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The vacuolated lens (vI) mouse mutant causes congenital cataracts
and neural tube defects (NTDs), with the NTDs being caused by
abnormal neural fold apposition and fusion. Our positional cloning
of vi indicates these phenotypes result from a deletion mutation in
an uncharaeterized orphan G protein-coupled receptor (GPCR),
Gpr161. Gpr161 displays restricted expression to the lateral neural
folds, developing lens, retina, limb, and CNS. Characterization of
the vi mutation indicates that C-terminal tail of Gpr161 is trun-
cated, leading to multiple effects on the protein, inclUding reduced
receptor-mediated endocytosis. We have also mapped three mod-
ifier quantitative trait loci (QTL)that affect the incidence of either
the vi cataract or NTD phenotypes. Bioinformatic, sequence, ge-
netic, and functional data have determined that Foxe3, a key
regulator of lens development, is a gene responsible for the vi
cataract-modifying phenotype. These studies have extended our
understanding of the vi locus in three significant ways. One, the
cloning of the vi locus has identified a previously uncharacterized
GPCR-Iigand pathway necessary for neural fold fusion and lens
development, providing insight into the molecular regulation of
these developmental processes. Two, our QTLanalysis has estab-
lished vi as a mouse model for studying the multigenic basis of
NTDs and cataracts. Three, we have identified Faxe3 as a genetic
modifier that interacts with Gpr161 to regulate lens development.

Cataract and neural tube defects (NTDs) are two common
human disorders. Both have a multifactorial basis with

genetics and environment contributing to increased risk (1-3).
Age-related cataract affects -20.5 million Americans over the
age of 40, whereas cataract is the leading cause of childhood
blindness worldwide (4, 5). NTDs affect the formation of the
neural tube during neurulation and are the second most common
human birth defect, occurring in -1/1,000 American Caucasian
livebirths (1). Mouse mutants have been useful tools for studying
human disease, but few of the >300 NTDs and cataract muta-
tions model the multifactorial basis of these human diseases.

The vacuolated lens (vi) mutation arose spontaneously on the
C3H!HeSnJ background, and viM displays both congenital
cataracts and NTDs. Vacuoles in the lens at birth have been
described by Dickie (6), but no embryological assessment of the
developing lens has been reported. Later studies discovered that
vI mutant embryos exhibit two different neural tube phenotypes
(7,8). Approximately 50% ofvi/vl embryos display lumbar-sacral
spina bifida. In the other viM embryos, the neural tube closes;
however, dorsal phenotypes are observed, including a thinning
of the midline neuroepithelium and epidermis, dilation of the
dorsal ventricle, and the presence of ectopic neuroepithelial cells
;n the ventricle. All of these phenotypes have also been docu-
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mutants typically die before birth (10, 11), one likely possibility
is the lumbar-sacral spinabifida. All surviving adult vIM mice
display congenital cataracts and do not exhibit any obvious signs
of spina bifida.

The neurulation phenotypes of vi embryos have been exten-
sively studied by Wilson and Wyatt (7, 8, 12-14). Histological
assessment of the dorsal midline phenotypes, ultrastructural EM
studies of the neural folds, and cultures of mutant embryos
indicate that the vi mutation affects the last step of neurulation,
apposition, and fusion of the neural folds. The molecular regu-
lation of neural fold fusion is not well understood. One reason
is that mouse mutants defective at this last step of neurulation
have been difficult to identify because unfused neural folds
rapidly splay apart, which mimics defects in the elevation of the
neural plate (10). Although there are >200 mouse mutants that
affect neural tube closure (www.jax.org).viis currently one of
three mouse mutants considered to be defective in neural fold
fusion (11). Thus the vi mutant provides a unique opportunity for
studying this final stage of neurulation.

G protein-coupled receptors (GPCRs) constitute a large
superfamily ofproteins that are commonly used by cells to sense
and respond to their environment. There are >360 nonsensory
GPCRs in the human genome. The ligand for -200 of these
receptors have been identified, whereas the remaining 160
receptors are orphan GPCRs because their endogenous ligands
are not known (15). The binding of ligands to GPCRs activates
cytoplasmic G proteins, allowing the receptors to transduce
extracellular signals across the plasma membrane into the cell.
These heterotrimeric G proteins then regulate the cellular
response to the extracellular signal through numerous second-
messenger cascades. Attenuation of GPCR signaling is also
important and is achieved by phosphorylation of the receptor,
which results in either a conformational change that affects G
protein binding or reduced cell surface expression through
receptor-mediated endocytosis (15, 16).
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Here, we report that the vi phenotypes are caused by a
mutation in an orphan GPCR called Gpr16J. We also describe
Gpr161 expression during early embryonic development, the
effect of the vi mutation on Gpr161 expression and subcellular
localization, the mapping of three modifier loci that affect the
penetrance of the vi NTD and cataract phenotypes, and the
identification of Foxe3 as a gene responsible for the vi cataract-
modifying effect.

Results
Positional Cloning of the vi Locus. A single al\ele of the vi locus
arose spontaneously on the C3H/HeSnJ background. In a pre-
vious C57BU6J intercross the vi locus was mapped to a 5-cM
region on distal mouse chromosome 1 (17). To fine-map the vi
locus and identify the gene responsible for the vi phenotypes, we
performed a MOLF/Ei intersubspecific intercross. A total of 854
F2 mice were genotyped for simple sequence length polymor-
phism (SSLP) markers located in the vi region. Three informa-
tive recombinants of 193 F2 viM mice were identified, which
localized the vi critical interval to a 0.96-Mb region between
markers D1Mit269 and D1Mit539 (Fig. lA). A separate CAST/Ei
intercross with 58 viM F2 mice confirmed this map position.

Inspection ofthe mouse genome identified 11 transcripts, nine
previously annotated genes and two spliced ESTs, in the vi
critical region (Fig. 1A). The coding region of all 11 transcripts
in the vi critical interval was sequenced from +/+ C3H/HeSnJ

and viM DNA to identify mutations. An 8-bp exonic deletion was
identified in EST AY255596 in viM but not +/+ DNA (data not
shown). PCR across the deletion generated a smal\er amplicon,
confirming the presence of the mutation (Fig. 1B). The 8-bp
deletion was not observed in 19 additional inbred mouse strains,
including all C3H substrains (see Materiais and Methods), con-
sistent with this deletion not being a polymorphism. Sequence
and expression analysis of other transcripts in the vi critical
interval did not identify any changes that were consistent with
these genes encoding the vi locus (data not shown and see
Materials andMethods). In addition, the 8-bp deletion segregated
with the vi phenotypes in >1,000 meioses in +/vi X +/vi and
viM X +/vi matings in our C3H!HeSnJ colony, where no +/+ or
+/vi mice displayed a NTD or cataracts phenotype and all
phenotypically mutant embryos and postnatal mice were ho-
mozygous for the deletion (data not shown). These genetic data
provide evidence that the 8-bp deletion in EST AY255596 is the
mutation responsible for the vi phenotypes.

EST AY255596 is a partial EST that contains coding sequence
for a putative orphan GPCR. Inspection of the mouse genome
identified two sets of nonoverlapping ESTs (genome.ucsc.edu).
RT-PCR using embryonic day (E) 8.5 cDNA and primers to the
5' portion and 3' portion of each set of ESTs generated a 1,9-kb
product, which was then sequenced. Blastn and Blastp homology
searches with our full-length mouse cDNA and predicted protein
sequence demonstrated that the cloned gene was 87% and 92%
identical on a nucleotide and amino acid level to a human orphan
GPCR, GPR16J. These results indicate that a previously un-
characterized orphan GPCR, Gpr161, is the gene responsible for
the vi mutant phenotypes.

BLAT searches with the Gpr161 cDNA sequence demon-
strated the transcript is encoded by six exons (genome.ucsc.edu)
(Fig. 1A). The predicted ORF is 1,587nt or 529 aa in length with
an estimated molecular mass of 58.5 kDa (ca.expasy.org). The vi
mutation (8-bp deletion) is located in exon 4 of the transcript and
is expected to cause a frameshift and premature stop codon 50
nt 3' of the deletion. The deletion in the incorporation of 16
novel amino acids (GAHGRRTVPGTQQQHR) and truncation
nf the GPCR at residue 386, deleting 143 (of 203) amino acids
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Fig. 1. Positional cloning of the vi mutation. (A) To clone the gene respon·
sible for the vi mutation. MOLFlEi and CASTIEi intercrosses were performed.
Recombinant mapping delimited the vi critical interval to 0.78 cM or 0.96 Mb.
Genes within this interval are illustrated and were sequenced in +1+ and viM
C3HlHeSnJ to identify the 8-bp deletion in exon 4 of Gpr161. The genomic
structure of Gpr161 transcript is depicted with red lines representing the
position of start and stop codons. The nucleotide sequence surrounding the vi
mutation is shown. (8) PCR across the deletion reveals a 160·bp amplicon in
vIM compared with a 168-bp amplicon in +1+ and both amplicons in +Ivl. (Q
Western analysis for N·terminal myc tagged wr and vlGpr161 is shown and
demonstrates the predicted smaller size for vlGpr 161. vlGpr161 levels are also
reduced compared with GAPDH. (D) Schematic representation of wt and
vlGpr161 protein with the predicted site of the C·terminal tail truncation
illustrated.

with N-terminal myc-tagged WT and mutant (vi) Gpr161 iden-
tified two major isoforms, with the smallest band migrating at the
predicted size (••..58 kDa) and a larger band at •••70 kDa (Fig.
lC). This larger band likely represents a modified version of
Gpr161 (ca.expasy.org; McVector version 9.0). The mutation
reduces both protein products by ""'15kDa, consistent with the
mutation truncating the C-terminal tail. Reduced steady-state
levels of the mutant isoforms were also observed (Fig. lC).

Gpr161expression Analysis. We next investigated the developmen-
tal expression pattern of Gpr161. RT-PCR demonstrated that
Gpr161 was expressed from E8.5 to E11,5 [supporting informa-
tion (51)Fig. SA]. In situ hybridization (ISH)-determined Gpr161
expression was restricted to the lateral neural folds of the neural
plate along the A-P axis (E8.Q..E9.5)(Fig. 2A and Band 51 Fig.
S B and C), consistent with vi affecting neural fold fusion (7, 8,
. - ." ro.~.710 7 i~ eXDressed at all examined stages of lens
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Fig. 2. Gpr161 expression. (A and B) Whole-mount and section ISHs for
Gpr161 demonstrate restricted expression to the lateral neural folds of the
neural plate (arrow). An E8.0 dorsal view at the mid-hindbrain region and the
posterior E9.S tail bud region is shown in A and B, respectively. (C-E) Gpr161
is expressed in the developing lens: lens pit (0 (E10.5), lens vesicle (D) (Ell.5),
and primary lens fiber cells (E) (E12.S). At E12.5 Gpr161 is not expressed inthe
developing cornea (arrowhead) or proliferating anterior lens epithelium
(arrow). Gpr161 is also expressed in the developing retina from El0.S to E12.S
(C and D and data not shown). (F and G) Whole-mount and section ISHs
demonstrating Gpr161 expression at E11.S and in the forelimb at E12.S. If,
primary lens fiber cells; Ip, lens pit; lv, lens vesicle; r, retina. (Magnification: A,
X6.3; 8, x40; C-E, x20; F, x2; G, x10.)

fiber cells (E12.5), and differentiating secondary lens fiber cells
(EI4.5). At E12.5 and EI4.5, Gpr161 transcripts are restricted to
differentiating lens fiber cells and are absent from the prolifer-
ating anterior lens epithelium. Gpr161 expression is highest at
the lens pit stage and differentiating secondary lens fiber cells
and isweakly expressed in the lens vesicle and primary lens fiber
cells (Fig. 2 C-E and 51Fig. 5 D and E). Gpr161 is also expressed
in a number of other structures from E9.5 to E12.5, including the
ventricular zone of the developing CNS (E9.5-Ell.5), the fore
and hindlimbs (EI2.5), and the retina (ElO.5-EI4.5), suggesting
a role for Gpr161 in their development (Fig. 2 C-G and 51 Fig.
5 D-G;data not shown). Finally, RT-PCR and ISH (E9.5)
demonstrated no difference in Gpr161 expression in viM em-
bryos (data not shown).

VI Mutation Affects Gpr161 Receptor-Mediated Endocytosis. Recep-
tor-mediated endocytosis is a common mechanism by which
GPCR signaling is attenuated and is regulated by C-terminal tail
phosphorylation (15,16,18,19). To investigate the effects of the
mutation on Gprl61 plasma membrane targeting and intracel-
lular localization, WT and vi-myc-Gprl6l constructs were trans-
fected into HEK293T cells. To distinguish cell surface versus
intracellular receptors, these studies were performed under
nonpermeabilized and permeabilized conditions. In nonperme-
abilized cells, both WT and vlGpr161 were targeted to the
plasma membrane. In permeabilized cells, a different staining
pattern was detected with wtGprl61 displaying an intracellular
puctate pattern and viGpr161 localized to the cell surface (51Fig.
6). To characterize this difference further, WT and vlGprl61
plasmids were either cotransfected with expression constructs
that target GFP to different subcellular compartments [plasma
membrane, endoplasmic reticulum (ER), nucleus] or the trans-
fected cells were incubated with FITC-Iabeled transferrin, an
endosome marker. For wtGpr16l significant colocalization with
transferrin was observed, indicating that Gprl61 is present in
endosomes. Minimal colocalization was observed with GFP
targeted to the plasma membrane (Fig. 3 and SI Fig. 7), whereas
no overlap with ER or nuclear-GFP was observed (data not
shown). For viGpr161, colocalization was detected for plasma
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Fig. 3. vi subcellular localization. DOUble labeling for WT (A and Q and
vlGpr161 (8 and D) with either the endosome marker, FITC-transferrin (A and
B), or plasma membrane-targeted GFP (C and D) was performed for perme-
abilized transiently transfected HEK293T cells. wtGpr161 is localized to the
endosome compartment, whereas vlGpr161 remains on the plasma mem-
brane, consistent with the C-terminal tail truncation affecting receptor-
mediated endocytosis of the Gpr161. Confocal microscopy of -O.S-,..m optical
sections through transfected cells is shown. (Scale bar: 10 ,..m.)

tion and are consistent with vi disrupting Gpr161 internalization
from the plasma membrane into the endosome compartment.

VI Quantitative Trait Locus (QTL) Analysis. Human NTDs and cat-
aracts are multigenic disorders (1-3). Our intercrosses demon-
strated that genetic background significantly affected the pen-
etrance of the vi NTD and cataract phenotypes. On the B6/C3H
and CAST/C3H backgrounds, -50% of adult F2 viM mice
display spina bifida and hindlimb paralysis (B6/C3H: 57/105;
CAST/C3H: 42/94), which is never observed on the C3H back-
ground. Humans with spina bifida consistently display these
phenotypes but to our knowledge are not observed in any other
mouse NTD mutant (10, 11, 20), establishing vllvl B6 and
CAST/C3H mice as an important mouse model for studying
human spina bifida and associated abnormalities. On the MOLF/
C3H background adult viM mice with spina bifida are not
observed but the incidence of cataracts is decreased by 85%
(19/126 F2 viM).

Genome scans using 60-80 SSLP markers spaced evenly
throughout the genome were performed on F2 progeny from all
three crosses. QTL analysis identified three modifiers of the vi

. phenotypes (Modvll-3) (Table 1). For the B6 cross when the
-,-- •...:+;,:j" nhp.notvoe was used as the covariate, one significant
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Table 1. Summaryof modifier loci for the vi mutation (Modvl)
Cross QTL Chromosome (cM) Peak marker LOD

86
CAST/Ei
MOLF/Ei

Modv/l
Modv/2
Modv/3

D5Mit309
D1Mit236
D4Mit168

5 (44)
1 (26)
4 (51)

95% CI.. cM Phenotype High allele Mode of inheritance

38-50 Spina bifida C3H Dominant
0-36 Spina bifid a C3H Additive

45-61 Cataract MOLF Additive

chromosome 5 [44 cM, logarithm of odds (LOD) 3.7], and the
allele effect at the peak marker, D5Mit509, demonstrated that
the C3H background contributed to the spina bifida phenotype
in a dominant fashion. For the CAST cross, when spina bifida
was used as a covariate, Modvi2 was mapped to chromosome 1
(26 cM, LOD 3.2). The C3H allele of Modvi2 contributed to the
spina bifida phenotype in an additive fashion (SI Fig. 9). Modvll
and Modvl2 account for 15.9% and 13.1% of F2 phenotypic
variance in their respective crosses.

For the MOLF cross, a cataract modifier, Modv13, was mapped
to chromosome 4 (51 cM, LOD 4.2). Even though our vi MOLF
intercross reduced the penetrance of cataract, the allele effect
for Modvi3 demonstrated that the MOLF background contrib-
uted to the cataract phenotype in an additive fashion. This
finding is consistent with Modv13 and the vi mutation being
responsible for cataracts on the mixed C3H/MOLF background.
Other unidentified MOLF modifiers likely reduce the pen-
etrance of the cataracts phenotype but these were not mapped
because of their heterogeneity or low penetrance. Modv13 ac-
counts for 9.9% of the F2phenotypic variance (SI Fig. 10).These
data demonstrate that the penetrance of the vi spina bifida and
cataract phenotypes are influenced by unlinked modifiers, es-
tablishing vi as a mouse model for studying the multigenic
inheritance of these disease phenotypes.

Foxe3and Modvl3Cataract-ModifyingPhenotype. To identify can-
didate genes that may contribute to the modifying effects of
Modvll-3, the 95% C.!. of Modvll-3 were scanned for biologi-
cally relevant candidates based on expression and disease phe-
notypes. This analysis identified Foxe3 as a biologically relevant
candidate for Modvi3. Foxe3 is a winged helix forkhead tran-
scription factor expressed in the developing lens and when
mutated causes cataract and other lens-associated diseases in
humans and mice. Knockdown of Foxe3 in zebrafish also leads
to a lens phenotype (21-25). Foxe3C3H and FoxeMOLFwere
sequenced and two unique SNPs (mouse dbSNP build 127)were
identified: a T-to-C transition at base pair 68 and an A-to-C
transversion at base pair 499. The transversion does not result in
an amino acid change, whereas the TC3Hto CMOLFtransition
replaces a leucine (LC3H)with a proline (PMOLF)at amino acid
23 in the N terminus of the protein (Fig. 4A and data not shown).

This region of Foxe3 was then sequenced in 22 other mouse
strains. Eighteen of the strains had the A allele (L23)at base pair
68,whereas only four had a C allele (P23)(SI Fig. llA). Although
p23 is not commonly observed in different mouse strains it is
evolutionarily conserved in rat, cow, rhesus, chimp, and human
(Fig. 4B). Given that proline commonly disrupts protein sec-
ondary structure, bioinformatics for Foxe3c3H and Foxe3MOLF
were performed. For Foxe3C3H a J3-sheet is predicted to extend
from amino acids 22-28 followed by an a-helix from amino acids
28-34. The p23substitution in Foxe3MOLFshortens the J3-sheet
and inserts a turn at amino acid 28, preventing the formation of
the a-helix (SI Fig. 11B).These bioinformatic data alongwith the
evolutionary conservation of the proline suggest that the L23to
p23alteration could functionally alter Foxe3.

If this amino acid change were responsible for the cataract-
• - •••• ,- _.L --_ .•.•+:n h""l"'lrn'rnnnr1~

intercross was then performed. A total of 109 F2 C3HIBaib
progeny were generated (32 +/+, 63 +/vi, 13viM) with 100% of
the viM mice displaying an obvious cataract. These findings
indicate that the BALB/c background does not modify the vi
cataract phenotype, consistent with the p23 allele in Foxe3
contributing to the Modvi3-modifying effect.
. We then investigated whether the L23_to_p23alteration affects

the activity of Foxe3. Because the N terminus of other forkhea<J
transcription factors function as transactivators, Foxe3c3Hand
Foxe3MOLFwere cotransfected with a luciferase (luc) construct
driven by a consensus Foxe3 binding site (26). To test the effect
of the L23_to_p23alteration, these constructs were transfected
into HEK293T cells, which do not express endogenous Foxe3
(data not shown and cgap.nci.nih.gov/SAGE). Both Foxe3C3H
and Foxe3MOLFincreased luc activity over the binding site alone.
Moreover, Foxe3MOLFresulted in significantly lower luc activity
than Foxe3c3H, indicating that the p23allele functionally alters
the transcriptional activity of Foxe3 (Fig. 4C). The lower activity
of Foxe3MOLFis also consistent with Modv13 enhancing the
cataract phenotype. Thus, we provide sequence, protein mod-
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Fig. 4. Foxe3c3H and FoxeMOLFallelic differences. (A) The T'3H_to_CMOLFSNP
at base pair 68 (*) is shown with flanking sequence. (8) The TOH_to_CMOLF
transition replaces a leucine (LC3H)with a proline (PMOLF)at amino acid 23 in the
N terminus of the protein. This amino acid change plus flanking amino acids
(18-30 in mouse) is shown for C3H, MOLF, and other vertebrate species. The
p23 allele (boxed) is evolutionarily conserved from MOlF to humans. (C)
Transient cotransfection assays revealed a functional difference in transcrip-
tional activity between Foxe3C3Hand Foxe3MOLF.Relative light units as percent
---+.~I 1<<hnwn for the Foxe3 binding site-Iuc construct transfected individ-



eling, genetic, and functional data supporting Foxe3 as a gene
responsible for the cataract-modifying effect of Modv13.

Discussion
Our positional cloning of the vI locus has identified Gpr161, an
uncharacterized orphan GPCR, as one of the first genes neces-
sary for neural fold apposition and fusion. We have also dem-
onstrated that Gpr161 is expressed in the lateral neural folds
during neurulation and the vI mutation affects receptor-
mediated endocytosis, a common mechanism used to attenuate
GPCR signaling. These data suggest that Gpr161 signaling
normally regulates downstream pathways necessary for neural
fold apposition and fusion. This possibility is consistent with
previous vI phenotypic analysis. Embryonic cultures of vI mu-
tants demonstrated normal elevation and bendip.g of the neural
plate but apposition and fusion are abnormal (14), indicating
that vi affects the pathways required for this last step of
neurulation. In addition, EM studies in normal embryos have
determined that cellular protrusions extend from the apical
neural folds,which then interdigitate upon contact during neural
fold fusion (27). In vi these cellular protrusions have an abnormal
ultrastructural morphology (12). Future experiments should use
vi to identify the molecular and cellular pathways regulated by
Gpr161 during neural fold apposition and fusion.

It is well established that extracellular signals are essential for
neurulation. Explant experiments have demonstrated that me-
dial bending is induced by the notochord through Shh signaling
(28) while the adjacent lateral surface ectoderm is required for
elevation, dorso-Iateral bending and formation and fusion of the
neural folds. It has been suggested that the surface ectoderm like
the notochord is a source of extrinsic factors important for
neurulation (28, 29). Our results support this possibility and
imply that a previously uncharacterized small molecule ligand is
present in the neural environment, which binds and activates
Gpr161 in the lateral neural folds during neurulation and is an
important regulator of neural fold apposition and fusion.

Our ISH analysis has demonstrated that Gpr161 is expressed
at all stage of lens development. Interestingly, our phenotypic
data has detected an obvious vi lens phenotype only after E14.5
(SI Fig. 12), suggesting that either this later stage is more
sensitive to the vi mutation or subtle defects occur throughout
lens development with a more severe phenotype being obvious
only at later ages. The ocular environment is also known to
contain secreted factors that regulate all stages of lens devel-
opment. Although various secreted proteins (insulin-like growth
factor 1, FGFs, Wnts, bone morphogenetic proteins) have been
identified that coordinate these developmental processes (30),
our results indicate that the small-molecule ligand for Gpr161 is
another important regulator of lens development.

The vI mutation specifically deletes the C-terminal tail of
Gpr161. Numerous mutagenesis studies have demonstrated that
phosphorylation of serine and threonine residues in the C-
terminal tail initiates receptor-mediated endocytosis (15, 16, 18,
19). Nine putative Srr phosphorylation sites are deleted by the
vi mutation (ca.expasy.org; McVector version 9.0), consistent
with our endocytosis phenotype. The C-terminal tail of GPCRs
also serves as a scaffold for the binding of GPCR-interacting
proteins (GIPs) that regulate receptor signaling (31). The vi
mutation is likely to perturb the binding of these GIPs, which
could affect additional aspects of Gpr161 activity. The mutation
is then likely to have multiple effects on the Gpr161 protein
including: reduced levels, decreased attenuation of receptor
signaling, and altered binding of regulatory GIPs to the C-
terminal tail. Together, these effects could lead to a complex
Gpr161 signaling phenotype that may vary between cell types
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indicate that Gpr161v1 is likely not a null allele. Conditional
loss-of-function Gpr161 alleles should be generated in the future
to investigate whether Gpr161 has additional functions during
neurulation and lens development and other embryonic struc-
tures expressing Gpr161.

We have also demonstrated that genetic background signifi-
cantly affects the penetrance of the vi cataracts and spina bifida
phenotype, enabling us to map the position of three vi modifiers.
In our crosses, ••..50% of adult vllvi-B6/C3H and CAST/C3H mice
display a lumbar-sacral lesion and hind-limb paralysis, pheno-
copying important aspects of the human disorder and making it
an valuable mouse model for studying the causes and effects of
human spina bifida (20). It will be important in the future to
examine the lumbar-sacral lesion in these mice to determine
whether it has a similar or different neuropathology to what has
been reported in humans and to investigate the Cause of the
hind-limb paralysis. The genetic loci responsible for this adult
spina bifida phenotype have now been mapped to chromosome
5 (Modvll-B6) and chromosome 1 (Modvi2-CAST/Ei). Because
the B6 or CAST/Ei alleles of these QTL segregate with an
absence of spina bifida, it will be interesting in future congenic
experiments to determine whether these loci are sufficient to
rescue the spina bifida phenotype.

One cataract-specific QTL, Modv13, was mapped to chromo-
some 4 in our MOLF/Ei cross, and we have identified the lens
transcription factor, Foxe3, as a gene that contributes to this
modifying effect. In 2003 The Complex Trait Consortium estab-
lished eight criteria for identifying modifier genes, requiring
more than two to be fulfilled for positive identification (32). Our
experiments fulfill four criteria: a previously unidentified coding
polymorphism predicted to structurally alter the Foxe3 protein;
Foxe3 expression in the lens, the structure affected by Modv13
(22); mutations or knockdown of Foxe3 result in lens phenotypes
in three different species (21, 23-26), and a functional difference
in transcriptional activity between Foxe3C3Hand Foxe3MOLF

demonstrated by in vitro studies. The SNP also alters an evolu-
tionarily conserved amino acid, consistent with the structural
and functional differences observed between Foxe3C3H and
Foxe3MOLF• Finally, crossing vi to BALB/c, a strain with the U3

allele, did not affect the penetrance of cataract. These data
provide considerable support for Foxe3 as a gene responsible for
the Modv13-modifying effect. Consistent with this possibility
Foxe3 plays a central role in lens development, regulating
numerous pathways including lens vesicle closure, proliferation
of anterior epithelial cells, fiber cell differentiation, and aA-
crystallin transcription (22). Thus, reduced transcriptional ac-
tivity of Foxe3MOLF is likely to affect the expression of many
downstream genes, which in combination with the Gpr161 vi
mutation contributes to the cataract phenotype on the C3H/
MOLF background. It remains possible that additional MOLF
variants in the 95% C.!. for Modv13 also contribute to the
cataract phenotype. To test whether the L23_to_p23amino acid
change is sufficient to enhance the vi cataract phenotype would
require knock-ins not currently possible for the modifying
strains. Foxe3MOLF also likely interacts with unmapped MOLF
modifiers that decrease cataract penetrance, adding another
level of complexity that would not be recapitulated in the
knock-in.

Because the phenotypic effect of Modv13 is observed only in the
presence of the vi mutation and is not sufficient to cause cataract
on a WT background, it is likely that Foxe3 and Gpr161 function
in the same or interacting pathways to regulate lens development.
CoexpressionofFoxe3 and Gpr161in the same cell typesduring lens
morphogenesis supports this possibility (E9.5-E10.5) (21, 23).
Future experiments will help determine the functional relationship
between Foxe3 and Gpr161 by examining their expression in
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or downstream of Foxe3 through a series of cell culture and in vitro
experiments. Because these vi modifiers likelyfunction in the same
pathway as Gpr161, future analysis also should be directed at
identifyinggenes forModvll and 2. These genes likelyfunction with
Gpr161 to regulate the signalingpathways necessaryfor neural fold
appositionand fusion and mayalso help identify the small-molecule
ligand that binds and activatesGpr161 during neurulation and lens
development.

Finally, vi provides an important resource for investigating the
biological basis of human cataracts and NTDs. Several rare
human disorders also have been reported to display both con-
genital cataracts and NTDs (33-35). GPR161 is then an appro-
priate candidate for future mutational analysis for these disor-
ders and human embryonic hydromyelia and congenital
cataracts. This approach has been successful for congenital
cataracts, where several genes that are mutated in the mouse are
also affected in humans with the disease (PAX6, PITX3, FOXE3)
(36). Given the modifiability of the mutant phenotypes, vi is also
a useful mouse model for studying the more common forms of
these diseases like lumbar-sacral spina bifida and age-related
cataracts. Future association analysis can test whether GPR161
and the vi modifiers are susceptibility loci, and together with the
identification of the extracellular ligand for Gpr161, these stud-
ies may provide insight into the multifactorial basis ofNTDs and
cataracts.

Materials and Methods
Positional Cloning and Expression Analysis of Gpr161. The vi locus was mapped
by intersubspecific intercrosses to MOLF/Ei and CAST/Ei. F2vI/vi were identified
by mutant phenotype, and recombinants delimited the vi locus to a 0.96-Mb
region. Eleven genes mapped to the vi minimal region, and each exon was
sequenced, identifying the 8-bp deletion in Gpr161. Nineteen additional
inbred strains were sequenced to investigate whether the deletion was a
polymorphism. The 8-bp deletion was confirmed by PCR, which was subse-
quently used as a genotyping assay. Standard RT-PCR and ISHs were used to
determine Gpr161 expression in +1+ and viM E8.0-E14.5 embryos.

Western Analysis and Immunocytochemistry. Full-length +1+ and vI/vi Gpr161
was cloned 3' of an N-terminal myc epitope tag and transiently transfected
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into HEK293T cells. Standard Western protocols were used with cMyc (1 :1,000
dilution; Cell Signaling) and GAPDH (1 :3OOdilution; Chemicon) antibodies. For
subcellular colocalization studies, the above constructs were transfected into
HEK293T cells and after 18-20 h were fixed and immunostained by using
standard protocols [primary antibody, cMyc (Cell Signaling); secondary anti-
body, Alexa-Fluor 568 (Molecular Probesll under permeabilized (0.1 % Triton
X-100) and nonpermeabilized conditions. To further investigate the differ-
ence in subcellular localization, the constructs were cotransfected with GFP
expression vectors targeted to the ER, plasma membrane, and nucleus (pEYFP-
ER; pEYFP-Nuc; pEYFP-Mem; Clontech) followed by immunostaining [primary
antibody, GFP(Molecular Probes); secondary antibody, Alexa-Fluor 488 (zcom-
Molecular Probesll. For endosome colocalization, standard protocols were
followed (37); the HEK293T cells were serum starved for 2 h and then incu-
bated with transferrin-Alexa-Fluor 488 (Molecular Probes) for 5 or 15 min
before fixation and immunostaining.

QTLAnalysis. Phenotypic and nonphenotypic F2viM B6, CAST, and MOLFIC3H
mice were used for QTL analysis. These mice were identified by their C3H/C3H
genotype for multiple chromosome 1 microsatellitle markers flanking the vi
locus (see 51Text). For the B6 and ~ST crosses, the spina bifida, but not the
cataract, phenotype was recorded, whereas forthe MOLF cross all phenotypes
were recorded. A total of 86-132 F2viM depending on cross were genotyped
for 60-80 SSLPmarkers evenly spaced throughout the genome. QTL analysis
was performed as described (38).

Foxe3 Analysis. OMIM and expression databases (genome.ucsc.edu) identified
Foxe3 as a candidate gene. Sequence analysis was performed as described
above. Bioinformatic evolutionary analysis and protein modeling was per-
formed with McVector version 9.0, with the later using both Robson-Garnier
(SI Fig. 11B) and Chou-Fasman algorithms. The vi BALBIc intercross was per-
formed as described above, and cataract was noted by an obvious opacity of
the lens. To test for a functional difference between Foxe3C3H and Foxe3MOLF,

both versions of the gene were cloned into the BamHI site of pCMV-Tag3
expression vector after PCRamplification and sequence verification. HEK293T
cells were transfected with 1.6 /L9 of the luc reporter, Foxe3 expression
constructs, and 10 ng of phRL-null vector by using Lipofectamine 2000. Twen-
ty-four hours aftertransfection, standard protocols for calculating normalized
luciferase values were conducted.

See 51Text for more d~tails ..
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SUPPLEMENTAL INFORMATION
Supplemental Figure legends
Supplemental Figure I-Gpr161 expression analysis. (A) Gpr161 RTPCR results. (Top)
Table summarizing results from +/+ and vI/vI E8.5-EI1.5 embryos. + denote presence of
RTPCR 900bp amplicon; ND-not determined. (Bottom) Gpr161 RTPCR result for +/+
E8.5-E10.5 embryos. M-l kb DNA ladder, -: minus RT, +: plus RT. (B, C) Whole mount
and section ISHs demonstrate restricted expression of Gpr 161 to the neural folds of the
neural plate (arrows). (B) Dorsal view of the developing E8.0 neural plate from the
forebrain (top) and midbrain (bottom) and (C) section ISH of anterior neural plate from
an E8.0 embryo are shown. (D,E) Gpr161 lens expression at E14.5 is restricted to
differentiating lens fiber cells (dlfc)(D,E) and retina (r)(D). Gpr161 expression is not
observed in the anterior lens epithelium (arrow)(E). (F) Gpr161 is widely expressed
throughout the neuroepithelium after neural tube closure. Section ISH of the posterior
E9.5 spinal cord is shown. (G) Gpr161 is also highly expressed in the posterior limb and
spinal cord at E12.5.

Supplemental Figure 2-V1lens phenotype. H&E staining was performed on E12.5
(A,B), E16.5 (C,D) and E14.5 (E,F) +/+ lens (A,C, E) and vI/vI lens (B,D,F). No obvious
morphological defects are observed at E12.5 but in one E14.5 vI/vI vacuoles were
apparent in the lens while in all the other mutants defects in lens fiber organization and
the nasal bow region (nbr) were observed (n=IO). (G-L) Immunohistochemistry for
MIP26 (G,H) counterstained with DAPI (I,1) and overlaid (K,L) was performed on E16.5
+/+ (G,I,K) and vI/vI (H,J,L) lenses to further investigate the vI lens phenotype.
Disorganization of the lens fibers and an increase in nuclei at the nbr were noted (n=5).

Figure 3- VI subcellular localization phenotype. wt and vlGpr 161 were transiently
transfected into HEK293T cells and ICC was performed to investigate whether truncation
of the Gpr16l C terminal tail affected subcellular localization. Fluorescent microscopy of
wt (A, C) and vlGpr16l (B,D) under non-permeabilized (A, B) and permeabilized (C,D)
conditions are shown. The arrow demarcates cell surface staining including plasma
membrane ruffles while the arrowhead demarcates intracellular punctate staining. Scale
bar: 10 !lm

Supplemental Figure 4-Gpr161 subcellular localization phenotype. Additional
confocal optical sections (-0.5 micron) through transiently transfected permeabilized
HEK293T cells are shown. Double labeling for wt (A, C) and vlGpr16l (B, D) with
either the endosome marker, FITC- Transferrin (A, B), or plasma membrane targeted GFP
(C, D) was performed. Scale bar: 10!lm

Supplemental Figure 5-B6 spina bifida QTL analysis. (A) Genome-wide scan of the
(C3H/HeSn-vl/vl x C57BL/61) F2 intercross for spina bifida. Suggestive (P =0.10), and
significant (P =0.05) thresholds are indicated. (B) LOD score plot of chromosome 5 for
spina bifida with Modvll. (C) Allele effect plots of the peak marker (D5Mit309) for spina
bifida.



Supplemental Figure 6-CAST/Ei spina bifida QTL analysis. (A) Genome wide scan
of the (C3H/HeSn-vl/vl x CAST/Ei) F2 intercross for spina bifida. Suggestive (P =0.10),
and significant (P =0.05) thresholds are indicated. (B) LOD score plot of chromosome 1
with Modvl2. (C) Allele effect plot ofthe peak marker (D1Mit236).

Supplemental Figure 7-MOLF/Ei cataract QTL analysis. (A) Genome wide scan of
the (C3H/HeSn-vl/vl x MOLF/Ei) F2 intercross for cataract. Suggestive (P =0.10), and
significant (P =0.05) thresholds are indicated. (B) LOD score plot of chromosome 4 with
Modv13. (C) Allele effect plot of the peak marker (D4Mit168).

Supplementary Figure 8- Additional Foxe3c3H and MOLF allelic information. (A) The
T to C transition at base pair 68 (*) plus flanking sequence is shown for C3H, MOLF and
22 other inbred lines. The T allele encoding e3is observed in 18 lines with the C allele

. (p23) being observed in only 4 lines. (B). The L23to p23 change is predicted to alter Foxe3
secondary structure, with the p23 allele truncating a b-sheet and deleting an a-helix.
Predictions for the Robson-Gamier algorithm are shown for a 21 amino acid region with
similar results obtained for the Chou-Fasman algorithm (data not shown).
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MATERIALS AND METHODS
Miee
The C3H1HeSn-v/IJ strain carrying the vI mutation was rederived at The Jackson
Laboratory (Bar Harbor, ME). Prior to positional cloning, the colony was maintained by
mating mutant females with non-mutant males (vl/vl x +/+ or +/v/) and then subsequent to
cloning was maintained by +/vl x +/vl and vI/vI x +/+ matings. For in situ and histological
analysis, +/vl x +/vl matings were performed and then pregnant females and age
appropriate embryos were sacrificed. +/+ and vl/vllittermates were identified by vI
genotyping assay (see below).

Positional cloning of the vlloeus
F2 vI/vI C3H1MOLF and C3H1CAST mice were identified by mutant phenotype and were
initially genotyped for DIMit424 (F: TCTACTCCTGCAGTTTATTAATGGG; R:
ATAAAGTGCTACAGGCAATCTGG) and DIMit15 (F:
TCCACAGAACTGTCCCTCAA; R: ATACACTCACACCACCCCGT) to identify
recombinants. Recombinants were then fine mapped by genotyping additional SSLP
markers (DIMit35 F:
ATACCAAAGTGAATTTGAAAACCC;R:TTATTACTATTGTTCTCCCTGCCC,
DIMit269 F: GACATICAAACACATAGTGCITCC; R:
TCACACATCTCITTICfGTAAAGACC, DIMit453 F:
CTTCCATAGAGTCACAGGTACCG;R:AAGTTTCTACAGATGCTCAGAGGG,
DIMit63 F: TTCAGTGTGTCATTGTCCTGTG; R: GAAGGTCTTGTGTGCGGG,
DIMit539 F: GCCCCTTCGTCCCTAATAAC; R: CCTGTATCACACACACACATGC,
DIMit57 F: CCCATCATTTCAAAGGGAGA; R:
AGGAAAAAGGGATCTTCAAAGG, DIMit400 F: CCCACCGGACAGATCTTTTT;
R: TTGTGCCCCTGAATAACACA), delimiting the vI locus to a 0.96 Mb region. Each
SSLP marker was amplified using 2ul of tail genomic DNA and standard cycling
conditions (94C 30"; 55-63C 30" depending upon primer pair; 74C 30"; 35 cycles), the
amplicons were separated on 8% polyacrylamide gels and genotypes called based upon
isogenic C3H, CAST/Ei or MOLF/Ei genomic DNA controls. Each exon of all 11 genes
in the vI minimal region was PCR amplified from +/+ C3H1HeSnJ and vI/vI C3H/HeSnJ
genomic DNA, purified using QIAGEN-QIAquick PCR Purification Kit, sequenced
using the ABI 3700 platform (Applied Biosystems) and analyzed for DNA alterations
using CodonCode Aligner. To analyze the expression of 7/11 genes in the vI minimal
region, E8.5 RNA was isolated from 10 +/+ and 12 vI/vI pooled embryos, labeled and
hybridized to the Affymetrix mouse 430A microarray. Gpr161, AK004618, Sacy and
Mpzll were not represented on the array. Scanned output files were analyzed using MAS
software (Affymetrix) and to identify differentially expressed genes between +/+ and
vI/vI embryos, the raw data was examined for differences 2-fold or greater. To investigate
whether the deletion was a polymorphism, the region flanking the vI mutation was
amplified (F: CCGTTCTACCAATGCCAACTTTG; R: GTGAGGGGTTTTCAGGGTT
TTTAC; 94C 2'-1 cycle; 94C 15", 57C 15", 72C 30"- 30 cycles) from following 19
inbred strains (C3H1HeJ, C3H/HeOuJ, C57BL/6J, C57BL/10J, CBAlJ, Balb/CByJ, AlJ,
FVB/NJ, DBAl2J, AKR/J, CAST/Ei, MOLF/Ei, Pera/EiJ, NOD/LtJ, SM/J, 129Sl/SvlmJ,
NZB/BINJ, SWRlJ, SPRET/Ei) and sequenced. The same primer set was subsequently
used as a genotyping assay (168 bp amp1icon wt, 160 bp amplicon vI/v/).



Expression analysis
RT-PCR analysis was conducted on E8.5-E11.5 +/+ and E8.5 and E9.5 vi/vi embryonic
cDNA using RNA isolated from pooled whole embryos (Trizol reagent-Sigma; RNAeasy
Kit-Qiagen). cDNA was generated using 5ug of RNA and Thermoscript reverse
transcriptase system (In Vitrogen) containing 100 ng of oligo-dT primers, 10mM dNTP
mix, 5x reaction buffer, O.lmM DTT and 5U Thermoscript enzyme. RTPCR for Gpr161
(900bp amplicon) was then performed (F: TGTGATGGCTCTCGTCTACATCT; R:
TTTGATCTGTTCCACTTCGTCCT; 94C 30", 60C 30", 74C 30", 30 cycles). Standard
in situ hybridization protocols on +/+ and vi/vi C3WHeSnJ embryos were used with
either a 1.3kb anti-sense probe to the C terminal tail (670-1943bp). To generate these
constructs Gpr161 was amplified with the following primers (F:
CTCGTCTACATCTGGCTCCAC;R:CTGGCTGCATACCAGATGTTTCC)and
cycling conditions (94C 30", 57C 30", 74C 30", 35 cycles). The PCR products were
subsequently cloned into PCR TOPOII vector (InVitrogen). Digesting with Not! and
performing an in vitro transcription reaction with Sp6 generated the anti-sense probe.
Digesting with BamBI and performing an in vitro transcription reaction with T7
generated the sense probe.

Western analysis and immunocytochemistry
Full length +/+ and vi/vi Gpr161 was amplified from +/+ and vi/vi E8.5 embryos using
the following primers with SrfI linkers (F: GCCCGGGCAGCCTCAACTCCTCCCTC;
R: GCCCGGGCTCATCTCTGTTCTGCAGC; 94C 30", 60C 30", 74C 30", 30 cycles),
cloned into PCR TOPOII vector (In Vitrogen) and then subsequently sub cloned 3' of an N
terminal myc epitope tag into the Srfl site ofpCMV-Tag3 (Stratagene). HEK293T cells
were transiently transfected. GFP expression controls demonstrated that >90% of the
cells were transfected.

Lens histological analysis
For H&E staining, +/+ and vi/vi embryos were processed, embedded, sectioned and
stained using standard protocols. For immunohistochemistry, embryos were fixed in 4%
paraformaldehyde, embedded in OCT and 12 micron frozen sections were generated. The
sections were washed in 1xPBS, permeabilized and blocked using 1%NGS/0.1 % Triton
X-100 in 1xPBS for 1hr, followed by OIN incubation with polyclonal anti-MIP26 (1:100
dilution, Chemicon) at 4C. The sections were then washed in 1xPBS, incubated with a
1:250 dilution of mouse anti-rabbit FITC conjugated secondary antibody (Jackson
ImmunoResearch) for 1hr at RT, followed by 1xPBS washes, counterstained with DAPI
(1 :2000) and then mounted using Vectashield medium (Vector Labs).

QTL analysis
One-dimensional genome scans on a single-QTL basis were performed to detect QTL
with main effects. LOD scores were computed at 2 cM intervals across the genome and
significance was determined by permutation testing. Significant and suggestive QTL
meet or exceed the 95% and 90% genome-wide thresholds, respectively. Simultaneous
genome scans for all pairs of markers were then implemented to detect epistatic
interactions as described previously (36). No interacting QTL were identified so only



single QTL are presented. For the B6 and CAST lEi crosses, the presence of spina bifida
was given a numerical value of I while absence of the phenotype was scored as O. For
the MOLFlEi cross, the cataract phenotype was given more weight in comparison to the
belly spot phenotype, which is observed rarely on the C3H background but displayed an
increased incidence on the MOLF/C3H background (3-cataract, 2-catract plus belly spot,
I-belly spot, O-no phenotype). RlQTL version 0.97-21, is available at
http://www .bios tat. jhsph.edu/ -kbroman/qtl/ (37).

Foxe3 analysis
Foxe3 is encoded by a single exon and was amplified from genomic C3H, MOLF and
other inbred strain genomic DNA using the Advantage Genomic GC LA (Clontech) kit
and the following primers: F: ATGGATGCGAAGTCGCTTTCTC; R:
TCACAGGTAGCGCTCCAGCCCOligonucleotides of a well-characterized Foxe3
binding site (TCGAGGATCCCTTAAGTAAACAAACA) (26) were annealed and
cloned into a XhoI site 5' ofpg13-promoter vector (Promega). HEK293T cells were
maintained in D-MEM supplemented with 10% FBS and 1% Penicillin/Streptomycin. 24
hours following transfection, cells were collected and lysed using a 1X Promega passive
lysis buffer. Luciferase activities were measured using the Veritas™ Microplate
Luminometer where 85111of Pro mega luciferase substrate (LARII) and lOOll1of Pro mega
Renilla luciferase substrate (Stop & Glow) were consecutively added to 35111of cell
lysates.


