DOMI | MINA
NVS TIO

ILLV | MEA

Deciphering Deafness in Down Syndrome:
Finding the Otitis Media Gene

A thesis presented for the degree of Doctor of Philosophy (DPhil)
Trinity Term, 2022

Amy Southern

Mammalian Genetics Unit, MRC Harwell Institute
Linacre College, University of Oxford

Department of Biochemistry

Supervisors:

Dr Hilda Tateossian (MRC Harwell Institute)
Professor Steve Brown (MRC Harwell Institute)
Associate Professor Duncan Sparrow (DPAG, Oxford)

Professor Matthew Whitby (Biochemistry, Oxford)

Word count: 39,535

Mary Lyon Linacre College
#

Centre at N
University of Oxford
MRC Harwell Y




Abstract

Deciphering Deafness in Down syndrome: Finding the Otitis Media Gene

Hearing impairment, particularly in children with Down syndrome (DS), can lead to
isolation and developmental issues. The most common cause of hearing loss in
children with DS is otitis media with effusion (OME). OME is defined as inflammation
of the middle ear epithelial lining and the accumulation of fluid in the middle ear
cavity, without the presence of a pathogen. The middle ear fluid impedes the
passage of sound waves to the inner ear. OME is known to have a strong genetic

component, and children with DS are particularly susceptible.

With the aid of a mapping panel of partial trisomy mouse models, it was found that
mice carrying a duplication of the genes in the Dp5Tyb region demonstrate highly
penetrant OME affecting one or both ears. The Dp5Tyb region only contains 12
protein coding genes, all of which have human chromosome 21 orthologues. The DS
and deafness phenotypes of Dp5Tyb mice were investigated, and also the
expression of the 12 genes in the middle ear environment. Single gene knockout
mice for Dp5Tyb genes were crossed to Dp5Tyb or Dp3Tyb mice, thus restoring
disomy of one gene in double mutant offspring. Analysis of these double mutants
identified Dyrkla as a key gene of interest. When Dyrkla dosage was restored to two
copies in a DS mouse the OME phenotype was rescued to wildtype levels.
Investigations into how increased Dyrkla dosage contributes to OME pathogenesis
provided evidence that it impacts on a number of processes, including promoting
TGF-b s i g n a Idiivingtle diffierentiation of naive CD4* T cells into pro-
inflammatory Th17 cells.

These studies suggest that the administration of DYRKZ1A inhibitors to Dp5Tyb mice
could ameliorate the OME phenotype. The application of this to young children with

DS could make a big difference to their speech and language development.
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CHAPTER 1: Introduction

Hearing impairment in childhood can lead to isolation and developmental issues
(Rosenfeld et al., 2016). For children with Down syndrome (DS) these issues are
further compounded by their learning difficulties (Nightengale et al., 2017). The most
common cause of hearing loss in children with DS is otitis media with effusion (OME)
(Park et al., 2012), which occurs without the presence of a pathogen (Fortnum et al.,
2014) and is known to have a significant genetic component (Bhutta et al., 2013,
Tateossian et al., 2022). OME affects up to 93% of one-year-olds with DS (Barr et al.,
2011). I will use mouse models to investigate the cause of OME in DS. Identifying the
dosage-sensitive gene(s) responsible could support the development of therapies,
with the aim of enabling these children to develop their speech and language skills,

and ultimately improve their quality of life.

1.1. Anatomy of the mammalian ear

The ear is the sensory organ responsible for hearing. It is comprised of the outer,
middle and inner ear. All components must develop and function properly in order for
hearing to take place at its full capacity (Anthwal and Thompson, 2016). The outer
ear is what can be seen externally. It includes the auricle and the external auditory
canal, finishing at the eardrum (tympanic membrane) (Figure 1.1) (Fuchs and Tucker,
2015). Behind the tympanic membrane is the middle ear, an air-filled cavity lined with
ciliated epithelium which is continuous with the Eustachian tube and nasopharynx
(Anthwal and Thompson, 2016). The middle ear epithelium derives from two distinct
developmental origins (Thompson and Tucker, 2013), with the neural crest-derived
dorsal region lightly littered with bundles of motile cilia, and the endoderm-derived
ventral region (around the Eustachian tube entrance) heavily covered with a lawn of

motile cilia (Luo et al., 2017, Tateossian et al., 2022).
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Figure 1.1. Anatomy of the human ear. The outer ear encompasses the parts of the ear
that can be viewed from the outside, such as the auricle and the external auditory canal, and
also the eardrum (tympanic membrane). Behind the tympanic membrane is the middle ear -
an air-filled cavity that houses the ossicles (malleus, incus, and stapes). The middle ear is
connected to the nasopharynx via the Eustachian tube. Behind the oval window is the inner
ear, which includes the cochlea and auditory nerves. The cochlea contains hair cells, which
transduce sound waves into electrochemical signals for the brain. Source: (Chittka and
Brockmann, 2005), reproduced under Creative Commons License 2.5.

Goblet cells are also present in the ventral epithelium, and secrete mucins (the main
component of mucus) to trap dust and airborne particles (Lim et al., 1973). As with
airway mucociliary clearance, the middle ear cilia waft the mucus and cellular
excretions down the Eustachian tube to be swallowed or expelled from the body
(Bustamante-Marin and Ostrowski, 2017). The middle ear also contains the three
ossicle bones - malleus, incus and stapes (Figure 1.1), suspended between the
tympanic membrane and the oval window - a membrane separating the middle and

inner ear (Anthwal and Thompson, 2016). The inner ear mainly comprises of the
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cochlea, which is a fluid-filled spiral containing mechanosensory hair cells (Fuchs

and Tucker, 2015).

In order for hearing to take place, the auricle and ear canal focus sound waves
towards the tympanic membrane (Fuchs and Tucker, 2015). The membrane vibrates,
and passes the vibrations onto the malleus, incus and stapes which amplify the
sound waves (Fuchs and Tucker, 2015). The stapes then connects to the oval
window, which further amplifies the sound and vibrates the fluid within the cochlea
(Fuchs and Tucker, 2015). Hair cells are organised along the basilar membrane of
the cochlea according to the sound frequencies they can detect (Mann et al., 2014),
with high frequency sounds detected nearer the basal region and low frequency
sounds detected near the apex of the cochlea (Li et al., 2021). The hair cells
transduce the sound waves into electrical energy, which travels along the cochlear

nerve to the brain (Fuchs and Tucker, 2015).

1.2. Hearing loss

According to the Royal National Institute for Deaf People (RNID), 12 million people in
the UK currently suffer from hearing loss, which can be caused by a number of
factors, including ageing, noise exposure, injury, genetics and disease. Some
hearing loss is degenerate, whereas some is short term and will improve. Hearing

loss can broadly be categorised into sensorineural, conductive, or a mixture of both.

1.2.1. Sensorineural hearing loss

Sensorineural hearing loss is caused by inner ear problems, and is usually
degenerative so will worsen over time if not managed (Kreicher et al., 2018). Age-
related hearing loss (presbycusis) is sensorineural, and affects social interaction and

guality of life (Michels et al., 2019, Bowl and Dawson, 2019). People with
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sensorineural hearing loss tend to use hearing aids, although these can come with

discomfort and social stigma (Lin et al., 2022).

1.2.2. Conductive hearing loss

Conductive hearing loss is due to pathology within the middle ear which causes the
sound waves to have difficulty reaching the inner ear (Anthwal and Thompson,
2016). In humans it is diagnosed using pure-tone audiometry, or simple tuning fork
methods such as Weber and Rinne tests (Abdullah et al., 2022). For pure-tone
audiometry, the difference between the thresholds recorded by air conduction and
bone conduction audiometry (known as the air-bone conduction gap) is used to
differentiate between conductive, sensorineural and mixed hearing loss (Margolis et
al., 2016). In mice, elevated DPOAE thresholds combined with reduced DPOAE
amplitudes and mildly elevated ABR thresholds across all frequencies is indicative of
conductive hearing loss (Chen et al., 2022). Causes of conductive hearing loss
include a perforated eardrum (tympanic membrane), abnormal growth of the middle
ear bones (ossicles), or a blockage of the middle ear cavity with fluid and white blood

cells (otitis media) (De Schrijver et al., 2019).

1.2.2.1. Tympanic membrane perforations

The tympanic membrane is a thin layer of tissue which separates the external ear
canal from the middle ear (Figure 1.1). When sound waves reach the tympanic
membrane it vibrates, and transfers these vibrations to the ossicles (Anthwal and
Thompson, 2016). A perforation of the tympanic membrane reduces its ability to

vibrate efficiently, leading to conductive hearing loss (Manickam et al., 2016).

1.2.2.2. Ossicle overgrowth/malformation

The ossicles are the malleus, incus and stapes bones (Figure 1.1). They carry

vibrations from the tympanic membrane to the oval window (Anthwal and Thompson,
4
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2016). Their morphology is important to ensure effective transfer of the vibrations. If
the bones form incorrectly they may not connect properly to each other or to the

membranes either side (Anthwal and Thompson, 2016).

1.2.2.3. Inflammation of the middle ear cavity (otitis media)

Otitis media (OM) is a term used to describe inflammation of the middle ear, and
consists of thickening of the epithelial lining (mucoperiosteum) and the accumulation
of fluid (effusion) in the middle ear cavity, usually containing white blood cells (Bhutta
et al., 2019). OM is considered a spectrum of disease, including acute OM (AOM)
and OM with effusion (OME) (Schilder et al., 2016). AOM is inflammation of the
middle ear due to a bacterial or viral infection, and is usually associated with pain and
fever (Schilder et al., 2016). Frequent reinfections (three or more AOM episodes in
six months) lead to a diagnosis of recurrent AOM (Schilder et al., 2016). A
complication of AOM is chronic suppurative otitis media (CSOM), where the bulging
eardrum ruptures and infected fluid leaks out into the auditory canal (Schilder et al.,
2016). Conversely, OME is the inflammation of the middle ear mucosa and
occurrence of fluid behind the tympanic membrane with no sign of an infectious
agent (Fortnum et al., 2014) (Figure 1.2). AOM usually resolves within two months,
but OME can last longer, and is diagnosed as chronic OME (COME) when it persists
for over three months (Blanc et al., 2018). OM is considered a spectrum as after an
episode of AOM, once the pathogen has been neutralised, the inflammation and
effusion often persists and becomes OME (Schilder et al., 2016). OM leads to
conductive hearing loss as the presence of fluid in the middle ear cavity restricts the

vibration of the eardrum and ossicles.
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Figure 1.2. Inflammation in the middle ear due to otitis media with effusion (OME). Head
sections from mice, cut in the transverse plane and stained with H&E (haematoxylin and eosin).
(a) Section from a WT mouse with no OME, followed by magnified images of the left (b) and
right (c) middle ear cavities. The epithelial lining is very thin, and the middle ear cavity is an air-
filled space. (d) Section from a Dp5Tyb mouse with bilateral OME, followed by magnified images
of the left (e) and right (f) middle ear cavities. The epithelial lining is much thicker, and cellular
fluid has accumulated in the middle ear cavity. TM = tympanic membrane; EL = epithelial lining;
MEC = middle ear cavity; MEF = middle ear fluid. Scale bar for transverse head sections (a, d):
1 mm; scale bar for individual ears (b, c, e, f): 250 um.

1.3. Human genetic studies into the causes of OM

In humans, it is known that susceptibility to infections has a strong genetic
component, but only 4% of genome-wide association studies (GWAS) have been

carried out to identify causative genes for infectious diseases (Mozzi et al., 2018).

Before 2012, the main method used to identify genes which confer susceptibility to
OM was association analysis of candidate genes, chosen for their known roles in
inflammation, or due to findings from animal models of OM (Rye et al., 2012). For
one study, patients treated with tympanostomy tubes for COME and their relatives
underwent ear examination and hearing tests, and completed a form detailing any
OM-related history (Sale et al., 2011). Blood samples were taken, and the isolated
DNA was genotyped to identify single nucleotide polymorphisms (SNPs) with minor
allele frequency 00.05 in 15 candidate genes. Of the 99 SNPs successfully

genotyped, only a handful of variants (found in genes MUC2, MUC5B, MUC5AC,
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SCN1B, SFTPD and TLR4) showed a positive association with COME when
analysed using the Generalised Disequilibrium test (GDT). Confidence in these
results is elevated due to samples being taken from closely related individuals,
however the authors conclude that it is unlikely that these SNPs in the chosen
candidate genes are making a major contribution to COME susceptibility as the
associations were not replicated in an independent cohort of families (Sale et al.,

2011).

Another study (Rye et al., 2011b) looked at SNPs involvedin TGF-b si gnal |l i ng,
to the mouse models Jeff and Junbo which develop severe OM due to mutations in

the TGF-b signal |l i ng pRbxohlvaadyEviimespdrtevelys(Tateossian et

al., 2009, Parkinson et al., 2006). They collected DNA samples (from saliva or blood)

from children with a history of tympanostomy tubes along with their parents and any

siblings also affected by COME (Rye et al., 2011b). Haplotype tagging SNPs with

minor allele frequency O Ower2 chosen from an online database (International

HapMap Project) for a total of 19 TGF-b-related genes. SNPs in SMAD2, SMAD4

and FBXO11 were found to be positively associated with OM in western Australian

families, however, the only gene to maintain this association amongst an

independent cohort of families was FBXO11 (Rye et al., 2011b).

In summary, these studies identified several candidate genes as having a positive
association with OME: FBXO11, MUC2, MUC5AC, MUC5B, SCN1B, SMAD?2,

SMAD4, SFTPD, and TLR4 (Table 1.1).
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Table 1.1. Genes associated with OME in humans. The table lists the human chromosome where
each gene can be found, and the known functions of that gene. Any mouse studies related to the gene
are also included. The table focuses on genes related to OME, rather than AOM, when the studies
have discriminated between these conditions. Information on gene loci and protein functions was

sourced from the referenced papers, or from GeneCards and NCBI.

Gene

FBXO11

Muc2

MUCSAC/
MUC58

SCN1B

SMAD?2

SMAD4

SFTPD

TLR4

FUT2

TBX1

ABO

CDCA7 [ SP3

FNDC1

NUBPL

CDHR3

Chr.

11

11

19

18

18

10

19

22

14

Function

Subunit of a ubiquitin protein
ligase complex, which
functions in phosphorylation-
dependent ubiquitination

This mucin is secreted as part
of the mucus barrier which
protects the gut lumen

Gel-forming glycoproteins
(mucins) which form mucus to
protect the respiratory tract
from pathogens

Forms the smaller subunits of
voltage-gated sodium channels

Transcription factor that
mediates TGF-B signalling

Transcription factor that
mediates TGF-8 signalling

Lung surfactant protein which
protects the lungs from inhaled
pathogens as part of the innate

immune system

Activation of this
transmembrane protein leads
to NF-kB signalling and
inflammatory cytokine
production

Enzyme involved in the protein
glycosylation pathway, and the
formation of blood group
antigens

Transcription factor involved in
organ formation during
embryonic development

Enzyme which determines
blood group by modifying
oligosaccharides on cell

surface glycoproteins

The genes bordering this SNP
encode nuclear proteins with
transcription factor activities

Potential activator of G-protein
signalling

Nucleotide binding protein

Expressed highly in ciliated
respiratory epithelium, and is
involved in cell adhesion and

cell signalling

OME-related mouse studies

Mice carrying Jeffand Mutt alleles had craniofacial
abnormalities, hearing loss and OM. Jeff mice also have
defects in middle ear bulla development.

Mucins expressed in human middle ear epithelium are
also expressed in mouse middle ear epithelium

Mucins expressed in human middle ear epithelium are
also expressed in mouse middle ear epithelium

None
None

None

None

C3H/HedJ mice have an increased incidence and duration
of OM due to a mutation in TLR4. TLR4"- mice have
more persistent inflammation than WT mice

Fut2 expression in the murine middle ear increases until
1 day after infection, then drops again. FUT2 variants are
thought to alter the middle ear microbiome by regulating
A antigen levels, therefore increasing OM susceptibility

Tbx1 heterozygous knockout mice had a 30 dB elevated
ABR threshold compared to WT mice, and were found to
have OM. Thx1*- mice with unilateral OME have smaller
muscles surrounding the Eustachian tube on that side,
leading to reduced clearing ability

None

None

Expressed in murine middle ear epithelium, and may
modulate inflammatory responses

None

Cdhr3 expression is restricted to ciliated epithelial cells in
the murine middle ear

References

(Segade et al., 2006; Rye et

al., 2011b) (Hardisty-Hughes

et al., 2006; Del-Pozo et al.,
2019)

(Sale et al., 2011) (Kerschner
etal., 2010)

(Sale et al., 2011; Ubell et al.,
2010; MacArthur et al., 2014)
(Kerschneret al., 2010)

(Sale etal., 2011)

(Rye et al., 2011b)

(Rye etal., 2011b)

(Sale etal., 2011)

(Emonts et al., 2007; Sale et
al.,, 2011; Alpay et al., 2010;
MacArthur et al., 2014; Hafrén
etal.,, 2015) (MacArthur et al.,
2006)

(Pickrell et al., 2016; Tian et
al., 2017; Santos-Cortez et
al.,, 2018)

(Pickrell et al., 2016; Tian et
al., 2017) (Chen et al., 2016;
Fuchs et al., 2015)

(Pickrell et al., 2016; Tian et
al., 2017; Wiesen et al., 2019)

(Allen et al., 2013)

(van Ingen et al., 2016)

(Jiang et al., 2022)

(Tian et al., 2017; Jiang et al.,
2022) (Hirsch et al., 2021)
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However, these candidate gene-based studies were conducted on relatively small
sample sizes (studies varied from 20 to 441 cases). As OM is a complex disease,
incorporating both environmental and genetic risk factors, studies must be sufficiently
powered to identify small genetic effect sizes, and the findings must be replicable in
other independent cohorts (Rye et al., 2012). It has been suggested that even large
sample sizes (1500 cases and matched controls) may not detect the rare genetic
variants associated with OM, despite being sufficiently powered (>90%) to identify
small genetic effect sizes (oddsr at i o (R§e eflal.,2012). When this review was
published only very limited GWAS datasets were available for OM, however, the
authors concluded that GWAS combined with Next Generation Sequencing (NGS)
should be able to detect rare variants that the candidate gene approach was unable

to identify (Rye et al., 2012).

Over the past decade, several studies have used GWAS to look for OM-associated
genes in humans (Allen et al., 2013, Einarsdottir et al., 2016, van Ingen et al., 2016,
Pickrell et al., 2016, Tian et al., 2017). In total, these five studies highlighted 21
significant loci, however, only five of these loci were still significant when investigated
in an independent human cohort (Santos-Cortez et al., 2020). These loci were FUT2,
TBX1 variant rs1978060, ABO, intergenic variant rs10497394 between CDCA7 and
SP3, and FNDC1 (Table 1.1). All of these loci were found to be expressed in mucosal
and epithelial tissue (according to the Genotype-Tissue Expression (GTEX)
database), however, expression data for specifically the middle ear epithelial lining
was unavailable (Santos-Cortez et al., 2020). The reproducibility of these findings in
an independent cohort increases confidence in their causal link to OM, as does their

localisation to tissues with similar properties to the middle ear.
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Recently, GWAS was used again to identify several new loci significantly associated
with increased risk of OM (Jiang et al., 2022), and also supported some of the
findings from a previous study by 23andMe (Tian et al., 2017). The two new OM-
related loci were both variants of the nucleotide binding protein like (NUBPL) gene,
and the only gene with replicable significance from the 23andMe study was cadherin
related family member 3 (CDHR3) (Table 1.1) (Jiang et al., 2022). The Jiang study
was carried out using medically diagnosed infections, and was sufficiently powered to
draw conclusions about which genes are likely playing a role in OM pathogenesis
(Jiang et al., 2022). However, the 23andMe study (Tian et al., 2017) was performed
on self-reported infections. T i a re€earch was not repeated in a cohort of medically
diagnosed patients until 2022, when a post-analysis power calculation indicated that
t he maj or iQMyrelatedl findingsawer@ enderpowered (Jiang et al., 2022). It
has been found that most genetic-association studies in humans remain
underpowered, and it has therefore been suggested that these studies are unable to

identify loci that pose a lower disease risk (Bhutta et al., 2017b).

10
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1.4. Mouse models of OM

Humantwinst udi es have shown that a personds ge
they are predisposed to chronic or recurring episodes of OM, however the genes that

confer susceptibility are still unknown (Casselbrant et al., 2004). Mice have similar

middle ear anatomy and function to humans, making them a good model organism

for OM (Brown et al., 2008).

Mouse models of OM have been reviewed extensively by others (Rye et al., 2011a,
Tyrer et al., 2013, Bhutta, 2012). Here | will focus on the OM mouse models
discovered and studied by previous members of the Deafness lab at MRC Harwell,
as their findings helped shape this DPhil project. The majority of these models were
identified from the phenotype-driven mouse ENU (N-ethyl-N-nitrosourea)
mutagenesis screen performed at MRC Harwell (Nolan et al., 2000). ENU
mutagenesis creates point mutations, then animals are screened based on
phenotypes observed rather than genotype and subsequently the underlying
mutation is mapped and identified by sequencing (Brown, 2021). Mutant mice were
tested for deafness using a 90 dB click box to elicit a startle response (known as
Preyerds refl ex) i n (Nolawcetal wD0D)hThendeaf muahts he ar i n
identified from the initial screening include Jeff (Hardisty et al., 2003) and Junbo
(Parkinson et al., 2006), and later the edison mutant was identified (Crompton et al.,

2017).

1.4.1. Jeff

The Jeff mouse (Hardisty et al., 2003) has a point mutation in an F-box gene,
Fbxoll, on mouse chromosome 17 (Mmul7) which leads to chronic OME in
heterozygotes (Hardisty-Hughes et al., 2006, Hardisty et al., 2003). Specifically, the

point mutation was chemically induced, and involved an A to T transversion at base

11
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1472, leading to a Q491L substitution in exon 13 (The National Mouse Archive). Jeff
heterozygotes have no abnormalities regarding their tympanic membranes, ossicles
or cochlea hair cells, so these mice were used to study the genetic cause of OME
(Hardisty et al., 2003). Human studies have highlighted an association between

mutations in FBXO11 and chronic OME (Bhutta et al., 2017a).

TGF-b signalling plays a role in inflammation and immunity. The FBXO11 protein is a
transcription factor involved in this signalling pathway as it regulates levels of
phosphorylated SMAD2 (pSMAD?2) in epithelial cells (Hardisty-Hughes et al., 2006,
Tateossian et al., 2009). A genetic interaction between Fbxoll and Smad2 was also
identified (Tateossian et al., 2009). Jeff mutants have decreased p53 and increased
pPSMADZ2, which directly regulates the TGF-b p a t (Tatemssian et al., 2009,
Tateossian et al., 2015). The mutation is thought to be gain of function and also leads
to changes in the immune response to inflammation (Kubinyecz et al., 2020, Vikhe et
al., 2020). The cellular content of Fbxo11'"* blood and middle ear fluid was studied
using flow cytometry, and it was found that the mutation causes disruption to immune
cell balance (Vikhe et al., 2020). Fbxo119"* mice had elevated neutrophils, dendritic
cells and natural killer T cells, and decreased levels of B cells and T helper cells in
their blood and middle ear fluid compared to WT littermates. Children with OME also
had raised levels of natural killer T cells, suggesting that Jeff is a good model of

human OME (Vikhe et al., 2020).

1.4.2. Junbo

Junbo mice have a dominant mutation in the gene Evil on mouse chromosome 3
(Parkinson et al., 2006). The mutation is a chemically-induced A2288T transversion

causing an Asn763lle change in the second zinc-finger domain of the EVI1 protein

12
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(The National Mouse Archive). EVI1 is a transcription factor which can supress TGF-

b signalling by binding to SMAD3 (Kurokawa et al., 1998).

Jbo/+ mice have hearing loss which is likely caused by OME as they have no
morphological defects in the middle or inner ear. The age of OME onset, incidence
amongst WT littermates and severity of phenotype varied according to the sterility of

the housing conditions (Parkinson et al., 2006).

When housed in standard low microbe conditions all Jbo/+ mice and one-third of WT
littermates had OME by two weeks of age (Parkinson et al., 2006). Any WT OME
resolved by weaning age, but 94% of Jbo/+ mice still had middle ear fluid,
inflammation of the epithelial lining and polyps at six months old (Parkinson et al.,
2006). In the 6% of Jbo/+ mice without OME at six months tympanic membrane
perforations were present, which may have helped the OME to resolve (Parkinson et

al., 2006).

When housed in the pathogen-free MLC (Mary Lyon Centre, MRC Harwell) facility, it
took longer for the whole colony to develop OME. In low pathogen conditions all
Jbo/+ mice had OME by two weeks old, but in the MLC it took two months before all
of them had OME in at least one ear (90% bilateral, 10% unilateral). No OME was
found in WT mice before weaning age, and one adult WT mouse had OME

(Parkinson et al., 2006).

Despite the differences between facilities, these findings suggest that the Evil
mutation predisposes Jbo/+ mice to OME, which later develops into chronic OME
(Parkinson et al., 2006). Since this study, EVI1 has been found to inhibit inflammation
by downregulating NF-aB. The mutation in Evil in Junbo mice is therefore thought to

enhance inflammation through NF-aB activation (Xu et al., 2012).

13
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Both Jeff and Junbo implicate TGF-b signalling in susceptibility to OME (Hardisty-
Hughes et al., 2006, Parkinson et al., 2006, Tateossian et al., 2009). Identification of
the Jeff and Junbo mutants and their impact on TGF-b signalling has led to further
researchintotheroleof TGF-b i n the inflamed middle ear
with OME (Cheeseman et al., 2011). However, to date, human studies have not
found a link between mutations at the EVI1 locus and chronic OME (Bhutta et al.,

2017a).

1.4.3. Tgifl

Transforming growth interacting factor 1 (Tgifl) is a mouse model of chronic OME
(Tateossian et al., 2013). Tgifl mice have a conditional knockout allele for the Tqif
gene, created by Cre excision of a floxed segment encompassing exon 2 and exon 3
(The Jackson Laboratory). TGIF is a negative regulator of TGF-b signalling and a
SMADZ2-binding protein. TGIF prevents phosphorylation of SMAD2 (Tateossian et al.,

2013).

As TGIF regulates TGF-b s i g n a | Jefi andglunboamice indicate that TGF-b
signalling is involved in OME, it was investigated whether Tgif1 mice have a similar
OME phenotype to the other OME mouse models (Tateossian et al., 2013). Tgifl
heterozygous knockout mice do exhibit the key signs of OME, such as conductive
hearing loss, increased goblet cells, and middle ear fluid containing raised levels of
VEGF, TNF-Uand IL1-b (Tateossian et al., 2013). These findings support the theory
that TGF-b i s i nvol ve & (Tateossianhet ab,2018). In@ddlition, a
positive association between TGIF1 mutations and chronic OME has been identified

in humans (Bhutta et al., 2017a).
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1.4.4. edison

The edison mouse has a missense mutation in the Nisch gene (Crompton et al.,

2017). The mutation is a Leu972Pro substitution resulting from a T3079C base

change (Crompton etal.,, 2017).NI SCH i nteracts with another
(ITGA5), which regulates vascular endothelial growth factor (VEGF)-dependent

angiogenesis. Mice homozygous for the edison mutation have chronic OME, with

hearing loss and inflamed middle ear epithelial lining. The severity of the OME is

enhanced when an additional Itga5-null heterozygous mutation is present (Crompton

et al., 2017). Only the double mutants (ltga5™Hy+ Nischedsnedsn) had upregulated

pPpSMAD?2, implicating elevated TGF-b si gnal ling as the resul't
inflammation rather than the cause (Crompton et al., 2017). PAK1, RAC1, LIMK1 and

NF-o Bwere proposed to be involved in OME pathogenesis. RAC1 signalling

mediates cellular functions through effector proteins such as PAK1, and NISCH binds

to PAK1 (an association which is enhanced by ITGA5) but can also bind directly to

RACL1. LIMK1 is downstream of PAK1 and enhances vascular permeability, and is

also a target for inhibition by NISCH. Another role of RAC1 is the upregulation of NF-

aB, which enhances t hdgCrampténletain20a7). nMAT micee s pon s
NISCH inhibits LIMK1, PAK1, RAC1 and ITGAS5. In edison mutants (Itga5*/*

Nischedsn/edsn) this inhibition is reduced, leading to increased expression of LIMK1,
PAKL,NF-e B and al so FAK, which indirectly acti
(ItgabtmHyn/+ Nischedsnedsn) the inhibitory power of NISCH is reduced to an even

greater extent, causing elevated expression of LIMK1, NF-a Band RAC1, leading to

increased inflammation in the middle ear (Crompton et al., 2017). This study has

provided Nisch as a new candidate gene for increased susceptibility to chronic OME,

and offers possible mechanisms for its involvement in OME pathogenesis. However,
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no association between chronic OME and the NISCH locus has been identified in

humans (Bhutta et al., 2017a).

These studies of OME mouse models have identified protein mutations and signalling

pathways that are likely contributing to OME pathogenesis. It is noteworthy that all of

these OME models ultimately involve TGF-b si gnal |l ing, which i s Kk
with VEGF signalling and the hypoxia response (Crompton et al., 2017). Upregulation

of VEGF increases angiogenesis and vascular leakage; a key contributor to the

accumulation of middle ear fluid in OME. In addition to this, the hypoxia response

was found to be involved in the development of OME in Jeff and Junbo mice

(Cheeseman et al., 2011).

1.5. Down syndrome

Down syndrome (DS) is a common chromosomal abnormality involving full or partial

trisomy of human chromosome 21 (Hsa21). In the UK, around two babies every day

are born with DS (Downds SyndromafHsAZlsoci at.
causes gene dosage problems, leading to many different phenotypes including
congenital heart defects, developmental del
(Antonarakis et al., 2020), increased incidence of leukaemia (Mowery et al., 2018),
gastrointestinal issues (Ravel et al., 2020) and a high incidence of recurrent

infections (Mitwalli et al., 2018). Children with DS also have learning difficulties,

which are compounded by the fact they often also have hearing loss (Nightengale et

al., 2017).

Up to 78% of children with DS have some form of hearing loss (Nightengale et al.,
2017), which can be sensorineural, conductive or a mixture of both. One study
showed that of the DS children with reduced hearing, 88.2% had conductive hearing

loss (Park et al., 2012). It has been suggested that craniofacial differences may

16



CHAPTER 1: Introduction
predispose these children to conductive hearing loss, as they often have narrow ear
canals, hypotonia of the muscle surrounding the Eustachian tube and malformation
of the joints between the ossicles (Fausch and Roosli, 2015). However, notably,
children with DS commonly suffer from conductive hearing loss due to OME (Barr et

al., 2011).

1.6. Otitis media in Down syndrome

OME persists for much longer in children with DS (Fortnum et al., 2014). The length
of an episode of OME varies amongst individuals, but one study found that 83% of
children with DS require tympanostomy tubes (grommets) due to chronic OME (Shott
et al., 2001). Each set of grommets typically lasts 6-12 months, and over half of the
children with DS returned for repeated surgery to insert at least one more set of
grommets (Shott et al., 2001). In comparison, OME in children without DS usually
resolves within three months without any need for treatment (Schilder et al., 2016).
The persistence in children with DS is an issue particularly as OME develops at the
age they are learning language and communication skills (Fortnum et al., 2014).
Studies have shown that children with conductive hearing loss due to recurrent OM
have significantly lower 1Q scores than their peers with normal hearing (Balkany et
al., 1979). For children with DS the hearing loss will have an even more severe

impact due to their existing learning difficulties (Balkany et al., 1979).

Studies vary on the incidence of OME in DS, ranging from 55-93% of children
(Selikowitz, 1992, Schwartz and Schwartz, 1978, Barr et al., 2011). It has also been
found that OME affects younger DS children the most, with 93% of one-year-olds
affected, decreasing to 68% by the age of five (Barr et al., 2011). In children without
DS OME affects 50% of one-year-olds and 15-40% of children under five (Simon et

al., 2018).
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The Eustachian tube connects the middle ear and nasopharynx (Figure 1.1). Children
in general have short, narrow and more horizontal Eustachian tubes, which leads to
increased OM incidence (Anthwal and Thompson, 2016). In children with DS the
angle and position of the Eustachian tubes develop incorrectly due to their
craniofacial defects (Mazzoni et al., 1994). They also have hypotonia of muscles
surrounding the Eustachian tubes, which likely exacerbates the accumulation of
middle ear fluid associated with OM (Kreicher et al., 2018). DS causes immune
system dysfunction which increases susceptibility to infections (Ugazio et al., 1990),

meaning they could develop AOM which then persists as OME.

Tympanostomy tubes (grommets) are the most common treatment for OME (Maris et
al., 2014). Some clinicians recommend surgical intervention (grommet insertion)
when the OME has persisted for two to three months, or the child had suffered from
OME over three times in one year (Shott et al., 2001). However the grommets are
usually extruded from the eardrum in three to twelve months (Sacks and Wood,
2003) so repeated surgeries are required if the OME is persistent or recurrent,
thereby increasing the risk of infection and potentially leading to long term

complications (Paulson et al., 2014).

Children with DS also have narrow ear canals, which makes accessing the tympanic
membrane difficult (Kreicher et al., 2018). Therefore, it would be hugely beneficial to
uncover the genetic cause of OME in DS so that non-surgical treatments could be

explored.
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1.7. Mouse models of DS

DS in humans is caused by full or partial trisomy of Hsa21. The mouse orthologues
to these genes are found mostly on mouse chromosome 16 (Mmul6), with some
genes on Mmul7 and Mmul0 (Figure 1.3). The order of Hsa21 orthologues on
Mmul6 is highly conserved, with only one insertion (Itgb2l) and one inversion of two

adjacent genes (Mx1 and D16Jhul9e) (Pletcher et al., 2001).

As genetic engineering technology has improved so have the techniques with which
itds possible to create mouse model s of
with some having duplications of mouse chromosomes containing Hsa21 orthologues
(Yu et al., 2010), and others carrying a copy of the human chromosome itself
(O'Doherty et al., 2005). Some models have full duplications, whereas others have
partial duplications which allow mapping of the dosage-sensitive genes responsible

for specific DS phenotypes (Davisson et al., 1990, Olson et al., 2004, Lana-Elola et

al., 2016).
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Figure 1.3. Schematic of the duplicated chromosomal regions in DS mouse models and the
OME incidence in each mouse line. This research was carried out by the Deafness lab at MRC
Harwell. On the left is the human chromosome, Hsa21, alongside the mouse chromosomes which
contain Hsa21 orthologues. Blue lines indicate the duplicated regions in DpTyb mouse models,
with those with OME coloured dark blue. The duplicated regions in other DS mouse models are
shown with orange bars, with darker orange highlighting the mice with OME. The duplicated region
in Ts1Rhr mice is called the Down syndrome critical region (DSCR). The pie charts indicate the
number of mice with no OME (blue), unilateral OME (red) or bilateral OME (green). Dp10Tyb and
Dpl11Tyb mice are not available yet so their OME incidence is unknown. Image modified from
figures by (Lana-Elola et al., 2016) and (Tateossian et al., 2022), plus additional information on
Ts65Dn (Han et al., 2009) and Tcl mice (Bhutta et al., 2013). The number of protein coding genes
was sourced from (Lana-Elola et al., 2016, Yu et al., 2010, Olson et al., 2004, O'Doherty et al.,
2005) and unpublished data provided by Lana-Elola. Limited data are available on the proportion
of unilateral and bilateral OME in humans with DS, but findings vary depending on the age and
heritage of the child. The pie chart shown above Hsa21 represents the incidence amongst 70
British children with DS, aged 18-24 months, as reported by the National Institute for Health and
Clinical Excellence (NICE, 2008).

1.7.1. Ts65Dn

Ts65Dn mice were created over 30 years ago (Davisson et al., 1990) and have since
been used to study several DS phenotypes, including OME (Han et al., 2009).

Ts65Dn mice were found to have hearing loss, and histological analysis of the middle
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ears confirmed that this was likely due to OME (Han et al., 2009) (Figure 1.3). Ts65Dn
mice have trisomy of 90 protein coding genes from Mmul6 plus a small section of
Mmul7. In total they have a duplication of around two-thirds of the genes
orthologous to those on Hsa21. Unfortunately, some of the duplicated Mmul7 genes
are not orthologous to any on Hsa21, so the duplication of these genes may be
interfering with results from phenotyping experiments (Duchon et al., 2011, Reinholdt

et al., 2011).

1.7.2. Ts1Rhr

Until 2004 it was widely believed that
(DSCR) was responsible for many of the common DS phenotypes, such as
craniofacial defects. Olson and colleagues then genetically engineered the Ts1Rhr
mouse (which has a duplication of the 33 Hsa21 orthologues in the DSCR) plus the
Ms1Rhr/Ts65Dn mouse (which has a duplication of the Ts65Dn region but not the
DSCR) (Olson et al., 2004). They concluded that the DSCR was not required for the
craniofacial phenotype seen in Ts65Dn mice, and therefore the DSCR cannot be said

to be responsible for all key DS phenotypes.

However, when studied by members of the Deafness lab (MRC Harwell), the DSCR
was shown to be involved in the OME phenotype. Ts1Rhr mice had reduced hearing,
indicated by increased click-evoked auditory brainstem response (ABR) thresholds.
Histological analysis of the middle ear also showed that all Ts1Rhr mice had OME;
one-third had unilateral and the rest bilateral OME (Tateossian et al., 2022) (Figure

1.3).

1.7.3. Tcl

O6Doherty and coll eagues were the first

genome (O'Doherty et al., 2005). The aim was to create a mouse that was trisomic
21
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only for the genes on Hsa21 as this would be a better model of human trisomy 21.
They named this transchromosomic mouse Tcl, and it successfully expressed the
human mRNA transcripts and proteins. Unfortunately, the mice were mosaic as the
extra copy of Hsa21 was often lost from cells during mitosis. A more recent study
also found that Hsa21 had been unintentionally rearranged during the introduction of
the chromosome into mouse embryonic stem cells using gamma radiation (Gribble et
al., 2013). Nevertheless, the Tcl mouse has been used to study many DS
phenotypes, including heart defects (Dunlevy et al., 2010), learning and memory
deficits (Morice et al., 2008, Galante et al., 2009), and differences in tumour
angiogenesis (Reynolds et al., 2010). Unfortunately Tcl mice dc¢
good model for studying OME, (Kahsetal.h202)od on 6t
middle ear inflammation (Bhutta et al., 2013) (Figure 1.3). An explanation could be
that Tclmice dondét have a duplication of al/l Hs a
have two copies of some genes which are present in three copies in Ts65Dn mice.
As Ts65Dn mice have OME, it is likely one of these genes that is dosage sensitive
and causes OME when three copies are present (Kuhn et al., 2012). The absence of
OME phenotype could also be explained by the different regulatory elements that are

present in humans and mice, or genetic mosaicism in Tc1l mice (Patterson, 2009).

1.7.4. DpTyb

The phenotypes seen in DS are likely caused by increased dosage of one or multiple
genes, which then has a knock-on effect on downstream signalling pathways. By
using mice with partial duplications of Hsa21 orthologous regions we can observe
which duplications create mice exhibiting the phenotype of interest and thereby map

the causative genes.
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A comprehensive series of mouse strains carrying partial duplications of Mmul6 has
been engineered (Lana-Elola et al., 2016). The duplicated chromosomal regions are
shown on the mapping panel illustrated in Figure 1.3. This panel has previously been
used to map causative genes for the heart and locomotor phenotypes seen in DS

(Lana-Elola et al., 2016, Watson-Scales et al., 2018).

The Deafness lab (MRC Harwell) checked the OME phenotypes of all available

DpTyb mice (Tateossian et al., 2022). Sections of the middle ears were analysed for
thickening of the middle ear epithelial lining and presence of cellular middle ear fluid,
and the occurrence of this in one, both, or neither ears was recorded (represented as

pie charts in Figure 1.3).

The mouse genes orthologous to those on Hsa21 are spread across Mmul6, 17 and
10, but the DpTyb mice only cover those on Mmul6. However, Dp2Yey
(Dp(10Prmt2-Pdxk)2Yey) and Dp3Yey (Dp(17Abcgl-Rrplb)3Yey) mice have
duplications of the Mmu10 and Mmul7 regions respectively (Yu et al., 2010). In
addition to checking the OME phenotypes of the DpTyb lines, the Deafness lab
(MRC Harwell) also checked the OME phenotype of Dp2Yey and Dp3Yey mice, and

no OME was found in either mouse line (Figure 1.3) (Tateossian et al., 2022).

By checking the OME phenotype of mice with duplications of Hsa21 orthologues, the
mapping panel (Figure 1.3) can be used to attempt to identify the causative genes for
OME. The fully penetrant bilateral OME seen in Dp1Tyb mice must be contributed to
by genes in the Dp9Tyb and Dp5Tyb region. Highly penetrant OME is observed in
both Dp5Tyb and Dp3Tyb mice (which includes the entire Dp5Tyb region), while only
moderately penetrant OME is observed in Dp9Tyb. These results indicate that a
major locus for OME lies within the Dp5Tyb region, and a minor locus within the

Dp9Tyb region. In the future it would be interesting to investigate the OME
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phenotypes of Dp10Tyb and Dpl11Tyb mice to further refine the position of the minor
locus within Dp9Tyb. For my DPhil project | will focus on identifying the causative

genes within the Dp5Tyb region.

1.8. The Dp5Tyb genes

Dp5Tyb is a 1.8Mb region containing only 12 protein coding genes, all of which are
orthologous to Hsa21 genes (Lana-Elola et al., 2016). When mice have three copies
of this region they all have OME in one or both ears (Figure 1.3). This was the starting
point for my DPhil project. My project will explore the expression of these 12 genes in
the middle ear environment at transcript and protein level. | will also explore how

restoring disomy of one Dp5Tyb gene at a time affects the Dp5Tyb OME phenotype.

The 12 Dp5Tyb genes are: Dyrkla, Kcnj6, Kcnjl5, Erg, Ets2, Psmgl, Brwd1, Hmgnl,
Wrb, Lca5l, Sh3bgr and B3galt5. They encode a range of proteins, including
transcription factors, channel proteins, and membrane glycoproteins. Others play
roles in chromatin remodelling, protein complex assembly, cell proliferation,

apoptosis and inflammation.

Of these genes, overexpression of Dyrkla in particular is thought to play a role in

many different DS phenotypes, i nc(Garcthi ng ear
Cerro et al., 2014), craniofacial defects (McElyea et al., 2016) and motor dysfunction
(Watson-Scales et al., 2018). If Dyrkla is identified as a dosage-sensitive gene

responsible for causing OME, the underlying mechanism will be explored.
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1.9. Thesis aims

I hypothesise that there is a major locus in the Dp5Tyb region that, when present in
three copies, leads to OME. To investigate this, | have established the following

research aims:

1) Phenotypically characterise Dp5Tyb mice

2) Study expression of the 12 Dp5Tyb genes at the transcript and protein level in
the middle ear

3) Generate and phenotypically analyse double mutants

4) Investigate the mechanism of DYRK1A involvement in OME pathogenesis

These aims will allow me to observe how well Dp5Tyb mice recapitulate some of the
DS phenotypes seen in humans and other mouse models of DS, including OME. |
will also compare the OME phenotype seen in Dp5Tyb mice to other mouse models
of OME without DS. By crossing single gene knockouts to mice with DS, double
mutants will be generated with disomy of one of the Dp5Tyb genes. Using these mice
| will be able to identify which genes, when present in three copies, are involved in
the development of OME. Once these gene(s) are identified | will perform further
experiments to uncover how overexpression of these gene(s) is playing a role in
OME pathogenesis. Understanding the underlying mechanism could offer insight into

possible future treatment options for OME in children with DS.
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2.1. Mouse lines

2.1.1. Animal husbandry

Most of the mice were housed in the Mary Lyon Centre (MLC) at MRC Harwell, which
is a pathogen-free facility. They were kept in individually ventilated cages
(Techniplast UK Ltd) with a 12 hour light/dark cycle and were fed and watered ad-
libitum. Dp12Tyb mice and some of the double mutants (Dp1Tyb Dyrkla*-, Dp3Tyb
Dyrkla*- and Dp5Tyb Hmgn1*-) were bred and maintained at the Francis Crick
Institute. All procedures complied with the Animals (Scientific Procedures) Act 1986
and were covered by my personal licence (I2A0B45CD), the OM project licence
(20/0004) and the establishment licence (X9BFFDAE?2), all awarded by the UK Home

Office. Mice were euthanized using Home Office Schedule 1 methods (section 2.4).

2.1.2. Dp5Tyb and Dp3Tyb mice

The full names of these mouse lines are C57BL/6J.129P2-Dp(16Dyrk1la-
B3galt5)5TybEmcf/Nimr (Dp5Tyb) and C57BL/6J.129P2-Dp(16Mir802-
Zbtb21)3TybEmcf/Nimr (Dp3Tyb), respectively. The mouse lines were created by the
Tybulewicz lab at the Francis Crick Institute (Lana-Elola et al., 2016). Briefly, in vivo
Cre-mediated recombination was used to duplicate the specific 12-gene region
(Dp5Tyb), or 39-gene region (Dp3Tyb), on mouse chromosome 16 (Mmu1l6). For
Dp5Tyb, loxP sites were inserted in the trans configuration proximal to Dyrkla and
distal to B3galt5 in female mice containing the Hprtmi(cre)Mnn gljele (Tang et al., 2002).
For Dp3Tyb, the loxP sites were inserted proximal to Mir802 and distal to Zbtb21 in
females containing the same allele. Both sets of females were then bred to

C57BL/6JNimr males, and the Cre activity led to duplication between the loxP sites in
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0.7-6% of pups (Lana-Elola et al., 2016). To maintain these lines in the MLC, Dp5Tyb

and Dp3Tyb males were backcrossed to B6JNM (WT) females.

2.1.3. Knock-out and point-mutation mouse lines

Mouse lines were sourced using the IMPC website are detailed in Table 2.1 below.

Table 2.1. Details of the knockout mouse lines used for this project. The Hmgnl
heterozygous knockout was crossed to Dp5Tyb, and the Dyrkla knockout was crossed to
Dp3Tyb at the Francis Crick Institute and we received the heads for analysis. A Kcnj15
knockout mouse was unavailable. MLC = Mary Lyon Centre; MMRRC = Mutant Mouse
Resource and Research Center; EMMA = European Mouse Mutant Archive; TCP = The Centre
for Phenogenomics; ICS = Institut Clinique de la Souris.

polypeptide 5

Gene Full name Knockout line Source Website Details
Dual-specificity tyrosine- Created on 129P2/OlaHsd ES cells in the
Dvrkia (Y)-phos hgr lation C57BL/6J.129P2-Dyrkia™Ma Francis Crick | http://www.informatics.jax. Arbonés lab, then backcrossed to
Y pnosp oy ) -Dyrkla Institute org/allele/MGI:2386937 | C57BL/6J. Imported from the Tybulewicz
regulated kinase 1a . S
lab at the Francis Crick institute
Potassium inwardly- https://www.mousephenot | Produced on C57BL/6N through CRISPR
Kenjé rectifying channel, Kcnjgemt(MPOH MLC ype.org/data/genes/MGL10|  technology at Harwell as part of IMPC
subfamily J, member 6 4781#order project
https://www.mmrrc.org/cat . Lo
- C57BL/6N-Ergem1(MPOBay; MMRRC P S Live mice imported on a C57BL/6N
Erg ETS transcription factor Mmucd (047583-UCD) aloq/sds.pr;r;ér;mrrc id=4 background, rederived on C57BL/6N Tac
Ets2 E26 avian leukemia C3HeB/Fel-Ets2™Mhiay, EMMA https://www.infrafrontier.eu| Frozen sperm imported on C3HeB/FeJ
oncogene 2, 3' domain ebires-Els g (EM:07468) | /search?keyword=07468 |background, rederived onto C57BL/6INimr
proteasome (prosome ; https://www.mmrrc.org/cat Live mice imported on C57BL/6N
. " | C57BL/6N-Psmg1miakOMPWs | MIVRRC - - ——"="| background, rederived on C57BL/6JNimr
Psmgl | macropain) assembly alog/sds.php?mmrrc_id=4 ) ) )
BayMmucd (049256-UCD) with cre-deletion at the same time to
chaperone 1 9256
produce the tm1b allele
. http://www.cmmr.ca/gene- .
Bradl bromodom_aln and_V\_ID C57BL/GNCI-Brwd1e™.MPOTep -TCP detail ohn?gene=MGH1890 Frozen sperm |mported on C57BL16N(_:rI
repeat domain containing 1 (MGI:6156470) _p_p_g_es 1 background, rederived onto C57BL/6INimr
emlTyb
Hmgnl | nucleosomal binding Hmgn1emiTe ; Unpublished as9-generated deletion whic
domain 1 Institute removes all of exon 1, intron 1 and part of
exon 2. Maintained on C57BL/6JNimr
Wrb guided entry of tail- C57BL/6N-Wrp™1-1KOMP)Vicg, MMRRC gfslslg\éwm’n;zxrgr%‘ia; Frozen sperm imported on C57BL/6N
(Getl) |anchored proteins factor 1 MbpMmucd (050392-UCD) g s Op39 > —=| background, rederived on C57BL/6JNimr
Leber congenital Frozen sperm imported on C57BL/6N
L | 5 " em1(IMPC)ics | N/A X
cas amaurosis 5-like Loas! cS / background, rederived on C57BL/6N Tac
SH3-binding domain em1(MPC)ics Frozen sperm imported on C57BL/6N
Sh3bgr glutamic acid-rich protein Sh3bgr ICS NA background, rederived on C57BL/6N Tac
UDP-Gal:betaGIcNAc beta .
B3galt5 | 1,3-galactosyltransferase, B3galtsem(MPOIcs ICS N/A Frozen sperm imported on C57BL/6N

background, rederived on C57BL/6N Tac

2.1.4. Generation of double mutants

DpTyb males were mated with females that were heterozygous for the gene of

interest (due to knockout or point mutation). Some of the offspring were double

mutant, meaning they have two copies of the gene of interest, and three copies of the

other DplTyb/Dp3Tyb/Dp5Tyb genes.
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2.1.5. Dp12Tyb, Dp1Tyb Dyrkla™, Dp5Tyb Hmgnl1*-, and Dp3Tyb
Dyrkla*" mice
These lines were created and genotyped at the Francis Crick Institute. The heads
were put in formalin and shipped to MRC Harwell. The Histology team sectioned and
H&E stained them. The sections were then imaged using the NanoZoomer RS digital

pathology slide scanner (Hamamatsu) and viewed using NDP.view2 software. They

were scored 0, 1 or 2 regarding the number of ears with OME present.

2.2. Genotyping

All genotyping was performed by the Genotyping team at MRC Harwell. Detailed
genotyping methods can be found in the Appendix. Briefly, pinna biopsies were taken
from mice at three weeks of age. Genotyping for Dp1Tyb, Dp3Tyb and Dp5Tyb was
performed by searching for the mutant break point sequences at the ends of the
inserted region using quantitative polymerase chain reaction (QPCR). Other lines
were genotyped using gPCR with primers either side of the deleted/mutated region,

gel-based assays, allelic discrimination assays or knockout first genotyping.

2.3. Auditory-evoked Brainstem Response (ABR)

Mice were anaesthetized using a mixture of ketamine hydrochloride (100 mg/kg) and

xylasine (10 mg/kg), administered by intraperitoneal (IP) injection, and placed in a

heat box (Datesand Ltd.) until immobilized. Mice were then placed on a heated mat

to maintain body temperature at 37°C, inside a sound attenuating chamber (ETS-

Lindgren SD enclosure). Recording electrodes (Grass Telefactor F-E2-12) were

placed sub-dermally over the vertex (active), right mastoid (reference), and left flank

(ground) (Figure2.1). 6 Ar t i f i ci al ,Noeadis)wede agni¥histereddattrea r s E

eyes of the mouse to prevent the eyes becoming dry whilst sedated.
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Figure 2.1. Setup of electrodes for measuring auditory-evoked brainstem response
(ABR). Once the mouse was anaesthetised, recording electrodes were placed sub-dermally
in the following positions: active electrode over the vertex (red), reference electrode in the
right mastoid (blue) and ground electrode in the left flank (grey). A speaker played the
acoustic stimuli 1.5 cm away from the right ear, starting at 90 dB and decreasing in
increments of 5 dB. The reference electrode (blue) was then moved to the left mastoid, the
speaker to the left ear, and the ground electrode (grey) to the right flank. The pattern of
acoustic stimuli was then repeated. Image modified under Creative Commons License 2.5.

Acoustic stimuli were delivered monaurally to the right ear at a distance of 1.5 cm via

a free field transducer (ES1 Tucker Davis Technology (TDT), Alachua, FL), controlled

by TDT SigGen/BioSig software, using TDT RZ6 hardware. The transducer output

was calibrated using a 1 0 mePacHic Belmorg, CA)i cr oph
and SigCal software (TDT) and calibrated levels checked using a Bruel and Kjeer

PULSE system with a type 4939 10 microphone
processing module. The speaker and electrode positions were then moved to deliver

the stimuli to the left ear and record the response. ABR responses were collected,

amplified and averaged using TDT RZ6 hardware and BioSig software (Tucker Davis
Technology (TDT), Alachua, FL). Stimuli consisted of 0.1 ms broadband clicks of

alternating polarity presented at a rate of 21/sec for a total of 300 averages. Stimuli

were presented at 90 dB SPL followed by decreasing steps of 5 dB SPL until a

threshold was determined visually by the absence of replicable response peaks.
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Recovery of mice was accelerated by admini s

mg/ml) at the rate of 1 mg/kg of body weight.

2.4. Schedule 1 cull of mice

Mice were given an IP injection of Euthatal (sodium pentobarbital) (0.2 ml/20g body
weight). However when collecting samples for scanning electron microscopy the mice
were culled by cervical dislocation instead as the cochleae must be fixed quickly to
preserve hair cell and cilia morphology. Once death was confirmed, the required
samples were collected. All mice were two-months-old at time of death unless

otherwise stated.

2.5. Tympanic membrane observations

Following a Schedule 1 cull, the head was removed and skinned. The skull was
placed under a light microscope and a visual inspection was carried out to look for

perforations of the tympanic membranes.

2.6. Histology

Once fixed, all stages of processing, sectioning and H&E staining were performed by

the Histology department at MRC Harwell. The Necropsy team collected the lungs.

2.6.1. Sample collection and fixation
Following a Schedule 1 cull, the heads were removed and skinned, and submerged

in 10% neutral buffered formalin (NBF) (Leica) for at least 48 hours.

To collect the lungs, the thorax was cut open and the lungs were inflated with 10%
NBF via an injection into the bronchus. The lungs were then removed from the

mouse and submerged in 10% NBF for one week.
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2.6.2. Decalcification

The fixed heads were then washed in phosphate buffered saline (PBS) (three x 15
mins) before decalcification (with either 18% D.F.B. decalcifying agent (Kristensen;
Pioneer Research Chemicals) for three days, or 4.3% EDTA in PBS for three weeks).
EDTA was used if the sections were for immunohistochemistry requiring antigen

retrieval.

2.6.3. Dehydration, clearance and paraffin impregnation processing

Decalcified heads were placed into an ExcelsiorE AS processor (Thermo
ScientificE ) which is pre-programmed to perform the dehydration, clearance and
paraffin wax impregnation required to prepare the samples for microtome sectioning.
The samples were dehydrated in increasing concentrations of industrial denatured
alcohol (IDA) (70, 90 and 100%)), cleared using 100% xylene to removed lipids and

residual alcohol, and impregnated with molten paraffin wax under vacuum.

Lungs were also put through the ExcelsiorE AS processor (Thermo ScientificE ).

2.6.4. Embedding and sectioning

Heads were then embedded in paraffin wax following routine procedures. Sections
were cut using a FinesseE ME+ microtome (ThermoFisher). The sections were
guided into a 45°C water bath, charged slides were placed underneath and lifted out

of the water with the section.

For IHC and most H&E, 5 pum transverse sections were cut (Figure 2.2a). Sagittal 5
pm sections (at the mid-modiolar level) were cut from other skulls and H&E stained to

see the hair cells in the cochlea (Figure 2.2b).
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Lungs were embedded in paraffin following routine procedures, then the left lobe was
cut in the transverse plane (Figure 2.2c). Three step sections were cut, with three 5
pUm sections cut at each depth. All were H&E stained. Some lung sections were left

unstained as an epithelial tissue on which to test the IHC antibodies.

a

Snout —»

Cochlea

Figure 2.2. Diagram showing the anatomical plane of the histological sections. (a)
Mouse head cut in the transverse plane. Scale bar =5 mm. (b) Mouse head cut in the
sagittal plane. Scale bar = 5 mm. (c) Left lobe of mouse lung cut in the transverse plane.
Scale bar = 1 mm. Mouse and lung images modified under creative commons license 2.5.
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2.6.5. Haematoxylin and Eosin (H&E) staining

Paraffin sections from heads and lungs were H&E stained using an Automatic
Stainer, which first dewaxed the sections using 100% xylene and rehydrated using

100% and 70% IDA before applying the haematoxylin and eosin stains.

Sections were then mounted in Clearium solution (Leica) and glass coverslips were

applied.

2.6.6. Imaging

Images were taken using NDPscan software on a NanoZoomer Digital Pathology

scanner (Hamamatsu).

2.7. Measuring the middle ear epithelial lining

Figure 2.3. Measuring middle ear epithelial lining thickness. Example shown is the left ear
of a two-month-old Dp5Tyb mouse. Images were opened in NDP.view2 software and annotated
using the ruler tool. A 500 um line was drawn from the start of the epithelial lining (area furthest
from the cochlea, next to where TM joins), followed by another 500 pm line. Measurements
were then taken from the ends and midpoints of these lines (five measurements in total per
ear). TM = tympanic membrane; MEF = middle ear fluid; MEC = middle ear cavity; EL =
epithelial lining. Scale bar = 500 um.
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The middle ear epithelial lining was measured on images taken of H&E stained 5 pm
transverse sections. Using NDP.view2 software, two 500 um lines were drawn
starting from the area of middle ear furthest from the cochlear/inner ear region.
Measurements were then taken from the ends and midpoints of these lines, totalling
five measurements (Figure 2.3). An average (mean) thickness was calculated for
each mouse, then WT mice were compared to Dp5Tyb at each time-point (three-

weeks, four-weeks, two-months, four-months, six-months and one-year-old).

2.8. Lung phenotype

2.8.1. Mean linear intercept (Lm) calculation

The lung sections used were H&E stained 5 pm transverse sections from two-month-
old mice. Images were taken from three areas at three different depths (step
sections) on NDP viewer at x40 magnification (nine images per mouse). Using
ImageJ, seven grid lines were superimposed onto each image and the number of
times the alveoli crossed the lines was counted using a cell counter on ImageJ. The

mean linear intercept was then calculated using the equations shown in Figure 2.4.
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b Tre length of line = (Scale bar x Length of line)

Length of scale bar

Mean linear intercept (Lm) = (Number of lines counted x True length of line)

Total number of intersects

Figure 2.4. Mean linear intercept calculation. (a) Images of WT and Dp5Tyb H&E stained
lung sections were opened in ImageJ software. A grid was superimposed, consisting of
seven horizontal lines. The cell counter was used to mark each time an alveolar wall crossed
a grid line (blue dot). Scale bar = 50um. (b) The equations used to calculate the mean linear
intercept. A total of nine images were analysed for each mouse (three images from three
longitudinal step sections through the lung), and then an average (mean) was taken.

2.9. Immunohistochemistry (IHC)

The IHC protocol was optimised extensively regarding: the method of skull
decalcification, the coating on the microscopy slides, the use of heat-mediated
antigen retrieval and the concentration of primary antibody. The antibodies were also
tested on lung tissue first to preserve precious middle ear sections. EDTA was used
to decalcify skulls as it was found that this caused the thin WT middle ear epithelial
lining to adhere better to the slide, particularly when combined with Series 2

Adhesive microscope slides (TRAJAN, 472042491).
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2.9.1. De-waxing

Sections were de-waxed in xylene and rehydrated in graded ethanol using the

Tissue-Tek® DRSE automated processor (Sakura).

2.9.2. Blocking

For IHC, endogenous peroxidase was blocked by submerging the slides in 3%

hydrogen peroxide in propan-2-ol for 20 mins then washed in PBS.

2.9.3. Antigen retrieval (AR)

Heat mediated AR was performed if required (see Appendix) using a microwave.
Slides were loaded into the container and either citrate buffer or water was added to
cover the slides. Citrate buffer (pH 6) was used for AR of lung sections, ddH20 for
head sections. The microwave was set to 50% power, run for 7 mins, topped up with
water and run again for 7 mins. The whole container was left to cool for at least 30

mins before proceeding.

2.9.4. Antibody incubation

The VECTASTAIN® Elite® ABC HRP Kit (Peroxidase, Rabbit IgG) kit (Cat. No: PK-

6101) was used following the manufactureros
antibodies were raised in rabbit (see appendix for exceptions). An ImmEdge pen was

used to outline the sections with a waterproof barrier. Goat serum from the kit was

diluted in PBS and added to the sections for 20 mins. Sections were then incubated

with primary antibodies overnight at 4°C (see Appendix for concentrations).

Secondary and tertiary antibodies from the kit were used for antibodies raised in

rabbit. For antibodies raised in other species, HRP-linked secondary antibodies were

used (see Appendix) and no tertiary was required.

36



CHAPTER 2: Materials and Methods
2.9.5. Visualisation and counterstaining

3 , -Diardinobenzidine (DAB)+ substrate chromogen system (Dako) was used for
development of the signal. DAB was added to the sections for 1-5 mins. The slides
were then washed in PBS and taken to the Histology department for counterstaining
with Haematoxylin and sealing with Clearium solution and coverslips. Once dry,

images were taken using the NanoZoomer scanner and NDP.view2 software.

2.9.6. Quantification of staining

The scans were opened in NDP.view2 software, and an image at 40x magnification
was taken of each epithelial lining. | took the images from the same area of each ear.
| opened the magnified images in ImageJ software, and using the cell counter tool |
manually counted 200 cells (any colour). Of these cells, | then counted how many

were brown (expressing the protein of interest) and represented it as a percentage.

2.9.7. Special stains

Haematoxylin and eosin (H&E), and Alcian blue and Periodic acid-Schiff (AB-PAS)

staining were carried out using standard methods by the Histology team.

2.10. Bone preparation

Skulls were stored in 95% ethanol before undergoing bone preparation by the
Histology team. Bone preparation briefly involved maceration in 1% potassium
hydroxide and staining with Alcian blue for cartilage and alizarin red for bone. The

skulls were stored in glycerol until measurements were taken.
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2.10.1. Craniofacial measurements
The skulls were imaged with a Zen microscope and measured using ImageJ
software. The frontal bone length and width, nasal bone length and skull length were

measured (Figure 2.5), and allometric ratios were calculated against skull length for

each mouse.

SL

Figure 2.5. Craniofacial measurements. WT and Dp5Tyb skulls underwent bone
preparation, which highlighted cartilage in light blue and bone in pink. Photographs were
taken on a Zen microscope camera, and measured using ImageJ software. FW = frontal
bone width; NL = nasal bone length; FL = frontal bone length; SL = skull length.

2.11. Real Time Quantitative Polymerase Chain Reaction (RT-gPCR)

2.11.1. Sample collection

For gPCRs, after the IP injection, blood was taken by retro-orbital bleed using
capillary microvettes, and middle ear exudates were collected with a P2 pipette after
removing the tympanic membrane with forceps. In Dp5Tyb mice, the total exudate
ranged from 0-3 ul per ear. The middle ear epithelial lining was collected using a
microcuvette. To allow RNA isolation for gqPCR, blood was collected into EDTA tubes
(stored in the fridge for up to one week) and the middle ear epithelial cells and
exudate were added to 20 ul aliquots of RNase-free water (stored in -80 freezer).

38



CHAPTER 2: Materials and Methods

2.11.2. RNA extraction and cDNA synthesis

RNA from larger tissues, such as lung, was extracted using Precellyus bead tubes
with lysis buffer (shaken on precellyus24 at 4500 rpm for 20 secs) followed by the
Qiagen RNeasy Plus Mini Kit (cat no. 74134). For blood samples, the Maxwell® RSC
simplyRNA blood kit (Promega, AS1380) was used, and for middle ear epithelial cells

and ear exudate the Maxwell® RSC simply RNA cells kit (Promega, AS1390) was

used. Both kitswereusedf ol | owi ng t he manwfactureroés in

A NanoDrop ND8000 (Labtech) and 2100 Bioanalyzer (Agilent) were used to test the
quantity and quality of RNA respectively, before cDNA was synthesised using a High-

Capacity cDNA Reverse Transcription Kit (ThermoFisher, 4368813).

2.11.3. PCR amplification

2.11.3.1. Tagman assays

ProbesforHi f, T/flU &anf Vegfa had already been designed and used for other
mouse models by the Deafness lab. RT-gPCR was performed using TagMan gene
expression assays, Fast Universal PCR Master Mix and a 7500 Fast RealTime PCR

System (Applied Biosystems). Reactions were performed in triplicate.

2.11.3.2. SYBR® Green assays

Primers for genes in the Dp5Tyb region were designed on PrimerExpress3 (see
Appendix) then tested on cDNA from WT control tissue (e.g. lung). The control tissue
for each gene was chosen using expression data on the GTEXx portal. RNA extraction

was performedas descri bed earlier, following

The gPCR plates were run with SYBR® Green Master Mix on an ABI 7500 Fast
machine on the following setting: one cycle at 95°C for 20 secs; 40 cycles at 95°C for

3 secs; then 60°C for 30 secs. Reactions were performed in triplicate.
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2.11.4. Analysis

Data were normalized using Ppia as the endogenous control and fold changes of
expression were calculated using Applied Biosystems 7500 software v2.3. Gene
expression across multiple plates was normalized to the reference sample (usually a
WT F blood), then to the endogenous control gene, Ppia. Thresholds were manually
adjusted to sit at the exponential phase (centre of the straight line). Clear outliers

were manually removed.

2.12. Meso Scale Discovery (MSD) assay

MSD assays use electrochemiluminescent labels (SULFO-TAGE ), which generate
light when stimulated by electricity in the correct chemical environment. The MSD
instrument applies electricity to the plate electrodes, causing the labels to emit light.
This light intensity corresponds to the quantity of analyte present. A plate was
designed to contain analytes of interest from the U-PLEX Biomarker Group 1 mouse
assays (catalogue number K15069L-1). U-PLEX Mouse: IL-1 b , -6, IL{410, IL-17A,

IL-21, TNF-U, and-AVEGF

2.12.1. Sample collection

After the IP injection with terminal anaesthetic, blood was collected into brown z-gel
tubes (no anticoagulant) via retro-orbital bleed using glass capillary microvettes.
Serum was isolated by allowing the blood to clot at room temperature for one hour
before centrifuging (16000 x g, 5 mins, 4°C). Supernatant (serum) was removed into

a clean Eppendorf on dry ice, and was later loaded neat into the plate (25 pl/well).

Middle ear exudate was collected using forceps to remove the tympanic membrane

and a pipette to collect the fluid. The fluid from both ears (1-3.5 ul) was combined into
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50 ul ice cold PBS, vortexed for 30 secs and centrifuged (500 x g, 10 mins, 4°C) to
pellet the cells and debris. The supernatant was later added to the plate neat (25

pl/well).

2.12.2. Plate coating

Each well of the 96-well plate contained 10 miniature wells for the different linkers to
attach (Figure 2.6b). The plate was coated followingthe manuf act ur er 6 s
To summarise, 200 pl of each antibody was coupled to 300 ul of a unique linker
(numbered 1-10), vortexed and incubated (RT, 30 mins). Then 200 pl of stop solution
was added to each tube, vortexed and incubated (RT, 30 mins). A 600 pl aliquot of

each linker-coupled antibody was combined into one tube, vortexed, then 50 ul was
added to each well to coat the plate. After incubating (RT, one hour shaking) the

plate was washed three times (150 pl/well PBS-T) and was ready for use.

Antibody —
° Each biotinylated
capture antibody b
(i was coupled to a

U-PLEX linker

Linker — '

U-PLEX coupled
antibody —

| | / B I
U-PLEX plate __ . The plate was coated :
1 with the U-PLEX P
. /

1

coupled antibodies

; i

Samples and standards

] were incubated on the plate,
before adding SULFO-TAG™
detection antibodies

Analyte of interest

Detection antibody

with SULFO-TAG™ 5.

Figure 2.6. Meso Scale Discovery (MSD) assay. (a) Schematic diagram of the main steps
in the MSD protocol. (b) A magnified image representing the bottom of a well in the 96-well
MSD plate. Each well contains 10 miniature wells where the 10 antibodies and linkers can
bind (shown as different coloured spots). The images either side show the contents of each
miniature well after the protocol has been followed. One sample is added to the whole well,
and as each miniature well is binding to a different analyte of interest, 10 results are given
per well. Image modified from MSD booklet provided with the Kit.
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2.12.3. Assay protocol

Lyophilized standards were reconstituted with 250 pl Diluent 41. Multiple calibrators

were combined (50 ul of each) into a final volume of 250 pl Diluent 41. The

subsequent six dilutions for the standard curve were prepared by 4-fold serial

dilutions in Diluent 41. Diluent 41 alone was used for the 8t standard. Diluent 41 was

added (25 pl/well), followed by 25 ul standard or sample. The plate was covered and

incubated (RT, 1 hour shaking). Detection antibodies are pre-coupled to

electrochemiluminescent tags (SULFO-TAGE ). A 60 pl aliquot of each detection

antibody was combined and brought to a final volume of 6 ml using Diluent 45. After

washing three times (150 pl/well PBS-T), 50pl of the detection antibody solution was

added per well, sealed and incubated (RT, one hour, shaking). After a final three
washes (150 ul/well PBS-T), read buffer was added 150 pl/well and the plate was
read on an MSD Sector Imager 2400. The assay protocol is summarised in Figure

2.6a.

2.12.4. MSD data analysis

2.12.4.1. Data pre-processing

1) Replaced missing values with limit of detection (LOD / 2 for the specific assay
(Lower LODs in pg/ml are IL-17A = 0.3, IL-21 = 6.5, IL-22 = 1.2, IL-6 = 4.8, IL-10 =

3.8, IL-16b = 3.1, TNF-U= 1.3, VEGF-A = 0.77).
2) Applied logarithmic (base 2) transformation.
3) Regressed out plate effects (subtract plate means and add global mean).

4) Calculated the mean of data for each sample (12 samples have four technical
replicates averaged from across two plates, and 24 samples have two technical

replicates averaged from a single plate).
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2.12.4.2. Statistical analysis

For each pairwise comparison in a panel a two-sided Manni Whitneyi Wilcoxon
(MWW) test was performed and raw p-values were denoted according to
(****<0.0001, *** < 0.001, ** < 0.01, * < 0.05). In order to control for multiple testing,
we applied the Benjamin-Hochberg procedure to the complete set of 24 p-values
arising from all the MWW tests across all assays and pairs of groups. Rejecting the
null in all starred cases (*, **, *** and ****) controlled the false discovery rate (FDR)

below 5%.

2.13. Micro-Computed Tomography (microCT)

2.13.1. Sample collection

The skull was bisected and the middle and inner ear were isolated from the skull
together and fixed in 4% PFA. After six hours on the Belly Dancer Orbital platform
shaker (Stovall) the PFA was replaced with fresh 4% PFA and left overnight. After

three washes with PBS the samples were left in PBS in the fridge ready for microCT.

MicroCT was performed with the assistance of Zsombor Szoke-Kovacs, and his

methods are as follows.

2.13.2. Imaging

Skyscan 1172 Micro-Computed Tomography (microCT), by Bruker, was used for the
scanning of samples. Mouse auditory bullae were glued using dental cement to a

Skyscan 1172 sample holding metal rod, and were scanned at a standard set of

parameters specifically developed for ear scanning (X-ray power 80-85 kV, Al 0.5

mm filter, smal | camer a pi xoestepO0.25m&ame pi x el

averaging 2, random movement 10). The collected x-ray images were reconstructed
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in NRecon (Bruker), followed by a standardization/scaling process (downsized by 2
and rescaled by 14 em) wusing the Har well Au

(HARP), developed at MRC Harwell.

2.13.3. Segmentation

Manual segmentation of the ossiclesusingthe 6 Thr es hol di ngdé opti on

ITKSnap, then surface mesh models were viewed and exported in 3DSlicer.

2.14. Scanning Electron Microscopy (SEM)

SEM was performed with the assistance of Andrew Parker and his methods are as

follows.

2.14.1. Sample collection

For cochlear and middle ear SEM, mice were culled by cervical dislocation, then the

head was removed, bisected and the bullae were separated from the skull.

For cochlear SEM, the middle ear was discarded and forceps were used to pierce the
oval window and scratch a small hole in the apex of the cochlea. Glutaraldehyde
(2.5% in 0.1M phosphate buffer) was injected through the oval window to fix the

cochlea before submerging in the same glutaraldehyde.

For middle ear SEM, the inner ear was discarded and the middle ear was fixed in
glutaraldehyde. Both sets of samples were submerged overnight at 4°C on a rocking

platform.

2.14.2. Decalcification and fine dissection (inner ears only)

The samples were rinsed in 0.1M phosphate buffer three times for 15 mins, before

submersion in EDTA (4.3% in 0.1M phosphate buffer) to decalcify for 24-48 hours at
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room temperature. Fine dissection was performed to remove the decalcified shell and

reveal the cochlear organ of Corti.

2.14.3. Processing

Osmium tetroxide thiocarbohydrazide (OTO) processing was done using a Leica EM-
TP (Leica Microsystems). Briefly, the samples were immersed in 1% v/v osmium
tetroxide (OsOa4) (Electron Microscopy Supplies) in 0.1M sodium cacodylate buffer
(Sigma Aldrich) for one hour, washed six times for 5 mins in ddH20, immersed in 1%
v/v thiocarbohydrazide (TCH) (Fluka) in ddH20 for 30 mins, washed times for 5 mins
in ddH20, immersed in OsO4 again for one hour and washed six times for 5 mins in

ddH:20.

2.14.4. Critical point drying, mounting and sputter coating

The samples were then dehydrated through six increasing concentrations of ethanol
(25-100%) (Fisher Scientific) for 45 mins each before being transferred to 100%
acetone (Fisher Scientific) and critical point dried using a Leica EM CPD300 (Leica
Microsystems). Samples were then mounted on stubs using silver paint (Agar
Scientific) and sputter coated with platinum in an argon atmosphere using a Quorum

Q150T sputter coater (Quorum Technologies).

2.14.5. Imaging

The cochleae and middle ears were then visualised with a JEOL LSM-6010 (Jeol

Ltd.) scanning electron microscope.

2.15. Statistical analysis

Data were tested for normality using a DOAGg
distributed, an unpaired s t u d e-tedt Wwas petformed to compare two datasets of n
O3.For datasets with unequal standardlifdevi at
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not normal, a non-parametric test (Mann-Whitney Test) was performed instead. Error

bars on graphs show mean +/- standard deviation (SD).

Statistical analysis was performed using GraphPad Prism 9 software. The
significance threshold was set at p<0.05. On graphs, significance levels are
represented by: ns = p > 0.05 (not significant), * = p 00.05, ** = p 00.01, *=p O

0.001, **** = p 00.0001.
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3.1. Introduction

Humans with Down syndrome (DS) have trisomy of human chromosome 21 (Hsa21),
which leads to a broad range of characteristic phenotypes (Antonarakis, 2017).
Understanding the genetic cause of these phenotypes could allow therapies to be
developed to improve quality of life for people with DS. In order to do this, mouse
models of DS have been created. The mouse orthologues to genes on Hsa21 are
found mostly on mouse chromosome 16 (Mmu16), with some also on Mmul0 and
Mmul7. In 2016 the Tybulewicz lab published their segmental trisomy models of
Mmul6, which were used to investigate congenital heart defects (Lana-Elola et al.,
2016). These models were shared with MRC Harwell so that other DS phenotypes

could be investigated, such as otitis media with effusion (OME).

These mice, known as DpTyb, have two full copies of Mmul6, plus an additional
duplication of a specific region of Mmul6, ranging from 12 to 148 genes (all Hsa21
orthologues on Mmul6) (Lana-Elola et al., 2016). The duplicated regions have
discrete end points so there are no overlaps. This allows a mapping panel to be
created (Figure 3.1), and the causative genes for a DS phenotype can be tracked by

analysing mice with smaller and smaller duplicated regions.

The Hsa21 orthologues on Mmu10 and Mmul7 are duplicated in the mouse models
Dp(10Prmt2-Pdxk)2Yey (Dp2Yey) and Dp(17Abcgl-Rrplb)3Yey (Dp3Yey),
respectively (Yu et al., 2010). The Deafness lab (Harwell) found no OME in these

mice (Figure 3.1) (Tateossian et al., 2022).

a7



CHAPTER 3: Phenotypic characterisation of Dp5Tyb mice

mgg::;‘% @ rcove @ uniateraiove () Bilateral OME

@ Dp1Tyb Dp9Tyb Dp3Tyb Dp5Tyb
00 0000002000

-

| |

2% Dp1 Dp9 Dp10 Dpi11 Dpi12 Dp2 Dp7 Dp8 Dp3 Dp4 Dp5 Dpé Dp2Yey Dp3Yey
ﬁ@é‘)@‘&@@& Typ Tyb Tyb Tyb Tyb Tyb Tyb Tyb Tyb Tyb Tyb Tyb

Number of protein

. - 148 76 12 20 42 33 13 19 39 13 12 14 41 19
coding genes:

Figure 3.1. Mapping panel of the duplicated regions of DpTyb and DpYey mice, and the
OME incidence in each mouse line. Mmul0, 16 and 17 are orthologous to Hsa21. Most of the
DpTyb mice have trisomy of a section of Mmul6, apart from Dp1Tyb mice, which have a
duplication of all Hsa21 orthologues on the chromosome. Dp2Yey and Dp3Yey have three
copies of the Hsa21 orthologues on Mmul10 and Mmul7 respectively. Blue lines represent the
duplicated region in DpTyb lines, with those with otitis media with effusion (OME) coloured dark
blue. The orange lines represent the duplications in DpYey mice. The pie charts show the
incidence of OME in each mouse | ine, with ¢
OME, and those with OME in one or both ears (termed unilateral and bilateral, respectively).
Image modified from figures by (Lana-Elola et al., 2016, Tateossian et al., 2022). Human data
sourced from a report by the National Institute for Health and Clinical Excellence (NICE, 2008),
which details the OME incidence in 70 British children with DS, aged 18-24 months.

DplTyb mice have a duplication of the majority of Mmul16 (148 protein coding genes,
114 of which are orthologous to those on Hsa21). Along with other DS phenotypes,
the Deafness lab (MRC Harwell) found fully penetrant OME in Dp1Tyb mice
(Tateossian et al., 2022). The mapping panel was then used to investigate the

Dp2Tyb, Dp3Tyb and Dp9Tyb segmental duplications, covering the region duplicated
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in Dp1Tyb, to ascertain which region contained the causative gene(s). Only half of
Dp9Tyb mice had OME, nearly all Dp3Tyb mice were affected and none of the
Dp2Tyb mice had OME. Mice with duplication of shorter sections of the Dp3Tyb
region i Dp4Tyb, Dp5Tyb and Dp6Tyb i were analysed next. Dp4Tyb and Dp6Tyb
mice had no OME, but all Dp5Tyb mice had OME in one or both ears. In summary,
the data indicates that a major locus predisposing to OME lies within the Dp5Tyb
segment. In addition, a minor locus contributing to OME is present within Dp9Tyb.

This was the starting point for my DPhil project.

DplTyb mice display a wide range of DS phenotypes, including modified craniofacial
morphology and reduced hearing (Lana-Elola et al., 2021). The Deafness lab also
studied the hearing loss and associated OME phenotypes of the Dp1Tyb mice, and

these phenotypes will be discussed further in relation to those seen in Dp5Tyb mice.

The Dp5Tyb region contains 12 genes, all of which are orthologous to genes found
on Hsa2l. After establishing that all Dp5Tyb mice have OME, which is a main
contributor to conductive hearing loss, | further explored the deafness phenotype.
Other possible causes of reduced hearing were investigated, such as issues with the
inner ear (sensorineural hearing loss) or other reasons for conductive hearing loss,
such as malformation of the ossicles (middle ear bones) or a perforated eardrum.
The age of OME onset, and the extent to which the hearing loss and inflammation
persisted as the mice aged were also explored. When studying Dp1Tyb mice we
found that they had abnormalities regarding the size of alveoli in their lungs and the
shape of their skulls, so these phenotypes were also investigated in Dp5Tyb mice for

comparison.
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This chapter discusses the deafness and DS phenotypes seen in Dp5Tyb mice
compared to their wildtype (WT) littermates, and also compared to Dp1Tyb where

data are available from others (Tateossian et al., 2022, Lana-Elola et al., 2021).

3.2. Results

3.2.1. Trisomy of the Dp5Tyb region has no effect on survival

DplTyb and Dp3Tyb mice have a reduced survival rate, with 50% less Dp1Tyb and

25% less Dp3Tyb mice surviving to weaning age compared to WT littermates (Lana-

Elola et al., 2016). Carriers of the duplicated region should comprise 50% of the

population if the genotype has no negative effects on survival. | therefore

investigated the survival rate of Dp5Tyb mice. From a sample of 10 litters, 56 mice

survived past weaning stage. When genotyped, 24 were WT and 32 were Dp5Tyb

mice. These values do not differ significantly from the expected value of 28 (p =

0.5700,two-t ai | ed Fi sherdéds exact test). Therefor

has no effect on the survival of these mice relative to their WT littermates.
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3.2.2. Dp5Tyb mice do not weigh significantly less than their WT
littermates at two-months-old

Upon first examination, Dp5Tyb mice appear smaller than their WT littermates.
However, when averaged over several cages,
weight at two-months-old between the genotypes in either sex (Figure 3.2). The males

follow a trend of lower weight in Dp5Tyb mice than WT littermates (mean WT: 26.16

g; mean Dp5Tyb: 25.35 g; p = 0.0571), but the mean weight of Dp5Tyb females was

slightly higher than their WT littermates (mean WT: 20.24 g; mean Dp5Tyb: 20.59 g;

p = 0.4285).
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Figure 3.2. Weights of Dp5Tyb mice and their WT littermates.
Mice were two-months-old. All cohorts n = 18. Male p = 0.0571;
female p = 0.4285. Both calculated using two-tailed unpaired t
tests. Error bars show mean + standard deviation.
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3.2.3. Dp5Tyb mice have inflamed middle ears from three weeks of age

The OME phenotype of the Dp5Tyb mice was analysed histologically at different time
points, from 3-52 weeks of age. For this study the mice were culled, and their heads
were fixed in formalin, sliced into transverse sections and haematoxylin and eosin

(H&E) stained.

OME typically presents as thickening of the middle ear epithelial lining
(mucoperiosteum) and an accumulation of fluid and white blood cells in the middle
ear cavity. To analyse the OME phenotype of Dp5Tyb mice | examined the H&E
sections and measured the ear with the thickest mucoperiosteum per mouse, always
starting from the top of the middle ear and taking five measurements (see methods).
Mucoperiosteal thickening was observed in Dp5Tyb mice from the first time point of
three weeks, all the way through to the last time point of one-year-old. Measurements
of the mucoperiosteal thickness revealed that the most significant difference between
WT and Dp5Tyb epithelial thickness was at two months of age (p = 0.0002) (Figure
3.3). It was therefore decided that two-months-old would be the standard age of mice
used for all future experiments, unless multiple time points were needed. At two-
months-old, mice are still classed as juvenile (Jackson et al., 2017), which is relevant
to the human disease being modelled as humans with DS are most affected by OME
during childhood. Using this time point also allows comparison with Dp1Tyb research

done by others in the Deafness lab (Tateossian et al., 2022).

The thickness of WT mucoperiosteum remained constant through all time points. A
Kruskal-Wallis test (non-parametric one-way ANOVA) showed there was no
significant difference overall between the groups (p = 0.0636). D u n n @lsple m
comparisons test showed no significant differences between the WT mice of any two

time points, with all p-values > 0.0745.
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Figure 3.3. Thickness of middle ear epithelial lining in WT and Dp5Tyb mice from three
weeks to one year of age. (a) Error bars show mean + standard deviation. Unpaired two-
tailed t-test with Welch's correction. Three-weeks-old: WT n = 6, Dp5Tyb n =6, p = 0.0764
(unpairedtt est wi t h Wel c h éveekszotdrWTer & 6, Dgbhiyp n = 6Fpo=u r
0.0022 (Mann Whitney test); Two-months-old: WT n = 10, Dp5Tyb n = 10, p = 0.0002 (Mann
Whitney test); Four-months-old: WT n =6, Dp5Tyb n = 9, p = 0.0048 (Mann Whitney test);
Six-months-old: WT n = 10, Dp5Tyb n =12, p = 0.0008 (Mann Whitney test); One-year-old:
WT n =6, Dp5Tyb n =11, p = 0.0202 (Mann Whitney test). Each point on the graph
represents the middle ear with the thickest mucoperiosteum per mouse. (b) Images of WT
and Dp5Tyb middle ears, taken from H&E stained transverse paraffin-embedded sections.
EL = epithelial lining; MEC = middle ear cavity; MEF = middle ear fluid. Scale bar = 250 um.
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3.2.4. Dp5Tyb mice have a small increase in ABR thresholds, which is

indicative of conductive hearing loss

All Dp5Tyb mice have at least one ear affected by OME, which is a common cause of
conductive hearing loss in children, particularly those with DS (Fortnum et al., 2014,

Park et al., 2012). Children with DS sometimes have mixed hearing loss, which is

caused by a combination of conductive (middle ear) and sensorineural (inner ear)

elements (Kreicher et al., 2018). To better understand the deafness phenotype of

Dp5Tyb mice | measured their auditory-evoked brainstem response (ABR) to

broadband click stimuli. Dp5Tyb mice and WT littermates were anaesthetised and

three sub-dermal electrodes were inserted i one below the ear being tested, one

along the midline of the head, and one in the flank. A tone was then played near the
mousebs ear, gradually decreasing in intens
response was shown in waves onthescreen. Once the | imit of th
was reached the waves became disordered and the threshold was noted. A mild

hearing impairment (a small increase in ABR threshold compared to WT littermates)

is categorised as conductive, whereas more severe hearing loss is indicative of

sensorineural hearing loss. The exact thresholds vary, but one study performed click-
evoked ABRs at 30 dB and 65 dB. Children wh
were diagnosed with sensorineural hearing loss, those that could hear at 65 dB but

not 30 dB had conductive hearing loss, and those that could hear the 30 dB stimulus

had normal hearing (Watson et al., 1996).

Click-evoked ABRs were carried out from four weeks to six months of age. A small
but statistically significant increase in threshold was seen in Dp5Tyb mice compared
to WT littermates at every time point (Figure 3.4). At two months, Dp5Tyb mice had a

mean threshold 21.87 dB above their WT littermates (p = 0.0366). For comparison, at
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two-months-old Dp1Tyb mice had a mean ABR threshold 27.5 dB above WT
littermates (p <0.0001) (Tateossian et al., 2022). The small threshold increase of 20-
30 dB is indicative of conductive hearing loss, rather than sensorineural. However, it
is important to note that mild sensorineural hearing loss is a possibility (Zaitoun et al.,
2021). Another study performed click-evoked ABRs on Dp1Tyb mice at 14 weeks of
age, and found the mean threshold was around 25 dB higher than that of WT

littermates (Lana-Elola et al., 2021).
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Figure 3.4. Auditory-evoked brainstem response thresholds for WT and Dp5Tyb mice
from four weeks to six months of age. Each data point represents one ear, both ears of
each mouse were tested, apart from a two-month-old and four-month-old Dp5Tyb for which
only one ear was tested. Error bars show mean = standard deviation. Four-weeks-old: WT
n =8, Dp5Tyb n =8, p = 0.0036 (Mann Whitney test); Two-months-old: WT n = 8, Dp5Tyb
n =29, p=0.0366 (Mann Whitney test); Four-months-old: WT n =8, Dp5Tybn=9, p=
0.0085 (unpairedtt est wi t h Wel c¢ hrosthseld:MWT a £ &, DpdTyh n =8P
=0.0308 (Mann Whitney test). db SPL = decibels sound pressure level.

55



CHAPTER 3: Phenotypic characterisation of Dp5Tyb mice
3.2.5. No sensorineural hearing loss was found in Dp5Tyb mice

To ascertain whether the reduced hearing detected in Dp5Tyb mice was due to
conductive hearing loss only or sensorineural hearing loss as well, the organ of Corti
in the inner ear was examined at two-months-old. Hair cells are part of the organ of
Corti, they convert sound waves into electrochemical energy, stimulating the auditory
nerve to pass the information to the brain. Organ of Corti and hair cell morphology
were observed using scanning electron microscopy (SEM) and H&E stained sections
(Figure 3.5). Images were taken at the top (apical), middle (mid) and bottom (basal)

turns of the cochlea.

Apical i Mid (H&E)

g \,,f” PR

Figure 3.5. Scanning electron microscopy and H&E staining of cochlear hair cells. (a)
Scanning electron microscopy images of a WT and Dp5Tyb organ of corti. Images are of hair
cells at the apical, mid and basal turns of the cochlea. IHCs = inner hair cells; OHCs = outer
hair cells. WT n = 2; Dp5Tyb n = 2. Images taken at x2000 magnification. Scale bar = 10 um.
(b) Histological images of WT and Dp5Tyb cochlear hair cells from the mid turn of the
cochlea. Sagittal head sections were haematoxylin and eosin (H&E) stained, imaged and the
mid turn was identified. WT n = 2, Dp5Tyb n = 2. Scale bar = 50 um. (c) Higher magnification
images of Dp5Tyb hair cells from the mid turn of the cochlea. Images taken at x10000
magnification. Scale bar = 1 um. SEM images were taken by Andrew Parker.
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On the SEM images, healthy hair cells present as three rows of outer hair cells
(OHCs) with one row of inner hair cells (IHCs) below (Figure 3.5a). On the H&E
sections, the cochlea has been bisected in the sagittal plane, so healthy hair cells
would now appear as three OHCs converging with one IHC at each turn of the

cochlea (Figure 3.5b).

At two-months-old, Dp5Tyb hair cells are indistinguishable from WT hair cells when
observed through histological examination and SEM imaging. The hair cell bundles
have normal morphology at all turns of the cochlea. Figure 3.5a shows example SEM
images of a WT and Dp5Tyb organ of Corti, above a higher magnification image of
the mid cochlear turn (Figure 3.5c) to allow the hair cell bundles to be viewed more

easily. H&E images of the mid turn are shown alongside (Figure 3.5b).

These findings suggest that it is unlikely that Dp5Tyb mice have a sensorineural
element to their hearing loss. However, in-depth analysis was not performed, such as

verifying the health of the supporting cells, for example.

3.2.6. Investigation of additional conductive elements to the hearing loss

After confirming that the hearing loss is due to middle ear dysfunction, other potential
causes of this conductive hearing loss were investigated - malformation of the middle

ear ossicles, and perforation of the tympanic membranes.
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3.2.6.1. Micro-computed tomography shows no malformation of ossicles

To study the morphology of the middle ear ossicles, micro-computed tomography
(microCT) imaging was used to acquire 3D x-ray images of eight WT and eight
Dp5Tyb bullae, which were then reconstructed, scaled and the ossicles segmented.
Example images of WT and Dp5Tyb bullae of two-month-old mice in 2D are shown in
Figure 3.6, with the bones shown in different colours for clarity. Visual inspections
were carried out, and no difference in ossicle shape or size, or distance between

ossicles was observed between WT and Dp5Tyb bullae.

a
Stapes
Malleus — i ; '
Incus
b
o

Figure 3.6. Micro-computed tomography (microCT) images of the middle ear ossicles.
Images show the morphology of the ossicles in both ears of (a) a WT mouse and (b) a Dp5Tyb
mouse. All mice were two-months-old. The malleus (red), incus (blue) and stapes (pink) are
shown within the middle ear cavity of the bulla (grey). WT n = 8 (four mice), Dp5Tyb n = 8 (four
mice). Images created by Zsombor Szoke-Kovacs.
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3.2.6.2. No tympanic membrane perforations were observed at two-

months-old

Another potential cause of conductive hearing loss is a perforation of the tympanic
membrane (eardrum). After removing and skinning the head, the tympanic
membranes were observed under a microscope and photographs were taken (Figure
3.7). No perforations were seen in any of the 9 Dp5Tyb mice or 14 WT littermates,

suggesting this is not the cause of the conductive hearing loss found in Dp5Tyb mice.

Left Right

WT

Dp5Tyb

Figure 3.7. Photographs of tympanic membranes. Both tympanic membranes of two-
month-old WT and Dp5Tyb mice were observed for any perforations. M = malleus bone,
behind the tympanic membrane. No perforations were seen in either ear (WT: n = 14 mice,
Dp5Tyb: n = 9 mice).

59



CHAPTER 3: Phenotypic characterisation of Dp5Tyb mice

3.2.7. Dp5Tyb mice have a mild lung phenotype

The lungs are of interest as alveoli are air-filled spaces surrounded by epithelial cells,
similar to the middle ear cavity (Takahashi, 2001). Also, the epithelial lining of the
airways and middle ear are a continuous surface, connected via the Eustachian tube.
Non-Down syndrome mouse models of OME (Jeff and edison) were found to have a
lung phenotype (Tateossian et al., 2009, Crompton et al., 2017). For both mutants,
the embryos had smaller airways with compact tissue surrounding them, leading to
an emphysema phenotype in adulthood whereby they had larger alveolar spaces
than WT littermates. As Dp5Tyb mice have OM, | wanted to check if they also have

this lung phenotype.

Dp5Tyb alveolar size was quantified using the mean linear intercept (Lm) calculation,
a concept first introduced in the 1940s as a measure of surface area (Tomkeieff,
1945), and later applied to studying lung morphology (Campbell and Tomkeieff,
1952). The Lm calculation now involves counting how many times the alveolar walls
cross a superimposed grid on ImageJ software, taking into account the number and
length of the lines, and scale of the image. This method was described previously
(Andersen et al., 2012). The fewer times the alveolar walls cross the grid the larger
the Lm value becomes, indicating a larger alveolar size (although not a direct
measurement). The images used were from transverse H&E sections of the left lung
of Dp5Tyb mice (n = 10) and WT littermates (n = 9). Nine images were analysed per
mouse, and each data point on the graph is an average of these nine measurements.
There was a significant increase in alveolar size in the Dp5Tyb mice compared to WT
littermates (mean linear intercept: WT = 28.53 um, Dp5Tyb = 30.51 um, p = 0.0395)

(Figure 3.8).
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Quantification of alveolar size
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Figure 3.8. Mean linear intercept (Lm) graph and images of the lungs. Mean linear
intercept is a representation of alveolar size. A larger Lm value corresponds to larger alveoli.
(a) Error bars show mean + standard deviation. WT n =9, Dp5Tyb n = 10, p = 0.0395
(Unpaired two-tailed t-test). (b) Examples of the H&E stained lung sections used to measure
Lm. Scale bar = 50 pum.
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3.2.8. Mild craniofacial defect in Dp5Tyb mice

Craniofacial defects are one of the risk factors for chronic OME, even in children
without DS (Hardisty et al., 2003). Human patients with DS have visible facial
differences (Rodrigues et al., 2019), and the same was found in Dp1Tyb mice i they
had significantly wider frontal bone width than their WT littermates (p = 0.0016)
(Tateossian et al., 2022). There was also a trend towards Dp1Tyb mice having a
shorter frontal bone length, but the data were not significant. Through visual
observation they found that Dp1Tyb ear pinnae are more rounded and sit lower on

the head, their neck appears shorter, and their head is more domed in shape (Figure

3.9a).
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Figure 3.9. Craniofacial measurements carried out on WT and Dp5Tyb skulls following
bone preparation. (a) Photographs of Dp5Tyb and Dp1Tyb heads alongside their respective
WT littermate. (b) Diagram of the skull measurements taken. Bone preparation causes bone to
be stained pink and cartilage light blue. NL = nasal bone length; FL = frontal bone length; FW =
frontal bone width; SL = skull length. (c) Graph of the allometric ratios calculated from skull
measurements. Allometric ratios were calculated by comparing each measurement back to the
skull length (SL). Error bars show mean + standard deviation. WT n = 6, Dp5Tyb n = 6. NL/SL p
= 0.0640, FL/SL p = 0.0099, FW/SL p = 0.1381. All unpaired two-tailed t-tests.
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The Dp5Tyb mice dondét have a visible defect
emerge after analysis of skull measurements. Dp5Tyb and WT skulls underwent
bone preparation to distinguish bone (pink) from cartilage (blue). ImageJ software
was then used to measure the frontal bone length (FL) and width (FW), nasal bone
length (NL) and skull length (SL) (Figure 3.9b). Allometric ratios were then calculated,
normalising each skull measurement to the overall length of skull (Figure 3.9¢).
Dp5Tyb mice have significantly shorter frontal bones than their WT littermates (Mean
WT FL/SL = 0.37, mean Dp5Tyb FL/SL = 0.35, p = 0.0099) (Figure 3.9c). There was
also a trend towards Dp5Tyb mice having wider frontal bones, but the data were not

significant (Mean WT FW/SL = 0.27, mean Dp5Tyb FW/SL = 0.28, p = 0.1381).

The same trend of wider and shorter frontal bones was seen in both Dp1Tyb and

Dp5Tyb mice compared to their respective WT littermates.
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3.3. Discussion

Initial investigations of the DpTyb panel identified a major locus for OME within the
Dp5Tyb region. As a first step to identifying and characterising the locus involved, a
detailed phenotypic analysis of the Dp5Tyb mouse was undertaken focusing on the

nature of the hearing loss, as well as lung and craniofacial phenotypes.

The literature shows that fewer Dp1Tyb and Dp3Tyb mice survive to weaning age
compared to their WT littermates, but that Dp5Tyb litters show the expected
Mendelian ratios (Lana-Elola et al., 2016). My findings also suggest that Dp5Tyb
mice do not have decreased survival compared to their WT littermates. Lana-Elola
observed that the Dp1Tyb and Dp3Tyb mice were dying between E14.5 and weaning
age, and attributed this, at least in part, to the prevalence of severe congenital heart
defects (CHDSs) in these mice. Dp5Tyb mice do not show significantly increased rates
of CHDs (Lana-Elola et al., 2016), which could help explain why the expected
number survive to weaning age. Others have also confirmed that fewer Dp1Tyb mice
survive to weaning age compared to WT littermates (Lana-Elola et al., 2021,
Tateossian et al., 2022). Their reduced viability could also be affected by other
dosage-sensitive genes on Mmul16 as Dpl1Tyb mice have a much larger duplication

compared to Dp5Tyb mice.

At two-months-old there was no significant difference in weight between Dp5Tyb
mice and their WT littermates. Dp1Tyb mice weighed less than WT littermates
initially, but by two-months-old they were not significantly different (Tateossian et al.,
2022). Another study found male Dp1Tyb mice to be lighter at four-weeks-old but by
two months there was no significant difference in weight between the genotypes for
males or females (Lana-Elola et al., 2021). An explanation for the Dp5Tyb mice

appearing smaller but weighing the same as WT littermates could be related to
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altered bone density or body composition. People with DS are often shorter than the
general population, and tend to have a lower bone mineral density and increased
body fat (LaCombe and Roper, 2020, Gutierrez-Hervas et al., 2020). No
measurements were taken from Dp5Tyb mice other than weight, but future work
could involve echo-MRI to establish the fat and water mass present in the mice, or a
dual energy X-ray absorptiometry (DEXA) scan to study bone density. Total body
length or bone length (such as the tibia) could also be measured to ascertain whether
Dp5Tyb mice are smaller than WT littermates. These measurements were taken for
DplTyb mice, and the results showed that Dp1Tyb mice have shorter tibia bones and
reduced bone mineral density, but no change in fat or lean mass compared to WT

littermates (Lana-Elola et al., 2021).

When OME develops, the mucoperiosteum thickens with epithelial cell proliferation
and polyp formation at the leading edge (proximal to the middle ear cavity). As the
lining grows, white blood cells and plasma enter the middle ear cavity through
vascular leakage. The Dp1Tyb mucoperiosteum was measured from three weeks to
four months of age and it was significantly thicker than the mucoperiosteum of WT
littermates at all time points (Tateossian et al., 2022). The mucoperiosteal thickening
seen in the Dp5Tyb middle ear was similar to that of Dp1Tyb mice. Moreover, from
four weeks of age there was significant middle ear effusion in both Dp1Tyb and
Dp5Tyb mice. Overall, the data confirm that trisomy of Dp5Tyb region is sufficient to

cause OME.

The conductive hearing loss indicated by elevated click ABR thresholds in Dp5Tyb
was replicated in DplTyb twice (Lana-Elola et al., 2021, Tateossian et al., 2022).
Both sets of Dp1Tyb mice had thresholds almost 30 dB above their WT littermates,

which is moderately more severe than the 22 dB increase observed in Dp5Tyb mice.
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These findings correlate with the OME incidence in these mice 1 Dpl1Tyb have fully
penetrant bilateral OME, whereas Dp5Tyb mice have unilateral or bilateral OME
(Figure 3.1). When children develop OME they can lose 35-40 dB of hearing ability
compared to their peers (Fortnum et al., 2014). A loss of only 16-25 dB is sufficient to

negatively affect the development of a child with DS (Sacks and Wood, 2003).

The time points for ABR started a week later than epithelial measurements to allow

time for the litter to be weaned before undergoing this procedure. The ABRswe r e n 6 t
carried out at one-year-old as mice on a C57BL/6 background are known to have
age-related sensorineural hearing loss (Jeng et al., 2021), which would likely skew

the data.

The investigation of cochlear hair cell morphology indicated that it is unlikely that
Dp5Tyb mice have sensorineural hearing loss. Cochlear hair cells of four-week-old
DplTyb mice were examined with the same methods as two-month-old Dp5Tyb
mice, and normal hair cell morphology was also found in Dp1Tyb mice (Tateossian et
al., 2022). The combination of moderately raised ABR thresholds, no issues with hair
cell morphology, and the presence of OME in both Dp5Tyb and Dpl1Tyb supports the
conclusion that these mice have conductive hearing loss. However, sensorineural
hearing loss cannot be ruled out solely based on the experiments performed. A more
informative test of cochlear function would be to record distortion product otoacoustic

emissions (DPOAES) (Abdala and Visser-Dumont, 2001).

Although 83% of hearing loss in children with DS has been attributed to conductive
hearing loss (Balkany et al., 1979), the remainder must be caused by issues with the
inner ear. The findings in this thesis suggest that Dp5Tyb mice are a good model for
OME in DS, but may not fully recapitulate the mixed hearing loss seen in humans

with DS.
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One approach to further test this conclusion would be to quantify spiral ganglion
neuron (SGN) density. These neurons relay signals from the cochlear hair cells to the
brain, but after the onset of sensorineural hearing loss the neurons degenerate
irreversibly (Otte et al., 1978). If the SGN density of Dp5Tyb mice is not significantly
different to WT it would support the hypothesis that there is no sensorineural

component to the reduced hearing seen in Dp5Tyb mice.

The middle ear ossicles and tympanic membranes of Dp5Tyb mice are
indistinguishable from WT. This suggests that the conductive hearing loss is due to
the fluid in the middle ear cavity associated with OME. A limitation of the microCT
software used to image the ossicles is
volume or density of the bones. Although from visual inspection of the three-
dimensional images the WT and Dp5Tyb ossicles look the same, there could be a
difference in size or composition that we are unable to detect with this method. Some
have used Mimics software for 3D volume measuring of the ossicles after microCT
(Shin, 2021). Others have used the same software as us to reconstruct the image
slices (Skyscan NRecon), but then used additional programmes (Skyscan CTAn and
Skyscan CTVol) to carry out morphometric analysis and volumetric mineral density of
the ossicle bones (Chen et al., 2016b). This analysis is outside of the timescale
available for this DPhil project, but would likely be required for publication of the
microCT data. Histological analysis of the joints between the ossicles could also be
performed, as studies have found the cartilage to be thicker in people with DS

(Fausch and Roosli, 2015).

The Deafness lab found that Dp1Tyb mice had larger alveoli than their WT
littermates (mean linear intercept: WT males = 28.54 um, Dp1Tyb males = 32.22 um,

p < 0.05; WT females = 28.38 um, Dp1Tyb females = 31.22 um, p < 0.05; data not

67

t hat



CHAPTER 3: Phenotypic characterisation of Dp5Tyb mice
published). This lung phenotype was replicated in Dp5Tyb mice, although not quite
as severe. With sexes combined, the mean Lm value for Dpl1Tyb is 3.26 um higher
than WT littermates. For Dp5Tyb the mean Lm value is 1.98 um higher than WT.
Both p values are < 0.05. Emphysema was previously found in non-DS models for
OME suggesting widespread issues with the epithelial lining. A limitation of this
experiment could be the type of measurements carried out. The Lm calculation is not
a direct measurement of alveolar size, inst
air s gKawdsees dial., 2010). It could be more informative to study the size and
number of alveoli in situ using non-invasive propagation-based phase contrast x-ray

(PB-PCX) imaging (Leong et al., 2014).

Many have noted the impact of trisomy on the craniofacial morphology of both
humans and mice with DS (Richtsmeier et al., 2000, Starbuck et al., 2011). Dp5Tyb
mice have a significantly shorter frontal bone length, and a trend of narrower frontal
bone width compared to WT littermates. Dp1Tyb mice follow the same trend of
shorter frontal bone length, and also have significantly wider frontal bones than WT
littermates (Tateossian et al., 2022). Others have also measured the skull shape of
Dpl1Tyb mice and found abnormalities (Toussaint et al., 2021, Lana-Elola et al.,
2021). TcMAC21 mice (duplication of Hsa21 long arm) have shorter and wider faces
than WT littermates, and a more rounded head (Kazuki et al., 2020). These are
similar phenotypes to those seen in DplTyb mice (Figure 3.9a) (Tateossian et al.,
2022). The method | used to measure the skull was fairly limited in the amount of
information provided. Although this method allowed direct comparison with the
DplTyb data collected by the De-dirhenstosas | ab,
volumetric analysis needed to study the differences between Dp5Tyb and WT skulls
in detail. Others have used microCT imaging overlaid with three-dimensional

coordinates of anatomical landmarks to study craniofacial morphology in more detail
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(Singh et al., 2016). A more in-depth analysis might have identified craniofacial
abnormalities which could alter Eustachian tube drainage. Craniofacial defects and
hypotonia are thought to contribute to Eustachian tube dysfunction in children with
DS, which likely hinders drainage of middle ear fluid (Ghadersohi et al., 2018).
Measurements were taken of the bony part of the Eustachian tube of Dp1Tyb mice,
but no significant differences in size were noted between Dp1Tyb and WT littermates
(Tateossian et al., 2022). However, a more informative study might be to measure
the angle of the Eustachian tubes within the skull. The craniofacial defects
associated with DS could cause the Eustachian tubes to develop at a shallower
angle, thereby impeding drainage of fluid from the middle ear. Anatomical features of
the Eustachian tube were recently studied in sheep using histological sectioning,
cone-beam computed tomography and 3Dslicer software to generate a three-
dimensional model (Schuon et al., 2021). It would be interesting to carry out this

analysis on Dpl1Tyb and Dp5Tyb mice in the future.

In summary, the DS phenotypes seen in DplTyb are also present in Dp5Tyb. Some
phenotypes, such as raised hearing thresholds, the lung phenotype and craniofacial
defects are more moderate than in Dpl1Tyb. In addition, while Dp1Tyb shows fully
penetrant OME, there is a mixture of bilateral and unilateral OME in Dp5Tyb. Thus a
major locus contributing to OME is present within the Dp5Tyb region. This locus
accompanied by a minor locus present in Dp9Tyb presumably contribute to the fully

penetrant phenotype seen in Dpl1Tyb.

The next steps for this project will be to further investigate the OME phenotype of
Dp5Tyb mice, examining the cellular composition of the middle ear effusion,
evaluating whether the middle ear environment is hypoxic, and investigating whether

trisomy of the Dp5Tyb genes affects ciliogenesis.
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phenotype

4.1. Introduction

Otitis media (OM) is a term used to describe inflammation of the middle ear, and
consists of thickening of the epithelial lining (mucoperiosteum) and the accumulation
of fluid (effusion) in the middle ear cavity, usually containing white blood cells (Bhutta
et al., 2019). OME occurs without the presence of a pathogen (Rosenfeld et al.,
2016), and is a very common disease in children, with around 80% suffering from
OME at least once by the age of 10 (Schilder et al., 2016). Incidence amongst
children with DS is even higher, with up to 93% experiencing conductive hearing loss

at some point, mainly due to OME (Fortnum et al., 2014).

The middle ear is lined with ciliated epithelium and goblet cells (Luo et al., 2017). The
goblet cells secrete mucins (the main component of mucus). The mucus traps dust
and airborne pathogens which the ciliated epithelial cells then waft down the
Eustachian tube towards the nasopharynx. As for mucociliary clearance of the
airways, the mucus is then expelled from the body (by coughing or sneezing) or
swallowed so any pathogens are neutralised by the stomach acid (Bustamante-Marin
and Ostrowski, 2017). The ciliated epithelium of the middle ear is derived from two
distinct developmental origins. The neural crest epithelium lines the dorsal surface,
and the endoderm epithelium covers the ventral surface and the Eustachian tube
(Thompson and Tucker, 2013). The dorsal region is littered sparsely with bundles of
cilia, whereas the ventral region is covered with a lawn of cilia. The motile cilia in the
ventral region are orientated towards the Eustachian tube entrance, and waft debris

down the Eustachian tube to the nasopharynx. When OME is present, mucociliary
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clearance is not fully functional as cellular fluid accumulates in the middle ear (Luo et

al., 2017).

The contents of the cellular fluid provides information about the processes that are
happening during OME. The balance of macrophages and neutrophils is indicative of
the stage of inflammatory response. Leukocytes, such as neutrophils, are recruited to
the site of inflammation first, then macrophages arrive later (Butterfield et al., 2006).
Once neutrophils have performed their roles in resolving inflammation (Rosales,
2018) they become apoptotic and are engulfed by macrophages (Kourtzelis et al.,
2017). Markers for proliferation (such as Ki67) offer insight into how the
mucoperiosteum thickens, and apoptosis markers (such as cleaved caspase 3) could

indicate that the cause of inflammation is under control by the immune system.

The blockage of the middle ear cavity with fluid prevents oxygen from reaching the
mucoperiosteum, leading to a hypoxic environment (Huang et al., 2012). Hypoxia
causes the stabilisation of HIF-1U (hypoxia-inducible factor 1U), which is degraded
under normoxic conditions. HIF-1Uis a transcription factor which goes on to activate
the downstream genes 1116 ( i nt e r | ,&@nflk(tumour hédxrosis factor U) and
Vegfa (vascular endothelial growth factor A). The protein products of these genes are
involved in promoting inflammation and enhancing blood vessel endothelium
permeability to serum and immune cells (Huang et al., 2012), which leads to fluid

accumulation in OME.

This chapter will continue from Chapter 3 by further investigating the middle ear
environment of Dp5Tyb mice. | will observe the cellular composition of the middle ear
effusion, investigate the expression of hypoxia markers, and evaluate whether

trisomy of the Dp5Tyb genes affects middle ear ciliogenesis.
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4.2. Results

4.2.1. Incidence of OME in DS mouse lines relative to WT littermates

Incidence of OME
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m No OME mUnilateral OME m Bilateral OME

Figure 4.1. Incidence of OME in Dp1Tyb, Dp3Tyb and Dp5Tyb compared to their
respective WT littermates. These were the main DpTyb lines used for this project. Data
sourced from an extended data table in our recent publication, which also reports the
OME incidence in the other DpTyb lines (Tateossian et al., 2022). Sample numbers are
indicated on the bars. Dp1Tyb p < 0.0001; Dp3Tyb p = 0.0002; Dp5Tyb p < 0.0001 (two-
tailed unpaired t tests).

The OME incidence in all available DpTyb mouse strains was established in the
Deafness lab before the start of my DPhil project. All Dp1Tyb mice had fully
penetrant bilateral OME, and most Dp3Tyb mice had OME in at least one ear (Figure
4.1). To establish incidence of OME in two-month-old Dp5Tyb mice, histological

sections from Dp5Tyb and WT mice were observed for the presence of thickened
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epithelial lining in the middle ear. All Dp5Tyb mice had OME in one or both ears. This
finding is included in a manuscript in preparation alongside the OME incidence found
in other DpTyb mice (Tateossian et al., 2022) and the most relevant data for this
project are presented here (Figure 4.1). Examples of Dp5Tyb sections with and

without OME can be seen in Chapter 3 in Figure 3.3.

4.2.2. Dp5Tyb mice do not appear to have more goblet cells than WT

littermates at two-months-old

The epithelial lining of the middle ears contains goblet cells, which secrete mucins,
the main component of mucus (Liu et al., 2017). As Dp5Tyb mice have OME, |
investigated whether an increased presence of goblet cells was responsible for the
accumulation of fluid in the middle ear. Goblet cells are mainly found at the entrance
to the Eustachian tube (Thompson and Tucker, 2013, Liu et al., 2017). The literature
suggests that more goblet cells are found in areas densely populated with cilia, such
as within the bony part of the Eustachian tube, and amongst the ventral lawn of cilia

around the entrance to the tube (Lim et al., 1973).

Histological sectionsofeachmouseds head were cut in the t
several depths to allow the whole middle ear cavity to be observed (see Figure 2.2 in

methods chapter). As goblet cells are usually concentrated around the Eustachian

tube deeper sections were selected for this study. Sections were stained by the

Histology department with Alcian Blue Periodic Acid Schiff (AB-PAS) to visualise

mucins. The stain colours acidic mucins blue and neutral mucins magenta. The main

function of goblet cells is to secrete mucins and therefore this staining method was

used to highlight the goblet cells in the middle ear epithelium. Visual observation of
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the sections (Figure 4.2) found no marked increase in goblet cells in Dp5Tyb middle

ears compared to those of WT littermates.

WT (80x)

Dp5Tyb (35x) ©

Dp5Tyb (80x)

Figure 4.2. Alcian Blue Periodic Acid Schiff (AB-PAS) staining of the middle ear epithelial
lining near the Eustachian tube entrance. (a) WT sections (n = 5) and (b) Dp5Tyb sections (n = 8)
at 35x and 80x magnification. Scale bars = 100 um for 35x magnification and 25 pm for 80x
magnification images. AB-PAS stains mucins, which are secreted by goblet cells. Acidic mucins are
stained dark blue, and neutral mucins are stained magenta. Arrows are positioned to aid with
identifying some of the neutral mucins. ET = Eustachian tube, text positioned to indicate the
direction of the tube in relation to the section. All mice were two-months-old. AB-PAS staining was
performed by the Histology department at MRC Harwell.
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4.2.3. Dp5Tyb and Dp3Tyb mice have impaired middle ear cilia
maintenance at two months of age

To discover whether duplication of the Dp5Tyb or Dp3Tyb region leads to a
developmental defect regarding middle ear ciliogenesis scanning electron
microscopy (SEM) images of the middle ears of Dp3Tyb, Dp5Tyb and WT mice were
observed. Due to the two distinct developmental origins of the ciliated epithelium
(Thompson and Tucker, 2013), the dorsal and ventral regions of the middle ear were
imaged separately. Visual observations were used to draw conclusions about cilia
morphology and number, and representative images from each region, age and

genotype are presented in Figure 4.3 and Figure 4.4.

The images indicate that the cilia in both the dorsal and ventral regions initially

develop normally, as the Dp5Tyb and Dp3Tyb cilia are indistinguishable from WT at

two weeks old (Figure 4.3a, Figure 4.4a). However, it appears that the DS mouse

models have problems with cilia maintenance by two months old. For both the

Dp5Tyb and Dp3Tyb mice the ventral lawn of cilia has extensive cilia loss, and some
inflammation of the epithelial lining is present in both the dorsal and ventral regions

(Figure 4.3b, Figure 4.4b). Some signs of inflammation are already present in the

dor sal region of Dp5Tyb and Dp3Tyb mice at

to affect ciliogenesis.

To ascertain the desired magnification, lower magnification images were taken of the
two-month-old Dp5Tyb and WT middle ear. We then decided that 2500x
magnification was optimum as it allowed individual cilia to be seen whilst still showing
enough cilia to be representative of the whole region. Images at 350x magnification
can be found in the Appendix. No images were taken for Dp3Tyb mice, or for either

mouse line at two weeks old.
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a Dorsal Ventral

b _ ) Dorsal Ventral

Figure 4.3. Dp5Tyb middle ear cilia from the dorsal and ventral regions. Scanning
electron microscopy images of the middle ear cilia of (a) two-week-old and (b) two-month-old
Dp5Tyb mice and WT littermates. Two-week-old: WT n = 3, Dp5Tyb n = 3; two-month-old:
WT n =4, Dp5Tyb n = 6. Both ears of each mouse were explored, and the six images
chosen for each panel are representative of the overall environment seen across that region.
Asterisks indicate inflammation, seen as thickening of the epithelial lining. Magnification =
x2500. Scale bar = 10 pum. | shadowed Andy Parker while he took the two-month-old images,
and then took the two-week-old images myself. Representative 350x magnification images of
2-month-old Dp5Tyb and WT middle ears are available in the Appendix.
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Figure 4.4. Dp3Tyb middle ear cilia from the dorsal and ventral regions. Scanning
electron microscopy images of the middle ear cilia of (a) two-week-old and (b) two-month-old
Dp3Tyb mice and WT littermates. Two-week-old: WT n = 3, Dp3Tyb n = 3; two-month-old:
WT n = 3, Dp3Tyb n = 6. Both ears of each mouse were explored, and the six images chosen
for each panel are representative of the overall environment seen across that region.
Asterisks indicate inflammation, seen as thickening of the epithelial lining. Magnification =
x2500. Scale bar = 10 um. | shadowed Andy Parker while he took the two-month-old images,
and then took the two-week-old images myself.
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