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Abstract Humans with L1 cell adhesion molecule (L1CAM)
mutations exhibit X-linked hydrocephalus, as well as other
severe neurological disorders. L/-6D mutant mice, which are
homozygous for a deletion that removes the sixth
immunoglobulin-like domain of Llcam, seldom display
hydrocephalus on the 129/Sv background. However, the
same L/-6D mutation produces severe hydrocephalus on the
C57BL/6J background. To begin to understand how
L1cam deficiencies result in hydrocephalus and to identify
modifier loci that contribute to X-linked hydrocephalus by
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genetically interacting with L/cam, we conducted a
genome-wide scan on F2 L/-6D mice, bred from LI/-6D
129S2/SvPasCrlf and C57BL/6J mice. Linkage studies,
utilizing chi-square tests and quantitative trait loci map-
ping techniques, were performed. Candidate modifier loci
were further investigated in an extension study. Linkage
was confirmed for a locus on chromosome 5, which we
named LIcam hydrocephalus modifier 1 (L1hydrol),
p=404x10"",
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Introduction

Hydrocephalus is a devastating neurological condition,
characterized by the abnormal accumulation of cerebro-
spinal fluid (CSF) within the cerebral ventricles. Ineffec-
tive treatment can lead to cerebral atrophy and death.
Human hydrocephalus is categorized based on two criteria:
(1) time of onset and (2) type of CSF flow defect.
Depending on the time of onset, hydrocephalus is classified
as congenital or acquired. Congenital hydrocephalus arises
prenatally, and it occurs with an estimated incidence of 1 in
1,500 births [1, 2]. Acquired hydrocephalus, which
develops during or after birth, may be caused by infectious
diseases, traumatic brain injuries, or tumors. In addition,
hydrocephalus is classified as communicating (non-
obstructive) or non-communicating (obstructive) based
on the reason for the defect in CSF flow. Communicating
hydrocephalus arises from problems with CSF secretion or
resorption; CSF flows freely between the ventricles and
the subarachnoid space. On the other hand, non-
communicating hydrocephalus develops when a physical
obstruction blocks CSF flow between the cerebral ven-
tricles and the subarachnoid space.

Linkage analysis of numerous human kindreds with
congenital hydrocephalus led to the discovery that muta-
tions in the LI cell adhesion molecule (L1CAM) gene are
responsible for X-linked hydrocephalus [3], a form of
hydrocephalus that has been estimated to account for
approximately 7—15% of all congenital hydrocephalus cases
[4]. While the autosomal locus 8q12.2-21.2 has also been
associated with hydrocephalus [5], additional genes have
not been identified. Hence, the molecular etiology of
human hydrocephalus is poorly understood.

Fortunately, the use of animal models has provided
some insight into the genetics of congenital hydroceph-
alus. Studies on mutant mice have identified at least 14
genes that cause hydrocephalus when disrupted, includ-
ing Llcam, metal response transcription factor 2 (Mtf2),
platelet-activating factor acetylhydrolase (Pafahlbl/
Lisl), hydrocephalus with hop gait (hyh), and nuclear
factor I-4 ([6-12], reviewed by [13]). Overexpression of
transforming growth factor-f1 has also been shown to
cause hydrocephalus in mice [14, 15]. In addition, a
quantitative trait loci (QTL) study in mice revealed three
loci that regulate cerebral ventricle size [16], and QTL
analyses of the Hydrocephalic Texas strain HTX rat led to
the mapping of four QTLs that contribute to hydroceph-
alus [17]. Furthermore, mouse studies demonstrating that
hydrocephalus can be caused by mutations in ciliary genes
such as Hydin and Dynein axonemal heavy chain 5
(Mdnah5) [18-20] have been complemented by data
generated from zebrafish. Three genes involved in ciliary
function have been associated with the development of
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hydrocephalus in zebrafish: polycystin 2, fleer, and oral-
facial-digital type 1 syndrome gene (ofd-1) [21-23].

LICAM, the only gene currently linked to human
hydrocephalus, encodes a Type 1 transmembrane protein
that belongs to the immunoglobulin (Ig) superfamily of cell
adhesion molecules. The L1 protein consists of six
extracellular Ig-like domains, followed by five extracellular
fibronectin type III domains, a single transmembrane
region, and a cytoplasmic tail. Neuronal L1 is expressed
on the surface of axons and growth cones both in the
central nervous system (CNS) and in the peripheral nervous
system. Schwann cells and other non-neuronal cells,
including melanocytes and lymphocytes, also express L1
[24]. L1 mediates cell-cell adhesion, as well as the
adhesion of axons to adjacent axons and the extracellular
matrix (reviewed in [25]). L1 regulates axon outgrowth
(extension and branching), fasciculation, myelination, and
neuronal migration [26-31]. L1 has additionally been
implicated in synaptic function [32-34].

L1 can function through homo- (L1-L1) or heterophilic
interactions [35]. A number of heterophilic binding partners
for L1 have been identified, including TAG-1/axonin-1, F3/
F11/contactin, phosphacan, neurocan, neuropilin-1, and var-
ious integrins (reviewed in [25, 36]). The fibroblast growth
factor receptor (FGFR) has also been suggested to directly
interact with L1 [37, 38]. Intracellularly, L1 has been shown
to signal through Src and mitogen-activated protein kinase 1
(MAPKI1/ERK2) and to interact with adaptor molecules such
as ezrin, ankyrin, and Ran-binding protein M [39-46].

In humans, mutations in L/CAM are responsible for X-
linked hydrocephalus, agenesis of the corpus callosum,
corticospinal tract hypoplasia, and MASA syndrome—
mental retardation, aphasia, spastic paraplegia, and adducted
thumbs. A comparison of case studies and genetic mutations
revealed a striking correlation between the severity of
neurological disease and the type of mutation harbored by
the LICAM gene [47—49]. Mutations that generate trunca-
tions in the extracellular domain of L1 are more likely to be
lethal or to produce severe hydrocephalus and grave mental
retardation than point mutations in the extracellular domain
or mutations that solely affect the cytoplasmic domain.
Furthermore, point mutations in the extracellular domain
tend to cause more severe neurological problems than
cytoplasmic domain mutations.

The severity of hydrocephalus seen in individuals with
L1CAM mutations is highly variable. Patients range from
displaying no hydrocephalus to those having high-pressure
progressive hydrocephalus. Aqueductal stenosis is not a
constant feature [50-53]. Hence, it has been proposed that
individuals carrying L1CAM mutations may have commu-
nicating hydrocephalus and that observed reductions in the
caliber of the aqueduct of Sylvius arise secondarily due to
compression from the enlarged ventricles. Intrafamilial
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variation has also been observed with respect to L/CAM-
related hydrocephalus. Differences in the occurrence and
severity of hydrocephalus have been documented among
related males carrying the same L/CAM mutation. For
example, within the same family, some males with an
L1CAM mutation may not exhibit hydrocephalus, while others
display moderate or severe hydrocephalus [49-51, 54-57].

Llcam knock-out (L/KO) mice bred on a 129/Sv
background do not exhibit gross hydrocephalus upon
standard pathological examination [6, 7]. However, a
subtle, but significant, dilation of the lateral ventricles has
been detected with high-resolution magnetic resonance
imaging [58]. Interestingly, breeding L/KO mice onto a
C57BL/6J background enhances the L/KO phenotype and
results in severe hydrocephalus [6, 48, 59]. This suggests
that the degree of ventricular enlargement strongly depends
on genetic background, consistent with the intra- and
interfamilial variability of hydrocephalus severity in
humans. Hence, we hypothesized that ventricle size is
regulated by loci that (1) are polymorphic between the 129/
Sv and C57BL/6J mouse strains and (2) genetically interact
with Llcam, to exacerbate the L/cam mutant phenotype.
Furthermore, we hypothesized that L/cam modifier loci
could affect hydrocephalus susceptibility and/or severity.
Susceptibility modifiers would determine the presence or
absence of the phenotype. The same genotype at a
susceptibility modifier could exhibit wide variations in
severity. In contrast, severity modifiers would affect the
magnitude or spectrum of the phenotype. Thus, for a
severity modifier to have an effect, the mouse must already
be predisposed to hydrocephalus.

In this study, we attempt to uncover the genetic basis of
the strain-specific severe hydrocephalus phenotype of
Llcam mutants. To work toward the identification
of Llcam modifier genes that contribute to hydrocephalus,
we performed genome-wide linkage analyses on hydroce-
phalic F2 Llcam mutants derived from LIcam 129S2/
SvPasCrlf (129S2) and C57BL/6J mutant mice. Candidate
susceptibility loci were detected using chi-square tests to
identify markers that deviated from Mendelian segregation
in F2 Llcam mutants. In addition, QTL analyses of
hydrocephalic F2 Licam mutants, as well as chi-square
tests comparing mutant mice with moderate versus severe
hydrocephalus, were conducted to identify candidate loci
that contribute to the severity of the condition.

Materials and methods

Mice and phenotypic analyses

All animal experiments and procedures described in this
manuscript were approved by the University of Miami’s

Institutional Animal Care and Use Committee. To generate
Llcam™!-1(E1-6D)Lem (1 1_6D) mutant mice, the sixth
immunoglobulin-like domain of L/cam (exons 12-14) was
knocked out using a Cre/lox approach [60]. L/-6D heterozy-
gous females (L/-6D/) were then bred to wild-type 12952/
SvPasCrlf (129S2) or C57BL/6J (B6) males for at least 12
generations to generate congenic (Cg) mice. A two-
generation, outcross—intercross breeding scheme was next
performed to generate the F2 mice utilized for linkage
analyses. Briefly, male 129S2.Cg-L/-6D/Y and female B6.
Cg-L1-6D/+ mice were bred to produce F1 L/-6D 129/B6
mice. The cross was set up in this manner because male and
female B6.Cg-L/-6D mutants are poor breeders. An intercross
was then set up between F1 L/-6D/Y males and heterozygous
or homozygous F1 LI-6D females to generate F2 progeny.

Mice were euthanized with carbon dioxide and evaluated
for hydrocephalus postmortem. Hemi- and homozygous
129S2.Cg-L1-6D (N=36: 32 LI-6D/Y males and 4 LI-6D/
LI-6D females) and B6.Cg-LI-6D/Y (N=10 males) mice
were collected over a wide age-span, ranging from weanlings
[postnatal day 21 (p21)] to adults (four B6.Cg-L/-6D and
eight 129S2.Cg-L1-6D mice over 6 months of age). F1 L/-6D
mutant mice (N=16: 14 LI1-6D/Y males and two LI-6D/L1-
6D females) were killed between p21 and 3 months of age.
All of the F2 mice included in this study were killed p21-p39:
wild type (N=27: 25 males and two females), L/-6D/+ (N=38
females), and L/-6D mutants (N=1,058: 540 LI-6D/Y males
and 518 L1-6D/L1-6D females). In particular, 186 of these F2
L1-6D mutant mice (105 L/-6D/Y males and 81 L/-6D/LI-
6D females) were killed during a tight window, p21-p30, and
utilized for linkage analyses. Once their phenotype was
evaluated (as described below), they were divided into two
categories: (1) hydrocephalic/affected (N=156: 93 males and
63 females) and (2) non-hydrocephalic/unaffected (N=30: 12
males and 18 females). Hydrocephalic F2 L/-6D mice were
further separated into two subgroups: (1) mice that participat-
ed in both the genome-wide scan and extension study (N=92:
54 males and 38 females) and (2) mice that solely participated
in the extension study (N=64: 39 males and 25 females).

Whole brains were dissected from animals, rinsed with
1% phosphate buffered saline, and fixed in 4% paraformal-
dehyde. At least 24-h postfixation, thick coronal sections
were prepared. Brains were positioned with the cortical
surface parallel to the horizontal plane. A razor blade,
placed rostral to the cerebral cortex, was used to secure
each brain in place. Meanwhile, approximately four 1-mm
sections were cut, perpendicular to the brain surface, along
the rostral-caudal axis of the cortex using a scalpel (Bard-
Parker no. 371610; Fig. 1a). Sections were then examined
under a dissecting microscope (Olympus SZ-40, x1.5 and
Wild Heerbrugg MG50, x16). Sections were rarely
damaged during dissection. Nevertheless, marred samples
were not included in the study.
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Fig. 1 The incidence and sever- A rere———
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adult and (d) weanling. e-g
Three recently weaned F2 L1-6D
mutant mice demonstrating the
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lus observed among affected
mutants in the F2 generation
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Mice were initially classified as hydrocephalic (affect-
ed) or non-hydrocephalic (unaffected) based on the
appearance of the lateral ventricles. Mice were catego-
rized as unaffected, if both of their lateral ventricles were
shaped like thin slits. However, if at least one lateral
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ventral

ventricle was expanded, the mouse was categorized as
hydrocephalic. Microscope-attached digital cameras
(Nikon and RT Slider Diagnostic Instruments, Inc.) were
used to image one or two sections showing the lateral
ventricles.
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The hydrocephalic phenotype of F2 L/-6D mice utilized
for linkage analyses was quantified as follows. For each
mouse, we chose the imaged section that showed the
greatest expansion of the lateral ventricles. The positions of
these sections corresponded to reference sections positioned
within +1.0 mm from Bregma [61]. Next, the perimeter of
the coronal section and its respective lateral ventricles were
manually traced with Imagel] software [62]. Imagel] was
then further utilized to calculate the areas of the traced
regions. This generated three measurements: coronal
section area, left ventricle area, and right ventricle area.
Left and right ventricle areas were added together to
calculate total lateral ventricular area. To account for
differences in brain size and standardize measurements, a
ratio was calculated for each brain: total lateral ventricular
area divided by coronal section area. Ratios were then
transformed, using a natural log scale [In (1,000 xratio)], to
approximate a normal distribution for statistical analyses.
We refer to these transformed ratios as hydrocephalus
severity scores. Student’s ¢ tests were performed to
determine whether there were significant differences in
hydrocephalus severity between the different cohorts, as
well as between the two sexes.

Genotyping

Genomic DNA was obtained from mouse toes and/or tails.
Tissue samples were digested overnight with Proteinase K. L1-
6D genotyping was performed using PCR amplification and
the following primer set: forward 5- CCAGCCAGGATCC
TAACAAAAGAC, reverse wild-type allele 5'- AGT
GATGCTGGCCTGCAAAG, and reverse knock-in allele
5'- AACCACACTGCTCGACCTG. In preparation for single
nucleotide polymorphism (SNP) genotyping, genomic DNA
was treated with a RNAse A/RNAse T cocktail (Ambion)
and purified using either Puregene Blood Core Kit B (Gentra
Systems, Qiagen) or DNeasy Blood and Tissue Kit (Qiagen,
Cat. no. 69504). DNA concentrations were measured with a
Nanodrop ND-1000 Spectrophotometer.

The genome-wide scan was performed at the Affymetrix
GeneChip laboratory of the Yale Microarray Center for
Research on the Nervous System, through the NIH
Neuroscience Microarray Consortium. Illumina’s Mouse
Low Density Linkage panel and Golden Gate Assay were
used to genotype 92 F2 LI-6D homo-/hemizygote pups
with hydrocephalus at 377 SNPs; 99% of the genotypes
were present. Genotypes were classified as 129S2 or
C57BL/6J, and SNP performance was evaluated by the
Mouse SNP Genotyping Service at Harvard University. The
genotypes of our 129S2 mice matched that of 129S1 mice
at all 375 working SNPs except one (rs13481099), which
appeared monomorphic between our 129S2 and C57BL/6J
mice. Ultimately, 246 informative SNPs were polymorphic

between 129S2 and C57BL/6J mice; the average genomic
distance between these SNPs was 9.9 Mb.

We verified that all F2 L/-6D mice carried the L/-6D
associated 129/Sv congenic interval by sequencing SNP
rs3157210, located between exons 1 and 2 in the Llcam
gene. The following primers were used to amplify a 495
base pair fragment containing rs3157210: forward
5'- CACTCCACAATAGCCACACAC and reverse 5'-
GCCCTCACTTCTTCTGTAAC. PCR products were
then treated with ExoSAP-IT (USB) to remove excess
primers and nucleotides, and they were sequenced with
Finnzymes’ Phusion High Fidelity PCR Master Mix with
HF buffer (New England Biolabs) and primer 5'-
GCTGTTGAGTCAAGACCTGG.

Seven candidate modifier regions were selected for
further analyses based on their linkage data. SNPs in these
regions were chosen using the information obtained from
the Mouse Phenome Database (http://phenome.jax.org).
Genotyping was performed by the High Throughput
Sequenom and Illumina Genotyping Facility at the Harvard
Partners Center for Genetics and Genomics utilizing iPLEX
Gold chemistry from Sequenom. Ultimately, 43 poly-
morphic SNPs, three to eight SNPs per candidate region,
passed the performance criteria set by the Harvard Partners
Center (Supplemental Table 3). These SNPs were employed
to genotype the 92 F2 LI/-6D mice with hydrocephalus
originally utilized for the genome-wide scan, the additional
F2 L1-6D mice used for the extension study (64 F2 LI1-6D
mice with hydrocephalus and 30 F2 L/-6D mice without
hydrocephalus), and mice from the two parental strains
(two B6.Cg-L1-6D mice and two 129S2.Cg-LI1-6D mice).

Linkage analysis

Linkage analysis was performed using a total of 288 SNPs
(272 autosomal and 16 X-linked). Mice with hydrocephalus
and those without were analyzed separately. In addition, sex
was used as a covariate. Data from male and female mice
were analyzed separately, as well as combined and analyzed
together. Progeny 6.9.04 software was used to visualize
haplotypes.

To test for linkage to hydrocephalus susceptibility
modifier loci, genotype frequencies at each marker were
tested for departures from Mendelian segregation with chi-
square goodness-of-fit tests, two degrees of freedom, using
SAS software (SAS Institute, Inc., Version 9.1.3) [63, 64].
Fisher’s exact tests were used to generate p values for each
marker. However, when the frequency of a genotype at a
marker is 0, an exact test cannot be performed. In those
cases (see Supplemental Table 4), an asymptotic chi-square
test was done.

Bonferroni adjustments (a=0.05 and «=0.005) were
used to correct p values for multiple testing across SNPs: «
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divided by the number of markers. During the original
genome-wide scan, 229 autosomal markers were tested.
Hence, we used Bonferroni thresholds of «/229 to interpret
the data. During the extension study, 43 additional
autosomal SNPs were analyzed. To maintain stringent
standards, extension study data were corrected utilizing all
272 autosomal markers (43 extension study markers + 229
autosomal markers): a/272.

To interpret X-chromosome marker data, we had to
analyze the two markers positioned inside the L/-6D 129
associated region (gnfX.035.350 and rs13483765) separate-
ly from the rest (N=14), which are positioned outside of the
region. This distinction was necessary because F1 L/-6D/
L1-6D homozygote females were 129 homozygotes within
the region and F1 LI/-6D/+ females were 129/B6. When
performing chi-square tests, we also separately analyzed
male and female F2 progeny derived from the two F1
crosses: (1) LI-6D/LI1-6D homozygote females bred to L1-
6D/Y males and (2) LI-6D/+ females bred to LI-6D/Y
males. Depending on the type of F1 cross, the genotype
frequencies expected for X-chromosome SNPs far away
from LIcam (unlinked) vary. F2 L1-6D hemi-/homozygotes
derived from F1 LI-6D/L1-6D females are expected to
exhibit the following genotype frequencies: females—50%
B6 homozygotes, 50% B6/129 and males—50% B6 hemi-
zygotes, 50% 129 hemizygotes. On the other hand, 100%
of the F2 L1-6D/L1-6D females derived from F1 LI-6D/+
females are expected to be 129/B6, and 100% of the
generated F2 L/-6D/Y males are expected to be 129
hemizygotes.

R/qtl 1.07-12 software was used for QTL analyses to test
for linkage to severity modifier loci [65]. Single-locus and
two-QTL, two-dimensional genome-wide scans, using a
multiple imputation method with 2.5-Mb steps over the
entire genome and 200 imputations, were performed
utilizing 229 autosomal genome-wide markers. In addition,
permutation tests were applied to single-locus and two-QTL
scans as recommended for an intercross (http://www.rqtl.
org/tutorials/). Multiple QTL mapping functions were also
implemented (source: http://www.rqtl.org/multqtlfunc.R).
Using recommended LOD thresholds [65], the results from
the two-dimensional scan were summarized. The two-
dimensional scan summary was then used to fit a multiple
QTL model utilizing the “fitqt]” function in R/qtl.

As described in Broman et al. [66], R/qtl was also used
to perform genome-wide scans that analyzed 14 X-
chromosome markers along with all 229 autosomal
markers. The X-chromosome markers gnfX.035.350 and
rs13483765, which are positioned within the 129 congenic
interval present in all L/-6D mutants, were excluded.
Thirty-nine F2 L/-6D hemi-/homozygous mutants derived
from F1 LI-6D/LI-6D females were used for the
X-chromosome R/qtl study. F2 LI/-6D mutants derived
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from F1 LI-6D/+ females were excluded from the analysis
because their siblings were not genotyped and the missing
data would confound analysis.

In addition, R/qtl was used to analyze data from the
extension study. Three sets of analyses were conducted.
First, the cohort of 64 F2 L/-6D mutants with hydroceph-
alus (utilized solely for the extension study) was examined
at the 43 extension study SNPs. Second, the complete
group of 156 F2 LI-6D hydrocephalic mutant mice (64 +
92 from the original genome scan) was examined at the 43
extension study SNPs. Lastly, the original 92 F2 L/-6D
mice with hydrocephalus utilized for the genome-wide scan
were analyzed with the complete set of 272 autosomal
markers (229 original SNPs + 43 new validation study
SNPs). In addition, cohorts were divided by sex, and males
and females were analyzed separately. Single-locus effect
plots and two-loci interaction effect plots were generated
with R/qtl.

As an alternative test for severity modifiers, F2 L/-6D
hydrocephalic mutant mice were classified as having
moderate or severe hydrocephalus based on whether their
hydrocephalus severity score was higher or lower than the
median hydrocephalus severity score of all F2 L/-6D
hydrocephalic mutant mice. A chi-square test with two
degrees of freedom was performed to compare genotype
frequencies between the moderate and severe hydrocepha-
lus groups.

Microarray analysis

Gene Expression Omnibus (GEO) data set GDS 1490 was
downloaded from http://www.ncbi.nlm.nih.gov/geo. Nor-
malized TeraGenomics-calculated signal intensities and
detection calls were obtained for 91 Affymetrix Murine
Genome U74AV2 gene chips comprising 24 neural tissues
in C57BL/6J and 129S6/SvEvTac mice [67]. Replicates
were pooled, and mean fold changes were calculated using
Spotfire DecisionSite (TIBCO, Version 9.1.1). Statistical
analyses were not performed to determine significant
differences because of the small sample size. Each
condition had only two replicates, except for the CAl
region of the hippocampus, which had three replicates.

In addition, our lab performed a microarray experiment:
GEO data set GSE13984. RNA was purified from the
cerebellums of three postnatal dayll congenic 129S2
Llcam knock outs (129S2.Cg-Llcam™’°") and three of
their wild-type siblings utilizing Qiagen’s RNeasy Mini kit
(no. 74104). Therefore, each genotype, L/KO and wild
type, had three replicates. Samples were processed at the
Case Western Reserve University Cancer Center Gene
Expression Array Core Facility and hybridized to Affyme-
trix Murine Genome U74AV2 gene chips. Affymetrix
GeneChip Operating Software was used to process gene


http://www.rqtl.org/tutorials/
http://www.rqtl.org/tutorials/
http://www.rqtl.org/multqtlfunc.R
http://www.ncbi.nlm.nih.gov/geo

Neurogenetics (2010) 11:53-71

59

chip images and generate MAS 5.0 signal intensities and
detection calls. Replicates were normalized by the mean
signal value of all probes and then pooled using Spotfire
DecisionSite. Significance was determined by performing
an unpaired two-tailed Student’s ¢ test on normalized signal
intensities.

Results

Strain-specific modifiers contribute to hydrocephalus
in L1-6D mice

The incidence of hydrocephalus differs among strains of
Llcam mutant mice. Severe hydrocephalus is evident in
C57BL/6J, but not 129/Sv, Licam mutants. To identify
modifier loci that interact with L/cam to cause X-linked
hydrocephalus, we performed linkage analyses on L/Icam
mutants derived from the breeding of 12952 and C57BL/6J
mice. To generate sufficient mice for the study, we utilized
LI1-6D knock-in mice rather than L/KOs. Unlike LIKOs,
which fail to express L1, L/-6D knock-in mice express a
mutant protein in which the sixth Ig-like domain of L1 has
been deleted [60]. This Ig-like domain, which contains two
Arg-Gly-Asp (RGD) sequences, is required for L1 homo-
philic (L1-L1) and L1-integrin binding in vitro; yet, despite
the deletion, the L1-6D protein retains some function. Its
interactions with Neurocan and Neuropilin-1 are preserved,
and in contrast to L/KOs, L1-6D mutants develop a normal
corticospinal tract. Nevertheless, L/-6D mutants, like
LIKOs, have been observed to exhibit hydrocephalus, on
the C57BL/6J, but not 129S2 background [60].

Consistent with these findings, we found that the incidence
of hydrocephalus differs between our congenic LI-6D
C57BL/6J (B6.Cg-L1-6D) and 129S2 (129S2.Cg-L1-6D)
mice. Coronal sections were prepared from L/-6D mutant
(L1-6D/Y hemizygotes and LI-6D/L1-6D homozygotes)
mice of varying ages, p2l-adults (Fig. la). Dramatic
hydrocephalus was evident in all B6.Cg-L/-6D mutant mice
analyzed (N=10; Fig. lc, d). However, hydrocephalus was
seldom seen in 129S2.Cg-L/-6D mutant mice (Fig. 1b).
Only two of 36 mice (5.6%) exhibited mild hydrocephalus
(data not shown). Hence, our congenic L/-6D lines could
validly be used to identify modifier loci that (1) are
polymorphic between the two strains and (2) influence the
manifestation of L/cam X-linked hydrocephalus.

In addition, the use of LI-6D, rather than L/KO mice,
was advantageous because L/KO (LIcam™!*°") males are
infertile (Supplemental Text 1). On the other hand, 129S2.
Cg-L1-6D hemizygous males (LI-6D/Y) are fertile, and
their fertility permits the generation of L/-6D homozygous
females, which are also fertile. The ability to breed L/-6D
hemi- and homozygous mutants allowed us to generate

sufficient mutants for linkage mapping, despite the signif-
icant pre- and postnatal mortality caused by Llcam
mutations (Supplemental Text 2).

This early mortality phenotype, prevalent among both
LI1-6D 129S2 and C57BL/6J mice, contrasts with the severe
hydrocephalus phenotype, which is strain specific. Hence,
while modifier loci may influence both mortality and
hydrocephalus in Llcam mutants, the data suggest that
modifier loci that contribute to non-lethal severe hydro-
cephalus play a major role in the development of
hydrocephalus. Since we evaluated all mice for hydroceph-
alus after weaning, our study was designed to identify this
latter class of modifiers.

As illustrated in our breeding scheme (Fig. 2), we first
mated B6.Cg-L/-6D/+ females to 129S2.Cg-LI-6D/Y
males. We evaluated 16 F1 L7/-6D hemi-/homozygous
mutants, between p2l and 3 months of age, for the
phenotype. None exhibited hydrocephalus, demonstrating
that primary (main-effect) hydrocephalus-causing modifiers
do not act in a dominant manner. This observation
additionally suggests that if a main-effect modifier is
inherited from the C57BL/6J strain, it is not sex-linked. If
it were, we would expect F1 L/-6D/Y males to exhibit
hydrocephalus since their X chromosome, which carries the
LI1-6D mutation, was inherited from the C57BL/6J strain.

Next, we set up an intercross between F1 L7-6D/Y 129/B6
males and F1 L/-6D homo- or heterozygote 129/B6 females.
We implemented this breeding scheme, which provided
opportunities for meiotic recombination between the 129S2
and C57BL/6J chromosomes of both parents, to facilitate
linkage analysis. Based on this cross (Fig. 2), if the C57BL/
6] allele of one recessive, fully penetrant modifier gene
caused hydrocephalus, one would expect 25% of F2 L1-6D
mutants to be B6 homozygotes at the modifier locus and
consequently exhibit hydrocephalus. We evaluated 1,058 F2
LI1-6D mutants, between p21 and p39, for the phenotype.
Strikingly, 31.9% of them exhibited hydrocephalus with
variable severity (Fig. 1e—g): N=338 hydrocephalic F2 LI-
6D mutants (199 L1-6D/Y males and 139 LI-6D/L1-6D
females). In contrast, the phenotype was not observed in any
F2 wild-type siblings (N=27). While 5.3% of F2 LI-6DA+

P @ Licam®* (B6) X LlcamY(129) &

l Autosomes 1' Autosomes
F1 9 LIcam®PD or Licam®P*; B6/129 X Llcam®®Y; B6/129 &'

Llcam®0  Llcam®?* Llcam®®Y Llcam*”¥ I

B6/B6 B6/129 129/129
1 : 2 : 1

F2 Sex chromosomes:

Autosomes:

Fig. 2 Breeding scheme used to map modifier loci that contribute to
LIcam X-linked hydrocephalus
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heterozygote siblings (two of 38) exhibited hydrocephalus,
the phenotype was much less severe than that exhibited by
F2 LI1-6D hemi-/homozygotes (data not shown).

Based on these data, we hypothesized that main-effect
hydrocephalus susceptibility modifiers, which determine
the presence or absence of the hydrocephalus phenotype in
LIcam mutants, act in a recessive manner. In addition, since
12982 L1-6D mutants seldom exhibit hydrocephalus, we
expected C57BL/6J alleles at main-effect loci to be
primarily responsible for causing the phenotype. Further-
more, since the severity of the phenotype varied among F2
mutants, we hypothesized that hydrocephalus is a complex
trait, whose severity is affected by multiple, interacting loci.

Genome-wide scan identifies multiple candidate modifier
loci

To identify the chromosomal location of L/cam-associated
hydrocephalus modifier loci, we conducted a linkage study
with an initial genome-wide scan on 92 F2 L/-6D mice with
hydrocephalus. This group consisted of 55 LI-6D/Y males
and 37 LI-6D/LI-6D females, whose ages ranged from
postnatal day21 to 30. To quantify the phenotype, a
representative coronal section was analyzed for each
individual. The areas of both lateral ventricles and the brain
section were measured. Total ventricular area was then
divided by total brain area to normalize measurements, and
values were transformed for statistical analyses. We refer to
these transformed values as the hydrocephalus severity score.
Figure 3a illustrates the distribution of hydrocephalus
severity among the 92 F2 L/-6D mutants. Mice were also
separated by sex to compare the distribution of hydroceph-
alus severity scores in males versus females (Fig. 3b—c). In
this cohort of 92 mice, males tended to exhibit slightly more
severe hydrocephalus than females, p<0.05.

Each mouse was genotyped at 245 informative SNPs,
which were polymorphic between the C57BL/6J and 129S2
strains. Since our goal was to uncover both hydrocephalus
susceptibility and severity modifiers, we utilized two
distinct approaches for data analyses. Chi-square tests for
Mendelian segregation were used to identify candidate
susceptibility loci. Meanwhile, QTL analysis was employed
to detect candidate severity loci.

We commenced our search for candidate susceptibility
markers by testing each marker for linkage to the hydroceph-
alus phenotype. Based on the breeding scheme (Fig. 2), we
hypothesized that autosomal markers not linked to hydro-
cephalus would exhibit the expected 1:2:1 Mendelian ratio of
B6/B6:B6/129:129/129. In contrast, we expected the
genotype frequencies of markers linked to hydrocephalus to
deviate from Mendelian segregation. Since hydrocephalus
was universally seen in congenic C57BL/6J LI1-6D mutants,
but only seldom seen in congenic 129S2 L/-6D mutants, we
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hypothesized that the frequency of B6 homozygotes at
autosomal SNPs linked to hydrocephalus would significantly
exceed 25%. A chi-square goodness-of-fit test was utilized to
compare the observed genotype frequencies at each SNP
(N=229 autosomal SNPs) with those expected based on
Mendelian segregation.

Four genomic regions, located on chromosomes 2, 3, 4
and 5, exhibited deviations from Mendelian segregation,
»<0.001 (Table 1). In these regions, a greater percentage of
F2 LI1-6D mutants were B6 homozygotes than expected.
Rather than 25% of the mice being B6 homozygotes, more
than 42% were B6 homozygotes. This is consistent with the
hypothesis that B6 alleles at modifier loci near these SNPs
contribute to hydrocephalus. Based on the stringent criteria
proposed by Lander and Kruglyak for genome-wide
significance using F2 intercross progeny (two degrees of
freedom), these findings would be classified as evidence
of suggestive linkage because p < 1.6 x 1073 [68]. More-
over, multiple markers on chromosomes 2, 3 and 5 surpassed
Lander and Kruglyak’s significant linkage threshold of p <
52 x 107> and retained significance after a Bonferroni
adjustment (a=0.005) was used to correct for multiple
testing of the null hypothesis.

Chi-square tests for deviations from Mendelian segrega-
tion were also separately performed on males and females.
The same regions on chromosomes 2, 3, and 5, which were
specified above, exhibited deviations from Mendelian
segregation in both sexes, p<0.01 (Supplemental Table 1).
In contrast, linkage evidence for the region on chromosome
4 differed between the sexes. At one marker (rs3023025),
females showed no evidence of linkage (p>0.05), while
males exhibited suggestive linkage (p =9.25x 10_4).
However, this p value did not pass Bonferroni correction
(a=0.05). Hence, our data do not provide evidence that loci
on chromosome 2, 3, 4, or 5 contribute to the development
of hydrocephalus in one sex but not the other.

We then performed QTL analysis to map candidate
hydrocephalus severity loci. R/qtl software was used to
analyze the data collected from the aforementioned 92 F2
L1-6D hydrocephalic mutants. Associations between mark-
er genotypes at 229 genome-wide autosomal SNPs and
hydrocephalus severity scores were investigated. QTL
analysis showed no main-effect loci linked to hydroceph-
alus severity. We found a linkage peak on chromosome 10
at 119 Mb (mCV25429984) with a LOD score of 2.9
(Fig. 4). However, a permutation test of the single-locus
scan did not indicate significant evidence of linkage at this
locus. A two-loci scan was then performed. Three pairs of
loci had overall LOD scores above 6 (full LOD) and
interaction LOD scores, which measure the statistical
interaction between loci, above 3.5: (1) chromosome 4 at
153.7 Mb and chromosome 9 at 112.2 Mb, (2) chromosome
5 at 109.2 Mb and chromosome 9 at 102.2 Mb, and (3)
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Fig. 3 Histograms illustrating the distribution of hydrocephalus
severity among the different cohorts of F2 L/-6D mutant mice
analyzed during the study. Hydrocephalus severity is plotted against
the number of mice with scores in the specified range. Hydrocephalus
severity increases along the x-axis. a—¢ Severity histograms for the 92

chromosome 7 at 101.6 Mb and chromosome 9 at 87.2 Mb
(Supplemental Table 2). However, again, the permutation
test revealed no significant results for this two-QTL scan.
Furthermore, no QTLs were detected in males nor females
when data were segregated by sex.

X-chromosome analyses

Analyses of the X chromosome required us to take into
consideration that 129/Sv DNA was originally utilized to
generate the L/-6D knock-in allele [60]. Consequently, all
L1-6D C57BL/6J mice carry a 129 congenic interval, which
includes the L/Icam locus (positioned at 71.1 Mb). Sequenc-
ing revealed that this L/-6D associated 129 region is
<25 Mb, and it lies between SNPs rs24884396 and
rs3166693 (genome coordinates, 46.6-71.5 Mb).
Chi-square goodness-of-fit tests were performed on X-
chromosome markers to test for departures from Mendelian
segregation. Male and female progeny from the two FI

hydrocephalus severity score

F2 L1-6D mutants analyzed in the genome-wide scan. a All mice. b, ¢
Group segregated by sex: b males and ¢ females. d Severity histogram
for the 64 additional F2 LI-6D mutant mice used in the extension
study. e Severity histogram representing the entire set (92+64) of 156
F2 L1-6D mutant mice with hydrocephalus

crosses, (1) LI-6D/L1-6D homozygote females bred to LI-
6D/Y hemizygote males and (2) L/-6D/+ females bred to
LI1-6D/Y hemizygote males, were analyzed separately. As
expected, rs13483765, a SNP in the L/-6D associated 129
region positioned 16.3 Mb away from LIcam, showed
linkage to hydrocephalus. Genotype frequencies at
rs13483765 deviated from the Mendelian segregation
expected of an unlinked marker (a marker far away from
Llcam). A greater percentage of F2 LI-6D/Y males
originating from F1 LI/-6D/L1-6D females were 129 hemi-
zygotes than expected for an unlinked X-chromosome
marker; 129 hemizygosity was observed in 87% of the mice
rather than in the expected 50%, p = 4.88 x 10~4(N = 23).
A valid analysis of 1513483765 in F2 L1-6D/L1-6D females
derived from either cross, as well as in F2 males derived
from F1 LI-6DA females, was not possible. The sample
sizes in these subgroups were too small.

A genome-wide QTL scan was also performed, including
X-chromosome markers (14 X-chromosome markers + 229
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Table 1 Candidate modifier

loci identified through genome- SNP Chr Mb Genotype Exact p value
wide chi-square tests for Men-
delian segregation B6/B6 B6/129 129/129
14223428 2 120.322 39 43 10 1.07E-04°
rs8251635 2 125.128 41 41 10 1.98E-05°
13655895 2 144.359 41 40 11 3.10E-05°
113476832 2 149.561 42 40 10 8.53E-06°
16376291 2 153.967 42 40 10 8.53E-06°
1513476892 2 165.222 42 36 14 2.60E-05°
153712766 2 165.836 42 34 15 2.31E-05°
1s3691114 3 59.630 43 31 17 9.06E—06°
156239288 3 60315 44 31 17 4.50E-06°
13683507 3 79.005 45 30 17 1.36E-06°
N=92 F2 LI-6D mice with hy- 1513477223 3 80.666 45 29 18 1.13E-06°
drocephalus. The values reported ~ rs3688780 3 86.177 42 32 18 3.52E-05"
in the Genotype columns denote 154138858 3 87.446 41 33 18 9.73E—05"
the number of mice with the 1$3023025 4 142.772 39 39 14 3.97E-04
specified genotype
* Exact p value passed Bonferroni 1513478069 4 154.877 38 37 16 9.87E—04
correction with =005 and 229 53726547 5 108.813 41 38 13 5.36E—05"
SNPs 13663141 5 117.205 41 41 10 8.53E-06°
®Exact p value passed 1s3662161 5 117.909 42 40 10 1.98E—05"
Bonferroni correction with gnf05.120.578 5 124.103 42 43 7 2.14E-06°

«=0.005 and 229 SNPs

autosomal markers). The L/-6D associated 129 region was
excluded because the 129/B6 genotype of parental females
complicated the analysis. Furthermore, only 39 F2 LI-6D
hemi-/homozygous mutants derived from F1 L/-6D/LI1-6D
females were used for the X-chromosome QTL study. F2 L/-
6D mutants derived from F1 L/-6D/+ females were not used
because their siblings, non-hydrocephalic wild-type males and
LI1-6D/+ females, were not genotyped with the genome-wide
linkage panel. Since these F2 wild-type males and LI/-6D/+

females would have inherited their X chromosomes from the
B6 parental strain, the missing data would confound analysis.

Single- and two-loci scans did not identify any X-
chromosome markers linked to hydrocephalus severity.
This result was not surprising, as the sample size was
small. Furthermore, since the examined mice were all LI-
6D hemi-/homozygotes with hydrocephalus of varying
severity, there was no genetic variation at the locus to
correlate with phenotype severity.
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Fig. 4 LOD plot of a genome-wide scan for main-effect loci linked to hydrocephalus severity; 92 hydrocephalic F2 L/-6D mutants were

genotyped at 229 informative autosomal markers
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Extension study design

An extension study was next conducted to determine
whether stronger linkage evidence could be obtained for
the candidate modifier loci identified through the genome-
wide scan. Seven genomic regions were analyzed in total.
Two of these regions, located on chromosomes 4 and 5,
were originally identified by both our chi-square analysis
and two-loci QTL scan. Candidate modifier regions on
chromosomes 2 and 3 were selected for further study based
on their chi-square test results, while those on chromo-
somes 7 and 9 were chosen based on their two-loci QTL
scan data. Lastly, a region on chromosome 10, surrounding
rs3654717 (106.9 Mb), was further studied for two reasons.
First, it was detected by the two-loci QTL scan, albeit with
low LOD scores. When paired with a locus on chromosome
7 (60.2 Mb), the chromosome ten locus at 106.9 Mb had a
full LOD score of 5.45 and an interacting LOD score of
0.261. Second, it was near the highest peak of the single-
locus QTL scan.

For the extension study, 43 informative SNPs
(Supplemental Table 3), dispersed throughout the candidate
modifier regions, were used to genotype two new groups of
mice: (1) a control set of 30 F2 L/-6D hemi/homozygous
mutant siblings without hydrocephalus (unaffecteds) and
(2) 64 additional F2 L/-6D hemi-/homozygous mutant mice
with hydrocephalus (affecteds). Within this new cohort, the
severity of hydrocephalus was not significantly different
between males and females (p>0.05). Moreover, the
severity of hydrocephalus exhibited by the new group of
64 F2 L1-6D mutants was not significantly different from
that displayed by the original cohort of 92 F2 LI-6D
mutants (p>0.05). Nevertheless, compared to the original

cohort, a lower percentage of mice in the new group had
hydrocephalus severity scores less than 2 (Fig. 3d). While
13% of the mice in the original cohort scored below 2, only
1.6% of the mice in the new cohort scored below 2. We
preferentially chose mice with the most severe phenotype
for the extension study because we thought that they might
be enriched for individual alleles or combinations of alleles
that have strong effects.

Identification of a LIcam hydrocephalus modifier locus
on chromosome 5

The extension study replicated the results obtained for the
candidate modifier region on chromosome 5. A chi-square
test for deviation from Mendelian segregation was per-
formed on the new cohort of 64 F2 L/-6D mice with
hydrocephalus utilizing the chromosome 5 SNPs listed in
Supplemental Table 3. All eight new markers exhibited
deviations from Mendelian segregation, B6 homozygotes
were more prevalent than other genotypes (Table 2). Six
adjacent markers (100.1-120 Mb) demonstrated evidence
for significant linkage, surpassing the p < 5.2 x 1073
threshold proposed by Lander and Kruglyak [68]. More-
over, five of these markers retained significance following
Bonferroni correction (e=0.005).

The group was also divided by sex, and the region was
separately tested for linkage among males and females.
Original genome-wide scan results were replicated.
Markers in the chromosome 5 candidate modifier region
deviated from Mendelian segregation in both sexes,
<0.005 (Supplemental Table 4).

Moreover, combined analysis of all 156 F2 LI-6D
mutants with hydrocephalus (64 from the extension study

Table 2 Extension study chi-square tests for Mendelian segregation on chromosome 5

Marker Position (Mb) 64 new F2 LI-6D mutants with All 156 F2 L1-6D mutants with 30 F2 L1-6D mutants without
hydrocephalus hydrocephalus hydrocephalus
Genotype Exact Genotype Exact Genotype Exact p value
B6 H 129 p value B6 H 129 p value B6 H 129
rs3688859 100.055 31 29 3 6.12E-06" 70 72 13 2.01E-09° 6 17 7 0.791
1rs3694887 104.164 34 27 3 2.92E-07° 75 68 13 4.04E-11° 7 16 7 0.943
1rs3654076 106.519 33 27 3 6.64E-07° 73 69 13 1.41E-10* 7 16 7 0.943
1s3665124 110.024 32 29 3 3.17E-06" 73 67 16 6.64E-10° 5 18 7 0.492
1rs3657810 113.832 31 30 3 6.18E-06° 72 71 13 4.23E-10° 5 19 6 0.407
1rs3653889 119.958 30 29 4 2.58E-05° 69 72 13 3.30E-09* 6 19 5 0.407
153710934 121.681 29 30 5 1.29E-04° 70 73 13 1.97E-09* 6 18 6 0.591
1s6345336 129.158 24 34 5 0.0025 65 77 13 5.06E-08" 6 18 6 0.591

Genotype: B6 = B6/B6, H = B6/129, 129=129/129

*Exact p value passed Bonferroni correction with «=0.005 and 272 SNPs

® Exact p value passed Bonferroni correction with @=0.05 and 272 SNPs
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Table 3 LOD scores for interacting loci pairs

Interacting pair Full LOD Interaction LOD
score score
Chr5 at 106.7 Mb : Chr9 at 7.23 4.58
102.2 Mb
Chr7 at 101.6 Mb : Chr9at 6.62 3.70
89.7 Mb

Data from genome-wide two-loci QTL scan performed on 92
hydrocephalic F2 L1-6D mice using 272 autosomal markers

and 92 from the original genome-wide scan) resulted in the
significant linkage of the eight extension study SNPs. All
markers passed Bonferroni correction (=0.005), and the
lowest p value was exhibited by rs3694887 (104.2 Mb),
p = 4.04 x 10!, Significant linkage was also observed in
both sexes (Supplemental Table 4). Taken together, the
genome-wide scan and extension study results confirm
linkage of this region to hydrocephalus. We denote our
newly discovered modifier locus on chromosome 5, which
genetically interacts with L/cam to contribute to hydro-
cephalus as Licam hydrocephalus modifier 1 (L1hydrol).
Based on our chi-square results and haplotype visualization,
we propose that L1hydrol is located in the region between
genome coordinates 100-129.2 Mb.

Interestingly, no single genotype in the Llhydrol
region was shared between all hydrocephalic mice. This
suggests that the L/hydrol modifier does not, on its own,
account for all hydrocephalus cases. In addition, the
genotype frequencies of F2 L/-6D mutant mice without
hydrocephalus did not deviate from Mendelian segrega-
tion at L1hydrol (Table 2). If harboring a B6 homozygote
genotype at Llhydrol causes hydrocephalus in Llcam
mutants, few, if any, unaffected L/-6D mutants should be
B6 homozygotes at Llhydrol. Rather, one would expect
more hetero- or 129 homozygotes at Llhydrol in
unaffected L/-6D mice, yet this was not seen. Taken
together, these last two observations suggest that L/hydrol
exhibits incomplete penetrance, i.e., some individuals
carrying the allele that contributes to hydrocephalus fail
to exhibit the trait.

Extension study analyses of candidate modifiers
on chromosomes 2, 3, and 4

The extension study, performed on 64 new F2 LI/-6D
mutants with hydrocephalus, failed to detect linkage to
markers on chromosomes 2 and 3. In contrast to data from
the original genome-wide study, genotypes with significant
deviations from Mendelian segregation were not observed
(»>0.05). Furthermore, although four markers within a
region on chromosome 4 (134.7-149.8 Mb) exhibited
p<0.05, significance was not retained after Bonferroni
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correction (a=0.05). Hence, the extension study also did
not validate linkage of the chromosome 4 locus.

Nevertheless, when we analyzed genotype frequencies
for deviations from Mendelian segregation at the extension
study SNPs utilizing our entire set of 156 F2 LI-6D
hydrocephalic mutants, multiple markers on chromosomes
2, 3, and 4 surpassed Lander and Kruglyak’s proposed p <
1.6 x 1073 threshold for suggestive linkage. Furthermore,
they retained significance after Bonferroni adjustment
(a=0.05). One marker on chromosome 2 (rs13476825)
and two markers on chromosome 4 (rs6191908 and
rs3675987) even exhibited evidence for significant linkage,
p < 5.2 x 1073 (Supplemental Table 5).

Thus, while the extension study did not replicate results,
the loci on chromosomes 2, 3, and 4 continued to exhibit
evidence of linkage when the extension study set of mice
were analyzed together with the original set of 92 mice.
Hence, the regions remain candidate modifier loci. Indeed,
while the loci may be false positives, it is also possible that
these loci have smaller effects than the L/Hydrol locus and
that our extension study lacked sufficient power to detect
linkage. Alternatively, it may be that the loci contribute to
milder forms of hydrocephalus and that the distribution of
hydrocephalus severity within the extension study group
prohibited detection.

QTL analyses of extension study data

Extension study data were also analyzed to determine
whether candidate modifier loci affect hydrocephalus
severity. QTL analyses were performed, using the 43 new
extension study SNPs, on two groups: (1) the extension
study cohort of 64 hydrocephalic F2 L7-6D mutant mice
and (2) the entire set of 156 F2 L/-6D hydrocephalic mice.
No linkage evidence was found. Individual loci did not
show linkage, nor did any pair of interacting loci meet the
recommended thresholds [65] for inclusion into a two-QTL
model. While it is possible that the interacting loci on
chromosomes 4, 5, 7, and 9, which were detected by the
original two-loci QTL genome-wide scan, were false
positives, the distribution of hydrocephalus severity in the
new cohort may have prevented replication. In addition, our
extension study may have been underpowered to identify
multiple QTL that contribute to hydrocephalus severity but
do not exhibit a strong individual effect.

We then reanalyzed our original 92 F2 L/-6D hydroce-
phalic mice with our entire set of 272 autosomal markers
(246 original genome scan markers + 43 new extension
study markers). Genome-wide single- and two-loci scans
were conducted. Individual loci did not demonstrate
linkage. In addition, this analysis revealed no evidence for
a two-QTL interaction involving the chromosome 4 locus.
Furthermore, while the three regions on chromosomes 5



Neurogenetics (2010) 11:53-71

65

(106.7 Mb), 7 (99.1 Mb), and 9 (92.2-102.2 Mb) again met
thresholds for inclusion into a two-QTL model (Table 3), a
permutation test indicated that the loci pairs still did not
exhibit significant evidence of linkage.

We then examined the simultaneous effects of multiple
QTLs by incorporating the four loci on chromosomes 5, 7,
and 9 into a multiple QTL model. Individual loci, as well as
pair-wise gene interactions, exhibited p values less than
0.005 (Table 4). Moreover, the full QTL model could
explain 48% of the phenotypic variance associated with
hydrocephalus (p < 5.3 x 107°). Hence, we continued to
consider these three regions on chromosomes 5, 7, and 9 as
candidate severity QTL.

To better understand the relationship between genotypes
at these candidate QTL and hydrocephalus severity, we
generated single-locus effect plots, comparing genotype to
hydrocephalus severity (Fig. 5a—c). Mice with a B6/B6
genotype at marker rs3654076, located within the LI hydrol
region on chromosome 5, tended to have more severe
hydrocephalus than mice with the 129/B6 or 129/129
genotype (Fig. 5a). In contrast, mice with a 129/129
genotype at rs13479392, the marker linked to the candidate
chromosome 7 QTL, tended to exhibit more severe
hydrocephalus than mice with other genotypes at that
marker (Fig. 5b). Single-locus effect plots for the two
chromosome 9 markers, rs4138352 and rs3657346 (92.2—
102.2 Mb), did not reveal substantial differences in
hydrocephalus severity between different genotypes
(Fig. 5c). However, interaction effect plots, which depict
how genotypes at two-loci influence the phenotype, indicate
that the severity of hydrocephalus exhibited by mice carrying
a B6/B6 genotype at both chromosome 9 markers is
augmented by B6 homozygosity at chromosome 5
(rs3654076) or 129 homozygosity at chromosome 7
(rs13479392; Fig. 5d—e). Taken together, all these effect plots
suggest that C57BL/6] mice carry an allele on chromosome
5, within Llhydrol, that exacerbates the hydrocephalus
phenotype. Furthermore, genotypes at L/hydrol may interact

Table 4 Multiple QTL model for hydrocephalus severity

with genotypes at the candidate chromosome 9 QTL to affect
severity. In turn, genotypes at the candidate chromosome 9
QTL may additionally interact with those at the third
candidate severity QTL on chromosome 7.

A candidate hydrocephalus severity modifier
on chromosome 10

As an additional approach to identify hydrocephalus severity
modifiers, we conducted chi-square tests, comparing groups
stratified by severity. Affected (hydrocephalic) mice were
divided into two groups based on severity. First, all 156
hydrocephalic F2 L/-6D mutant mice were used to calculate
the median hydrocephalus severity score, median = 3.04.
Those with a hydrocephalus severity score lower than the
median were classified as having moderate hydrocephalus,
while those with a hydrocephalus severity score higher than
the median were classified as exhibiting severe hydroceph-
alus. The null hypothesis was that Mendelian segregation
would be observed in both the moderate and severe
hydrocephalus groups. Next, all 156 mice were analyzed
at the 43 new markers (Supplemental Table 3). Interesting-
ly, a locus on chromosome 10 deviated from Mendelian
segregation in the moderate (p<0.05), but not severe
hydrocephalus group (»<0.09). A chi-square test, compar-
ing the genotype frequency (B6/B6:B6/129:129/129)
between the moderate and severe hydrocephalus groups,
revealed a significant difference, p<0.005. More mice with
moderate hydrocephalus were 129, rather than B6, homo-
zygotes within the chromosome 10 candidate modifier
region, and vice versa, more mice with severe hydroceph-
alus were B6, rather than 129 homozygotes (Table 5).
These data suggest that a candidate severity modifier locus
is located on chromosome 10 (104.4—108.2 Mb) and that
moderate hydrocephalus correlates with 129 homozygosity
at the locus.

Curiously, when mice were segregated into four groups
according to sex and hydrocephalus severity (males or

Chromosomal location (Mb) Nearest marker Variance (%) F value p value
Chr5 at 106.7 1s3654076 17.88 233 0.00083
Chr7 at 99.1 1513479392 15.58 3.76 0.00244
Chr9 at 92.2 rs4138352 16.06 3.89 0.00194
Chr9 at 102.2 153657346 17.30 4.19 0.00109
Chr5 at 106.7:Chr9 at 102.2 14.97 5.44 0.00067
Chr7 at 99.1:Chr9 at 92.2 13.53 4.92 0.00142
% variance explained by full model 48.0 53x10°¢

N=92 F2 LI-6D mutants with hydrocephalus. Variance indicates the percentage of phenotypic variance explained by the specified locus,
interacting loci, or full model (including interaction effects). F' values were generated by R/qtl through ANOVA analysis. p values reflect the
effects that removal of the specified locus or interacting loci have on the model
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Fig. 5 a—e Effect plots depicting the effects of genotype on
hydrocephalus severity at candidate QTL. Hydrocephalus severity
increases along the y-axis. a—c¢ Single-locus effect plots. Genotypes for
the SNP listed at the top of each graph are indicated along the x-axis.
The plot for the chromosome 9 SNP rs4138352 is similar to the one
for 1s3657346 (data not shown). d, e Interaction effect plots depict

females with moderate or severe hydrocephalus), only
females with moderate hydrocephalus had genotypes that
deviated from Mendelian segregation at the candidate
chromosome 10 modifier locus, p<0.05 (Table 5). In this
group, the incidence of 129 homozygotes was greater than
expected. In contrast, we found no evidence that genotypes

how the combinations of genotypes at two-loci influence severity.
Genotypes for the SNP at the bottom of each graph are indicated along
the x-axis. Genotypes for the second, interacting SNP (listed at the top
of the graph) are coded according to the legend. Error bars
represent +SEM

on chromosome 10 affect the phenotype of females with
severe hydrocephalus or males. Nevertheless, the data do
suggest that hydrocephalus severity differs between the
sexes. A Student’s ¢ test, utilizing the entire set of 156
hydrocephalic F2 LI-6D mutants, indicated that females
exhibit a slightly milder phenotype than males (p<0.007).

Table 5 Chi-square tests for Mendelian segregation in F2 L/-6D mice with moderate versus severe hydrocephalus

Group Phenotype Genotype at rs13480752 Exact p value p value: genotype frequency comparison
B6/B6 (%) 129/B6 (%) 129/129 (%)
All mice Moderate 14.3 50.7 35 0.034 0.003
Severe 29.1 57 13.9 0.075
Females Moderate 8.1 51.4 40.5 0.021 0.006
Severe 34.6 53.9 11.5 0.236
Males Moderate 20.5 48.7 30.8 0.689 0.196
Severe 26.4 58.5 15.1 0.248

N=156 affected F2 LI-6D mice. Percentages represent mice carrying the designated genotype in each hydrocephalus severity category. The exact
p value was generated from a Fisher’s exact test for deviation from Mendelian segregation within each phenotypic class. The second p value was
obtained by comparing the moderate versus severe hydrocephalus genotype frequencies within each group. Neighboring SNPs rs6196597 and
rs6243755 also had similar genotype frequencies (data not shown)
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Our data raise the possibility that genotypes at the candidate
chromosome 10 modifier may contribute to the observed
sex difference by contributing to moderate hydrocephalus
in females. However, the lack of correlation between 129
homozygosity at chromosome 10 and the phenotype of
severely affected females indicates that if the locus is
involved, it likely has a weak effect.

Expression analysis of genes in the L/hydrol region

The Lihydrol region, positioned between 100 and
129.2 Mb on chromosome 5, contains ~565 known and/or
predicted Entrez listed genes (http://www.ncbi.nlm.nih.gov/
sites/entrez). While finer mapping will be required to
identify the gene(s) responsible for contributing to L/cam
X-linked hydrocephalus, we surveyed the expression
profiles of genes in the modifier region to gain insight
about possible candidates. We utilized two sets of micro-
array data. One was a publicly available GEO data set,
GDS1490, which included expression data from 24 neural
tissues in C57BL/6J and 129S6/SvEvTac (129S6) mice
[67], a substrain that like our 129S2 mice was derived from
the 129S1 129/Sv strain [69]. The second data set, obtained
in our lab, but previously unpublished, was an expression
profile of cerebellar tissue from postnatal day 11 congenic
12982 Licam knock-out mice and their wild-type siblings
(GEO data set: GSE13984).

Forty-three genes within the L/lhydrol region were
differentially expressed in neural tissues between C57BL/6]
and 129S6 mice by >1.5 fold (Supplemental Table 6).
RIKEN ¢DNA 2310001H12, a predicted gene containing a
Kriippel-associated (KRAB) box and a zinc finger domain,
demonstrated the greatest difference in expression. It was
upregulated 4.4-fold in the choroid plexus of 129S6 mice
compared to C57BL/6J mice. The choroid plexus is the
highly vascularized ependymal structure that lines the
ventricles of the brain and produces cerebrospinal fluid
(reviewed in [70]). Metal response transcription factor 2
(M1f2) exhibited the second greatest difference in expression.
It was 3.81-fold higher in the choroid plexus of 129S6 versus
C57BL/6]J mice. Mtf2 encodes a polycomb-like protein.
Polycomb group proteins silence transcription by binding
and methylating nucleosomes (reviewed in [71]). Interest-
ingly, M2 mutant mice exhibit hydrocephalus [8].

A few other genes that might play roles in L/cam function
and/or hydrocephalus were also differentially expressed. For
example, the genes encoding integrin binding secreted
phosphoprotein 1 (Sppl/osteopontin) ([72], reviewed in
[73]) and extracellular matrix-associated protein Sparc-like
1 (Sparcll) [74] were upregulated in the choroid plexus of
129S6 versus C57BL/6J mice: 2.05- and 2.04-fold, respec-
tively. Both Sparcll and Sppl, like Llcam, regulate cell
adhesion. In addition, polycystin 2 (Pkd2) was expressed

1.5-fold higher in the choroid plexus of 12956 than C57BL/
6J mice. Pkd2, a member of the transient receptor potential
(TRP) channel family, can function as an intracellular
calcium release channel and as a cilium-anchored mechano-
sensory channel. In zebrafish, disruption of Pkd2 expression
caused hydrocephalus [21]. Aside from differential expres-
sion in the choroid plexus, several genes in the Lihydrol
region were also differentially expressed in other neural
tissues.

Analysis of the microarray study conducted by our lab
also provided some intriguing data. A total of three genes
located within the LIhydrol region were differentially
expressed in cerebellum between 129S2 congenic L/KO
(12982.Cg-L1cam™'%°"y and wild-type mice by at least
1.3-fold: Mtf2, Pkd2, and cell division cycle 7 (Cdc7),
which encodes a kinase involved in DNA replication [75].
All three genes were upregulated in wild-type mice, 1.79-,
1.36-, and 1.30-fold, respectively, compared to L/KOs. An
unpaired two-tailed Student’s ¢ test was used to determine
significance. While the p values generated by M2 and
Cdc7 (p<0.02) were significant, the p value for Pkd2 was
not (p=0.17). These results suggest a genetic interaction
between Licam and genes located within the Llhydrol
region. Specifically, loss of Licam seems to reduce the
expression of Mtf2 and Cdc7.

Discussion

A modifier locus on chromosome 5 contributes to LIcam
X-linked hydrocephalus

We propose that manifestation of L/cam X-linked hydro-
cephalus in mice is affected by the functional status of the
Llcam gene, as well as by the genotype of a modifier locus
on chromosome 5. As previously discussed, X-linked
hydrocephalus is evident in mice lacking all L/cam
function (L/KOs), as well as in L/-6D mice, which have
compromised L1-L1 homophilic and Ll-integrin interac-
tions. However, these mutations in the L/cam gene are not
sufficient for the development of severe hydrocephalus.
The phenotype is strain dependent. L/KO and LI1-6D
mutant mice develop severe hydrocephalus when bred on
a C57BL/6J background. In contrast, 129S2 L/KO and LI-
6D mutant mice do not. These data suggest that a locus,
which is polymorphic between the two strains, interacts
genetically with the Licam gene to contribute to severe
hydrocephalus.

Our work advances the current understanding of how
hydrocephalus is caused by L/cam deficiencies by identi-
fying a region on chromosome 5 (100-129.2 Mb) that
behaves as a L/cam hydrocephalus modifier locus in mice.
This locus, referred to as Llhydrol, surpassed Bonferroni
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correction (=0.005) and Lander and Krugylak’s signifi-
cant linkage threshold in both the original genome-wide
scan and the extension study when analyzed with chi-
square tests for deviations from Mendelian segregation.
Furthermore, our multiple QTL model, which was gener-
ated through a different set of statistical analyses, suggests
that the locus harbors a candidate severity modifier. Hence,
L1Hydrol may affect both the severity of hydrocephalus in
L1cam mutants and the susceptibility of L/cam mutants to
the trait. As expected of a susceptibility modifier, a
significantly greater number of hydrocephalic F2 L/-6D
mutant mice were B6 homozygotes at L/Hydrol than
predicted by Mendelian segregation. However, unaffected
B6 homozygotes were also observed, suggesting that the
modifier exhibits incomplete penetrance, a phenomenon
often observed when a trait is influenced by the interactions
of multiple loci.

Candidate regions for additional modifier loci

During the course of our analyses, we identified several
candidate modifier loci with weak linkage evidence. These
loci were found on chromosomes 2 (147.8-173.4 Mb), 3
(59.1-76.7 Mb), 4 (130.9-150.8), 7 (99.1 Mb), 9 (92.2—
102.2 Mb), and 10 (104.4-108.2 Mb). While these loci may
be false positives, it is also possible that some of these loci are
modifiers with small effects on L/cam X-linked hydroceph-
alus. Our data may therefore help guide future studies.
Since the loci on chromosomes 2 and 3 were detected by
chi-square tests for Mendelian segregation, they may affect
how susceptible L/cam mutants are to hydrocephalus. On
the other hand, the loci on chromosomes 7, 9, and 10 were
identified as candidate severity modifiers. QTL analysis
implicated the regions on chromosomes 7 and 9, while chi-
square tests on groups segregated according to hydroceph-
alus severity detected the locus on chromosome 10. It is not
surprising that these distinct approaches identified different
candidate severity loci. While the stratified chi-square test
dichotomizes the hydrocephalus phenotype (moderate
versus severe), QTL analysis works with the full trait
distribution. Furthermore, while QTL analysis considers
gene—gene interactions, the stratified chi-square test can
only evaluate only how individual loci affect severity.
Interestingly, the locus on chromosome 4 was detected
by chi-square tests for Mendelian segregation, and it was
implicated by QTL analysis. It is possible that this locus,
like L1Hydrol, affects both susceptibility and severity.
Our findings suggest that X-linked hydrocephalus is a
complex trait. Genotypes at LIcam and Llhydrol do not
completely explain all hydrocephalus cases in the F2
generation. Hence, it is likely that L/cam-associated X-
linked hydrocephalus is influenced by multiple genes. In
addition, since the L/-6D mutation perturbs L1 homophilic
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and L1-integrin interactions [60], we suspect that disruption
of these types of interactions plays an important role in the
development of hydrocephalus.

Candidate modifier genes within the L/hydrol region

Taken together, our linkage data, microarray analyses, and
published literature implicate Mz#/2, as well as a few other
genes, including Pkd2, as strong candidates for the modifier
gene within L/hydrol. Strikingly, Mtf2 (108.5 Mb) and Pkd?2
(104.9 Mb) even flank the chromosome 5 candidate severity
QTL (106.7 Mb). In addition, M#2 microarray results
illustrate how the expression of the modifier gene in L1hydrol
may be affected by genetic background. Data suggest that
C57BL/6J mice express less M2 than 129S2 mice. Further-
more, Llcam knock-out mice exhibited decreased Mif2
expression compared to wild-type mice. Following this
example, hydrocephalus may be prevalent in C57BL/6J but
not 129/Sv Llcam mutants for the following reason: (1)
LIcam mutants may express the modifier gene at lower levels
than wild-type mice, and (2) C57BL/6J mice may exhibit
decreased modifier gene expression compared to 129S2 mice.

Nevertheless, we also performed a more traditional search,
utilizing NCBI databases such as PubMed and Entrez Gene, to
search for additional candidate modifier genes within the
Lilhydrol region. Fibroblast growth factor receptor like-1
(Fgfrll) emerged as an intriguing candidate because L1 has
been shown to directly bind FGFR [38]. Mapkl0 (JNK3) is
also an interesting candidate because pharmacological
studies suggest that inhibition of the JNK pathway affects
L1 function (unpublished results). Furthermore, we consider
transforming growth factor beta receptor Il (Tgfbr3) a
strong candidate because the receptor binds TGF(31 [76], as
well as other TGF3 superfamily members [77]. Transgenic
mice that overproduce active TgfB3/ in the CNS develop
hydrocephalus [14]. Lastly, two dynein subunits in the
region, Dynein light chain LC8-type 1 (Dynlll) and Dynein
axonemal heavy chain 10 (Dnahcl0) stood out because loss
of function of a related gene, Dynein axonemal heavy chain
5 (Dnahc5), results in hydrocephalus [20].

Future work will aim to narrow down the L1hydrol region
and identify the modifier gene. The creation of L/-6D 129S2
congenic mice that are B6 homozygotes within the L1Aydrol
interval should facilitate mapping and gene identification, as
mice that carry the B6 allele at the modifier locus are
expected to exhibit hydrocephalus. On the other hand,
sequencing candidates may not be very informative. For
example, sequence information from the Mouse Phenome
Database indicates that several of the candidate genes
discussed above contain nonsynonymous SNPs in their
coding regions, yet, whether these polymorphisms contribute
to hydrocephalus cannot be known without more functional
experiments.
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Human homologs in the L/hydrol region

The genes within the L/hydrol region have 297 human
homologs (www.ensembl.org). Syntenic tracts of the
Lihydrol region are dispersed throughout several human
chromosomes. Most of the Llhydrol region maps to
human chromosomes 1, 4, 12, and 22. However, there are
also a small percentage of genes on the human X
chromosome as well as on chromosomes 5, 11, and 16.
Our search through the Pubmed and OMIM databases
revealed no genes homologous to those in the Lihydrol
region that have previously been associated with human
hydrocephalus.

In conclusion, the identification of the Llhydrol locus
and additional candidate modifier loci has driven the field
closer to characterizing genes that contribute to hydroceph-
alus and genetically interact with L/cam. The insights
obtained from this line of study will help determine whether
genes that influence the development of congenital hydro-
cephalus in the mouse have similar roles in humans. The
discovery of Llcam modifier genes will enhance our
understanding of the molecular and cellular pathology of
congenital hydrocephalus, a complex trait that develops
from the interplay of multiple genetic factors. Furthermore,
by elucidating the relationships between LlIcam and its
modifier genes, we will better comprehend L /cam signaling
and function. Indeed, in the past, modifier gene studies
have made vital contributions to our understanding of
signal transduction mechanisms, and they have revealed
novel pathway components [78].
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