphogenesis. We
propose that Ift172 function in the node and/or epiblast is required for normal forebrain and
mid-hindbrain patterning. Extensive efforts are underway to understand the mechanism that
integrates cilia structure and function with the transduction of signals required for embryo
development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression pattern of Slb mRNA

(A) At E6.5 Ift172 is expressed throughout the epiblast. (B) At E7.75 Ift172 expression is
restricted to anterior neuroectoderm. No signal is detected in the AVE (arrow). (C) At E8.5
Ift172 is strongly expressed in neural tube and somites. (D) At E9.5 Ift172 mRNA expression
is localized to the ventral regions of the brain and neural tube. Strong expression of Ift172 is
also detected in the branchial arches (arrow).
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Figure 2. Holoprosencephaly and brain growth and patterning defects in SIb mutant embryos
(A, B) Wild type and Slb mutant embryos at E11.5, respectively. (B) A representative Slb
embryo showing severe craniofacial and brain malformations with exencephaly (arrow). Heart
edema is clearly visible (arrowhead). (C) E11.75 Slb embryo. The cranial neural tube fails to
close at the level of fore- and midbrain (arrow). The mutant embryo also displays severe
hemorrhages. No eye formation is detected (asterisk). (D, E) H&E staining of brain sections
collected from E12.5 wild type and Slb mutant embryos respectively. (E) The mutant brain
shows disorganized forebrain structures with a severely reduced diencephalon (arrow), a
phenotype characterized as lobar and/or semilobar holoprosencephaly. (F, G) These panels
show E9.5 wild type and mutant embryos respectively. The hearts are stained with anti-cardiac
Myosin (MF-20) antibody. In the SIb mutant embryo (G), heart looping is reversed compared
to the wild type embryo (arrows in F and G).
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Figure 3. Defect in cilia morphogenesis

Primary cilia in the neuroepithelium of Slb mutants are greatly reduced in length. (A-C)
Primary cilia from E8.5 wild type and Slb mutant neuroepithelium. Electron micrographs are
taken from 200 nm sections through the mid/hindbrain area of wild type (A) and Slb mutant
(B, C) embryos. The scale bar is 100 nm. (D) Average length of primary cilia on the apical
surface of neuroepithelial cells in different brain regions. The average length of cilia was
determined on 200 nm sections of different brain regions (fb: forebrain; mb: midbrain; hb:
hindbrain) of one wild type (WT) and two Slb (SLB) E8.5 mouse embryos (n: number of cilia
analyzed).
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Figure 4. Expression analysis of hindbrain markers

(A, B) At E9.5 Krox 20 mRNA expression in rhombomeres r3 and r5 is comparable in wild
type (A) and SIb mutant (B) embryos. (C-F) No difference in the expression patterns of
Kreisler and Hoxa2 mRNAs between wild type (C and E, respectively) and mutant embryos
(D and F) was observed. (G, H) Gbx2 mRNA is greatly reduced in the mutant (arrow in H)
compared to the wild type (arrow in G).
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Figure 5. Defects in isthmic organizer formation and forebrain development

(A, B) At E8.3, expression of Fgf8 at the MHB boundary (arrow) is severely downregulated
in Slb mutant embryos (B) as compared to the wild type (A). (C, D) AtE9.5, Fgf8 is present at
the MHB boundary of the wild type embryo (C), butis barely detectable in the SIb mutant
(arrow in D). Fgf8 transcripts are normally expressed in the commissural plate (CP) of the wild
type embryo, but are not found in the forebrain of the mutant (arrowheads in C and D). (E, F)
At E8.5, Wntl expression at the MHB boundary (arrow) of the Slb mutant embryo (F) is
comparable to that of the wild typeembryo (E), but missing in the dorsal neural tube. (G, H)
At E9.5 the Wntl expression at theMHB boundary is maintained in the wild type (arrow in G),
but is virtually lost in the Slb mutant embryo (H). (I, J) The most anterior Pax2 expression
domain atthe MHB boundary (arrow in I) is absent in the Slb mutantembryo (J). (K, L) Pax2
expression is not reduced in the mutant at E8.5 (L) compared to the wild type embryo (K). (M,
N) Otx2 expression in the forebrain (arrow) and midbrain (arrowhead) regions of E8.5 Slb
mutant embryo (N) is comparable to that of the wild type embryo (M). (O, P) At E8.5, Gbx2
is severely affected in the Slb mutant (P) compared to the wild type (arrow in O).
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Figure 6. Cell death analysis

Cell death in the wild type and SIb mutantembryos at E10.0 (B, C) and E8.5 (D, E), respectively.
TUNEL assay reveals increased cell death in the brain of the Slb mutant embryo at E10.0 (C)
compared to the wild type embryo (B). At E8.5 no increase in apoptosis is detected in the
isthmic region (arrows) of the SIb mutant (E) as compared to the wild type embryo (D).
Numerous apoptotic cells are detected in the ventral forebrain (arrowhead) of the mutant. (A)
A histological section of E10.0 brain is used to show the plane of section in (B, C). Mes,
Mesencephalon; is, isthmus; r1, rhombomere 1; met, metencephalon.
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Figure 7. Shh signaling in SIb mutants

(A, B) At E9.0, Shh is expressed in the ventral forebrain and midbrain, ventral neural tube and
notochord of the wild type embryo (A). In the Slb mutant (B), Shh expression is severely
reduced in the ventral forebrain (arrows in A and B), but appears normal elsewhere. (C, D) At
E9.0, Glil mRNA expression is abolished in the forebrain (arrows) and severely reduced in
the midbrain of the mutant (D) as compared to a wild type littermate (C).
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Figure 8. Expression of nodal and AME marker genes

(A, B) At E7.5 nodal mRNA isexpressed in the node of a wild type embryo (arrow in A), but
is barely detectable in a Slb mutant embryo (B). (C, D) At E7.0 nodal transcripts are localized
in the posterior epiblast of the wild type embryo (C), while its expression is severely reduced
in the Slb mutant embryo (D). (E, F) At E8.2, Foxa2 is expressed in the AME of the wild type
embryo (E), but is severely downregulated in the SIb mutant (F). (G-J) Wild type expression
of Gsc and Shh in the AME are shown in embryos at E8.5 (G) and E8.2 (l), but are strongly
reduced in SIb mutant embryos (H and J), respectively.
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