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Regulatory factor X (Rfx) homologs regulate the transcription of genes necessary for ciliogenesis in
invertebrates and vertebrates. Primary cilia are necessary for Hedgehog signaling and regulation of the
activity of the transcriptional regulators known as Gli proteins, which are targets of Hedgehog signaling.
Here, we describe an Rfx4L298P mouse mutant with distinct dorsoventral patterning defects in the ventral
spinal cord and telencephalon due to aberrant Sonic hedgehog (Shh) signaling and Gli3 activity. We find
that Ift172, which encodes an intraflagellar transport protein necessary for ciliogenesis, is a direct tran-
scriptional target of Rfx4, and the decrease in its expression in the developing telencephalon and spinal
cord of Rfx4L298P mutants correlates with defects in patterning and cilia formation. Our data indicate that
Rfx4 is a regionally specific transcriptional regulator of ciliogenesis and thus is also a regionally specific
modulator of Shh signaling during development of the central nervous system.
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INTRODUCTION

Hedgehog (Hh) signaling is essential for normal embryo development and
tissue homeostasis such that anomalous signaling leads to developmental
disorders or cancer (1). Sonic hedgehog (Shh) is a secreted morphogen
of the Hh family that binds to the cell surface receptor, Patched (Ptc), on
Shh-responsive cells resulting in the derepression of Smoothened
(Smo), activation of Gli proteins (Gli1, 2, and 3) to produce Gli activator
(Gli-A), which mediates the transcriptional activation of Shh-responsive
genes (2). Gli-A produced from Gli1 or Gli2 in response to Shh signal-
ing has the most activity, whereas Gli-A from Gli3 has a mild activation
function. In the absence of Shh, some Gli proteins are proteolytically
cleaved resulting in an N-terminal fragment called Gli repressor (Gli-R)
that acts as a repressor of Shh transcriptional targets and opposes Shh
signals. Gli3-R has the greatest repressor activity, but Gli2-R also has
weak repressor activity (2). Thus, Shh establishes a concentration gradi-
ent that is transduced into a corresponding ratio of Gli-A proteins and a
Gli-R protein. The opposing activities of Gli-A and Gli-R specify the
dorsoventral axis of the central nervous system (CNS), including the tel-
encephalon and ventral spinal cord (3). Shh activity requires a functional
primary cilium; components of this signaling pathway localize to primary
cilia (4–6), and mutations in genes required for cilia formation and func-
tion lead to a global loss of cilia and loss of both Gli-A and Gli-R ac-
tivity (7–10).

Primary cilia are microtubule-based protrusions on the cellular sur-
face that are necessary for normal development, and defective cilia underlie
numerous human diseases (11). Primary cilia consist of a basal body
(closest to the cell surface) connected by the axoneme to the tip (farthest
from the cell surface). As cells enter the cell cycle, cilia contract and then
reform as the cell enters G0 at the completion of each cell division. A
critical part of this resorption and synthesis cycle is the process of in-
1Department of Molecular Biology, Genentech, South San Francisco, CA
94080, USA. 2Department of Neurology, University of California at San Francisco,
San Francisco, CA 94158, USA. 3Department of Cell and Molecular Biol-
ogy, Karolinska Institutet, Stockholm SE-171 77, Sweden. 4Molecular Neuro-
biology Laboratory, The Salk Institute, La Jolla, CA 92186, USA.
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traflagellar transport (IFT) where proteins required for microtubular
assembly are actively transported as a cargo along the axoneme to the
tip through anterograde transport and unloaded (12). Turnover products
are then loaded and transported from the tip to the basal body through
retrograde transport (12). Ift172 has a specialized role in cargo turnaround
at the distal tip of the cilia and is essential for cilia formation and function
(7, 13).

Loss of the transcription factor–encoding genes Daf19 (in Caenorhabditis
elegans) or Rfx (regulatory factor X, in Drosophila melanogaster) causes
defects in differentiation of ciliated sensory neurons in Drosophila (14)
and the complete absence of ciliated sensory neurons in C. elegans (15),
the only type of ciliated cell in the nematode. The Rfx proteins recognize
a cis-acting transcriptional regulatory element called an X-box, commonly
found in the promoter region of genes important for cilia formation and
function, indicating that the Daf19-Rfx family serves as a master regula-
tory switch for cilia development (16). Genes encoding five mammalian
Rfx proteins (Rfx1 to 5) have been identified on the basis of the highly
conserved DNA binding domain of the winged-helix type (17). Rfx5 lacks
the extended dimerization domain that is present in Rfx1 through 4 and
that mediates homo- and heterodimerization of Rfx1 through 4 proteins.
An insertional allele that results in the lack of neural-specific Rfx4
transcript leads to dorsal midline defects in the forebrain, hydrocephaly,
and perinatal death (18). Evidence linking mammalian Rfx genes to cilio-
genesis comes from Rfx3-knockout mice, which have defective nodal cilia,
which results in randomization of left-right asymmetry (19), and truncated
cilia on pancreatic endocrine cells, which is associated with small
disorganized islets (20). Although cilia defects are evident, perturbations
in Shh signaling have not been reported in Rfx3−/− mice. Despite the im-
plication that Rfx genes may regulate ciliogenesis and the necessity of cilia
for Shh signal transduction, evidence that mammalian Rfx homologs reg-
ulate Shh signal transduction has not been reported.

Using N-ethyl-N-nitrosourea (ENU) mutagenesis and a focused genetic
screening strategy, we identified a mouse line with a point mutation in the
dimerization domain of the winged-helix transcription factor Rfx4. The
ENU-induced mutation results in loss of dorsal midline structures in the tel-
encephalon and perinatal death (21). The Rfx4L298P mutant protein has re-
duced transcriptional activation ability due to its failure to properly localize
.SCIENCESIGNALING.org 3 November 2009 Vol 2 Issue 95 ra70 1
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to the nucleus and consequently appears to be a severe hypomorphic al-
lele. Here, we report severe defects in development of the ventral spinal
cord of Rfx4L298P mutants and previously unidentified patterning defects
in the telencephalon that accompany loss of the dorsal midline (18, 21). In
addition, we show that these defects in development of the CNS arise at
least in part from a failure to properly express genes required for primary
cilia function, thus identifying Rfx4 as a modifier of Shh signaling and
Gli3 processing by controlling the tissue-specific formation and function
of primary cilia.
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RESULTS

The most severe phenotype of the Rfx4L298P mutants
resembles the Rfx4-null phenotype
Rfx4 has previously been shown to be necessary for proper specification
of the dorsal midline of the telencephalon (18). In a phenotype-driven
screen using ENU-induced mutagenesis, we identified a mouse mutant
line with a missense mutation in the Rfx4 gene resulting in a leucine-
to-proline substitution at amino acid number 298 of the Rfx4 protein
(Rfx4L298P) (21). Rfx4L298P mutants all die shortly after birth but dis-
play a range of phenotypes (fig. S1), with approximately two-thirds of
homozygotes inclining toward the severe defects. The most severely
affected mutants display a marked invagination of the dorsal hindbrain
region, due to loss of the rhombencephalic roof, and dorsal midline de-
fects in the telencephalon (fig. S2), which closely phenocopies an Rfx4-
insertional null (18). Thus, the L298P mutation results in a hypomorphic
allele with phenotypes that frequently resemble those of an Rfx4-null.

Tyrosine phosphorylation of Rfx4 correlates with
nuclear localization
Biochemical characterization of the Rfx4L298P protein uncovered prop-
erties of wild-type Rfx4 protein that distinguish it from other members
of the Rfx family. Cellular localization studies of Rfx4L298P were per-
formed in parallel with wild-type Rfx1-4 proteins by transiently transfect-
ing COS7 cells. Rfx1-3 proteins were localized exclusively to the nucleus,
whereas Rfx4 protein was found in both the nucleus and the cytoplasm of
the transfected cells (Fig. 1, A to D, and fig. S3, A to D). The mutant
protein, Rfx4L298P, localized almost exclusively to the cytoplasm of trans-
fected cells (Fig. 1, E and F).

Immunoprecipitation and gel electrophoresis of Rfx4 from transfected
COS7 cells showed that the wild-type protein migrated as a doublet, with
the upper band migrating slightly slower than did the Rfx4L298P protein
(Fig. 1G). This difference in migration was determined to be due to phos-
phorylation of wild-type Rfx4 on a tyrosine residue (Fig. 1H and fig. S3E).
By cotransfecting one of 17 tyrosine kinases with Rfx4 (Fig. 1I), we found
that Rfx4 was phosphorylated only when cotransfected with cytoplasmic
nonreceptor tyrosine kinase 1 (TNK1, human; mouse homolog, Kos1). In
contrast, Rfx2 and Rfx3 (fig. S3G) and Rfx4L298P (fig. S3F) were not phos-
phorylated when cotransfected with TNK1. A kinase-dead form of TNK1
failed to stimulate Rfx4 phosphorylation (fig. S3, G and H). Thus, TNK1
may be responsible for tyrosine phosphorylation of Rfx4 or could alter the
activity of another kinase or phosphatase to promote Rfx4 phosphorylation.

Collectively, our data suggest that nuclear localization is a constitutive
event for Rfx1-3, whereas the localization of Rfx4 appears to be regulated,
possibly through tyrosine phosphorylation. Because Rfx4L298P fails to ap-
propriately localize to the nucleus, which may be due to defective tyrosine
phosphorylation, the transcriptional activity of Rfx4L298P may be absent or
severely compromised, thus resulting in the graded hypomorphic phenotype.
For the following studies, the most severe phenotype is characterized.
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Fig. 1. Rfx4L298P is mislocalized in the cell, and the nuclear localization
of Rfx4 correlates with tyrosine phosphorylation. (A to F) Cellular local-
ization of Rfx3, Rfx4, and the Rfx4L298P mutant immunostained with an
antibody against FLAG in COS7 cells transfected with the indicated
FLAG-tagged Rfx constructs. Nuclei were stained with DAPI (4′,6-
diamidino-2-phenylindole). Rfx3 localizes in the nucleus of COS7 cells
(A and B), Rfx4 localizes to the nucleus and cytoplasm (C, D), and
Rfx4L298P is restricted to the cytoplasm (E and F). (G) Wild-type Rfx4
protein isolated from transiently transfected COS7 cells migrates as a
doublet on a Western blot, whereas Rfx4L298P migrates as a single
band. (H) Rfx4, but not the mutant Rfx4L298P protein, is immunoprecipi-
tated (IP) from transiently transfected COS7 cells with a phosphotyrosine-
specific antibody (PY69). Rfx proteins tagged with a C-terminal V5
peptide were detected with an antibody against V5 (anti-V5). (I) Co-
transfection of each of 17 tyrosine kinases individually with Rfx4 into
HEK 293 cells showed that Rfx4 was phosphorylated in the presence
of TNK1. Rfx4 tagged with a C-terminal V5 peptide was immunoprecipi-
tated with anti-V5, and phosphorylated proteins were detected by West-
ern blot with PY69.
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Rfx4 is expressed all along the anterior-posterior neuraxis
To gain insight into potential functions of Rfx4 in embryonic develop-
ment, we examined its expression at mid-gestation. From stages E8.5
(embryonic day 8.5) to E12.5, whole-mount in situ hybridization indi-
cated that Rfx4 is predominantly expressed in the neuroectoderm where
it is found throughout the anteroposterior axis of the embryo (Fig. 2, A
to E), with the ventral telencephalon the notable exception (Fig. 2F). Ex-
pression of Rfx4 in the developing spinal cord was investigated in more
detail by radioactive in situ hybridization on sectioned embryos between
stages E8.5 and E10.5. At E8.5, before neural tube closure, Rfx4 is uni-
formly expressed throughout the neuroepithelium, including the neural
folds (Fig. 2G). At E9.5, during specification of the neural progenitor
domains, Rfx4 expression continues throughout the spinal cord but is
increased in the ventral-most neural tissue (Fig. 2H). At E10.5, Rfx4 is
expressed in the neuronal progenitors but is absent from differentiated
neurons (Fig. 2I). Within the neuroectoderm, highest expression is in
the dorsal- and ventral-most portions of the neural tube. Thus, consistent
with previous work (18), Rfx4 may have a widespread role in the devel-
oping CNS. In particular, the spatial and temporal expression profile
suggests that Rfx4 may play a role in patterning of the spinal cord.
A B
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Dorsoventral patterning of the spinal cord is
defective in Rfx4L298P mutants
With a panel of immunological markers that delineate unique domains
along the dorsoventral axis, we found that the Rfx4L298P mutants had
severe defects in the ventral spinal cord. The most striking defect was a
nearly complete loss of the floor plate, as indicated by loss of Shh from
the ventral midline (Fig. 3, A and B), dramatically reduced abundance of
the neurokinin-1 receptor (NK1R) in the ventral spinal cord from E9.5
onward (Fig. 3, C to F), and failure of transiently expressed axonal glyco-
protein 1 (TAG1)–positive dorsal commissural neurons to cross the ven-
tral midline (Fig. 3, G to J). Establishment of the floor plate is dependent
on inductive signaling from the notochord that is mediated by Shh. In
Rfx4L298P mutants, Shh is virtually undetectable in the floor plate but is
present in the notochord (Fig. 3B), indicating that the loss of the ventral
midline results from Rfx4-dependent defects in Shh responsiveness in the
ventral neurectoderm. Loss of the floor plate marker, NK1R, from E9.5 to
E11.5 indicates that the floor plate defect is not due to a delay in develop-
ment because the floor plate does not recover over time (Fig. 3, C to F).

The neural progenitor domain adjacent to the floor plate is present in
Rfx4L298P mutants, as indicated by Nkx2.2 labeling, and extends to the
C
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Fig. 2. Rfx4 expression in develop-
ing embryos. (A to C) From E8.5
through E10.5, Rfx4 expression
(blue) is restricted to neural tis-
sue. (D and E) At E11.5 and
E12.5, Rfx4 is also expressed in
the limb [black arrowheads in
(D)] and second branchial arch
[white arrowhead in (D)]. Whole-
mount in situ hydridizations (A to
E) were performed with digoxi-
genin (DIG)–labeled probes. (F)
In situ hybridization on a sagittally
sectioned E10.5 embryo head.
Silver grains (bluish white) indi-
cate Rfx4 expression in the dor-
sal telencephalon (D Tel) and all
along the posterior neural tube.
Rfx4 expression is absent from
the ventral telencephalon (V Tel).
(G and H) In situ hybridization of
sectioned spinal cord shows that
Rfx4 is broadly expressed in the
developing spinal cord. At E9.5,
there is higher expression in the
ventral tissue [between red ar-
rowheads in (H)]. (I) At E10.5,
Rfx4 is expressed at the sites of
neural progenitors with highest
expression in both the dorsal-
and the ventral-most regions of
the spinal cord. Rfx4 expression
is not detected in differentiated
spinal cord neurons. Radioactive
in situ hybridization on tissue sec-
tions was performed with 35S-
labeled probes (F to I).
E8.5 E9.5 E10.5
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ventral limit of the spinal cord, replacing the floor plate (Fig. 3, C to F).
A similar ventral displacement is also observed for motor neurons, as
indicated by Islet1 and 2 (Isl1/2) labeling (Fig. 3, K and L). Motor neu-
rons, however, also extend further dorsally in the developing spinal cord
of Rfx4L298P mutants, resulting in a much broader dorsoventral region of
motor neurons than that found in wild-type littermates (Fig. 3, K and L).
In addition, the characteristic tight boundaries between neuronal domains
of the spinal cord are lost in Rfx4L298P mutants, as stray motor neurons
intermingle with adjacent dorsal and ventral interneuron domains (Fig. 3,
K and L).

Our molecular analysis of the developing Rfx4L298P mutant spinal
cord reveals a loss of the floor plate, loss of tight boundaries between
neuronal subtypes, and expansion of some neuronal domains along the
dorsoventral axis. A similar, although more severe, phenotype is observed
in Shh/Gli3 double mutants and in mutations that disrupt cilia structure
(7–10, 22), indicating a role for Rfx4 in the regulation of Shh signaling
and Gli3 activity.

The Rfx4L298P mutants exhibit dorsoventral patterning
defects in the telencephalon
To determine whether there is a common Rfx4-mediated mechanism reg-
ulating neural development, we analyzed the telencephalon, which is an-
other area of the developing mouse embryo where Rfx4 is expressed
(Fig. 2, A to F) (18) and where Shh signaling and Gli3 repressor activity
regulate ventral and dorsal tissue specification, respectively (23, 24). In
contrast to the spinal cord where Rfx4 is ubiquitously expressed, in the tel-
encephalon Rfx4 expression is dorsally restricted with strong expression in
the developing cortical primordium from E9.5 to E12.5 (Fig. 2, B to F)
(18). Rfx4 expression extends ventrally through the lateral ganglionic em-
inence (LGE), up to the medial ganglionic eminence (MGE)–LGE bound-
ary, but is absent from the ventral-most portions of the telencephalon (Fig.
2F) (18). On the basis of this expression pattern, it is unlikely that Rfx4
is required for establishment of ventral identity as it is in the spinal cord.
Because the Rfx4 expression profile resembles the expression profile of
Gli3 (25), we hypothesized that loss of functional Rfx4 will result in de-
fective Gli3-R function and produce a ventralized phenotype reminiscent
of Gli3 mutants, for example, the dorsal expansion of ventral cell identi-
ties in the Gli3 mutant extra-toesJ (26).

Patterning of the medial cortex was examined with probes for Lhx2
and Wnt8b. Lhx2, a member of the LIM homeodomain (LIM-HD) fam-
ily of transcription factors, regulates patterning and cell fate specification
of cortical and hippocampal tissues (27–29). Lhx2 has a strong expression
domain that extends from the cortical hem and approaches the cortical-
subcortical boundary and a weak expression domain that extends ventrally
(Fig. 4A and fig. S2G) (30). In Rfx4L298P mutants, the strong Lhx2 ex-
pression domain is substantially reduced in size and is restricted to the
dorsal-most portion of the cortex (Fig. 4B and fig. S2H). The continuous
expression along the dorsal midline is consistent with a loss in dorsal mid-
line tissue (Fig. 4B and fig. S2H). Wnt8b is expressed in the medial wall
of the cortex (31), marking the hippocampal primordia, and the ventral-
most extent of Wnt8b expression is near the hippocampal-cortical bound-
ary (Fig. 4C). In Rfx4L298Pmutants, most of theWnt8b-expressing tissue is
missing with only a weak residual expression domain at the dorsal mid-
line, indicating a diminished hippocampal primordia and a substantial dor-
sal shift in the hippocampal-cortical boundary (Fig. 4D). For both Lhx2
and Wnt8b, the altered expression in Rfx4L298P mutants indicates a par-
tially ventralized phenotype, consistent with a requirement for Rfx4 for
full Gli3-R activity.

We next examined in detail the formation of the cortical-subcortical
boundary, which depends upon Pax6 and Gsh2, two homeobox tran-
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Fig. 3. Rfx4 is required for floor plate induction. (A and B) Shh protein
(detected with a mouse antibody against Shh, green) is present in the

notochord (nc) of both Rfx4L298P and wild-type (wt) embryos but fails to
induce its own expression in the floor plate (fp) of Rfx4L298P mutants.
Nkx2.9 (detected with a guinea pig antibody against Nkx2.9, red) shows
the location of p3 interneuron progenitors. (C to F) The abundance of
NK1R (detected with a rabbit antibody against NK1R, red), indicative
of the floor plate, is reduced in Rfx4L298P mutants compared to wild type
at E9.5 and fails to recover in Rfx4L298P mutants by E11.5. Nkx2.2 (de-
tected with a mouse antibody against Nkx2.2, green) shows the location
of p3 interneuron progenitors. (G and H) Crossing of TAG1-positive neu-
rons is disrupted in Rfx4L298P mutants. (I) The spinal cord schematic
shows normal commissural axon projections (red) from the lateral dorsal
spinal cord, toward and across the ventral floor plate (blue). (J) The spi-
nal cord schematic shows that in Rfx4L298P mutants, the floor plate is
missing and axons deviate dorsally and ventrally. (K and L) Motor neu-
rons, stained with a guinea pig antibody against Isl1/2, are displaced
both ventrally and dorsally in Rfx4L298P mutants compared to the posi-
tion in wild type. A representative boundary of the region that is Isl1/2-
positive in the wild type is outlined in gray and overlaid onto the pattern
of Isl1/2-positive cells in Rfx4L298P mutants to show the ectopic ventral
and dorsal labeling in mutants. Yellow lines show the magnitude of dor-
soventral expansion of Isl1/2-positive cells.
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scription factors that are present in cortical and subcortical regions, re-
spectively, and that govern cortical and striatal development by initiating
genetically opposing programs (30, 32). Pax6 and Gsh2 expression do-
mains do not ordinarily overlap at E11.5 due to mutual antagonism (Fig.
4, E and G). Gli3-R function is required for Pax6 to repress Gsh2 ex-
pression and, thus, a reduction in Gli3-R produces a domain of over-
lapping expression (23). In Rfx4L298P mutants, the dorsal boundary of
Gsh2 expression extends into the cortex and overlaps with Pax6 expres-
sion (Fig. 4, F and H) indicating a loss of the tight cortical-subcortical
boundary, which is consistent with a reduction in Gli3-R activity (23).

To assess proper patterning of the subcortical region, we examined
the expression of Nkx2.1, a transcription factor–encoding gene that is ex-
pressed in the MGE. At E11.5, the expression of Nkx2.1 is restricted to
the MGE and does not extend into the LGE (Fig. 4I) (30). In Rfx4L298P

mutants, however, Nkx2.1 expression extends dorsally into the LGE (Fig.
4J). We also examined Rfx4L298P mutants at the end of gestation to de-
termine whether defects just before birth were consistent with early
patterning alterations because even subtle alterations at early stages of
development can result in severe morphological changes after continued
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development. At E18.5, Nkx2.1 expression is normally restricted to the
ventral septum and is absent from the dorsal region (Fig. 4K). In
Rfx4L298P mutants, however, Nkx2.1 extends to the dorsal tip of the sep-
tum, indicating that the ventral septum is expanded dorsally at the expense
of dorsal septum (Fig. 4L). The dorsal expansion of Nkx2.1 expression is
unique to Rfx4L298P mutants because no such change was reported in Gli3
mutants, suggesting that the ventralized phenotype in Rfx4L298P mutants is
not solely due to loss of Gli3 function.

In summary, the defects revealed by our molecular marker analysis in-
dicate that Rfx4 is required for dorsoventral patterning in the telencephalon.
Collectively, dorsoventral patterning defects in the spinal cord and tel-
encephalon are largely consistent with the idea that an aberrant balance
of Shh signaling (GliA) and Gli3 (Gli3-R) activity is the primary basis
for the Rfx4L298P mutant phenotypes.

Shh signaling and Gli3 processing are altered in
Rfx4L298P mutants
To evaluate if the Rfx4L298P mice had defective Shh signaling or Gli3
activity, we crossed the Rfx4L298P mice with a Ptc.LacZ mouse line that
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Fig. 4. Ventralization defects in
the telencephlon of Rfx4L298P

mutants. Radioactive in situ hy-
bridization was performed on cor-
onal sections of the telencephalon
from wild-type (wt) and Rfx4L298P

mutants. (A and B) At E11.5, Lhx2
expression extends from the cor-
tical hem to the lateral cortical pri-
mordial in the wild type (wt) with a
lower expression domain that ex-
tends ventrally. White arrows mark
the dorsal (D) to ventral (V) axis of
the telencephalon. In the Rfx4L298P

mutants, Lhx2 expression extends
across the dorsal midline. (C and
D) Wnt8b is expressed in the me-
dial wall of the cortex in the wild
type and is more restricted and
shifted dorsally in the mutant.
Red arrowheads and dashed line
indicate the ventral edge ofWnt8b
expression. (E and F) At E11.5,
Pax6 expression in the dorsal tel-
encephalon is similar in the wild
type and Rfx4L298P mutants and
extends to the cortical subcortical
boundary. The red lines indicate
that Pax6 expression in the neur-
epithelium is dorsal to the CSB.
(G and H) Gsh2 expression ex-
tends more dorsally in Rfx4L298P

mutants than in wild-type embryos.

The green lines indicate that Gsh2 expression is ventral to the CSB. (E) and
(G) are serial sections from the E11.5 wild-type and Rfx4L298P mutant embryo
brains shown in (F) and (H). Expression of Pax6 andGsh2 abut each other at
the cortical-subcortical boundary in wild-type embryos [(E), yellow line]. In
Rfx4L298P mutants, however, Pax6 and Gsh2 expression overlaps [(F), yellow
line]. (I and J) At E11.5, in the subcortical region, Nkx2.1 expression is
restricted to the MGE in wild type but is also expressed in the LGE in
Rfx4L298Pmutants [(J), red arrowhead]. The green lines mark the boundary be-
tween the MGE and LGE. (K and L) At E18.5,Nkx2.1 expression is restricted
to the ventral septum in the wild type but extends dorsally in Rfx4L298P mu-
tants. CP, choroid plexus; CSB, cortical-subcortical boundary; Cx, cortex; D
Septum, dorsal septum; V Septum, ventral septum; Hem, cortical hem.
A BLhx2 Lhx2
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has a LacZ transgene inserted into the Patched (Ptc) gene locus, result-
ing in Rfx4L298P mutant embryos that are also heterozygous for the Ptc
gene. Not only is Ptc involved in mediating Shh signaling, but the gene
encoding Ptc is also a Shh downstream target; thus, the Ptc.LacZ trans-
gene provides a readout of Shh signaling during development. In wild-
type tissue, at E9.5, the abundance of b-galactosidase is highest in the
notochord and floor plate, and rapidly decreases dorsally along the dorso-
ventral axis of spinal cord (Fig. 5A), which is consistent with the steep
Shh gradient established by the reciprocal interaction between Shh and
Gli3. In Rfx4L298P mutants, there is reduced ventral staining in the devel-
oping spinal cord and the dorsoventral gradient also appears less steep
(Fig. 5B). Shh signaling remains robust in the notochord and surrounding
mesenchyme, indicating a specific reduction in Shh signaling in the neu-
roepithelium (Fig. 5B). In contrast to the spinal cord, in the telencephalon,
Shh signaling is expanded dorsally at E11.5 in the Rfx4L298P mutants (Fig.
5, C and D, and fig. S4). These contrasting changes in Shh signaling sug-
gest that the balance of GliA and GliR functions in the different tissues
may be the cause of the observed patterning defects.

To determine if Rfx4 contributed to Gli3 processing, we assayed for
the effect of the Rfx4L298P mutation on Gli3 processing in vivo. We ex-
amined the abundance of full-length Gli3 (Gli3-190) and Gli3-R (Gli3-83)
www
in Rfx4L298P mutants by immunoblotting with an antibody specific for the
N terminus of Gli3. The relative proportion of full-length Gli3 was in-
creased in Rfx4L298P, whereas the relative proportion of the processed Gli3
product (Gli3-83) was comparably reduced (Fig. 4E). The amount of Gli3-83
relative to the total amount of Gli3 was reduced by 14.8% in Rfx4L298P

mutants compared to that in wild-type tissues (Fig. 4, E and F). Because
there is a 56.3% change in the Dnchc2 mutant (Fig. 4, E and F) (8), where
all cilia throughout the embryo are affected, a 14.8% change in Rfx4L298P

whole-embryo extract is a magnitude that is consistent with what we would
predict given that Rfx4 expression is neural specific and, thus, should only
affect processing of Gli3 in neural tissue. This indicates that Rfx4 is required
for proper biochemical processing of Gli3, which may provide a molecular
mechanism for the aberrant Shh signaling and dorsoventral patterning de-
fects in the telencephalon and spinal cord of Rfx4L298P mutants.

Rfx4L298P mutants have primary cilia defects in the
developing telencephalon and spinal cord
We sought a mechanism for the Shh and Gli3 signaling defects that we
observed in the CNS of Rfx4L298P mutants. We focused on ciliogenesis
for two reasons. First, primary cilia are required for Shh signal transduction,
through the translocation of Smo to the primary cilia, and for the activa-
 on Septem
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Fig. 5. Rfx4L298P mutants display tissue-specific aberrations in Shh signaling
and defective Gli3 proteolysis. Rfx4L298P mice crossed with a Shh reporter
mouse line, Ptch.LacZ, revealed tissue-specific changes in Shh signaling
during development. (A and B) At E9.5, Shh signaling (blue) in sections
of the spinal cordat the level of the forelimb is reduced inRfx4L298Pembryos,
with the most severe reduction occurring in the floor plate (fp). Unlike the
wild-type spinal cord, which has a steepgradient (high ventral to lowdorsal)

of Shh signaling, thegradient of Shh signaling ismoremoderate in the spinal
cord of Rfx4L298P mutants. (C and D) At E11.5, the Rfx4L298P mutants show
dorsally extendedShhsignaling in thedeveloping telencephalon. Red aster-
isks indicate the dorsal extension of Shh signaling fromMGE into the LGE.
In Rfx4L298P mutants, Shh signaling extends further dorsally. Red lines de-
marcate theMGE-LGE boundary. (E) At E10.5, full-length Gli3 (Gli3-190) is
more abundant in total protein extracts from Rfx4L298P mutants than from
wild-type embryos, although to a lower extent than that found in Dnchc2
mutants. As a result, less truncated repressor form of Gli3 (Gli3-83) is present
in theRfx4L298Pmutants. Total amountsofGli3protein (full-length+processed)
inwild-type andRfx4L298Pmutant embryos are indistinguishable, indicating
that Rfx4 regulation of Gli3 occurs at the posttranslational level. Actin is
used to control for equal amounts of protein lysate per lane. (F) Graphical
illustration of the relative amounts of Gli3-83, represented as percentage of
total Gli3. Bars indicate mean values: Rfx4 wt, 71.2 (n = 4); Rfx4L298P, 56.4
(n=4);Dnchc2wt, 72.8 (n=3); andDnchc2mut, 16.5 (n=4),wheren is the
number of embryos analyzed. Error bars indicate SD. **P = 0.002 (t test),
***P = 8.46 × 10−7 (t test).
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tion of Gli proteins, including the cleavage of Gli3 to Gli3-R (4, 5, 8–10).
Second, cilia defects in the Rfx homologs in Drosophila (dRfx) (14) and
C. elegans (Daf19) (15), as well as in Rfx3mutants in mice (19, 20), sug-
gest that Rfx family members have an evolutionarily conserved function
in regulating ciliogenesis.

To explore whether Rfx4 is required for proper assembly or function of
cilia, we performed scanning electron microscopy (SEM) on the apical
surface of the E10.25-E10.5 cortical primordial (Fig. 6), where Rfx4 is
clearly expressed (Figs. 2F and 6G) (18). In wild-type embryos, long
cilia project into the ventricular space (Fig. 6, A and C, and figs. S5A
and S6A; n = 3 embryos). In Rfx4L298P mutants, however, cilia are pre-
dominantly short and bloated (Fig. 6B, fig. S6, B and C, and Table 1;
n = 3 embryos), resembling those observed in Dnchc2 mutants (8), al-
though a few morphologically normal cilia are also found (fig. S5B). To
a lesser extent, primary cilia in Rfx4L298P mutants also appear as flat
stumps or short bloated structures with ectopic bulges (Fig. 6D), neither
of which is seen in wild-type embryos. In the ventral telencephalon, where
Rfx4 expression is absent (Figs. 2F and 6G) (18), no obvious differences in
cilia structure are apparent in wild-type (fig. S5C) and Rfx4L298P mutant
(fig. S5D) embryos.

To address whether primary cilia form normally in the spinal cord,
SEM was performed on E9.0 embryos by opening the spinal cord along
the roof plate and scanning the apical surface of the floor plate and the
www
immediately adjacent neuroectodermal tissue (Fig. 6H). In wild-type em-
bryos, long primary cilia protruded into the ventricular space (Fig. 6E;
n = 3 embryos). In Rfx4L298P mutants, cilia were predominantly circular
stumps (Fig. 6F, fig. S6E, and Table 1; n = 4 embryos), a morphology
not seen in wild-type littermates (Fig. 6E and fig. S6D). We rarely ob-
served long cilia in mutants (Fig. 6F).

In summary, our electron microscopy data identify structural defects
in the primary cilia of neural cells lining the ventricular surface of the
dorsal telencephalon and ventral spinal cord, which are the same re-
gions in which Rfx4 is expressed (Fig. 6, G and H). The defects in cilia
formation precede the observed dorsoventral patterning defects. This
partial defect in cilia structure is consistent with the patterning defects
in the spinal cord and telencephalon that indicate a partial loss of Shh
signaling and aberrant GliR activity. We conclude that Rfx4 is required
for proper cilia formation in specific regions of the developing CNS.

Ift172 expression is down-regulated in the developing
ventral spinal cord and dorsal telencephalon of
Rfx4L298P mutants
Daf19 regulates the expression of genes necessary for cilia formation and
function, collectively called the ciliome (16, 33). Thus, we performed chro-
matin immunoprecipitation and microarray hybridization (ChIP-chip) tech-
niques using E9.5 mouse embryos to identify promoters bound by
 on Septem
ber 22, 2015
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Fig. 6. Rfx4L298P mutants have regional defects in cilia structure. (A to D)
At E10.25, SEM reveals normal primary cilia morphology on the ventricular
surface of the developing mouse telencephalon in wild-type embryos [(A),
yellowarrowheads]. InRfx4L298Pmutants,most cilia are stubby,misshapen,
or both [(B), blue arrowheads], although normal cilia are sometimes ob-
served (fig. S5B).Rfx4L298Pmutant cilia commonly have a bulbous region
mid-length or at the tip, with a contrastingly thin cilia tip or thin base (fig.
S6). Higher-power SEM shows wild-type cilia (C) or misshapen cilia on
the apical surface of the cortical primordia in Rfx4L298P mutants (D) (note
ectopic protrusion, blue arrowhead). (E and F) At E9.0, SEM shows that
primary cilia on the ventricular surface of the floor plate are misshapen in
Rfx4L298Pmutants compared to wild type. Long cilia are abundant in wild-
type embryos [(E), yellow arrowhead] but are infrequently observed in the
Rfx4L298P mutants [(F), yellow arrowhead], as most cilia are stubby [(F),
blue arrowheads]. (G and H) Nissl-stained embryo sections show the
regions of telencephalon (G) and neural tube (H)whereSEMwasperformed
to evaluate primary cilia structures during development (black arrow-
heads). The added pink overlays depict regions of Rfx4 expression, which
are schematics summarizing our data (Fig. 2, A to I) and are consistent with
previous studies (18).
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endogenous Rfx4 protein. An arbitrary significance threshold was set at
1.5× enrichment in Rfx4-immunoprecipitated chromatin to bulk chromatin.
We focused on Ift172 because it has a clearly delineated function in cilia
formation and function. This analysis showed that Rfx4 is bound to the
Ift172 promoter in vivo (Fig. 7A), with a maximum significance threshold
of 2.0×. This finding is validated by the identification of two potential X-
box sequences upstream of the transcriptional start site (Fig. 7A). Ift172 is
an intraflagellar transport protein that controls flagellar assembly and dis-
assembly at the tip (13), and genetic studies have shown that Ift172 is re-
quired for primary cilia formation and function in vertebrates and
invertebrates (7, 13, 34–38). Ift172 homologs in C. elegans (osm-1) and
Drosophila (oseg2) have an X-box regulatory element in their promoter re-
gions and their expression is reduced in Daf19 (15) and dRfxmutants (39).

Although we did not determine when cilia defects first arise, we ex-
amined the expression of Ift172 during floor plate induction (E8.5), a
time point just before when we observed abnormal cilia in the spinal
cord (E9.0), to address whether reduced Ift172 expression may underlie
cilia defects. Ift172 is expressed throughout the neural tissue at E8.5 (fig.
S7A); however, in some Rfx4L298P mutants, Ift172 expression is reduced
(n = 3 out of 5 embryos; fig. S7B). The difference in Ift172 expression in
the Rfx4L298P mutants may contribute to the different severities of phe-
notypes observed for the mutants; however, we cannot morphologically
distinguish mutants with a severe phenotype from those with a mild phe-
notype at this stage. There are regions along the anteroposterior axis,
particularly midway along the axis, where Ift172 expression appeared
completely absent in some Rfx4L298P embryos (fig. S7B). In tissue
sections, we detected Ift172 expression in the neural epithelium, as well
as the underlying mesenchyme (Fig. 7B, B′). In Rfx4L298P mutants (Fig.
7C, C′), mesenchymal expression is similar to that of wild-type tissue,
which is expected because Rfx4 is not expressed in this tissue (Fig. 7D,
D′). However, in the neural epithelium, where Rfx4 is normally ex-
pressed (Fig. 7D, D′), Ift172 expression is markedly reduced in the floor
plate and adjacent neural tissue from the Rfx4L298P mutants (Fig. 7C, C′).

We also examined Ift172 expression in the telencephalon at E9.5 to E9.75,
before the observed cilia defects at E10.25 in the dorsal telencephalon. Ift172
is broadly expressed at ∼E9.5 (Fig. 7E). In tissues where Rfx4 is not ex-
pressed at E9.5 to E9.75, such as the eye, face, and branchial arches (Fig.
7G), Ift172 expression was unchanged in Rfx4L298P mutants (Fig. 7F).
However, in the regions where Rfx4 is expressed in the neural epithelium,
such as the dorsal telencephalon and dorsal midline of the diencephalon
and midbrain (Fig. 7G), Ift172 expression was decreased in the Rfx4L298P

mutants (Fig. 7F) when compared to wild-type embryos (Fig. 7E).
Because Ift172 has an essential role in formation of primary cilia, our

findings indicate that regionally reduced Ift172 expression is at least par-
tially responsible for defects in cilia formation. In summary, we have iden-
tified a tissue-specific requirement for Rfx4 for proper ciliogenesis, in part
through the regulation of Ift172, which in turn is required for proper reg-
ulation of Shh signaling (Gli-A activity) and Gli-R activity. These changes
drive the subsequent dorsoventral patterning defects in Rfx4L298P mutants.
www
DISCUSSION

The role of Daf19-Rfx class transcription factors in the regulation of genes
important for ciliogenesis is well established in C. elegans and Drosophila
(14, 15). In these organisms, cilia are found only on specialized cells, such as
sensory neurons, and do not participate in signal transduction pathways that
control embryonic development. In mammals, primary cilia are ubiquitous
and are required for Shh signaling during embryogenesis; however, a require-
ment for Rfx genes in this pathway has not been shown previously. Although
a number of studies have emphasized the central role that primary cilia play
in Shh signaling and the regulation of Gli3 activity, we show that Rfx4 is a
regionally specific transcriptional regulator required for proper primary cilia
formation by stimulating genes necessary for ciliogenesis, which is necessary
for proper Shh signaling in the developing CNS. This identifies a critical de-
velopmental function for Rfx4, placing it at the top of the ciliary genetic
hierarchy where it regulates Shh signal transduction (fig. S8).

There are four Rfx genes with widespread expression in the develop-
ing mouse embryo (fig. S9), suggesting that they have functional redun-
dancy. However, the phenotype of Rfx4L298P mutants indicates that it has
a unique patterning function and that the loss of its function cannot be
compensated by the other Rfx genes. Rfx4 has distinct properties that
may relate to its critical role in neural development. Unlike Rfx1-3,
which are more widely expressed, Rfx4 is predominantly expressed in
the CNS where it has a spatially restricted pattern of expression between
E8.5 and E12.5 (Fig. 2) (18). In addition, the Rfx1-3 proteins are con-
stitutively localized to the nucleus, whereas the nuclear localization of
Rfx4 appears to be regulated by phosphorylation (Fig. 1 and fig. S3).
This regulated nuclear localization of Rfx4 suggests that it may be
uniquely poised to respond to external stimuli. We have found that when
coexpressed in COS7 cells, TNK1 promoted the phosphorylation of
Rfx4 (Fig. 1I and fig. S3, F to H) and that this phosphorylation did
not occur with Rfx4L298P (fig. S3F). The in vivo relevance of the regula-
tion of phosphorylation of Rfx4 by TNK1 is unclear, because mice that
have a mutant form of Kos1, the mouse TNK1 homolog, with a deleted
catalytic domain do not show the severe developmental defects (40) that
we observed for Rfx4L298P mice. Given that there are >120 tyrosine kinases
in the mouse genome, it is certainly possible that other tyrosine kinases
may phosphorylate Rfx4 and regulate Rfx4 function. Nevertheless, our
finding that Rfx4L298P protein localizes to the cytoplasm and was not
phosphorylated under conditions for which the wild-type protein was
phosphorylated suggests that Rfx4 nuclear translocation or transcrip-
tional activity, or both, may be regulated by phosphorylation. Second,
it provides an explanation for why the most severe phenotype of the
Rfx4L298P mutant embryos resembles Rfx4 insertional null embryos:
Rfx4L298P mutant protein fails to function as a transcription factor be-
cause it does not localize to the nucleus.

Morphological analysis of the Rfx4L298P mutant embryos revealed
deformed primary cilia in regions of the CNS where Rfx4 was expressed
(Fig. 6, G and H). With ChIP-chip analysis, we identified Ift172 as a
direct target of Rfx4 transcriptional regulation (Fig. 7A). Ift172 is a com-
ponent of IFT complex B, and a critical role for this protein or its homo-
logs in ciliogenesis has been reported in C. elegans (34, 37), Drosophila
(36), Chlamydomonas (13), Tetrahymena (38), zebrafish (35), and mice
(7). Studies of the Chlamydomonas homolog (13) indicate that this pro-
tein is involved in the transition of IFT particle turnover between anter-
ograde and retrograde transport at the tip of cilium where cilia assembly
and disassembly occur. Ift172 homologs in C. elegans (osm-1) and Dro-
sophila (oseg2) have an X-box regulatory element in their promoter re-
gions, and their expression is decreased in Daf19 (15) and dRfx mutants
(39). Thus, it is not surprising that we found that Rfx4 bound to the
Table 1. Measurements of primary cilia in the developing telencephalon
and spinal cord. Data represent mean values ± SE. *P < 0.0001, **P <
0.0002 versus corresponding value in wild-type controls.
Length (nm)
 Width (nm)
Wild type
 Rfx4L298P
 Wild type
 Rfx4L298P
Telencephalon
 860 ± 17
 430 ± 53*
 160 ± 4
 230 ± 18**

Spinal cord
 1490 ± 73
 320 ± 43*
 150 ± 2
 270 ± 27*
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Ift172 promoter and that Ift172 expression is decreased in Rfx4L298P mu-
tants. There are ∼150 other ciliary proteins comprising the cilome (33),
many of which are encoded by genes that are regulated by Daf19-Rfx
transcription factors (16, 39, 41). Thus, it is likely that reduction in Ift172
is only one ciliary component that contributes to the deformed primary
cilia that we observed in the Rfx4L298P mutants (Fig. 6 and figs. S5 and
S6). This is particularly true for the telencephalon where the decrease in
Ift172 expression in the dorsal telencephalon is not as dramatic as the
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decrease in the neural tube or the dorsal midbrain and hindbrain, indicat-
ing that there are likely to be other genes that contribute to the cilia de-
fects in the anterior brain region.

Dorsoventral patterning in the telencephalon is controlled by the opposing
actions of Shh and Gli3-R, such that loss of Gli3-R activity in Gli3 mutants
results in severe ventralization defects (26). We observed a ventralized phe-
notype in the dorsal telencephalon of the Rfx4L298P mutants, which was
predicted from the cilia defects in this region and the importance of func-
Rfx4 L298P
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Fig. 7. Rfx4 binds to the Ift172
promoter, and Ift172 expression
is decreased in Rfx4L298Pmutants.
(A) ChIP-chip data from the ge-
nomic region upstream of the
Ift172 gene is shown. The y axis
shows the ratio of hybridization
signal from Rfx4-bound chromatin
to that from unfractionated chro-
matin. The significance cutoff of
1.5 is indicated. Fndc4, a gene im-
mediately upstream of the Ift172
gene, does not meet the criteria
for preliminary identification of an
Rfx4-bound promoter (see Mate-
rials and Methods). Red circles
represent genomic position of oligo-
nucleotide probes on the microar-
ray. Repetitive elements (identified
by RepeatMasker) are indicated
by yellow boxes, and the degree
of cross-species (human versus
mouse) conservation is indicated
by the black bar graph. Green
lines and green bars represent in-
trons andexons, respectively. The
transcriptional start sites are rep-
resented by green arrows. The
purple arrowheads indicate the lo-
cation of the two X-box binding
elements in the Ift172 promoter,
1011 and 1092 base pairs (bp)
upstream of the transcription start
site. (B andC) At E8.5, sections of
Ift172 whole-mount embryos (see
fig. S7) indicate a broad expres-
sion pattern in wild-type embryos
(B,B′) during the time of floor plate
induction, which includes the floor
plate (fp), adjacent neurepithelium
(NE), and underlying mesenchyme

(mes; see corresponding labels in D′) with B′ showing a higher magnifica-
tion image of the region in the dashed box in (B). (C, C′) Ift172 expression
is reduced in the floor plate and adjacent neurepithelium of Rfx4L298P mu-
tants, but mesenchymal expression is unchanged with C′ showing a higher-
magnification image of the region in the dashed box in (C). (D, D′) Sections
of Rfx4 whole-mount in situ (Fig. 2A) show that Rfx4 expression is restricted
to the neurepithelium, including the floor plate, but is absent from the mes-
enchyme. (E and F) At E9.5, Ift172 expression is also broad in the wild-
type embryos, but in the Rfx4L298P mutants, Ift172 expression is reduced in
the telencephalon [compare regions marked by red arrowheads in (E) and
(F)] and also reduced all along the dorsal midline of the midbrain and ros-
tral hindbrain (yellow arc). (G) Wild-type Rfx4 expression at E9.25, just
before changes in Ift172 expression at E9.5, reveals a neural-specific ex-
pression pattern that closely corresponds with the changes in Ift172 ex-
pression in Rfx4L298P mutants. Whole-mount in situ hybridization was
performed on wild-type and Rfx4L298P mutants with a DIG-labeled Ift172
antisense probe or a DIG-labeled Rfx4 antisense probe. E, eye; f, face;
ba, branchial arch.
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tional cilia for Shh signaling and Gli3 activity. However, the dorsoventral
patterning defects that we observed in the Rfx4L298P mutants were milder
than those reported for Gli3 (extra-toesJ) mutants (26). This difference in
phenotypes potentially arises because Gli3 processing was not totally ab-
rogated in the Rfx4L298P mutants (Fig. 5, E and F). A mild ventralization
phenotype was evident, but not described for the Rfx4 insertional-null allele
(18), which uncovered the importance of Rfx4 in the regulation of dorsal
midline formation in the telencephalon. Rfx4L298P and Gli3 mutant mice, as
well as Shh (42) and Shh/Gli3 (23) double-knockout mice, share a common
deficiency in formation of dorsal midline structures; thus, this aspect of the
Rfx4L298P mutant phenotype may also arise from the loss of Shh responsive-
ness due to loss of cilia and subsequent downstream effects on this pathway.

However, the dorsal expansion of the medial ganglionic marker, Nkx2.1,
into the LGE of Rfx4L298P mutants highlights that loss of Gli3-R function
cannot solely explain the ventralization phenotype in the telencephalon. A
plausible alternative is that there is low constitutive Shh activity that produces
Gli-A, a feature observed in another cilia mutant (43). In addition, retrovirus-
mediated induction of Shh signaling in the dorsal telencephalon leads to ec-
topic dorsal expression of ventral markers (23). Genetic studies will be able
to shed light on such a possibility. Other alternatives, although likely
secondary to a constitutively low GliA activity, involve the misregulation
of other signaling pathways, such as BMP and Wnt, both of which regulate
formation of the medial wall of the telencephalon (31, 44). However, loss of
either Wnt or BMP signaling does not explain the ventralization defects and
overlapping Pax6 and Gsh2 expression in the telencephalon, both of which
are specifically attributed to defects in Shh signaling and Gli3-R activity, and
thus, Rfx4L298P defects may be due to the misregulation of a combination of
Wnt, BMP, and Shh signaling pathways simultaneously. Whether aberrant
BMP or Wnt signaling pathways, or both, also contribute to the Rfx4L298P

mutant phenotypes in a cilia-dependent or cilia-independent manner is not
known at this time.

Dorsoventral patterning of the spinal cord is also controlled by the
opposing actions of Shh to produce Gli-A and Gli3-R (24). In contrast to
the telencephalon (8), the widespread defects throughout the ventral spinal
cord that we see in Rfx4L298P mutants are more consistent with what is ob-
served in mutants of genes encoding IFT proteins (7–10), where both Shh
signaling and Gli3 repressor activity are lost. In Ift88 (polaris) and Ift172
(wimple) mutants, the floor plate, V3 interneurons, and motor neurons
are lost and there is mixing of V2, V1, and V0 interneurons (7). Slightly
milder phenotypes in which motor neurons are present are observed in
another Ift88 mutant and a Ift52 mutant (9), likely because they are
hypomorphic alleles, as well as in embryos lacking the retrograde motor
protein dynein cytoplasmic heavy chain 2 (encoded by Dnchc2) (8–10).
Rfx4L298P mutants lose the floor plate and exhibit mixing between the V3,
motor neuron, and V2 progenitors and interneurons. A neuron-mixing
phenotype is also observed in mice with mutant forms of the Ras guanosine
triphosphatase family member, ADP (adenosine diphosphate)–ribosylation
factor–like protein 13B (Arl13b) (43), which produces low constitutive ac-
tivity of Gli-A. However, the Rfx4L298P mutant is more similar to IFT mu-
tants because the Rfx4L298P mutant has a clear defect in Gli3 processing;
whereas no change in Gli3 processing is observed in Arl13b mutants.

Our data indicate that the reduction in expression of cilia genes, such as
Ift172, upon loss of Rfx4 activity in the ventral neural tube leads to morpho-
logically abnormal cilia, resulting in aberrant Shh pathway signaling
consistent with reduced Shh activation (Fig. 5, A and B), as well as simulta-
neous loss of Gli3-R activity (Fig. 5, C to F). However, the phenotypes of the
Rfx4L298P mutant are generally milder than those of Ift172 mutants, which
were also generated from an ENU-mutagenesis screen (7). These differences
may be attributed to (i) the retention of some morphologically normal cilia;
(ii) the substantial reduction, rather than complete loss, of Ift172 expression
www.
in the Rfx4L298P mutant; (iii) Rfx1-3 having compensatory functions in the
developing neural tissues; or (iv) a combination of these factors.

Our analysis of the Rfx4L298P mutant uncovers a role for Rfx4 in regulat-
ing region-specific Shh signaling responsiveness at the level of organogenesis.
All mutants of cilia component genes exhibit widespread cilia defects that
affect Shh signaling by both leading to a loss of both Gli3-R activity and
Shh-mediated production of Gli-A (7–10) or by producing a constitutive
low activation of Gli-A (43) in all tissues. The Rfx4L298P mutant, however, ap-
pears to shift the Gli-A to Gli3-R balance in a tissue-specific manner: Both
Shh signaling (and thereby Gli-A production) and Gli3-R activity are affected
in the spinal cord (similar to Ift172 mutants), whereas only Gli3-R function
appears affected in the telencephalon. As evidence of the tissue-specific
function of Rfx4, digit patterning is normal in Rfx4L298P mutants (fig.
S10), a process that is sensitive to Shh perturbation. Thus, Rfx4 serves
as a regional-specific transcriptional regulator of cilia formation and func-
tion, which modulates the balance between Shh signaling and Gli3-R activity
in a tissue-specific manner in the developing embryo to influence CNS
development.
MATERIALS AND METHODS

Animals and genotyping
We identified the Rfx4L298P mutant allele in a genetic screen for reces-
sive mutations disrupting cortical development at E14.5 (21). Genotyping
was done by distinguishing simple-sequence length polymorphisms in
C57BL6/J DNA from those in FVBN/J DNA around the Rfx4 locus with
markers available from the Whitehead Institute for Biomedical Research,
Massachusetts Institute of Technology (http://www.broad.mit.edu/
resources.html), and additional polymorphic markers that we generated
(21). Genotyping was also performed by sequencing around the site of
the Rfx4L298P mutation. All animals used for analysis were crossed
for at least three generations onto an FVBN/J background.

In situ hybridization and antibody staining
Whole-mount and sectioned in situ hybridization was carried out as pre-
viously described (21) with digoxigenin-labeled or S35-labeled antisense
RNA probes. Immunohistochemical localization of proteins was per-
formed as described (45). Antibodies used to examine the spinal cord
were rabbit NK1R (1:2000; Sigma), mouse Shh (1:1000; Developmen-
tal Studies Hybridoma Bank), rabbit TAG-1 (1:500; Abcam), mouse
Nkx2.2 (1:1000; Developmental Studies Hybridoma Bank), guinea
pig Nkx2.9 (1:1000; from J. Ericson), and guinea pig Isl1/2 (1:1000;
a gift from T. Jessell).

Cell culture experiments
Cellular localization of Rfx proteins was determined by transient trans-
fection of COS7 cells, grown on two-well chamber slides (NUNC), with
1 mg of DNA and 1 ml of Lipofectamine 2000 mixture. Two days after the
transfection, cells were fixed with cold 4% paraformaldehyde and treated
with tris-buffered saline containing 10% donkey serum and 0.1% Triton
X-100 for 10 min. Immunofluorescence detection of cellular protein was
performed with standard procedures (8). Phosphorylation of Rfx4 was
determined by transient transfection of human embryonic kidney (HEK)
293 cells grown in 35-mm culture plates with 1 mg of DNA and 1 ml of
Lipofectamine 2000 mixture. Two days after transfection, cells were lysed
in radioimmunoprecipitation assay (RIPA) buffer containing protease
and phosphatase inhibitors and were used for Western blotting. Flag-
tagged Rfx constructs used for cellular localization studies were generated
by subcloning individual genes into the Hind III and Bam HI sites of the
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p3XFLAG-CMV-7 expression vector (Sigma). V5-tagged Rfx constructs
used for biochemical studies were generated by subcloning individual
genes into the Hind III and Xba I sites of the pcDNA3.1/V5-His B expres-
sion vector (Invitrogen).

Western blotting
For analysis of Gli3 processing, protein lysate was prepared from E10.5
wild-type, Rfx4L298P mutant, and Dnchc2 mutant whole embryos by
homogenizing tissues in RIPA buffer and then centrifuging to remove
cellular debris. Twenty micrograms of total protein were added to each
lane and resolved by SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) with NuPAGE 3 to 8% tris-acetate gel (Invitrogen) and trans-
ferred to a polyvinylidene difluoride membrane with Bio-Rad’s transblot
apparatus. The membrane was blocked with ChemiBlocker solution
(Chemicon) and blotted for Gli3 protein with a Gli3 monoclonal anti-
body (clone 6F5.1.1, 1:1000; a gift from S. Scales, Department of Mo-
lecular Biology, Genentech). For enhanced chemiluminescence (ECL)
detection, membranes were incubated in a 1:1000 solution of immuno-
globulin G (IgG) conjugated to horseradish peroxidase (IgG-HRP) against
mouse (GE Healthcare), and then signal was detected with Lumigen PS-3
(GE Healthcare) by exposure to autoradiographic film. For analysis of
Rfx4 phosphorylation in COS7 cells, the following antibodies were used:
mouse IgG against phosphotyrosine PY20 (clone 4G10; Chemicon, 1:250),
mouse IgG against phosphotyrosine PY69 (ICN Biomedical Inc., 1:250),
rabbit IgG against FLAG (Sigma, 1:10000), rabbit IgG against V5
(Sigma, 1:5000), and mouse IgG against actin (BD Transduction Labora-
tories, 1:1000). Blots were scanned with a Typhoon TRIOVariable Mode
Imager (Amersham Biosciences) and analyzed with ImageQuant TL
software (GE Healthcare).

Cilia measurements
Cilia measurements were obtained from a series of SEM images that were
representative of the surface topography on the apical surface of the dor-
sal telencephalon and developing floor plate. Measurements were approx-
imations given the inherent limitation of measuring a three-dimensional
object in two dimensions. Thus, to obtain a relatively accurate approxi-
mation of length and width (Table 1), all cilia that were evaluated had
been photographed nearly perpendicular to the cilia y axis (fig. S6). Length
was measured from the tip of cilia to where the base meets the plasma
membrane. The width was measured from one side of cilia to the other,
midway along the length. Rfx4L298P mutant cilia that manifested as flat
stumps were not included in these measurements. A minimum of eight
cilia per sample set was evaluated: telencephalon: wild type (n = 10),
Rfx4L298P (n = 8); spinal cord: wild type (n = 11), Rfx4L298P (n = 10),
where n is the number of cilia measured. A minimum of three embryos
were analyzed per tissue, and approximately four to eight images were
taken for each tissue sample.

Scanning electron microscopy
Electron microscopy was performed with a Hitachi S5000 SEM. The
ventricular surface of the spinal cord (E9) telencephalon (E10.25) was
imaged and prepared as described by the University of California,
Berkeley, Electron Microscopy Labs (http://em-lab.berkeley.edu/EML/
protocols/psem.php).

Identification of Rfx4 binding sites
Chromatin immunoprecipitation experiments were performed according
to the Nimblegen protocols (http://www.nimblegen.com/products/chip/
index.html) and hybridization to mouse promoter arrays was carried
out by Nimblegen. Hybridization signals were measured as a ratio of
www.
the Rfx4-immunoprecipitated chromatin to the bulk chromatin. An arbi-
trary significance threshold of 1.5 was set. The average fragment of DNA
amplified from the immunoprecipitated chromatin was ∼500 bp. The oli-
gonucleotide probes were spaced at ∼110- to 130-bp intervals; thus, we
set additional criteria that at least two contiguous probes should be above
the significance cutoff to be defined as an Rfx4-bound promoter.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/2/95/ra70/DC1
Fig. S1. The Rfx4L298P mutant brain phenotype displays a range of severity.
Fig. S2. Dorsal midline defects in the developing telencephalon of Rfx4L298P mutants.
Fig. S3. Rfx1 and Rfx2 localize to the nucleus and Rfx4 is phosphorylated on a tyrosine
residue.
Fig. S4. Dorsal expansion of Shh signaling in the telencephalon of Rfx4L298P mutants is
consistent along the rostral-caudal axis.
Fig. S5. Cilia structure defects in the dorsal telencephalon of Rfx4L298P mutants.
Fig. S6. Sample of SEM images used for cilia measurements.
Fig. S7. Ift172 expression is decreased in Rfx4L298P mutants.
Fig. S8. Schematic of endogenous Rfx4 function and the block in Rfx4 function in the
mutant Rfx4L298P phenotype.
Fig. S9. Rfx1, 2, and 3 expression during midgestation.
Fig. S10. Digit patterning is normal in Rfx4L298P mutants.
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