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Research Article
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ABSTRACT

Age-related hearing loss (AHL) is characterized by a
symmetric sensorineural hearing loss primarily in
high frequencies and individuals have different levels
of susceptibility to AHL. Heritability studies have
shown that the sources of this variance are both
genetic and environmental, with approximately half
of the variance attributable to hereditary factors as
r epo r t ed by Huag and Tang (Eur Arch
Otorhinolaryngol 267(8):1179–1191, 2010). Only a
limited number of large-scale association studies for
AHL have been undertaken in humans, to date. An
alternate and complementary approach to these human
studies is through the use of mouse models. Advantages
of mouse models include that the environment can be
more carefully controlled, measurements can be repli-
cated in genetically identical animals, and the propor-
tion of the variability explained by genetic variation is
increased. Complex traits in mouse strains have been
shown to have higher heritability and genetic loci often
have stronger effects on the trait compared to humans.

Motivated by these advantages, we have performed the
first genome-wide association study of its kind in the
mouse by combining several data sets in a meta-analysis
to identify loci associated with age-related hearing loss.
We identified five genome-wide significant loci (G10−6).
One of these loci confirmed a previously identified
locus (ahl8) on distal chromosome 11 and greatly
narrowed the candidate region. Specifically, the most
significant associated SNP is located 450 kb upstream
of Fscn2. These data confirm the utility of this
approach and provide new high-resolution mapping
information about variation within the mouse genome
associated with hearing loss.

Keywords: genome-wide association study, age-
related hearing loss (ARL), meta-analysis, random-
effects model, mouse models

INTRODUCTION

Age-related hearing impairment (AHL) is characterized
by a symmetric sensorineural hearing loss primarily in
the high frequencies. Age of onset, progression, and
severity of AHL show great variation, but males are
generally more affected than females. Approximately
35 % of people over the age of 65, and 50 % of
octogenarians suffer from AHL (Gates and Mills 2005).
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Heritability studies have shown that the sources
of this variance are both genetic and environmen-
tal, with approximately half of the variance attrib-
utable to hereditary factors (Huang and Tang
2010). Only a limited number of large-scale ge-
nome-wide association studies (GWAS) for AHL
have been undertaken in humans, to date. A first
pooled genome-wide association study for AHL was
carried out in a population consisting of eight
subpopulations from six European countries. An
association was found between AHL and SNPs
within the GRM7 gene. This gene encodes the
metabotropic glutamate receptor type7, which is
activated through L-glutamate, the primary excit-
atory neurotransmitter in the auditory system
(Friedman et al. 2009). This study was followed
up in a US population and an association was
found with GRM7 and AHL on several measures of
central auditory function (Newman et al. 2012). A
GWAS in 352 samples from the Sami, an isolated
population originating from northern Finland,
revealed no genome-wide significant associations
for AHL, although the authors noted one SNP
immediately downstream of the GRM7 gene among
the most significant association signals (Van Laer
et al. 2010).

As delineated above for AHL, the genetic
analysis of human complex traits has been revolu-
tionized by the ability to carry out association
studies on a genome-wide basis. Such GWAS have
been applied to numerous complex traits (Manolio
et al. 2009; Altshuler et al. 2008). Despite these
successes, the fraction of the genetic component
that has been explained is relatively modest for
most traits. Furthermore, formal proof that a
specific variant is responsible for a given trait has
proven difficult. Buoyed by the prospects and
successes of human association studies, several
groups have proposed mouse GWAS (Bennett et
al. 2010; Ghazalpour et al. 2012; Valdar et al. 2006;
Yalcin et al. 2010; Churchill et al. 2004; Flint and
Eskin 2012; Mott and Flint 2013; Kirby et al. 2010).
For obvious reasons, mouse models have several
advantages over human studies. The environment
can be more carefully controlled, measurements
can be replicated in genetically identical animals,
and the proportion of the variability explained by
genetic variation is increased. Complex traits in
mouse strains have been shown to have higher
heritability and genetic loci often have stronger
effects on the trait compared to humans
(Lindblad-Toh et al. 2000; Wiltshire et al. 2003;
Yalcin et al. 2004) Furthermore, several recently
developed strategies for mouse genetic studies,
such as use of the hybrid mouse diversity panel
(HMDP), provide much higher resolution for

associated loci than traditional approaches to
quantitative trait loci (QTL) mapping (Bennett et
al. 2010; Ghazalpour et al. 2012). In genome-wide
association studies in humans, the use of meta-
analysis is becoming more and more popular
because one can virtually collect tens of thousands
of individuals that will provide power to identify
associated variants with small effect sizes (Hinds et
al. 2013; Anttila et al. 2013; Berndt et al. 2013).

Motivated by the success in human studies, in this
paper, we combine data sets from several studies by
applying Meta-GxE (Kang et al. 2014), which is a
meta-analytic approach based upon a random-effects
model. This approach achieves high statistical power
by modeling random effects (Han and Eskin 2011) in
the effect sizes between studies, while it also corrects
the population structure by employing mixed models.
Utilizing a framework facilitating the interpretation
of the results of the meta-analysis combining inbred
strains within the HMDP, a QTL study mapping
ahl8, and auditory-evoked potential data on common
inbred strains (www.jax.org/), we are able to distin-
guish between the data sets predicted to have an
effect, the data sets predicted not to have an effect,
and the ambiguous studies that were underpowered
(Han and Eskin 2012) for each locus. Several loci
that we have identified with our combined analysis
were not previously evident in any of the individual
studies.

METHODS AND MATERIALS

Standard meta-analysis approach

Before describing the random effect model meta-
analysis approach, we first describe the standard meta-
analysis. In standard meta-analysis, we have N studies.
In each of the N studies, we estimate the effect size of
interest. Suppose that we estimate the genetic effect in
study i,

yi ¼ α i þ δ iX i þ e i ð1Þ
We can obtain the estimates of δi and its variance

Vi. In the fixed effects model meta-analysis, we assume
that the underlying effect sizes are the same as δ (δ =
δ1 = … = δN). The best estimate of δ is the inverse
variance-weighted effect size,

δ ¼
X

W iδ iX
W i

; ð2Þ

Wi=1/Vi is the so-called inverse variance. Then, we
test the null hypothesis δ=0 versus the alternative
hypothesis δ≠0.
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Linear mixed models for association studies
with structured population

Model organism such as the mouse are well-known
to exhibit population structure or cryptic related-
ness (Devlin et al. 2001; Voight and Pritchard 2005),
where genetic similarities between individuals both
inhibit the ability to find true associations and cause
the appearance of a large number of false or
spurious associations. In this case, mixed effects
models are often used in order to correct this
problem (Lange 2002; Yu et al. 2006; Kang et al.
2008; Lippert et al. 2013; Listgarten et al. 2013)
instead of simple linear model shown in Eq. (1).
Methods employing a mixed effects correction
account for the genetic similarity between individ-
uals with the introduction of a random variable into
the traditional linear model.

yi ¼ μþ δ iX þ ui þ ∈ ð3Þ

In the model in Eq. (3), yi represents the ni×1
phenotype vector, μ is the phenotypic mean, δi is
the genetic effect size, X is ni×1 SNP vector,
represents the residual error, and the random
variable ui represents the vector of genetic contri-
butions to the phenotype for individuals in popu-
lation i. This random variable is assumed to follow
a normal distribution with ui∼N(0,σg

2Ki), where Ki

is the ni×ni kinship coefficient matrix for popula-
tion i. With this assumption, the total variance of yi
is given by Σi=σg

2Ki+σe
2I A z score statistic is

derived for the test δi=0 by noting the distribution
of the estimate of bδ i . In order to avoid compli-
cated notation, we introduce a more basic matrix
form of the model in Eq. (3), shown in Eq. (4).

yi ¼ SiΓ þ ui þ ∈ ð4Þ

In Eq. (4), Si is a ni×2 matrix with the first
column being a vector of 1 s representing the
global mean and the second vector is the vector
and Γ is a 2×1 coefficient vector containing the
mean αi and genotype effect (δi). We note that this
form also easily extends to models with multiple
covariates. The maximum likelihood estimate for Γ

in population i is given by bΓ i ¼ S
0
iΣ

−1
i S i

� �−1
S

0
iΣ

−1
i yi

which follows a normal distribution with a mean
equal to the true Γ and variance (Si

′Σi
−1Si)

−1. The
estimates of the effect size δi and standard error of
the δi (SE(δi)) are then given in Eqs. (5) and (6),
where R=[0 1] is a vector used to select the
appropriate entry in the vector bΓ i

δ i ¼ R S
0
iΣ

−1
i S i

� �−1
S

0
iΣ

−1
i yi ð5Þ

SE δ ið Þ ¼ R S
0
iΣ

−1
i S i

� �−1
R

0
� �1=2

ð6Þ

Random effects model meta-analysis

Under the random effects model meta-analysis, we
explicitly model heterogeneity by assuming a hierarchi-
cal model. We assume that the effect size of each study δi
is a random variable picked by random from a
distribution with the grand mean δ and the variance τ2,

δ i∼N δ ; τ2
� �

We recently developed a powerful random effects
model, which addresses the problem of the conservative
nature of traditional random effects model by assuming
no heterogeneity under the null hypothesis (Han and
Eskin 2011). Thismodification is natural because the effect
size should be fixed to be zero under the null hypothesis.
This random effects model tests the null hypothesis δ=0
and τ2=0 versus the alternative hypothesis δ≠0 or τ2≠0.

Similarly to the traditional random effect model
(DerSimonian and Laird 1986), we use the likelihood
ratio framework considering each statistic as a single
observation. Since we assume no heterogeneity under
the null, μ=0 and τ2=0 under the null hypothesis. The
likelihoods are then

L0 ¼ ∏
i

1ffiffiffiffiffiffiffiffiffiffiffi
2πV i

p exp −
δ2
i

2V i

	 


L1 ¼ ∏
i

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2π V i þ τ2ð Þp exp −

δ i−μð Þ2
2 V i þ τ2ð Þ

 !
:

The maximum likelihood estimates bμ and bτ2

can be found by an iterative procedure suggested
by Hardy and Thompson (Hardy and Thompson
1996). Then the likelihood ratio test statistic will be

SPop ¼ −2log λð Þ ¼
X

log
V i

V i þ bτ2

0@ 1A

þ
X δ2

i

V i
−
X δ i−bμ� �2

V i þ bτ2 ;

ð7Þ

where δi=R(Si
′Σi

−1Si)
−1Si

′Σi
−1yi and Vi=[R(Si

′Σi
−1Si)

−1R′]. P
values can be easily computed using precomputed
tabulated values (Han and Eskin 2011).

Identifying studies with an effect

After identifying loci exhibiting interaction effects, we
employ the meta-analysis interpretation framework that
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we recently developed. The m value (Han and Eskin
2012) is the posterior probability that the effect exists in
each study. Suppose we have n number of studies we
want to combine. Let E = [δ1, δ2,…, δn] be the vector of
estimated effect sizes and V=[V1, V2, …, Vn] be the
vector of estimated variance of n effect sizes. We assume
that the effect size δi follows the normal distribution.

P δ i jno effectð Þ ¼ N δ i ; 0; V ið Þ ð8Þ

P δ i jeffectð Þ ¼ N δ i ;μ; V ið Þ ð9Þ

We assume that the prior for the effect size is

μ∼N 0; σ2� � ð10Þ

A possible choice for σ in GWAS is 0.2 for small effect
and 0.4 for large effect. We also denote Ci as a random
variable whose value is 1 if a study i have an effect and 0
otherwise. We also denote C as a vector of Ci for n studies.
Since C has n binary values, C can be 2n possible
configurations. Let U = [c1,…, c2

n] be a vector containing
all the possible these configurations. We definem valuemi

as the probability P (Ci=1|E), which is the probability of
study ihaving an effect given the estimated effect sizes.We
can compute this probability using the Bayes’ theorem in
the following way.

mi ¼ P Ci ¼ 1 Ejð Þ ¼
X

c∈U i
P E jC ¼ cð ÞP C ¼ cð ÞX

c∈U
P E jC ¼ cð ÞP C ¼ cð Þ ð11Þ

where Ui is a subset of U whose elements’ ith value is 1.
Now we need to compute P (E|C = c) and P (C = c). P
(C = c) can be computed as

P C ¼ cð Þ ¼ B cj j;þ; α ; ; ; n; −; cj j;þ; βð Þ
B α ; βð Þ ð12Þ

where |c| denotes the number of 1’s in c andB denotes the
beta function and we set α and β as 1 (Han and Eskin
2012). The probability E given configuration c, P (E|C = c),
can be computed as

P E jC ¼ cð Þ ¼
Z ∞

−∞
∏
i∈c0

N δ i ; 0;V ið Þ∏
i∈c1

N δ i ;μ;V ið Þp μð Þdμ

ð13Þ

¼ CN δ ; 0;V þ σ2
� �

∏
i∈c0

N δ i ; 0;V ið Þ ð14Þ

δ ¼
X

i
W iδ iX
i
W i

and V ¼ 1X
i
W i

ð15Þ

where c0 is the indices of 0 in c and c1 is the indices of
1 in c, N (δ; a, b) denotes the probability density
function of the normal distribution with mean a and
variance b. Wi=Vi

−1 is the inverse variance or precision
and C is a scaling factor.

C ¼ 1ffiffiffiffiffiffi
2π

p� �
N −1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∏iW iX

i
W i

s
exp −

1
2

X
i

W iδ
2
i −

X
i
W iδ i

� �2X
i
W i

0B@
1CA

8><>:
9>=>;

ð16Þ

All summations appeared for computing δ , V ,
and C are with respect to j ∈ t1.

The m values have the following interpretations:
small m values (0.1) represent a study that is predicted
to not have an effect, large m values (0.9) represent a
study that is predicted to have an effect; otherwise, it is
ambiguous to make a prediction. It was previously
reported that m values can accurately distinguish
studies having an effect from the studies not having
an effect (Han and Eskin 2012). For interpreting and
understanding the result of the meta-analysis, it is
informative to look at the P value and m value at the
same time. We propose to apply the PM plot
framework (Han and Eskin 2012), which plots the P
and m values of each study together in two dimen-
sions. For studies with an m value between 0.1 and 0.9,
we cannot make a decision. One reason that studies
are ambiguous (0.9≤m value≤0.1) is that they are
underpowered due to small sample size. If the sample
size increases, the study can be drawn to either the left
or the right side.

ABR threshold testing

Auditory-evoked brainstem responses (ABR) of anes-
thetized mice were amplified and averaged and their
wave patterns displayed on a computer screen.
Auditory thresholds were obtained for each specific
auditory stimulus by varying the sound pressure level
(SPL) to identify the lowest level at which an ABR
pattern could be recognized. The maximum SPL
presented for all stimuli was 100 dB.

RESULTS

New loci discovered through random-effects
meta-analysis

We combined heterogeneous phenotypic data sets
(auditory-evoked potential (ABR) thresholds for 8, 16,
and 32 kHz) including 226 classic inbred strains
(Zheng male (M) and female (F) data) (Zheng et al.
2009; 1999), 387 N2 backcross mice (male (M) and
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female (F) data) from the ahl8 mapping study
(Johnson et al. 2008), and 324 mice from our HMDP
panel. The ages of mice at the time of testing were

different in each study. Among these datasets, the
Zheng dataset phenotyped animals at different ages
which, as we show in our analysis, lead to confound-

FIG. 1. Theassociation result of three studies for 8 kHzmousehearing. The gray horizontal line represents the genome-wide significance threshold5.0×10−6.
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ing factors that likely cause spurious associations.
Application of the random effect meta-analysis

approach requires that we first compute the effect
size and its standard deviation for each of the five

FIG. 2. The association result of three studies for 16 kHzmouse hearing. The gray horizontal line represents the genome-wide significance threshold 5.0×10−6.
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studies using linear mixed model association map-
ping (Han and Eskin 2011; Furlotte et al. 2012).

This strategy corrects for population structure un-
derlying the data sets. Manhattan plots are often

FIG. 3. The association result of three studies for 32 kHz mouse hearing. The gray horizontal line represents the genome-wide significance
threshold 5.0×10−6.
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used to visualize the result of genome-wide associa-
tion studies. Manhattan plots display the genomic
coordinates along the x-axis and the negative
logarithm of the association P value for each SNP
along the y-axis. Figures 1, 2, and 3 show the
Manhattan plots of five data sets for three hearing
phenotypes (8, 16, and 32-kHz tone bursts). As seen
in these figures, the Zheng data yield many associ-
ation peaks, likely false positives secondary to
insufficient power. Thus we excluded the Zheng
data from the meta-analysis. We applied meta-
analysis on the remaining three data sets (Johnson

(F), Johnson (M), and HMDP (F)). Figure 4 shows
the Manhattan plot combining these data for the
three hearing phenotypes (8, 16, 32 kHz). Table 2
summarizes significant peaks from our meta-analysis
for the three hearing phenotypes (8, 16, 32 kHz).
The combined meta p value for the ahl8 locus is very
significant at all frequencies tested.

We also examined the resolution of the association
mapping of the 16-kHz ABR thresholds in our meta-
analysis and compared this to the original QTL study
reported by Johnson, et al. As seen in Figure 5, the
meta-analysis resolution was approximately three

FIG. 4. Mouse hearing association results from random effect meta-analysis. The gray horizontal line represents the genome-wide significance
threshold 5.0×10−6.
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orders of magnitude higher in comparison to the N2
cross study (Johnson et al. 2008), as the peak-
associated SNP residing 450 kb upstream of the
causative gene Fscn2.

The effect sizes, standard errors, and p values
for the chromosome 11 locus are shown as forest
plots in Figures 6, 7, and 8. In meta-analyses,
Forest plots allow visualization of the relative

Association For 16Khz in 2 Cross and Meta Analysis

Position on Chr 11(Mb)

−
lo

g 1
0  

( P
 )

112 113 115 116 117 119 120 122

0
5

10
15

Meta Analysis
2 Cross

FIG. 5. This figure highlights the differences in resolution of our
meta-analysis GWAS and the backcross QTL mapping strategy of
Johnson et al. The results are shown for distal chromosome 11 (112–
122 Mb, NCBI build m37) the ahl8 locus. Both approaches
successfully identify an association in this region. However, as
shown in the figure, the significant association from the N2 cross

(Johnson et al. (2008)) implicates a broad region spanning more than
2.5 Mb. In contrast, the meta-analysis identified a peak-associated
SNP approximately 450 kb upstream of Fscn2, the implicated gene at
this locus. The horizontal line represents the genome-wide signifi-
cance threshold 5.0×10−6.

Chr11:120818214  (Meta  P  =  3.08 x 10−11 )

Log odds ratio

−1.0 −0.5 0.0 0.5 1.0 1.5

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

RE Summary

Study NameP −value

  0.9353

  0.2562

1.65 x 10−5

6.07 x 10−7

  0.1104

0.0 0.2 0.4 0.6 0.8 1.0

0
2

4
6

8
10

PM−Plot

m−value

−
lo

g 1
0(p

)

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

Study has an effect (m > .9)
Study does not have an effect (m < .1)
Study's effect is uncertain (.1< m < .9)

A B

Gene : Fscn2

FIG. 6. (A) Forest plot and (B) PM plot for Chr11:120818214 locus
(8 kHz). The Forest plot and PM plot shows the effect size estimates
and m value from each study. The black square represents the effect
size estimate and the size of the square represents the weights given
to each study. The width of line in each study represents the
confidence interval (CI) for effect size estimate. The diamond located
at the bottom of the Forest plot shows the overall effect size estimate
and the width of the diamond shows the confidence intervals for the
overall effect estimate. The m value of the study represents the

posterior probability that the effect of this locus exists for the
phenotype. The horizontal dotted line in the PM plot denotes the
genome-wide significance threshold (5.0×10−6). The two vertical
dotted lines in the PM plot denote the posterior probability threshold
for m value (0.1 and 0.9). The color dots for each study in the Forest
plot and PM plot shows the posterior probability that a genetic effect
exists for the study. Meta P denotes the P value obtained by the
random effect meta-analysis.
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strength of effect sizes between studies. The size of
the black square and horizontal lines for each
study in the Forest plot represents the precision of
the effect size estimate and standard error of the
effect size estimate, respectively. The diamond
rectangle represents the summarized log odds ratio
using all studies. While we excluded the Zheng
data due to possible confounding effects, we
include it in the Forest plots to aid in the
interpretation of the significant peaks. Similar
effect sizes in the Zheng data compared to the
other studies for the chromosome 11 peak suggest

that even in the presence of confounding factors,
the effect is present in the Zheng data.

Interpreting meta-analysis using posterior
probabilities

As seen in the tables and figures, the presence of the
effect may not be reflected in the study-specific p
value due to a lack of statistical power. Therefore, it is
difficult to distinguish if an effect is absent in a
particular study due to a gene-by-environment inter-
action at the locus or a lack of power. In order to

Chr11:120818214  (Meta  P  =  3.32 x 10−15 )

Log odds ratio

−0.5 0.0 0.5 1.0 1.5

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

RE Summary

Study NameP −value

  0.0367

  0.1866

6.47 x 10−6

3.14 x 10−9

  0.0039

0.0 0.2 0.4 0.6 0.8 1.0

0
2

4
6

8
10

PM−Plot

m−value

−
lo

g 1
0(p

)

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

Study has an effect (m > .9)
Study does not have an effect (m < .1)
Study's effect is uncertain (.1< m < .9)

A B
FIG. 7. (A) Forest plot and (B) PM plot for Chr11:120818214 locus (16 kHz).

Chr11:120818214  (Meta  P  =  1.06 x 10−12 )

Log odds ratio

−1.0 −0.5 0.0 0.5 1.0 1.5

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

RE Summary

Study NameP −value

  0.9407

  0.2500

1.35 x 10−5

2.42 x 10−8

  0.0687

0.0 0.2 0.4 0.6 0.8 1.0

0
2

4
6

8
10

PM−Plot

m−value

−
lo

g 1
0(p

)

Zheng(F)

Zheng(M)

Johnson(F)

Johnson(M)

HMDP(F)

Study has an effect (m > .9)
Study does not have an effect (m < .1)
Study's effect is uncertain (.1< m < .9)

A B
FIG. 8. (A) Forest plot and (B) PM plot for Chr11:120818214 locus (32 kHz).
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identify which studies have effects, we utilize a statistic
called the m value (Han and Eskin 2012), which
estimates the posterior probability of an effect being
present in a study given the observations from all
other studies. We visualize the results through a PM
plot, in which p values (y-axis) are simultaneously
visualized with the m values (x-axis) at each tested
locus. These plots allow us to identify in which studies
genetic variation at the locus has an effect and in
which it does not. M values for a given variant have
the following interpretation: a study with a small m
value (≤0.1) is predicted not to be affected by the
variant, while a study with a large m value (≥0.9) is
predicted to be affected by the variant. Whether or
not an effect is present for a study with an m value
between 0.1 and 0.9 is ambiguous. The m values are
also displayed by the study name near the forest plot
where the color dot on the left-hand side of the study
name provides information about the m value. A red
dot indicates that the study’s m value is greater than
0.9, a blue dot represents that the study’s m value is
less than 0.1, and a green dot represents that the
study’s m value is between 0.1 and 0.9.

The PM plots for the chromosome 11 locus for
each tested frequency are shown in Figures 6b and 8b.
If we only look at the separate study p values (y-axis),
we can conclude that this locus only has an effect for
8 kHz in the Johnson (F) cohort. However, if we look
at m value (x-axis), then we find two studies (Johnson
(F) and Johnson (M)), where we predict that the
variation has an effect, while in the other three
studies, we predict there is no effect. For the 16 kHz
trait, we see only the Johnson (M) and (F) cohorts
have an effect individually but if we consider the m
values all 5 demonstrate an effect at this locus. Lastly,
for the 8-kHz trait, only the Johnson (M) cohort has
an individual effect but taken in aggregate three
studies, Johnson (M and F) and HMDP (F) have an
effect at this locus.

In Tables 1, 2, and 3, the column E/A/N summa-
rizes the m values for each associated peak providing
the counts of the number of studies where there is a
predicted effect (E), the number of studies where the
effect is ambiguous (A) and the number of studies
where we predict that the effect is not present (N). A
comparison of this column compared to the column

TABLE 1
Details of the three cohorts used in the meta-analysis

Study Mice tested Total no. of mice Ages tested Reference

Zheng Study (M/F) 47 CI Strains 226 16–39 weeks Zheng et al. (1999)
Johnson Study (M/F) (B6 × D2) × D2 387 6 and

13 weeks
Johnson et al. (2008)

HMDP Study (F) 42 CI/RI strains 280 6 weeks Bennett et al. (2010)

M=males, F=females

TABLE 2
Loci identified in meta-analysis

8 kHza

SNP location Meta P No. of studies with significant P No. of Studies (E/A/N)
Chr1:196270162 1.05×10−9 1 2/3/0
Chr8:130247700 3.92×10−6 0 2/2/1
Chr11:120818214 3.08×10−11 1 2/3/0
16 kHzb

SNP location Meta P No. of studies with significant P No. of studies (E/A/N)
Chr1:196270162 5.97×10−7 0 3/2/0
Chr8:130247700 1.54×10−7 0 2/2/1
Chr9:30287464 5.25×10−7 0 3/2/0
Chr11:120818214 3.32×10−15 1 5/0/0
32 kHzc

SNP location Meta P No. of studies with significant P No. of studies (E/A/N)
Chr1:196270162 3.23×10−7 0 4/1/0
Chr8:131366159 3.59×10−6 0 3/2/0
Chr11:120818214 1.06×10−12 1 3/2/0
Chr18:24320393 2.32×10−6 0 3/2/0

E number of studies with an effect on the phenotype, A number of studies with an ambiguous effect, N number of studies without an effect
aThree significant loci were identified in the meta-analysis for the 8-kHz tone burst
bFour significant loci were identified in the meta-analysis for the 16-kHz tone burst
cThree significant loci were identified in the meta-analysis for the 32-kHz tone burst
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providing the count of the studies with a significant p
value shows that, using the m value predicts signifi-
cantly more studies that have an effect compared with
the p value alone. This is consistent with the fact that
each individual study is underpowered.

Through forest plot, we can easily see which study
shows a strong effect on the hearing phenotype at this
locus and which study does not show an effect on the
hearing phenotype at this locus. One interesting
observation is that for 16-kHz hearing phenotype in
Figure 7, the log odds ratio of the effect size of all five
studies is very close (around 0.5). This is strong
evidence that an effect of the locus Chr11:120818214
on mouse hearing ability is likely to be real biological
signal. For two other hearing phenotypes (8 and
32 kHz) shown in Figures 6 and 8, the forest plots
show weak effect size in two Johnson studies.
Figures 9, 10, 11, and 12 show the forest and PM
plots for all of the discovered loci for each of the
phenotypes.

Novel loci identified in meta-analysis

Our approach discovered an additional four loci for
AHL in mice. What is evident from the data in Table 2
is the power of the meta-analysis approach to identify
additional loci in the combined data set that would
have gone unrecognized in the individual studies due
to insufficient power. As seen in Table 2, all but one of
the cohorts in the meta-analysis detected SNP associ-
ations with the 8-kHz trait whereas in the individual
cohorts, only two of the five were significant. For the
16 and 32-kHz traits, only one study was powered to
detect an association at the ahl8 locus by itself,
whereas three studies showed association in the

meta-analysis. The other loci would have gone unrec-
ognized without the combined analysis.

Lastly, a look at the meta-analysis data reveals that
there are three loci associated with the 8-kHz trait on
chromosomes 1, 8, and 11. However, for the 16 and
32-kHz studies, there are additional loci on chromo-
somes 9 and 18, respectively. This underlies the
complexity of the hearing phenotype, its polygenic
nature, and the likely effects of genetic variation on
specific regions of the cochlea. The identification of
an additional locus for the 32-kHz trait is also
interesting in light of the fact that the Fscn2 BAC
transgenic rescue of the ahl8-associated hearing loss
in DBA/2J was successful at all frequencies except
32 kHz. It is possible that a locus on chromosome 18
may contribute to DBA/2J hearing loss. Equally
plausible, given the size of the BAC transgenic, there
may be additional genes in the ahl8 interval contrib-
uting to the phenotype.

The resolution in mouse association studies is limited
by the size of linkage disequilibrium blocks. For the loci
reported here, these blocks span roughly 2 Mb (consis-
tent with average LD blocks in previous HMDP studies
(Davis et al. 2013; Bennett et al. 2010) and contain a
number of potential candidates including membrane
transporter genes, transcription factors, and neurotrans-
mitter receptors. Many of the genes within the intervals
are expressed in the cochlea (data not shown) compli-
cating candidate selection to some degree; however, the
gene lists are relatively small and serve as a starting point
for gene discovery. Snhl2, an AHL locus identified in a
backcross between ALR/LtJ and C3HeB/FeJ mapped to
chromosome 1 (133–172 Mb) is nearby and these data
may serve to refine this locus or may represent an
additional locus (Latoche et al. 2011). The two loci,Hfhl3

TABLE 3
Genetic factors that contribute to age-related hearing loss in inbred mouse strains

AHL locus (gene) Chr Location Mapping methods*
Known strains with
susceptibility allele

Known strains
with resistance allele References

ahl(Cdh23) 10 60 Mb Backcross, strain
haplotypes

Many Many (Johnson et al. 1997)
(Johnson et al. 2000)
(Noben-Trauth et al.

2003)
ahl4 (Cs) 10 120–

130 Mb
RI, CS strains
backcross

A/J C57BL/6J,
CAST/Ei

(Zheng et al. 2009)
(Johnson et al. 2012)

ahl5 (Gipc3) 10 81 Mb Backcross
intercross

Black Swiss CAST/Ei (Drayton and
Noben-Trauth
2006)

(Charizopoulou
et al. 2011)

ahl8 (Fscn2) 11 120 Mb RI strains backcross DBA/2J C57BL/6J (Johnson et al. 2008)
(Shin et al. 2010)

Gpr98, G protein
coupled receptor 9

13 81 Mb Backcross BUB/BnJ CAST/Ei (Johnson et al. 2005)

mtDNA (mt-tr) Mitochondria Backcross A/J CAST/Ei (Johnson et al. 2001)

CS chromosome substitution; RI recombinant inbred
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FIG. 9. (A) Forest plot and (B) PM plot for Chr1:196270162 locus (8 kHz).
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FIG. 10. (A) Forest plot and (B) PM plot for Chr8:130247700 locus (8 kHz).
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on chromosome 9 and ahl6 on chromosome 18, map
closely to the regions identified in our meta-analysis
(Keller and Noben-Trauth 2012; Drayton and Noben-
Trauth 2006). In contrast, although Hfhl2 maps to
chromosome 8, it is very proximal to the locus identified
in our study and likely represents a novel locus (Keller et
al. 2011).

DISCUSSION

In this paper, we used a recently developed meta-
analysis approach that can be applied to a large
number of heterogeneous studies each conducted in
different environments with animals from different

genetic backgrounds, different genders, and different
ages at the time of testing. We show the practical
utility of the proposed method by applying it to five
mouse AHL studies containing 937 samples, and we
successfully identify several loci involved in AHL in
the mouse, including the known locus, ahl8.
Consistent with the results of meta-analysis in human
studies, our combined study recognized loci that were
not discovered in any of the individual studies.

Part of the reason for our success in identifying a
several loci is that our study combined multiple mouse
studies using fundamentally different mapping strate-
gies. Over the past few years, many new strategies have
been proposed beyond the traditional F2 cross (Flint
and Eskin 2012) which include the HMDP (Bennett et
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FIG. 12. (A) Forest plot and (B) PM plot for Chr18:24320393 locus (32 kHz).
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FIG. 11. (A) Forest plot and (B) PM plot for Chr9:30287464 locus (16 kHz).
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al. 2010; Ghazalpour et al. 2012), heterogeneous
outbred stocks (Valdar et al. 2006), commercially
available outbred mice (Yalcin et al. 2010), and the
collaborative cross (Churchill et al. 2004). In our
current study, we are combining data from two HMDP
strategies with an N2 backcross. The meta-analysis
benefits from the statistical power and resolution
advantages of this combination (Furlotte et al. 2012).

There are currently known 17 autosomal loci and
one mitochondrial locus for AHL in mice
(hearingimpairment.jax.org). As shown in Table 3, of
these 18 loci, only 6 have been characterized at the
gene level illustrating the inherent difficulties in
traditional gene mapping studies. Much of the
progress in the genetics of hearing disorders in the
mouse has come from the application of linkage
analysis (i.e., QTL analysis) to identify naturally
occurring single gene mutations (Mendelian traits)
and the analysis of targeted gene deletions. Little
attention has been directed towards the definition of
the genetics of common hearing disorders. Classical
genetic approaches have been used to identify several
QTLs that are associated with AHL in mice. However,
one of the most significant shortcomings of QTL
analysis is the use of a limited resource (i.e., a
segregating F2 population). Another limitation of this
approach is the genomic resolution, typically on the
order of 10 Mb or greater. Hence, further progress
with these strategies depends upon execution of large-
scale fine-mapping crosses wherein several thousand
N2 or F2 animals are screened for recombination
within the region of interest. Following this several
generations of subcongenic lines must be established
followed by progeny testing. This process can take
years of effort and never achieve the resolution
necessary to identify individual genes or causal
variants. In this manuscript, we have demonstrated
the utility of GWAS using a meta-analysis approach for
the high-resolution mapping of loci associated with
AHL in the mouse. Subsequent studies will include a
replication of this experiment utilizing the entire
HMDP and the selection of candidate genes based
upon cochlear QTL information, cochlear gene
expression, and genes known to be associated with
hearing loss in either mouse or humans. Since the
mouse inner ear is functionally and genetically very
similar to the human ear, these studies will facilitate
the identification of genes and pathways associated
with AHL in humans.
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