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Summary

Sonic hedgehog (SHH) is a secreted morphogen that development. Although it is expressed broadly, FKBP8 is
regulates the patterning and growth of many tissues in the required to antagonize SHH signaling primarily in neural
developing mouse embryo, including the central nervous tissues, suggesting that hedgehog signal transduction is
system (CNS). We show that a member of the FK506- subject to cell-type specific modulation during mammalian
binding protein family, FKBP8, is an essential antagonist development.

of SHH signaling in CNS development. Loss of FKBPS8

causes ectopic and ligand-independent activation of the

Shh pathway, leading to expansion of ventral cell fates Key words: FKBP8, FKBP38, Sonic hedgehog, Neural tube

in the posterior neural tube and suppression of eye patterning, Signaling, Mouse

Introduction Hedgehog signal transduction occurs through a series of

During vertebrate development, distinct classes of neurorRP0rly understood signaling events that modulate the activities
arise at stereotypical locations along the dorsoventral axis §f @ family of transcriptional factors, the GLI proteins. In
the spinal neural tube. This pattern is largely generate@mSOph'la the transcription factor Cubitus interruptus (Ci, the
through cell-cell signaling mechanisms involving locally Ortholog of vertebrate GLI) mediates Hedgehog (Hh)-induced
secreted signaling molecules (Jessell, 2000). The diffusibfganscriptional activation (Methot and Basler, 2001). The
ligand sonic hedgehog (SHH), which is produced by cells dt€dgehog ligand binds to the multipass transmembrane protein
the ventral midline of the spinal cord (notochord and floofPatched, preventing its normal inhibition of Smoothened (Chen
plate), controls neural fate specification by signaling to cell@hd Struhl, 1996; Marigo et al., 1996). The Hh signal is
and regulating their gene expression (Ingham and McMaho#fansduced through Smoothened to a complex containing Ci
2001; Marti and Bovolenta, 2002). SHH is believed to(Robbins et al., 1997). Downstream of Smoothened, protein
function as a morphogen in the neural tube because it c&nase A (Pka) phosphorylates Ci and facilitates its proteolytic
specify different ventral fates as a function of its concentratioRrocessing into a truncated transcriptional repressor (Price
(Ericson et al., 1997). SHH signaling regulates dorsoventr@nd Kalderon, 1999). Hh signaling reverses this effect and
patterning of the neural tube by repressing genes that apgomotes the accumulation of full-length Ci, which is a
associated with dorsal and lateral fates and by activating gen&anscriptional activator of Hh-response genes (Ohlmeyer and
associated with ventral fates (reviewed by Briscoe antfalderon, 1998). Vertebrate orthologs of sevédadsophila
Ericson, 2001). hedgehog signaling components have been identified and
Consistent with the role of SHH defined in embryologicalappear to be generally conserved in the vertebrate pathway
experiments, null mutations in the muri@ehgene or in genes (reviewed by Marti and Bovolenta, 2002).
required to transduce the SHH signal abolish ventral fates in The FK506-binding protein 8 (FKBP8, also known as
both the spinal cord and brain (Chiang et al., 1996; WijgerdEKBP38) (Pedersen et al., 1999; Shirane and Nakayama, 2003)
et al., 2002). The cells at the ventral pole of the neural tubds a member of the immunophilin family of proteins that bind
instead acquire dorsal or lateral identities that are normallynmunosuppressant drugs such as cyclosporin A or FK506
repressed by SHH signaling. Excessive SHH signaling resul{Snyder et al., 1998). FKBPs comprise a large family, the
in an opposite phenotype: cells inappropriately adopt ventrahembers of which share a conserved peptidyl-prolyl isomerase
identities in favor of dorsal identities (Echelard et al., 1993(PPI) domain. Proteins with PPl activity can alter the
Goodrich et al., 1997). Thus, increased or decreased levels ainformation of other proteins by allowing free rotation
SHH signaling have pronounced effects on the patterning @tround prolyl peptide bonds. This activity may allow the
the central nervous system. immunophilins to function as accessory folding proteins or as
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scaffold proteins that facilitate protein-protein interactionsfrom mouse (129/Sv) genomic DNA and inserted into the pGT-N29
FKBP12, a relatively well-studied member of the family, hagNew England Biolabs) cloning vector (Fig. 2A). The resultant
several defined functions. Like other immunophilins, FKBP12argeting construct, harboring a deletion of exons 4-6, was
associates with and inhibits the ZSaalmodulin activated €lectroporated into mouse embryonic stem (ES) cells. Targeted clones
protein phosphatase calcineurin upon binding FK506. In Twere injected into C57BL/6 blastocysts to generate chimeras, which

o ._were crossed with C57BL/6 mice. Mouse genotyping was performed
lymphocytes, FKBP12 activity prevents the dephosphorylatm?@'y PCR. Primer sequences are: Kog,gGGc):/TpTgCTGCEGGCTT-

of NF-AT and prevents this transcription factor from enteringAAGGAG; KO18, TGGTGAGCAGGTGTAGGGTGTGAC: KO21,
the nucleus (Clipstone and Crabtree, 1992; Hemenway arghcTGGCCATCCTACAGGCTGGC: KO26, GTCACCCTGAA-
Heitman, 1999). FKBP12 also binds to and regulates thRGACGGCAGAGG; pnt3a, CGAGATCAGCAGCCTCTGTTCC-
activity of the inositol (1,4,5) triphosphate and ryanodineac; and pnt6, CCGGAGAACCTGCGTGCAATC. Th&hhnull
receptors, which regulate intracellular?Ceelease (Cameron mutation was previously described (Chiang et al., 1996). GenBank
et al, 1995; Jayaraman et al., 1992). The presence @éfcession Numbers are AY278608 and AY278607 for mouse and
tetratricopeptide repeats (TPR) in addition to the PPlaseuman FKBP8, respectively.

domain in FKBP8 makes it more closely related to the Iarge|
members of the FKBP family such as FKBP52, which . o . i
functions as a specialized co-chaperone (Young et al., 2003 n situ hybridization was performed on fixed frozen sections and

A ; ! vhole-mount embryos essentially as described (Belo et al., 1997,
The in vivo function of FKBP8 is unclear, although recentSchaeren-Wiemers and Gerfin-Moser, 1993). Riboprobes for in situ

data from cell culture experiments indicate that FKBP8 bindgypyigization were synthesized from plasmids carrying mouse cDNA
calcineurin in an FK506-independent manner and targetgr wnt1, Gdf7, Pax3 Pax§ Dbx1, Isl2, Nkx2.2 Foxa2 Ptchl, Glid,
BCL2 and BCL2L to mitochondria, thus inhibiting apoptosispPaxi, Olig2, Ihh (gifts from A. McMahon, T. Jessell, U. Deutsch, C.
(Shirane and Nakayama, 2003). To define the in vivo role olalther, G. Fishell, C-C. Hui, E. Lai, M. Scott, and T. Caspary) and
FKBP8, we disrupted its function in mice by gene targetingFkbp8 The mouseShhprobe (a gift from A. McMahon) is from
Our data show that FKBP8 has an essential role duringPNA covering sequences roughly 150 bp upstream to 230 bp
development. Loss of FKBP8 leads to inappropriate activatio@og’vgztrsgﬁ“ ;’rf]gxé’lr,? ng%g;“’” gget;gn'g*:gg“?gg a(':'ﬁ)'ﬁza-dThPeCR
of the SHH signaling pathway in the caudal neural tube, wher@°4 o W : .
ventral fates were dramatically expanded at the expense’_gg’d“ctS (from positions 639-1164 and 1415-232Dfih and GIi3

el

. . . NA sequences, respectively) and did not cross hybridize with
dorsal fates. The direct role of FKBP8 in regulation of SH ated family membersckbp8 sense and antisense probes were

signaling was confirmed genetically, because SHH-dependeginerated from a cDNA clone covering the entire coding region.
neural fates are restored 8hh'—Fkbp87/— double mutants.

Our data indicate that FKBP8 is primarily required for
regulation of the hedgehog signaling pathway in neurahesuns

h situ hybridization

tissues.

FKBP8 is an integral membrane protein widely

expressed in embryonic and adult tissues
Materials and methods The full-length mouse FKBPS is 402 residues in length and
Molecular cloning, antibodies, immunoblotting, and consists of one PPlase domain, a TPR domain with three
immunofluorescence contiguous tetratricopeptide repeats (TPR) and a predicted

To obtain full-length sequences, we performeédRACE (rapid ~Membrane insertion site at the C terminus (Fig. 1A).
amplification of cDNA ends) and DNA sequencing. The polyclonallmmunoblotting showed that FKBP8 is widely expressed in
anti-mouse FKBP8 antibody was generated in rabbit using the fulboth adult and embryonic tissues (Fig. 1B). FKBP8 has a
length recombinant protein as an antigen. Monoclonal antibadies calculated molecular weight of 44 kDa, but migrated at an
SHH, a-FOXA2, a-NKX2.2, a-HB9, a-PAX6, a-PAX7 anda-  apparent molecular weight of 53 kDa, suggesting post-
MSX1/2 were obtained from the Developmental Studies Hybridomaranslational modification. Glycosylation is unlikely to account
Bank. An a-activated caspase 3 antibody (Promega) was used @ the increase in molecular weight, as this remained
monitor apoptosis. Rabbiti-PAX2 antibody was obtained from nchanged upon digestion with endoglycosidases F and H, or
Zymed Laboratories. Immunofluorescence and immunoblotting wer: _glycosydase in combination with sialydase Il (data not

gﬁrfggrglef as described (Eggenschwiler and Anderson, 2000; Hongs town). We confirmed by biochemical extractions that FKBP8

To determine the distribution of FKBPS, tissues were extracted ifs @n integral membrane protein (Fig. 1C). FKBP8 associated
RIPA buffer/1 mM DTT/protease inhibitors. Total protein from adult With the membrane fraction and migrated at a higher molecular
tissues was quantified by the modified Lowry assay. In thaveight when translated in vitro in the presence of microsomal
immunoblot shown in Fig. 1B, j3g total protein was loaded per lane. membranes, further indicating that it is post-translationally
To determine membrane association of FKBPS, rat retinal proteinmodified (Fig. 1D, left). In protease protection assays, intact
were extracted under the following COhditianI.ZO mM Tris-HCI, pHmembranous vesicles did not protect the translated protein
74, 0.15 N NaCl (labeled as 0.15 N NaCl in Fig. 1C); 1 N KCI (1 Nfrom degradation (Fig. 1D, middle). These data suggest that
KCI); 0.1 M NaHCQ-N&CO;s (pH 11.5); 20 mM Tris-HCI, pH 7.4, Frppg adopts a topology in which the protein is exposed
0.15 N NaCl, 0.5% CHAPS (CHAPS), 6 M urea (6 M urea). Al o the cytoplasm (Fig. 1D, right). Fractionation studies of
solutions also contained 1 mM DTT. Extracts were centrifuged art ytop 9. » ngny. o T
200,000g for 1 hour at 4°C. Both supernatants and pellets Weré:ultu_red fibroblasts suggested that the protein is distributed to
analyzed by immunoblotting. multiple membranous compartments including the ER and

mitochondria (data not shown). By immunofluorescence,
Gene targeting and mice FKBP8 exhibited a mitochondrial localization pattern in COS7
Genomic fragments, 3.4 kb and 2 kb long, were amplified by PCRbroblasts (Fig. 1E, left). A similar mitochondrial localization
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A 40aa. 402 2B), whereas the eyes appeared smaller in the remaining
mutant embryos. The limb buds, branchial arches and somites
of the mutants appeared normal. Histological examination
revealed a dilated caudal neural tube and dorsally displaced,
E115 adult smaller dorsal root ganglia (Fig. 2B). By contrast, the rostral
mutant neural tube appeared morphologically normal. The
limbs developed normally in the mutant, and major organs such
as the heart, lung and gut also appeared normal in histological
sections (not shown).

Experiments using cultured cells (Shirane and Nakayama,
2003) indicate that FKBP8 blocks apoptosis by recruiting
C  02NNaCl INKCI pH11.5 6Murea CHAPS BCL2 and BCL2L to mitochondria. We considered the

I N S possibility that increased apoptosis could be the underlying

FKBPS L J L J @ -.|e - primary defect for the phenotype we observed inFkigp8/-
mutant. We monitored apoptosis using an antibody against
TGN38 . ' . . . activated caspase 3 but found no difference between wild-type
and mutant embryos in the affected lumbar neural tube at E10.5
O (Fig. 2C). _Similarly, no differences were observed between
+ — proteinase K ™, genotypes in the rostral neural tube or in non-neural tlssugs
FKBPS { (data not shown). Thus, the phenotypic features observed in
' Fkbp8/~mutants do not stem from excessive apoptosis.
L]
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To determine the basis for the tissue-restricted
BiP i developmental defects of the mutant, we examined the tissue
expression pattern oFkbp8 in E9.5 embryos by in situ
E C0s-7 hybridization and by immunostaining (Fig. 3). By whole-

. mount in situ hybridization (Fig. 3AEkbp8mRNA was found
uniformly distributed throughout the E9.5 embryo. On
sections, the in situ hybridization signals (Fig. 3B) showed no
discernable variation along either the anteroposterior axis or
the dorsoventral axis. Similar observations were made by
immunostaining for the FKBP8 protein, either in whole-mount
Fig. 1.FKBPS is a widely expressed integral membrane protein. ~ embryos (not shown) or on cross-sections through the neural
(A) Domain structure of murine FKBP8. Numbers on top indicate  tube (Fig. 3C). These data suggest that the rostral-caudal
positions of amino acid residues. N is the N-terminal sequence differences in the mutant neural tube morphology do not stem

missing in previous literature; PPI (residues 110-194), TPR (262-  from regional differences ifkbp8expression.
329) and the transmembrane domain (M; 381-400) are marked.

(B) Immunoblots of mouse tissue homogenates. (C) FKBP8 is Loss of FKBP8 leads to expansion of ventral fates in

solubilized only with a detergent. TGN38, a known integral the neural tube and disruption of optic vesicle
membrane protein shown here as a control. (D) Left, immunObIOttin%atterning

analyses of in vitro translated FKBP8 in the presence or absence of . .
membranes. Middle, protease protection assay to determine Despite the normal frequency of cell death in #idp8
membrane topography. FKBP8 was not protected by intact mutant, the caudal neural tube adopted a highly abnormal
membranes. By comparison, the ER luminal protein BiP was fully morphology. This suggested that some cellular process other
protected. Right, a schematic diagram showing FKBP8 situated ~ than cell death was affected. Histologically, the cells
outside of the ER lumen. (E) FKBP8 is localized in the mitOChOﬂdriathroughout ventral mutant neural tube at E10.5 resembled
of cultured fibroblasts (left), as shown by overlapping staining floor-plate cells; they were arranged in a single-cell layer,
patterns of FKBP8 (red) and MitoTracker (green). Scale batml0  ghowing columnar morphology with basally positioned nuclei.

This phenotype suggested that the floor plate was greatly

expanded and that cell identities along the dorsoventral axis of
of FKBP8 in HelLa cells was previously described (Shirane anthe neural tube may be altered.

+
—
—

o=

MitoTracker

Nakayama, 2003). To address this possibility in more detail, we examined
. . the expression pattern of markers for dorsoventral neural cell
FKBP8 is required for neural tube development fates in Fkbp8/~ mutants from E9.5 to E12.5 by in situ

Both RNA and protein analyses indicated that disruption of thaybridization and immunohistochemistry (Fig. 4, data not
Fkbp8gene generated a null allele (Fig. 2A). We found thashown). The expression domains of dorsoventral markers were
homozygous embryos died around embryonic day (E)13.5. Tredearly altered in mutant embryos in sections through the
Fkbp8’/~mutant phenotype became morphologically apparentaudal neural tube just anterior to the hindlimBexa2

by E10.5 (Fig. 2B). At this stage, the mutant caudal neural tubexpression normally marks the most ventral neural cell fate,
appeared translucent and irregular. By E12.5, the caudal neuthé floor plate (Sasaki and Hogan, 1993)xa2 expression
tube of the mutant embryo was dilated and appeared as a fluidas dramatically expanded in tR&bp8/-mutant, such that
filled sac. In about 20% of thekbp8’/~ mutant embryos, a roughly the ventral half of the neural tube expressed this
clump of pigmented cells was seen in place of the eye (Fignarker.Pax6andDbx1are normally expressed at high levels
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A _2kb 1 234 5 678 kol8 Fig. 2. Neural development defects in mice with
el I “—|T|—|+|-]—"— targeted disruption of tHekbp8gene. (A) (Top
wild type allele _ ATG ko26 ko21 . stop panel) targeting strategy. Black boxes, exons;
~_ . yz arrowheads, PCR primers. (Bottom panels) Left
-7 pnté pntda < two panels: PCR screening for targeted ES
targeting construct clones and mouse genotyping. Middle panel:
l “ - I I T RT-PCR analyses find the mutant transcripts
+ reduced or absent. E1-3, primers spanning

t ted allel . R
SRS l exons 1-3; E1-7, primers spanning exons 1-7.

GAPDH amplification served as a control.

ES screening mouse genotyping Right panel: immunoblots showing complete

L ablation of FKBP8 proteiny-tubulin is shown
- k%% EFKBPS(E -3) - +- ++ as a gel loading control. (B) Developmental
kb - +f+ +f" +/+ b “FKBPB defects in the CNS dfkbp87/- (knockout)
3 Gu FKBPB(E1 -7) embryos. The caudal neural tube defect (upper
355 mGApDH - e e |-tUD left and right) and failure of eye development
(upper right and lower left) are apparent. The
mutant neural tube is dilated (lower right).
Dorsal root ganglia (arrowheads) are missing or
disorganized. (C) Apoptosis monitored by
immunofluorescence for activated caspase 3.
Sections through the caudal neural tube of
E10.5 wild type andrkbp8’/- mutant embryos
are shown (apoptotic cells are indicated by
white arrows). Quantification (three embryos
per genotype and four sections/embryo) showed
no statistically significant difference between
genotypes in the thoracic or lumbar neural tube
(NS, not statistically significant). Scale bars:
100pm in B; 50pum in C.

(including Shh Nkx2.2 1sl2, Pax3 Pax7
and Gdf7, see below and data not shown)
were all affected in a manner consistent
with ventralization of neural cell fates. In
the rostral neural tube, at the level of the
forelimbs, all of the markers examined
showed a normal expression pattern
(data not shown). Thus, defective neural
patterning in th&kbp8’/~mutant is limited

to the posterior of the prospective spinal

ase3+ cells/section

FKBP8 acts in this pathway. However, the
expression of MSX1 and MSX2, targets of
the BMP signaling pathway (Alvarez
Martinez et al., 2002; Furuta et al., 1997),
was similar in the dorsal neural tube of
in the lateral regions of the neural tulidx1 expression is Fkbp8’~ mutant and wild-type embryos (Fig. 41,J). Thus,
strictly limited to a small population of lateral cells (including despite the absence of dorsal neural fates inFitgp8’~

VO interneuron progenitors), whereax6expression is also mutant, BMP signaling appears normal in the mutant neural
observed at lower levels in ventrolateral and dorsal cell§ssue.

(Pierani et al., 2001; Shoji et al., 1996; Walther and Gruss, By E9.5, Shhis normally expressed in the floor of the
1991). In theFkbp8/ mutant, bothPax6 and Dbx1 were  diencephalon located between the optic stalks (Ishibashi and
expressed ectopically in dorsal regions instead of their normdicMahon, 2002)Pax2expression marks proximal fate (optic
lateral domains. Markers for the most dorsal fates, such amrve) andPax6expression marks distal fates (retina and lens)
Wntl, were not expressed in the mutant. The expressioim the developing eye. Excess SHH signaling, caused by
domains of other markers for specific dorsoventral fatesctopic expression &hhor blocking of the hedgehog pathway

3 NS cord.
[ Signaling through the bone
g, morphogenetic protein (BMP) pathway
S appears to regulate the specification of
E dorsal neural fates (Lee et al., 1998; Liem
E‘ et al., 1995), raising the possibility that

+i+ +/+

Lumbar n.t.  Thoracic n.1.
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A FKBPS8 antisense sense control Wild-type FKBPS-/-
A at B

o H*

Wntl

Pax6
'-'_:’.'%-___,' Fo

Hrug,

Dbxl1

sense control G H

FoxA2

Fig. 3. Embryonic expression patternBbp8 (A) Whole-mount in
situ hybridization in E10 embryoBkbp8appears uniformly
expressed. Negative controls included the sense proldekap8’~
mutants hybridized with the antisense probe. The minimal signal in
the mutant further indicated that the mutBkbp8transcript is
destabilized. (B) In situ hybridization of sections. Thoracic neural
tube is on the right, and lumbar neural tube is on the left. No ) ) ] )
differences in expression could be detected in the neural tube alongFig- 4. TheFkbp8”~neural tube is ventralized. Sections of E11.5
the dorsoventral or anteroposterior axis. (C) Immunofluorescence ofild type andFkbp8’~neural tubes were analyzed by in situ

(~/-) embryos, stained with the FKBP8 antibody. anterior to the hindlimbs are shown. Markers of dorsal fatesl
(A,B) andGdf7 (data not shown) are not expresse&kbps’-
mutants. In the mutant, dorsal cells adopt lateral fates marked by
Pax6andDbx1(D,F), and lateral cells acquire ventral fates marked
by Foxa2(H) andNkx2.2(data not shown). Expression of MSX1 and
VISX2 in the E10.5 dorsal neural tube, monitored by

o-MSX1/2

antagonist PKA, promotd3ax2 expression at the expense of
Pax6 expression (Ekker et al., 1995; Macdonald et al., 199 mmunofluorescence with an antibody that recognizes both proteins,
Perron et al., 2003). In E11.6kbp8’~ mutant embryos, isrelatively unaffected iﬁkbps*/—muta)r/us despitegchanges inpneural
development of the retina and pigmented epithelium wagipe morphology (1,J). Scale bars: (6.

severely reduced in the ventral half of the eye (Fig. 5A). A

similar phenotype was observed when PKA function was

blocked inXenopusembryos (Perron et al., 2003). The eye

defect in theFkbp8”/~ mutant embryos is reminiscent of the The SHH signaling pathway is constitutively active

small eye phenotype caused Bgx6 haploinsufficiency (Hill  in the absence of FKBP8

et al., 1991). In the EL0Bkbp8mutant, PAX2 was expressed The ventralization of thEkbp8/~mutant neural tube appeared
ectopically in the dorsal optic vesicle (Fig. 5B). PAX6to result from excessive SHH signaling. It is possible that
expression was clearly reduced in the neural retina of theKBP8 normally acts as a negative regulator of SHH ligand
mutant at E11.5 (Fig. 5C). Similar defects have been observguoduction. Alternatively, FKBP8 may function as a negative
in mutants for the hedgehog pathway antagofsb23 regulator of the SHH pathway keeping it repressed in the
(Gunther et al., 1994) (J.T.E., unpublished) and are consisteaibsence of the SHH ligand. Patched 1 (PTCH1) and RAB23
with inappropriate activation of the SHH pathway in the optichave similar functions (Eggenschwiler et al., 2001; Goodrich
vesicle. et al., 1997). A third possibility is that FKBP8 acts positively
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Wild-type Shh™" Shh'FKBPS8"

Fig. 6.Loss ofFkbp8partially restores CNS development in the
Shh'~ mutant. Wild-type (A)Shh'=(B) andShh'~Fkbp8--(C)
littermates from an E12.5 litter are shown. Phenotype oSt~
single mutant includes growth retardation, failure of limb outgrowth,
severe holoprosencephaly (white arrow) and a single ventrally
positioned eye. This phenotype is partially rescued in the
Shih=Fkbp8-/-embryo (note rescue of cyclopia and
holoprosencephaly, white arrow). Other features, such as limb

§

C Pax6 outgrowth defects (arrowhead), are not rescued. Scale bar: 1 mm.
%
= and abnormally shaped. These data suggest a partial rescue of
= SHH-dependent neural development in Blett’—Fkbp8-/-
; double mutant.
& To examine this process on the cellular level, we examined
_ markers of SHH-dependent cell fates in the caudal neural tube
5 (Fig. 7). Motoneurons and their progenitors, markedsi
8 HB9 andOlig2 expression (Fig. 7, data not shown), are not
] specified inShh~ mutants, but were clearly present in the
Fig. 5. Delayed eye development fikbp8’-mutant embryos. Shir'=Fkbp8--double mutantNkx2.2 marking progenitors of
(A) At E11.5,Fkbp8’-mutant eyes are smaller, have a thinner V3 interneurons, and-oxa2 marking the floorplate, are
retinoblast layer and exhibit a hypo-pigmented pigment epithelium ifjependent on SHH (Briscoe et al., 1999; Eggenschwiler et al.,
the ventral region. (B) PAX2 (red) and PAXG6 (green) 2001; Sasaki and Hogan, 1993). Both these fates were specified

immunofluorescence staining of optic vesicles at E10.5. PAX2 is

: I - . .
ectopically expressed in the dorsal regions of the optic cup (white in the Shit™;Fkbpg™~ double mutant in ectopically expanded

arrowheads) in the mutant. PAX6 expression appears comparable ventral domains. Markers of dorsal and lateral fates, Syc.h as
with wild type in the dorsal retina and in the lens primordium (white Pax3 and Pa/XG were expressed across the ventral _m'd“ne
arrows), although lens morphogenesis is clearly delayed. (C) At~ Of the Shiv™ mutant and were shifted dorsally in the
E11.5, PAX6 expression is apparently reduced in the mutant Shh'=Fkbp8’~ double mutant. Patterning in the double
retinoblast layer and lens. Background staining in the lens capsule mutant was generally similar to that in tF&bp87/- single
and skin is due to non-specific binding of the secondary antibody. mutant. A minor difference was observed for the lateral marker
Scale bar: 3@um in A,C; 50um in B. Dbx1, which at E11.5 was expressed in dorsal cells of the
single mutant but in lateral cells of the double mutant. This
might reflect a sensitivity of this marker to slightly different
in a signaling pathway that dorsalizes the neural tube; whdavels of SHH signaling in the two mutants (Pierani et al., 1999;
this is disrupted, SHH signaling is unopposed and ventralize#d/ijgerde et al., 2002). These data suggest that the loss of
the neural tube. FKBP8 leads to excessive activation of the SHH pathway even
To distinguish among these possibilities, we analyzed thim the absence of the SHH ligand.
phenotype ofShit’~;Fkbp87/- double mutant. At E11.5, the We also examined the expression pattern of genes that
Shhr- mutant exhibited a variety of defects including severaegulate SHH signaling (Fig. 8Ptchl and Glil are direct
growth retardation, cyclopia/holoprosencephaly, absence d#rgets of hedgehog signaling and are not expressed in the
ventral cell types in the neural tube, abnormal somites anShh’~ mutant neural tube (Litingtung and Chiang, 2000).
deformed limbs (Fig. 6) (Chiang et al., 1996). In contrast td*tchlandGlil were expanded dorsally in tibp87/-single
the Shiv~ mutant, the double mutant developed two distinctand the double mutants. The expanded domaiPtcil and
eyes separated by ventral neural tissue in the forebrain (Fig. &li1 expression in th&shh’—Fkbp8/- neural tube provides
The double mutant caudal neural tube showed the dilatatirect evidence for ligand-independent activation of the SHH
morphology characteristic ofkbp8’- single mutants. The pathway. Although SHH is required f@lil expression, very
somites and limbs were indistinguishable from that of théiigh levels of SHH signaling repress this target (Motoyama et
Shhr'=single mutant; the limbs of bo®hh’—Fkbp87/-double  al., 2003). Consistent with this, the expression domaliaf
mutants andShhsingle mutants failed to grow out along the was shifted dorsally in both tifekbp8’- single mutant and in
proximodistal axis and the somites of both mutants were smathe Shir'~;Fkbp8~- double mutant.
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Fig. 7. SHH-independent dorsoventral neural patterning. E11.5
neural tube sections were assayed for expressiBax3(A-D),
Pax6(E-H), Dbx1(I-L), Isl2 (M-P), Nkx2.2(Q-T) andFoxa2(U-X)

in wild-type (A,E,I,M,Q,U),Shi~(B,F,J,N,R,V) Fkbp8&'~
(C,G,K,0,S,W) an&hh'~Fkbp8~-(D,H,L,P,T,X) embryos. Dorsal
and lateral cell fates (marked Pgx3andPax§ respectively) are
excluded from the ventral neural tube of wild-type &Rbp8’-
embryos but were expressed across the ventral midligatof
mutants. Ventral repression of these cell fates was restored in the
Shh'~Fkbp8--double mutant. Note the specification in
Shir'=Fkbp8-—mutants of lateral and ventral cell types such as
Dbx1* VO interneuron progenitorsl2* motoneurons (arrows in
M,0,P),Nkx2.2 V3 interneuron progenitors, afdxa2" floorplate.
These cell types are absent in E13t#T~ mutants. In addition to
motoneurons, dorsal root ganglia (DRG, arrowheads in M-O) also
expresdsl2. DRG, derived from the dorsally specified neural crest,
are observed in wild-type ar®@hh’- mutant embryos but are
displaced dorsally or missing altogetheFikbp8’-and
Shh'~Fkbp8--mutants, consistent with disruption of dorsal fates in
these embryos. Scale bars:|68.

Because GLI3 represses SHH target genes (Persson et
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Fig. 8.Neural-specific effects of tHekbp8mutation on hedgehog
signaling. E11.5 neural tube sections stainedi@ (A-D), Ptchl
(E-H), Gli1 (I-L), Pax1(M-P) andShh(Q-T) expression. In the
Shhr'-ventral neural tubeGli3 is ectopically expressed (B), whereas
PtchlandGlil fail to be expressed (F,J). SHH is also required for
expression oPtchl, Glil andPaxlin sclerotomal tissues
(arrowheads in E,l). IfRkbp8/-andShh'—Fkbp87-embryosGli3
expression is repressed ventrally, wher@blandGlil are

expressed in the neural tube in dorsally expanded domains. Note that
Gli1 is not expressed in ventral neural tube regioriskbp8’-and
Shhr'=Fkbp8--embryos nor in the wild-type floor plate.

Sclerotomal expression Bfchl, Glil, andPaxlis not rescued in
Shhr'~Fkbp8--mutants (H,L,P)Shhis expressed in the gut of all
four mutants (insets in Q-T) but not in the notochord or floorplate of
Shh'~-mutants (R). The expanded floorplate$kibp8/—and
Shhr'=Fkbp8-—mutants expresShh,but notochord expression
(arrows in Q,S) is not seen in tBah’—Fkbp8--mutant. Scale bars:
65 um.

akyral tube of th&hh'- mutant.Gli3 expression was dorsally

2002), SHH signaling is thought to activate targets in part bghifted in both the Fkbp8/~ single mutant and the
antagonizing the repressive activity of GLI3. SHH may als&Shh'—Fkbp8-double mutant (Fig. 8). The dorsal shifiGif3

act by antagonizing GLI3 at the transcriptional level. Indeedexpression in the mutants may also contribute to the ligand-
Gli3 expression is normally restricted to lateral and dorsaindependent expression of SHH targets in the ventral neural
neural tube and is found ectopically throughout the ventraube of Shiv/~;Fkbp8-- double mutants.
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FKBP8 appears dispensable for SHH signaling in A
non-neural tissues

The overall morphology o8hh'/- single andShh'=Fkbp8/- %
double mutants suggested that non-neural tissues requiril fg
SHH signaling, such as the limbs, branchial arches an g
somites, do not activate the SHH signaling pathway in th b
absence of FKBP8. In support of thigtchl and Glil were
expressed in the medial portion of wild-type somites but not il
Shir'= or Shi—Fkbp8-’- somites (Fig. 8). Maintenance of
Pax1expression in the sclerotome depends on SHH signalin
(Chiang et al., 1996). At E11.Bax1was not expressed in the
Shh'- mutants nor was it expressed in the somitic mesoderi
of the double mutant, indicating that sclerotomal fate is no
restored by the loss of FKBP8.

In addition to expressing§hh the notochord requires SHH
signaling for its own maintenance (Chiang et al., 1996). W
confirmed the absence of the notochor8litr’—mutants using
a 3 RNA probe that could dete@hh transcript from the
mutant allele; there was clear staining in $éT’~ mutant gut
(Fig. 8R, inset) but no staining in the position of the notochor:
(Fig. 8R). Although loss of FKBP8 clearly rescued neural tubt
Shhexpression in the double mutant (Fig. 8T; in an expande
ventral domain), there was no morphological notochord and n B
Shhexpression was observed in cells ventral to the neural tub
These data indicate that FKBP8 plays no detectable role
SHH signaling in the somites and the notochord.

neural tube gut

Ihh
i+

» 3
»

neural tube gonad

Shh’ FKBP8"

Dhh

Wild-type  Shh’”FKBPS”

The Fkbp8 mutant phenotype is not caused by
ectopic expression of Indian hedgehog or desert
hedgehog

The other hedgehog family members, Indian hedgehdy (
or desert hedgehodphh), are not normally expressed in the
neural tube or notochord although they are capable of inducin ) .
ventral neural fates (Pathi et al., 2001). To rule out ectopi%g'g- 9.Expression of hedgehog family memberstir’~ Fkbpg '~
activity of lhh andDhh as a cause for the ligand-independentnutants. (A) Neither Indian hedgehagl) nor desert hedgehog

.t . : ._(Dhh) expression is detected in the vicinity of the E19h#r’—;
gctlvr?tlogh?:/£h§k§ Hsﬂ_pzthV\é?y, we examl'r&(la?] the'l,: expressllo kbp8&’-double mutant neural tube by in situ hybridization, although
in the ; ! P ouble mutant._ though normal e endogenous expression (in the gut and gonad, respectively) is
expression ofhh andDhhwas observed in the gut and gonad, eadily detected. (B) Hedgehog proteins are monitored using the

there was no ectopic expression in the neural tube or notochakgbnoclonal antibody 5E1. No staining is found within or around the
by in situ hybridization (Fig. 9A). In addition, no hedgehogE10.5 double mutant neural tube, although SHH protein is clearly
proteins were detected in the neural tube of the double mutag#tected in the notochord and floor plate of the wild-type embryo.

by immunofluorescence (Fig. 9B) using a monoclonal antibod§cale bars: 66m.

(clone 5E1) that crossreacts with all three hedgehog ligands

(Wang et al., 2000). Thus, activation of the SHH pathway in

the double mutant is independent of all hedgehog familyentral cells adopt the floor-plate identity, which requires the
members. highest level of SHH signaling for its specification (Ericson et
al., 1997; Roelink et al., 1995).

. . The TGHB (BMP/GDF) and WNT signaling pathways are
Discussion also important in the specification of dorsal cell fates in the
This study demonstrates that FKBP8 is a negative regulator epinal cord (Lee et al., 1998; Liem et al., 1995; Muroyama et
the SHH pathway in the developing CNS. The conclusion ial., 2002). Thus, it is formally possible that FKBP8 acts by
based in part on the ectopic expression of genes activated psomoting TGB or WNT signaling, which would account for
SHH signaling in th&kbp8/~mutant neural tube. One of these the absence of dorsal neural fates in Fkbp8/— mutant. A
genes fFoxa? is known to be a direct transcriptional target ofrole for FKBP8 in the BMP signaling pathway seems unlikely,
hedgehog signaling (Sasaki et al., 1997). In addition, genes thgiten the normal expression of BMP signaling targets MSX1
are normally repressed by SHH signaling are not expressed and MSX2 in theFkbp87/—mutant. Moreover, the specification
are shifted dorsally in thEkbp87/—neural tube. The activation of ventral neural fates is not default; the lack of B@FWNT

of SHH target genes in thekbp8”/— mutant is independent of signaling is not sufficient for the development of ventral fates
SHH, as these targets are also expressed Bith&;Fkbp87/~  in the absence of hedgehog signaling (Ericson et al., 1997;
double mutant. The SHH pathway appears maximally activatddem et al., 2000; Megason and McMahon, 2002). Thus,
in the ventral neural tube of the double mutant because theee rescued development of ventral neural fates in the

SE1 (a-Hedgehog)
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Shh'~Fkbp8--double mutant is most probably due to the losghis is unclear, it has been shown that the balance of activating
of an essential antagonist in the hedgehog signaling pathwagnd repressing functions of GLI3 vary along this axis

) ) ] (Litingtung and Chiang, 2000; Motoyama et al., 2003),
Hedgehog signaling antagonists suggesting that different effects of tRab23 Pkaand Fkbp8
Several antagonists of the mouse hedgehog pathway have beeatations on GLI3 and GLI2 activity might account for this
characterized genetically, including PTCH1, RAB23, GLI3phenomenon.
and PKA. Mutations in any of these components lead to N ) ) )
expansion of ventral cell types in the neural tubehlnull A tissue-specific role for FKBP8 in SHH signaling
mutants show the strongest phenotype; cells at all positions WWe did not observe patterning defects in any of the non-neural
the Ptch1/~ neural tube acquire the floor plate fate, althoughissues examined in tHekbp8 mutant. The limbs, somites or
cells also express markers of other ventral cell types, includingranchial arches all appeared normal. These are SHH-responsive
V3 interneuron progenitors and motoneurons (Goodrich et altissues affected in other HH pathway mutants, sucBhée-,
1997; Motoyama et al., 2003). No lateral or dorsal cell typeSmo’~, Ptcht’-, Rab23~ and Gli3~~ (Chiang et al., 1996;
(marked by Pax6 and Pax3 expression, respectively) are Eggenschwiler et al., 2001; Goodrich et al., 1997; Hui et al.,
specified in thePtcht’~ mutant. Mutants lacking~kbp§ 1993; Zhang et al., 2001). TB&hmutant phenotype was rescued
Rab23 or with partial loss-of-function d?tchlor Pka(Ptchl-  only in the caudal neural tube and the brain oSthie/~;Fkbp8'-
plof and Pka-plo) show a less severe phenotype in whichdouble mutant; there was no apparent rescue of the somite,
the neural tube is partially ventralized (Eggenschwiler andimb or branchial arch defects. Indedetchl, Glil and Pax1
Anderson, 2000; Huang et al., 2002; Milenkovic et al., 1999)expression was not restored in the sclerotome of the double
The least severe phenotype is observed iGti8null mutant,  mutant somites, nor w&hhexpression rescued in the double
in which the expression domains of some lateral markemhutant notochord. These data suggest that the role of FKBP8 in
expand into slightly more dorsal regions (Persson et al., 2002j)e SHH signaling pathway is restricted to neural tissues.

There are interesting differences between the neural There are several precedents for tissue-specific action of
patterning phenotypes Bkbp8’/—, Rab23 Pka-plofandPtch1l-  Drosophila HH pathway components. For example, in the
plof mutants. For example, the dorsal cell fates marked bprosophilaembryonic ectoderm, Fused kinase is required for
expression of Pax3 and Pax7 are completely deleted iHH responses in cells anterior to, but not posterior tohthe
Rab23’-, Pka-plof and Ptch1-plof mutants but not in the expression domain, even though both types of cells respond to
Fkbp87/—mutant. At the same time, ventral cell types, the flooland require HH signaling (Therond et al., 1999). In the mouse,
plate and V3 progenitors are more strongly affected in theeduction of PKA activity affects neural tissues preferentially
Fkbp8/— mutant than in the other mutants of this class. ThugHuang et al., 2002). Tissue-specific differences in the
Rab23 and PKA appear to be more important than FKBP8 irequirement for GLI transcription factors has also been
repressing hedgehog signaling in dorsal cells, and FKBP8 plapbserved. The effects of th&li3 mutation on limb
a more important role in ventral cells. These results suggest thdévelopment are much more dramatic than its effects on neural
the requirement for each of these factors in hedgehog signalipgtterning, whereas the opposite is true for@i mutation
is not identical in all cells along the dorsoventral axis and magMatise et al., 1998; Persson et al., 2002; te Welscher et al.,
reflect differences in their mechanisms of action. 2002), indicating that different GLI transcription factors

Although FKBP8 is required for neural tube patterning, thisnediate responses to SHH signals depending on cell type.
requirement varies along the anteroposterior axis. An oveithus, although some components of the hedgehog signal
dorsoventral patterning defect was seen only in the neural tub@nsduction mechanism, such as Ptchl and Smo, are required
at lumbosacral levels, whereas patterning of the thoracic neural nearly all cell types (Goodrich et al., 1997; Zhang et al.,
tube was normal. Further anteriorly, in the cephalic neural tub001), signal transduction downstream of these components
a role for FKBP8 in SHH signaling is again apparent. Heregan vary significantly depending on context.
eye development was either delayed or disrupted in the _ _ _

Fkbp8/- mutant, suggesting that excessive SHH signaling he hedgehog signaling pathway in mammals

occurs in the ventral domain of the brain and optic vesicles=KBP8 joins a group of recently uncovered components of the
Consistent with this interpretation, the eye defects weremammalian hedghog signaling pathway including SIL, HIP,
accompanied by downregulation of PAX6 expression anGAS1, megalin, RAB23, IFT172, polaris/TG737 and KIF3A
ectopic PAX2 expression. In addition, ventral forebrain(Chuang and McMahon, 1999; Eggenschwiler et al., 2001;
development in theShh’~ mutant was rescued by the Huangfu et al., 2003; Izraeli et al., 2001; Lee et al., 2001;
concomitant loss of FKBP8. The variable phenotype wittMcCarthy et al., 2002). Other components, such as PTCH1,
respect to the anteroposterior neural axis does not appear todispatched, SMO, PKA, suppressor of fused, and the hedghog
related to regional differences kikbp8expression as the gene and GLI families play analogous roles Brosophila and

is expressed uniformly along the anteroposterior andnammals (reviewed by Ingham and McMahon, 2001;
dorsoventral axes of the neural tube. Similar anteroposteriddybakken and Perrimon, 2002). However, in several cases
differences have been observed in mutants lacking theovel components that are present in the mammalian genome
hedgehog signaling antagonists RAB23 or PKAhave no clear orthologs idrosophila such as SIL, HIP and
(Eggenschwiler and Anderson, 2000; Huang et al., 2002), ar@dAS1. Drosophila homologs of other components, such as
in mutants lacking both GLI3 and SHH (Litingtung and polarisTG737 (nompB and Kif3a (Klp64D), have been
Chiang, 2000). In each of these cases, the embryos showe@ntified but these genes appear to have roles unrelated to
pronounced ventralization of caudal neural tube but minimahedgehog signaling in the fly (Kernan et al., 1994; Ray et
changes in the thoracic neural tube. Although the reason fat., 1999). FKBP8 shares sequence similarity with an
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