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Abstract (english)

This thesis studies the phospholipid translocating P4-ATPase ATP11A, a novel

deafness gene causing autosomal-dominant inherited isolated auditory synap-

topathy / auditory neuropathy (AS/AN). The causative mutation is a 5,500 bp

deletion covering the last coding exon. This results in aberrant splicing with

the use of an alternative last exon, without induction of nonsense-mediated

mRNA decay. Immunohistochemistry of the transfected variant into HEK293T

cells reveals correct CDC50A-dependent subcellular localisation to the plasma

membrane. A flippase activity assay with the NBD-labelled fluorescent phos-

pholipids phosphatidylserine (PS) displays a hypoactivity of PS translocating

function from the exoplasmic to the cytoplasmic leaflet of the plasma membrane

in the presence of the mutation.

An artificially constructed variant of human ATP11A having neither the phys-

iological nor the alternative last exon, presented overly active. This suggests

that the deleted sequence of hATP11A codes for a regulatory domain, acting

(i) through simple length-dependent sterical hindrance of the catalytic core or

(ii) with a similar mechanism to the yeast ortholog Drs2p, where a cofactor

activates a conformational change of the inhibitory peptide. In the overly ac-

tive variant the autoinhibitory interaction with the deleted C-terminal domain

is completely missing. In the mutant protein the altered C-terminal region is

thought to be (i) either longer and therefore results in stronger deactivation or

(ii) inhibits to a similar level compared to wild type peptide, but the deletion

prevents the conformational change and thus the activation of flippase function.

Studies on the role of PS tanslocation, distribution across the plasma mem-

brane and the outcome of ATPase deficiency in mice demonstrate an importance

of ATPases in a multitude of cellular functions. Disturbance in cell stability and

shape, endo- and exocytosis, apoptosis, neurite degeneration and regeneration

as well as impaired Ca2+ levels and interaction of proteins with the plasma

membrane can be caused by changes in the asymmetry of PS in the plasma

membrane and lead to subsequent degeneration of inner ear cells.

Finding diminished hATP11A function to be the cause of a novel hereditary

form of AS/AN broadens the knowledge of inner ear physiology and contributes

to more personalised treatment of hearing loss in the future.





Abstract (deutsch)

Diese Arbeit untersucht die Phospholipid transportierende P4-ATPase ATP11A

- ein neues Taubheitsgen, welches autosomal-dominant vererbte Auditorische

Synaptopathie und Neuropathie (AS/AN) auslöst. Die krankheitsauslösende

Mutation ist eine 5.500 bp große Deletion, die das letzte kodierende Exon bein-

haltet. Bei dem dadurch ausgelösten abnormalen Spleißen wird ein alternatives

letztes Exon verwendet, wodurch jedoch kein Stopcodon-vermittelter Abbau

der mRNA ausgelöst wird. Immunfärbungen von HEK293 Zellen, die mit ver-

schiedenen Varianten von ATP11A transfiziert wurden, belegen außerdem eine

korrekte CDC50A-abhängige subzelluläre Lokalisation an der Plasmamembran.

Ein Flippase Aktivitäts Assay mit dem NBD-markierten fluoreszierenden Phos-

pholipid Phosphatidylserin (PS) zeigt, dass bei Vorhandensein der Mutation

die Fähigkeit, PS von der exoplasmatischen zur cytoplasmatischen Seite der

Membran zu transportieren, stark eingeschränkt ist.

Eine künstlich erzeugte Variante des humanen ATP11A, die weder das physi-

ologische, noch das alternative letzte Exon verwendet, ist im Experiment über-

aktiv. Dies legt nahe, dass die deletierte Sequenz des hATP11A für eine regula-

torische Domäne kodiert. Die Regulation könnte entweder (i) aus einer einfachen

längenabhängigen sterischen Hinderung des katalytischen Kerns bestehen oder

aber (ii) auf einem Mechanismus basieren, der Ähnlichkeiten zu der Regula-

tion des Hefeorthologs Drs2p aufweist, bei dem die Bindung eines Cofaktors

Konformationsänderungen des inhibitorischen Peptids hervorruft. In der über-

aktiven Variante fehlt die autoinhibitorische Interaktion mit der deletierten C-

terminalen Domäne vollständig. Die C-terminale Region des mutierten Proteins

ist (i) zum einen länger als im Wildtyp und könnte daher zu stärkerer Deak-

tivierung führen, oder (ii) inhibiert die Aktivität auf einem ähnlichen Niveau

wie im Wildtyp, durch die Deletion wird jedoch die Konformationsänderung

und somit auch die Aktivierung der Flippasefunktion verhindert.

Studien der Rolle von PS Translokation und der Verteilung innerhalb der

Plasmamembran, sowie die Folgen von ATPase-Verlust in Mäusen, demon-

strieren die Wichtigkeit der ATPasen in einer Vielzahl von zellulären Funk-

tionen. Durch Veränderungen der asymmetrischen Verteilung von PS in der

Plasmamembran könnten Störungen der Zellstabilität und -form, Endo- und



Exozytose, Apoptose, Neuritdegeneration und -regeneration, ebenso wie Beein-

trächtigungen des Ca2+ Spiegels und der Interaktion von Proteinen mit der

Plasmamembran ausgelöst werden. Dies wiederum kann in der Konsequenz

potentiell zu Degeneration von Zellen des Innenohrs führen.

hATP11A-Funktionsreduktion als Ursache für eine neuartige Form von AS/AN

zu identifizieren erweitert das Wissen über die Physiologie des Innenohrs und

kann dazu beitragen, in Zukunft eine personalisiertere Medizin für Hörverlust

zu entwickeln.



1. Introduction

Hearing is a finely tuned process in which a sound input is processed to the brain.

Knowing the mechanics behind this enables to distinguish between different

categories of hearing loss and is necessary to understand what underlying causes

can lead to them.

AS/AN is an autosomal-dominant form of sensorineural hearing loss and was

found to coincide with a 5,500 bp deletion in hATP11A in an affected family.

The medical history of this family, as well as the cellular function of ATP11A as

a phospholipid flippase and its mechanism are important for the interpretation

of the characterisation of the pathogenesis performed in this thesis.

1.1. Anatomy and functioning of the auditory system

When we notice a noise, already a vibration of the air was translated into a

signal understandable for the brain (see fig. 1.1). At first the sound is collected

by the pinna and enters the ear through the external auditory canal. From here

it comes to the tympanic membrane, which starts vibrating in concordance with

the sound waves. The tympanic membrane is connected to the ossicles. The

ossicles are three small bones of the middle ear called malleus, incus and stapes

that conduct the vibration to the inner ear. For this the stapes is pushed against

a flexible membrane named oval window, which separates the middle ear from

the fluid filled cochlea [90, 154].

The cochlea is a spiral shaped tube, which is split lengthwise into three cham-

bers (see fig. 1.2). The vestibular membrane and the basilar membrane separate

the scala vestibuli, the scala media and the scala tympani. The scala vestibuli

and the scala tympani are connected at the apex of the cochlea and are filled

with perilymph. The perilymph is composed similarly to the cerebrospinal fluid.

The scala media, in contrast, is filled with potassium rich endolymph, similar

to intracellular fluid [90, 154].

When the stapes pushes against the oval window, the perilymph in the scala

vestibuli is set in motion and the wave is conducted through the whole spiral and

back through the scala tympani. This perilymph displacement is possible due to

another flexible membrane in the medial wall, the round window. At the organ

5



1. Introduction

Figure 1.1.: Anatomical overview of the ear

Figure 1.2.: Anatomical cross section of the cochlea
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1.1. Anatomy and functioning of the auditory system

of Corti this mechanical wave gets translated into an electrochemical signal.

The organ of Corti is placed in the scala media, where the basilar membrane

takes up the vibration from the perilymph and is connected to mechanosensory

hair cells by supporting cells, like the pillar cells (see fig. 1.3) [90, 154].

In the human ear in total about 15,500 hair cells are divided in one row of

inner hair cells and three to five rows of outer hair cells lenghtwise along the

spiral. Each hair cell has a mechanically sensitive hair bundle out of stereocilia

on the apical surface touching the tectorial membrane [90, 154]. The cochlea is

organised in a tonotopic manner. The responsiveness depends on gradual differ-

ences in height of stereocilia and width and thickness of the basilar membrane.

High frequencies are registered at the basal entrance, while the resonance for

low frequencies is located at the apex [133, 159, 160]. When the motion from

the perilymph is conducted to the resonating part of the basilar membrane,

the stereocilia of the hair cells are bent against the tectorial membrane. This

causes the depolarisation of the hair cells by opening motion gated ion chan-

nels that result in fast K+ influx from the endolymph [154]. As response to

the depolarisation, voltage gated Ca2+ and K+ channels at the hair cell soma

membrane are opened. The Ca2+ influx leads to further depolarisation and, in

the case of inner hair cells, to neurotransmitter release at the ribbon synapse

at the base of the cell. The outflow of cations at the basal part of the cell into

the perilymph along the electrochemical gradient through the opened channels

allows for repolarisation [209, 315].

Figure 1.3.: Anatomical cross section of the organ of Corti
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1. Introduction

Many dendrites of spiral ganglion cells contact to the ribbon synapses of an

inner hair cells. These are called type I cells, which are myelinated, bipolar and

have a large cell body. They represent 95% of auditory nerve fibers. The rest

are smaller, unmyelinated and unipolar type II spiral ganglion cells. One type

II cell contacts several outer hair cells [154].

The axons of the spiral ganglion cells bundle together and form the auditory

nerve. This branches when it enters the brain stem and sends the evoked action

potentials onwards to the dorsal and ventral cochlear nuclei of the respective side

of the head. To preserve the tonotopic information received from the cochlea

organisation, axons from spiral ganglion cells activated by different frequencies

project to different portions of the cochlear nuclei. Each axon corresponding to

a certain frequency of sound is connected to only a few certain dendrites, making

sure frequencies can still be distinguished. Higher up the auditory information

transmission pathways’ binaural information is merged and analysed on spe-

cific characteristics like frequency, intensity, binaural localisation and temporal

modulation. Subsequently, the auditory information is connected to visual and

sensory input from non-auditory pathways. Not until finally processed at the

auditory cortex the sound bears a meaning, can be distinguished in background

noise and important sound, consciously connected with other information and

interpreted as speech or music [324, 90].

1.2. Hearing loss

Hearing loss is a heterogeneous condition that can develop at every age, due to

environmental or genetic reasons and may affect different parts of the auditory

system.

Regarding the age, hearing impairment is subclassified into postlingual and

prelingual hearing loss. Late onset, postlingual hearing loss is most often non-

genetic or multigenic. Also a combination is possible, as some mutations are

thought to be associated with increased risk of noise induced hearing loss [116].

The rare forms of monogenic postlingual hearing loss are often, but not always,

inherited in an autosomal-dominant pattern [323]. In adults the prevalence

of hearing impairment strongly correlates with age. A study with 2837 adult

American participants published in 2011 [166] shows incidence rates as listed:

• Ages 21 to 34: 2.9%

• Ages 35 to 44: 6.4%

• Ages 45 to 54: 10.9%

• Ages 55 to 64: 25.1%

• Ages 65 to 84: 42.7%

8



1.2. Hearing loss

Men are affected more frequently compared to women. Less educated partic-

ipants who had worked in noisy jobs have a higher chance of developing hearing

loss compared to participants with a higher socioeconomic status [166]. Also

ototoxic medication, penetration or sudden pressure changes causing trauma to

the middle or inner ear, lead to hearing impairment, as well as acoustic neuri-

noma or autoimmune diseases. Furthermore, infections of the middle ear can

induce hearing loss, but children are much more prone to this compared to

adults. Consistent with the rising incidence in elderly people, the normal aging

process often come with a progressive loss of hearing ability called presbycusis

[125].

Prelingual hearing loss can be congenital or develops in early infancy and has

a great impact on speech and language development of the affected children.

Impaired hearing is one of the most common congenital disorders and caused

by either nongenetic factors or by mutations in genes involved in ear develop-

ment, structure or function [49]. Newborn screenings for congenital hearing loss

find comparable prevalences of 1 to 3 in 1,000 live birth [169, 111]. While non-

genetic risk factors such as in utero infections, maternal diabetes or drug use,

limited prenatal care, multiple births or neonatal exposure to specific antibiotics

or diuretics, meconium aspiration, assisted ventilation after birth or hyperbiliru-

binemia also contribute much to this prevalence [125], about half of the cases are

caused monogenic [323]. In genetic hearing loss non-syndromic variants are as

common as syndromic variants, where the hearing impairment is accompanied

by other clinical abnormalities. For both forms there are known deafness loci

with autosomal recessive inheritance (∼ 80%), as well as autosomal dominant

(∼ 20%), X-linked (∼ 1%) or mitochondrial patterns (< 1%) [49, 76, 261]. This

will be discussed further in section 1.3.2.

Irrespective of syndromic or non-syndromic and the way of inheritance, hear-

ing loss can also be divided into conductive and sensorineural forms. Conductive

hearing loss arises from defects in the outer or middle ear, which disturbs the

conduction of sound waves, whereas sensorineural hearing loss stems from de-

fects in the cochlea or the auditory nerve and inhibits the correct processing

of auditory information [90]. Most genetically caused cases of hearing loss af-

fect the inner ear and are defined as sensorineural for this reason. A special

variant of sensorineural hearing loss is auditory synaptopathy / auditory neu-

ropathy (AS/AN).

9



1. Introduction

1.3. AS/AN

As mentioned, AS/AN is a subvariant of sensorineural hearing loss [158, 157].

While the definition of sensorineural hearing loss comprises all inner ear deficits

that cause interruption of auditory processing, AS/AN only includes the inner

hair cell, synaptic or neuronal deficits [232].

1.3.1. Pathologies of AS/AN

Depending on the underlying defects, AS/AN is divided into presynaptic synap-

topathy, where the malfunction is related to the inner hair cells or their synapses,

and postsynaptic neuropathy, where the auditory nerves or ganglion cells are

affected [266]. On the presynaptic side, the isolated dysfunction or loss of inner

hair cells in the presence of functioning outer hair cells influences the auditory

nerve activity by reduction of the receptor potential [214]. Also abnormal neu-

rotransmitter release at the ribbon synapses causes reduction and asynchronism

of the auditory nerve activation [234]. In the case of postsynaptic neuropathy

interference with the neural synchrony can be induced by the demyelination of

the nerve fibres [220]. Another postsynaptic cause for hearing loss is the degen-

eration of auditory ganglion cells. This can happen directly or as a consequence

of axonal loss. Also dendritic nerve terminals can alter their size or withdraw

from the ribbon synapse and degenerate with aging [33] or after noise trauma

[120]. In addition to this progressive loss of auditory nerve cells there are also

cases of congenital hypoplasia of the auditory nerve [24].

1.3.2. Genetic causes of AS/AN

Non-syndromic deafness loci are named with the prefix DFN and consecutively

numbered after their date of discovery. The letter A is added between pre-

fix and number for autosomal dominant, the letter B for autosomal recessive

and the letter X for X-linked inheritance. For AS/AN the prefix AUN is used.

Through combination of genetic, histological and physiological studies in human

and mouse, several genes involved in hearing loss could be identified. They are

involved in protein transport, the building and maintenance of the cytoskeleton,

cell-cell junctions or extracellular matrix, synapse transduction or ion homeosta-

sis or work as regulatory elements [reviewed in 49, 268, 55, 323]. A frequently

updated overview is given by the Hereditary Hearing loss Homepage [302].

Gene mutations resulting in AS/AN are often associated with peripheral neu-

ropathies. These non-isolated, syndromic AS/AN can be inherited in a dom-

inant way (PMP22, MPZ, NF-L, GJB3, OPA1 ), as well as recessive (FXN,
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TMEM126A, WFS1, NDRG1 ), mitochondrial (mtND4 ) and X-linked (TIMM8A,

AUNX1, GJB1 ) [232]. For isolated AS/AN four genes are described.

Of these, mutations in OTOF and PJVK are inherited in an autosomal-

recessive manner. OTOF encodes for otoferlin, which is a transmembrane pro-

tein involved in glutamate vesicle release at the inner hair cell ribbon synapse.

It is part of the ferlin family that generally takes part in membrane-membrane

fusion. It contains several C2 domains for Ca2+ and phospholipid binding and a

coiled-coil domain presumably interacting with α-helices of partners like SNARE

proteins [192]. Recent research provides evidence for a model in which otofer-

lin, bound to synaptic vesicles, connects the presynaptic membrane with Ca2+

channels and SNARE as a scaffolding protein. The close proximity is thought

to elevate Ca2+ influx induced exocytosis fidelity [87]. It was also shown that

mutations in the C2C domain that lower its Ca2+ binding affinity don’t ef-

fect synapse structure, Ca2+ currents and otoferlin distribution, but disturb a

likely function as a Ca2+ sensor for synaptic vesicle fusion regulation and vesicle

pool replenishment [150]. Interestingly there are not only OTOF based cases of

profound prelingual AS/AN, but some missense mutations and in-frame dele-

tions that lead to a temperature-sensitive hearing loss, probably due to loss of

function through heat-dependent protein destabilisation and degradation [192].

Mutations in PJVK are reported to cause severe congenital hearing loss with

possible dysfunctions of the cochlea and AS/AN. It encodes for pejvakin, which

is a member of the gasdermin protein family, localized in spiral ganglion cells,

hair cells and supporting cells and involved in stereocilia maintenance [109].

While it is established that truncating mutations are associated with progres-

sive cochlear hearing loss [51], it is currently under debate if PJVK mutations

really cause AS/AN. Missing otoacoustic emissions (OAE) in patients [38] and

histological findings only suggest a cochlear dysfunction. Nevertheless, a re-

maining theory is that AS/AN is linked to more benign mutations with mainly

inner hair cell interference and only slow outer hair cell degeneration [109].

The mitochondrial gene MT-RNR1, coding for 12S ribosomal RNA, partici-

pating in mitochondrial protein synthesis, is the cause of moderate, adult onset

AS/AN in a Chinese patient. Before, mutations in the MT-RNR1 gene were

only associated with aminoglycoside-induced non-syndromic senorineural hear-

ing loss [319]. In the patient with AS/AN the mutation T1095C in a highly con-

served region has been identified as the underlying genetic cause and two other

variants in conserved regions of the same gene are suspected to alter the phe-

notypic expression of symptoms [319]. The occurrence of the T1095C mutation

in two unrelated families argues for its involvement in hearing loss. Neverthe-
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less, it is questionable whether this variant causes especially isolated AS/AN,

because one Italian family presented with aminoglycoside-induced hearing loss,

Parkinson’s disease and neuropathy [289] and another Italian family with actu-

ally isolated, but cochlear hearing loss [286].

DIAPH3 is to date the only identified and published gene known to cause

dominantly inherited isolated AS/AN. A mutation in the highly conserved

5’UTR (c.-172G>A) was found in a family with moderate hearing loss begin-

ning in the second decade of life, leading to profound deafness after 40 - 50

years. Over the time sound perception threshold increases more at high fre-

quencies than at low frequencies. OAE exclude cochlear involvement, as loss

of OAEs only occurs in older and severely affected family members. Here a

cochlear component adds to the AS/AN, probably as a secondary consequence

to the previous dysfunctions [267]. The mutation interrupts a GC box element

for transcription factor binding, which results in gain of function through a 2

to 3 fold overexpression of DIAPH3 mRNA [238]. DIAPH3 encodes for one

of three human orthologs of Drosophila Diaphanous. It is a member of the di-

aphanous-related formin family that acts as actin-nucleation factors [341] in the

regulation of actin and microtubule networks [96]. DIAPH3 interacts with actin

and microtubules in inner hair cells and is expected to regulate the actin poly-

merization in stereocilia. The pathologic consequences could be shown in mouse

models of DIAPH3 overexpression, where parallel development of hearing loss

and stereocilia defects in inner hair cells, followed by significant degradation of

ribbon synpases were observed [239].

1.3.3. Clinical symptoms and social consequences

Loss of inner hair cell, synaptic or neuronal function in AS/AN causes a cer-

tain spectrum of psychophysical and neurophysiological symptoms. Frequency

resolution, sound intensity discrimination and adaptation and reduced signal au-

dibility in patients with sensory hearing impairment are usually not present in

AS/AN patients [335, 216]. Instead they experience severe impairment caused

by disturbed signal synchronisation and lower temporal resolution. Through

this, their ability for binaural localisation of low frequency sounds is reduced

[335, 219], as is the identification of rapid signal changes like ’gap detection’ and

’amplitude modulation detection’ [216, 335] that occur for example in speech

for the discrimination of voiced and unvoiced stop-consonants [217, 218]. These

effects of temporal processing disruption interfere with speech perception even

more in combination with high levels of background noise that additionally

complicate the identification of gaps [314]. In some forms of AS/AN, especially
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reported for ribbon synapse dysfunctions, also possible background noise adap-

tation happens with alteration of the activation threshold for sound perception

[326, 233]. In combination the ability to prioritise certain sound signals due to

their location and discrimination from background noise, called ’cocktail party’

effect [73], is disturbed. This again reduces the speech perception threshold in

noise situations by about 5 dB in AS/AN patients compared to control [219].

As imaginable, this has not only an impairing effect on language learning in

cases of congenital hearing loss [291], but is also difficult in social interaction

when adult persons already integrated in a hearing society develop AS/AN and

have problems with understanding other people and maintaining clear speech

patterns themselves [6]. Difficulties in speech perception can also have influence

on the education and employment of patients, since the school system and work

places are dominated by verbal instructions and interaction [21, 287]. To best

sustain quality of life for the patients, it is important to diagnose their hearing

impairment early. This way, assistance can be offered directly based on the

underlying mechanism causing the dysfunction [291, 204].

1.3.4. Audiological assessment of patients

To identify if a person with hearing loss is suffering from AS/AN a hearing

screening is performed that especially pays attention to the auditory brain-

stem response (ABR) and otoacoustic emissions (OAE) or cochlear microphon-

ics (CM). Those non-invasive methods are objective and can be applied for

newborns in contrast to behavioural hearing tests [65, 85, 13].

During the testing an audio stimulus provokes a synchronised impulse of

electrical activity at the auditory nerve and up to the brain pathways. The

electrical response activity, resulting from the transformation of the mechanical

acoustic energy from a sound into electrical energy at the auditory hair cells, can

be measured as cortical auditory evoked potentials (CAEP) with a set of scalp

surface electrodes [259, 118]. The measurement consists of several peaks and

spreads out several milliseconds after the stimulus. Depending on latency there

are many CAEP that can be differentiated. Important features of the resulting

data are latency, amplitude and morphology [61]. The most commonly used

for auditory screenings is the mentioned ABR [118]. The ABR represents the

electrical energy that is evoked in neurons at the auditory nerve and the brain

stem in in 5 to 7 waves [84]. The waves originate from different components of

the auditory brainstem, so analysing the wave form of each region gives hints

to the exact location of the hearing impairment [61].

The latency between waves is linked to the speed of auditory nerve conduction
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and can display deleterious deceleration [27, 56, 266]. By comparing the wave

V latency of both ears synchronism of binaural processing can be tested [61].

Also the amplitude ratio of wave V/I is used as a tool [237, 83, 95], as well as

the ABR threshold, meaning the lowest possible stimulus level to still get an

ABR wave V response [148].

The cochlea is not only a receptor for sound stimuli, but also emits sounds

through motion of outer hair cells, the so-called OAE. This sounds can be spon-

taneous or triggered by external stimulation and are recorded at the external

auditory canal. With recording the OAE as a function of the stimulus frequency

the functionality of the outer hair cells can be measured [110]. Screenings usually

use evoked OAE that can be done in two ways, differing in the applied stimulus

and the excited area of the cochlea. For transient evoked OAE (TEOAE), where

almost all outer hair cells are excited, a click sound is used. For a distortion

product evoked OAE (DPOAE) two pure tones are played and only the outer

hair cells corresponding to the frequencies react [110, 104]. Without problems

in sound conduction or at the cochlea normal evoked OAE can be observed. In

contrast, if there is a dysfunction, the amplitude of the evoked OAE decreases,

the response threshold rises or the OAE is completely lost [20, 104]. This way

evoked OAE measurement can be used in differential diagnosis as an objective

tool to further discriminate cochlear from synaptic and neural causes in pa-

tients with sensorineural hearing impairment indicated by the absence of ABR

responses [110, 104].

Likewise, the measurement of the CM is a tool that can be used similar to

the OAE. It also represents the outer hair cell response to an acoustic stimulus

which is given as a click using an inserted microphone and loudspeaker. Normal

appearance of the CM are a proof for outer hair cell functionality. While the

amplitude of the CM of patients with AS/AN does not differ from that of healthy

controls, the duration of the signal is longer [reviewed in 262].

1.3.5. Management and treatment

Although, given that the further development of a child with absent ABR and

present OAE can not be predicted, an early diagnosed AS/AN has several im-

pacts on the following management and intervention [65]. First, the assessment

is repeated over the next year to exclude a delayed maturation of the infant

[208, 7]. Also age-appropriate behavioural hearing tests need to be performed

as soon as possible to get knowledge about the child’s actual hearing ability,

even if there are correlations between the ABR and behavioural hearing thresh-

olds [148]. In combination with monitoring the child’s language development
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and speech reception, it is important to find a method of visual aided com-

munication suitable for the child and the rest of the family [177]. The benefit

of conventional hearing aids is currently in discussion. There are evidence for

and against aiding children early on [213]. However, it is recommended in the

Guidelines of the British National Heath Service and the Children’s Hospital in

Colorado, USA to only aid patients with elevated behavioural hearing thresh-

olds, independent of their ABR results [65, 93]. Since the disturbed temporal

processing that is the underlying cause for impaired speech recognition and

speech-in-noise filtering in AS/AN can not be fixed by conventional hearing

aids, but only the loudness is elevated, communication skills will most likely

not be improved if there is no additional problem with behavioural hearing

thresholds [266, 213]. Even if in some patients, probably those with little tem-

poral processing problems, rising the overall sound intensity with conventional

hearing aids helps with speech perception [34, 227, 215], in most patients there

is no benefit noticed [213, 15]. In cases where a complete auditory nerve de-

ficiency is ruled out [24], but no progress in speech perception is made, it is

possible to consider cochlear implantation. In contrast to conventional hearing

aids, cochlear implants are capable of correcting temporal processing, presum-

ably if the dysfunction at the inner hair cell or synapse is bypassed by it. The

dysfunction can be overcome by stimulating a synchronous discharge of the au-

ditory nerve in a way that it is possible to evoke ABR signals [203]. Oftentimes

speech perception can be improved this way [137, 143, 217]. In order to better

estimate the benefit of cochlear implants compared to conventional hearing aids

and other forms of assistance for a patient, genetic characterisation can pro-

vide additional information on the exact location and impairment causing the

hearing loss.

1.4. A family with autosomal-dominant AS/AN

In this thesis’ case a family with a new variant of hereditary autosomal-dominant

AS/AN is presented. In total 11 individuals spanning four generations are

affected. The pedigree is shown in figure 1.4.

1.4.1. Clinical history

The family was diagnosed with an non-syndromic AS/AN after hearing tests

were performed on all affected living family members (see table 1.1).

A detailed description of the family’s clinical history, hearing assessment and

genetic localisation of AUNA2 can be found in a report by Lang-Roth et al. [124].

15



1. Introduction

9 10 11 12

4 5 6 7 8

1 2 3

Figure 1.4.: Pedigree of a family with autosomal-dominant AS/AN. Filled symbols
represent clinically affected individuals. Circles symbolise females, squares
symbolise males.

The clinical features of the family differed from those described for AUNA1 pa-

tients, as listed in table 1.2. Hearing thresholds were tested with air and bone

conduction pure tone audiometry and quantified according to the classifications

of the European Thematic Network on Genetic Deafness (GENDEAF) [146].

TEOAE were detectable for patients with normal hearing or only mild to mod-

erate hearing loss. Severe and profound levels of hearing loss came with an

additional loss of TEOAE, probably as a late consequence of the AS/AN, as it

is reported to happen for some people [151, 43].

Click evoked ABR were absent (patients 3, 4, 6 and 9) or pathologically

changed in most family members. Changes included poor synchrony and only

minimal amplitudes of wave V with absent waves I and III (patients 7 and 10).

For patient 5 TEOAE were poor and ABR thresholds were elevated, but the

wave pattern was normal. Her speech discrimination is better compared to the

rest of her generation. Late CAEP were tested for most family members and

could be generally detected with normal amplitudes and synchrony in patients

with mild to moderate hearing loss. Patient 6 only showed CAEP at low rep-

etition rates in the left ear. Older individuals with profound hearing loss had

higher CAEP thresholds, resulting in sometimes poorly synchronised (patient

4) signals only after louder stimulation.

Taken together from the test results and the patients’ descriptions the AUNA2

progress describes as follows: In the first decade of the patients’ life hearing

appears to be normal, but at least the results of the 7 year old indicates an

already pathologically altered ABR in the presence of normal TEOAE. During

the next ten years mild hearing loss in the middle and high frequencies and
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Table 1.1.: Hearing test results of a family with progressive AS/AN.
Hearing loss was measured with pure tone audiometry and quantified ac-
cording to the GENDEAF classification; Speech recognition: Mean of both
ears was tested at 65 dB by age-appropriate monosyllabic word tests. If
bilateral hearing aids are used the improved speech recognition is noted
in brackets; TEOAE: Transient-evoked otoacustic emission; CM: cochlear
microphonics; ABR: auditory brainstem response was click evoked; CAEP:
cortical auditory evoked potentials; n.d: not detected; n.t.: not tested.
Adapted from Lang-Roth et al. [124].

ID (Age) Hearing
loss

Speech rec.
(aided)

TEOAE CM ABR CAEP

11 (7 y) normal 95% present CM right pathological n.t.

12 (10 y) mild 90% (95%) present CM both absent (85 dB) normal

9 (11 y) abnormal 95% present poor absent (75 dB) normal

10 (16 y) mild 60% (80%) present CM both pathological normal

7 (38 y) moderate 15% (n.t.) present CM both pathological normal

5 (40 y) moderate 42% (70%) poor not tested normal > 70 dB n.t.

6 (41 y) moderate 0% (n.t.) present poor absent only left at
low repeti-
tion rate

4 (46 y) profound 0% (10%) n.d. poor absent 100 dB only
(poorly syn-
chronised)

3 (67 y) severe 0% n.d. absent absent n.t.

1 (73 y) profound 0% (10%) n.d. absent absent 100 dB only

problems with speech discrimination start and progress to moderate levels in the

third and forth decade, when also the low frequencies are affected. With further

ageing conditions worsen to severe or profound hearing loss in combination with

complete absence of ABR. Also the normal TEOAE get lost in later stages and

CM worsens with age. Speech perception abilities and hearing threshold levels

correlated for the tested individuals.

Table 1.2.: Comparison of the clinical presentation of AUNA1 and AUNA2. Adapted
from Lang-Roth et al. [124]. ABR: auditory brainstem response; OAE:
otoacoustic emission

AUNA1 AUNA2

Age of onset 7 - 45 years 10 -20 years

Progress deafness at 20 years deafness at 40 - 50 years

Type of hearing loss symmetric, with high frequencies
more affected

symmetric, mid and high fre-
quencies more affected, progres-
sion to all frequencies

Speech recognition poorer than expected for
cochlear sensory hearing loss

almost according to expectations
for cochlear sensory hearing loss

ABR abnormal / absent abnormal / absent before notice-
able hearing loss

OAE lost with moderate hearing loss,
starting with higher frequencies

lost with severe hearing loss

Locus 13q21-q24 12q24 or 13q34
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Family members with hearing aids reported only little benefit from it, as

it is typical for most people affected with AS/AN [213, 15]. Although, three

members fulfil cochlear implantation criteria, to the time of examination none

had received an implant.

No neurological symptoms were described for all but two family members.

Patients 1 (73 years old) and 3 (67 years old) had neurological complaints as a

consequence of a carpal tunnel syndrome for both patients and a severe cervical

and lumbar polyradiculopathy for patient 1. However, neurological examina-

tions showed no indication for a generalized hereditary peripheral neuropathy

in both family members.

Patient 9 (11 years old) had frequently relapsing nephrotic syndrome, med-

icated with immunosuppression using ciclosporin A, and chronic renal failure

with hypertension. At the age of five she had an episode of posterior reversible

encephalopathy syndrome with generalized epilepsy in consequence of the hyper-

tension or as a side effect of the immunosuppression [59, 338]. No abnormalities

connected to other diseases were found in MRI scanning.

1.4.2. AUNA2 locus

For the dominantly inherited form of AS/AN that the patients were affected

by, only the AUNA1 locus [114], later identified as the gene DIAPH3 [238], was

known to the time the family presented for genetic evaluation of their hearing

loss. Preliminary to my work this locus was checked with genotyping of short

tandem repeat markers from the AUNA1 flanking chromosomal region 13q14-21

(see fig. 1.5). When no common haplotype for that region could be found for all

affected members of the family, linkage was excluded and with this also AUNA1

as a reason for the hearing loss [124].

To narrow down the chromosomal regions in which the cause of the hereditary

AS/AN can be present, next a whole-genome linkage analysis was performed.

Shared haplotypes for all affected family members were identified on loci 12q24

and 13q34 (see fig. 1.6). Together both regions contain 34 known or predicted

genes, but no mutations could be found by the subsequent Sanger sequencing.

1.4.3. Deletion in hATP11A

When whole-genome sequencing became widely available it was used to fur-

ther screen the patients’ DNA for alterations not noticeable by Sanger sequenc-

ing. Genomic DNA of two family members was sequenced. Although, some

of the genes listed in the hereditary hearing loss homepage [301] are not yet

fully proven to be the direct cause of hearing loss or are called in question
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Figure 1.5.: Haplotype analysis with short tandem repeat markers flanking AUNA1.
There is no shared haplotype for the locus. The figure was taken with
kind permission from PD. Dr. med. Alexander Volk.

Figure 1.6.: Whole genome linkage analysis was performed using the 250k SNP array
from Affymetrix. A shared haplotype for all 10 affected family members
was found on loci 12q24 and 13q34. The figure was taken with kind per-
mission from PD. Dr. med. Alexander Volk.
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after being taken for a deafness gene for some time, this database is the clos-

est to being a complete collection. Thus, the homepage’s complete lists from

2011 was used to exclude an already known cause for hearing loss in the ex-

amined family. When comparing the linked regions common SNPs were also

excluded. Further filtering revealed the most promising alteration, a heterozy-

gous 5,500 bp deletion in the 3′-end of the gene ATP11A. This deletion in-

cludes the last coding exon of both hATP11A isoforms. It spans from position

13: 112877723 – 112883222 according to the Reference Genome GRCh38/hg38,

which corresponds to c.3327+1782del5500. The excerpt in figure 1.7 of the ge-

nomic structure of hATP11A beginning at exon 28 shows the deletion and the

exon usage of hATP11A isoform 1 and isoform 2.

Figure 1.7.: Genomic structure of the 3’ region of hATP11A with focus on the deletion
site. The last coding exons 29a and 29b of both hATP11A isoforms are
deleted. Coding exons of the different isoforms are marked as blue boxes,
whereas introns are shown as thin grey lines. The deletion at the mutated
allele is illustrated in red and the beginning of the 3’UTR as a thinner
grey box. The complete overview of hATP11A isoform 1 and 2 at the top
is taken from the Ensembl Genome Browser [336]. The section of the blow
up is placed in the light grey box.

1.4.4. Stable mRNA expression of the mutated hATP11A allele

A possible consequence of the deletion of hATP11A exon 29a and 29b could

be a truncated protein due to the use of an alternative stop codon. To pre-

vent possible gain-of-function or dominant-negative effects of truncated variants,

shortened mRNA is recognised in the cell during translation and degraded in a

process called nonsense-mediated mRNA decay. The mutant allele harbours a
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heterozygous SNP rs11616795 in exon 28 of ATP11A, which was found during

earlier diagnostic sequencing. This was taken advantage of, to investigate if

the deletion gives rise to a stable mRNA transcript or if it underlies nonsense-

mediated mRNA decay. The presence of a heterozygous signal for guanine and

adenine during amplification of ATP11A exon 28 proves the existence of stable

mRNA of both alleles.

1.5. The phospholipid translocating P4-ATPase

hATP11A

ATPases are protein pumps that transport ions and other molecules through

biomembranes in ATP dependent manner. They are divided into several classes

based on their function.

1.5.1. Transport through biomembranes

Biomembranes represent important boundaries inside cells. Without help these

membranes are impermeable for a lot of molecules. Those molecules need to be

transported in and out of the cell or from one organelle compartment to another

by transmembrane proteins.

For active transport against a concentration gradient energy dependent, mem-

brane spanning pumps are necessary. The needed energy is obtained trough

ATP hydrolysation or co-transport of a second substrate, mainly Na+ or H+

ions [308].

1.5.2. ATP generating and consuming transport

There are four types of transporting ATPases, which are types F, V, P and

ABC transporters. Not all of them consume ATP for their transport.

F-type ATPases, also called ATP synthases, are located in the inner mem-

brane of mitochondria and chloroplasts. They are the main producer of ATP. F-

type ATPases consist of two functional domains. The transmembrane spanning

F0 domain builds the pore and the catalytic and hydrophilic F1 part synthesises

ATP. The energy necessary for this is acquired by proton transport along the

concentration gradient [197].

ATP consuming transport through biomembranes against a concentration

gradient can be performed by the remaining three transporter types.

ABC-transporter are divided into import and export transporters. Import

transporters are only present in prokaryotes to import nutrients, while export
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transporters are also found in eukaryotes [64]. Human ABC transporters con-

tain two transmembrane domains and two ATP binding domains. Upon ATP

binding and hydrolysis in the presence of a divalent cation, the transmem-

brane domains perform conformational changes in order to transport the bound

molecule trough the membrane. A general mechanism for this class can not

be described, because the structure of those transmembrane domains differs

critically between each transporter [197].

The ATP consuming V-type ATPase resembles the described F-type ATPases

in such a way that they consist of a membrane bound V0 pore part and a cat-

alytic V1 part, but act inversely. The V1 part of V-type ATPases is hydrolysing

ATP to gain energy for the transport of protons. Through pumping cellular pro-

tons out of the cell, they regulate the pH in acidic organelles like endosomes,

lysosomes and Golgi membranes [142, 236].

The other class of the ATPase family actively transporting molecules through

biomembranes are the P-type ATPases. The different subclasses of P-type ATP-

ases pump mainly different ions and phospholipids. Their structure, mechanism

and function will be described in detail in the next sections [197, 280].

1.5.3. Structure of P-type ATPases

P-type ATPases can be found in all cellular membranes, across which they

maintain important gradients by translocating cations, heavy metals and lipids.

They contain the catalytically active α-subunit that can be accompanied by

β- and γ-subunits or have additional helices and extensions, depending on the

specific subclass [23].

The first known P-type ATPase structure was the Ca2+-ATPase of rabbit

muscle cells, analysed with x-ray crystallography [294]. It followed other P-

type pumps, like the Na+/K+-ATPase [156, 254] and the H+-ATPase. The

structural homology between the P-type ATPases is high, so the knowledge

gained this way can be adapted for other P-type transporters [198, 188].

Ion transporting P-type ATPases consist of five domains (see fig 1.8). They

have an even number of transmembrane segments, thus both ends of the protein

are on the cytoplasmic side of the membrane. They separate into a T-domain

(transport) and a S-domain (class specific support). The six membrane spanning

segments of the T-domain are flexible and move during the transport cycle.

Each three segments form a half-channel through which the substrate enters

and binds to a varying number of binding sites. A conserved proline residue

indicates a common binding mechanism for ions or water. The S-domain is more

rigid and can be placed at the N-terminal or C-terminal end [188]. Oftentimes
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(a) 3D structure of AHA2, modi-
fied from SWISS Model (swiss-
model.expasy.org)

(b) Simplified 3D structure of AHA2 that
can be adapted to other P-ATPases

Figure 1.8.: 3D structure of the Arabidopsis thaliana H+-ATPase 2 (AHA2). The
membrane spanning M-domain is connected to the A-domain and the cat-
alytic active P-domain, whose DKTG motive sequence is phosphorylated
during ATP hydrolysis. A β-sheet structure in between the P-domain
builds the nucleotide binding N-domain. The TGE motive of the A-domain
interacts with the P-domain during transport.

both T- and S-domain are together labelled as M-domain [23].

All other domains are cytoplasmic. The evolutionary conserved catalytic cen-

ter is the P-domain for phosphorylation. During ATP hydrolysis the aspartic

acid (D) in the DKTG motive is phosphorylated. In between the amino acid

stretches that form the P-domain is a sequence folded as a β-sheet, which forms

the N-domain for nucleotide binding. The third cytoplasmic domain is a con-

served A-Domain, short for actuator domain. It is connected to the transmem-

brane domains by a flexible linker and contains the signature TGE motive which

interacts with the P-domain during the transport. At the N- or C-terminus an

additional regulatory R-domain can be present, which for example acts through

autoinhibition, as cation sensor or affinity regulator [188].

1.5.4. Subclassification of P-type ATPases

P-type ATPases transport mainly ions, but also some other molecules. They

are for example involved in maintaining membrane potentials and composition

or Ca2+ homeostasis. P-type ATPases are divided into five different groups

according to their sequence homology. Inside those groups the subclassification

is performed with regard to the transported substrate. Group I is devided into
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Ia, pumping K+ ions in bacteria, and Ib, transporting heavy metals. Group

II is devided from A to D, where group A and B contain Ca2+ pumps, group

C Na+/K+ and H+/K+ pumps of animals and group D fungal Na+ pumps.

Subgroup IIIa subsumes all proton pumps, while there are known only a few

bacterial ATPases transporting Mg2+ ions classified as subtype IIIb. For P-type

ATPases of group V the specific substrate is not identified yet [187, 188, 9].

1.5.5. P4-ATPases

Eukaryotic biological membranes consist of a phospholipid bilayer. The differ-

ent phospholipids contained in it are often distributed asymmetrically across

the bilayer. For example in the plasma membrane the exoplasmic leaflet is

enriched with phosphatidylcholine (PC), sphingomyelin (SM) and glycosphin-

golipids, while the cytoplasmic leaflet contains mostly phosphatidylserine (PS)

and phosphatidylethanolamine (PE) [333]. A schematic overview can be found

in figure 1.9. This asymmetric distribution plays an important role in many

vital cellular processes, like shape determination, membrane stability, cell sig-

naling, apoptosis regulation, cell migration, membrane trafficking and many

more. Section 1.5.7 gives a more detailed overview on the role of the membrane

asymmetry in cell physiology.

To counteract spontaneous lipid flip-flop between the leaflets and scramblase

action dissipating the asymmetry, phospholipids are actively transported by

floppases or flippases depending on the orientation of transport [252, 2]. AT-

Pases of group IV, also called P4-ATPases or phospholipid flippases, are part of

the latter and facilitate unidirectional transport of specific phospholipids from

the exoplasmic leaflet to the cytosolic leaflet. The exoplasmic leaflet can be

either the extracellular leaflet of the plasma membrane or the luminal leaflet of

the Golgi apparatus or endosome membranes [245, 334].

The P4-ATPases can be further divided in three evolutionary subgroups that

appear to have separated early in eukaryotic development, based on specific

signature sequences. P4a-ATPases are present in all eukaryotic groups, whereas

P4b-ATPases can not be found in plants. P4c shares signature sequences with

P4a and P4b-ATPases and thus represents an intermediate group between the

other two. However, none of the grouping correlates to substrate specificity or

membrane localisation. [185]. Another nomenclature of subclassification is also

based on sequence similarities in the catalytic subunit within the P4-ATPase

group [193]. Here subclasses seem to match with interaction specificity with

CDC50 proteins [280].

Most P4-ATPases form a heterodimer with itself as the catalytic active α-unit
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Figure 1.9.: Schematic overview of the asymmetric distribution of phospholipids in the
plasma membrane. The extracellular leaflet contains phosphatidylcholine
(PC), sphingomyelin (SM) and glycolipids. Phosphatidylserine (PS) and
phosphatidylethanolamine (PE) are mainly present on the cytosolic leaflet,
as well as some phosphatidylinositol and also phosphatidylcholine.

and a CDC50 β-unit for transport from the endoplasmatic reticulum to their

destined location [16, 252]. There are three human CDC50 proteins, CDC50A,

CDC50B and CDC50C. The majority of the P4-ATPases forms heterdimers

with CDC50A, but some also use CDC50B solely or in addition. CDC50C

is expressed exclusively in testis and is not known for dimerisation with any

P4-ATPase [305, 181].

Dependence on a β-subunit from the CDC50 protein family, subcellular lo-

calisation and substrate specificity of the different mammalian P4-ATPases can

be found in table 1.3 adapted from Shin and Takatsu [252].

CDC50 proteins are small membrane located glycoproteins, consisting of

two transmembrane segments and a large exoplasmic domain. Both, the P4-

ATPases and CDC50 only exit the endoplasmic reticulum (ER) as a heterodimer.

Monomeric CDC50 accumulates in the ER. On its own, CDC50 dependent P4-

ATPases are incapable of leaving the ER and no phosphorylation through ATP
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Table 1.3.: Dependence on a CDC50A subunit, subcellular localisation and substrate
specificity of mammalian P4-ATPases. ND = not determined, LE = late
endosome, RE = recycling endosome, EE = early endosome, TGN = trans-
Golgi network, PM = plasma membrane. Adapted from [252].

P4 ATPase CDC50 subunit Localisation Substrate

ATP8A1 CDC50A LE, RE, TGN, PM PS, PE

ATP8A2 CDC50A TGN, RE, PM PS, PE

ATP8B1 CDC50A, CDC50B PM PC, PS

ATP8B2 CDC50A, CDC50B PM PC

ATP8B3 ND (PS?)

ATP8B4 CDC50A, CDC50B PM ND

ATP9A - EE, RE, TGN ND

ATP9B - Golgi ND

ATP10A CDC50A PM PC

ATP10B CDC50A LE ND

ATP10D CDC50A PM ND

ATP11A CDC50A PM PS, PE

ATP11B CDC50A EE, RE PS, PE

ATP11C CDC50A PM PS, PE

hydrolysis is possible. The CDC50 subunit is necessary for correct folding,

ER exit and catalytic activity [35]. While some similarities with the β-subunit

from Na+/K+-ATPase can be drawn, there are many differences and the ex-

act molecular function remains unkown. [210]. Though, in 2019 Hiraizumi

et al. [97] were able to identify the way hCDC50A and P4-ATPases, in their

case hATP8A1, build heterodimers. They could show that hCDC50A inter-

acts with the extracellular transmembrane loops and some intracellular regions.

The positive charged hCDC50A interacts through salt bridges and hydrophobic

bonding with the negative charged extracellular loops of hATP8A1. Only the

loop spanning from the M1 to the M2 domain remains uncovered. The two

transmembrane domains of hCDC50A sit next to the M10 domain of hATP8A1

and the N-terminal tail stretches parallel to the plasma membrane to interact

with the intracellular loops between M6 and M7, as well as M8 and M9 and the

connection between M4 and the P-domain. Tone et al. [292] were able to show

for hATP10A, hATP11A, B and C that for this interaction the ATPase needs

to be in the E2P state of its catalytic cycle.
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1.5.6. Mechanism of P4-ATPase transport

Since the structure of P4-ATPases resembles the general description given on P-

type ATPases to a great extend, also the transport mechanism was believed to

share similarities to the Post-Albers-Cycle, which is the general simplified model

of transport for ion pumping P-type ATPases [4]. It describes a two conforma-

tion changing process with conformation states E1 and E2 based on the cycle of

the Na+/K+ ATPase [106, 105]. Until recently, details on how a phospholipid,

that is much larger than the usual ion substrate, is transported by P4-ATPases,

remained elusive [312]. In the same study in which Hiraizumi et al. identified

the interaction sites between p4-ATPases and hCDC50A, they were able to cap-

ture the transport cycle of P4-ATPases by cryo electron microscopy exemplified

by the hATP8A1-CDC50A complex [97]. They found six intermediate states of

the transport cycle corresponding to the proposed Post-Albers-Cycle without

the need of a countertransported substrate (see fig. 1.10).

Essentially, E1 describes the starting state of the molecule. After binding

an ATP in the so-called E1-ATP state, the N-domain and P-domain get in

proximity to each other by conformational changes. The adenine ring inter-

acts with Phe534 of the N-domain and the phosphate group is used for the

phosphorylation of the nearby aspartic acid (D) of the DKTG motif of the P-

domain. This way the two domains get linked in the E1P-ADP state and the

A-domain is slightly shifted outwards. The remaining ADP is then released

from the N-domain which induces further conformational changes that lead to

the E2P state. In this the A-domain and N-domain interact through the con-

served DGET motif of the A-domain, which is the corresponding region to the

TGE motif in ion transporting P-ATPases. This is where the C-terminal reg-

ulatory domain found for hATP8A1 intervenes in the translocation process. It

penetrates between the N-domain and the P-domain and stabilises the E2P

state. It is thought that this way also the A-domain and the P-domain are kept

apart, which facilitates the rotation of the A-domain to the E2Pi-PL state at

least for hATP8A1. The exact state and mechanism in which the C-terminal

regulatory domain modulates the flippase activity differs greatly between P4-

ATPases. The rotation of the A-domain gives the first two transmembrane

domains M1 and M2 flexibility for lateral movement. This way the hydrophilic

cleft with the phospholipid binding site is opened between M1-M2 and the bulk

of the other transmembrane domains. The phospholipid enters the hydrophilic

cleft from the exoplasmic leaflet and is blocked by the Ile357 side chain in the

PISL motif. The phospholipid is now occluded in the cleft because the loop

between transmembrane domain M1 and M2 closes the exoplasmic exit. The
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Figure 1.10.: Schematic model of the catalytic cycle of P4-ATPase transport based on
the Post-Albers-Cycle exemplified by the hATP8A1-CDC50A complex.
The color scheme is inherited from that of figure 1.6. The six states
were found by Hiraizumi et al. [97] with cryo electron microscopy on the
complex hATP8A1-hCDC50A.
E1: Starting state. E1-ATP: ATP is bound, P- and N-domain (blue and
red) get in proximity. E1P-ADP: The DKTG motif gets phosphorylated.
The A-domain (yellow) is shifted outward, so ADP can be released. E2P:
The N- and A-domain interact after further conformational changes. The
C-terminal R-domain (light blue) is now able to penetrate between the
N- and P-domain and facilitates the conformational changes to E2Pi-PL
(this might probably differ in detail for ATP11A and other P4-ATPases).
E2Pi-PL: The A-domain rotates and the hydrophobic cleft between M1,
M2 (green tubes) and the rest of the M-domain (green cylinder) opens.
The phospholipid (PL) enters the cleft and is blocked by Ile357. E2-PL:
Probably enabled by the dephosphorylation of the DKTG motif, M1,
M2 and the A-domain are further shifted outwards, the cleft opens even
more and the phospholipid can be translocated to the cytosolic leaflet.
Afterwards the flippase shifts back to the E1 starting state.
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phospholipid acyl chain sticks towards the lipid environment and is in part pro-

tected by a hydrophobic pocket between transmembrane domain M2 and M4.

The head group is located in a hydrophilic cleft of the ATPase, whose residues

are thought to define the phospholipid selectivity for PS and PE. Subsequently

phospholipid binding induces further movement of the A-domain, so that the

DKTG phosphorylation site gets targetable for hydrolysis. The release of the

phosphate is believed to be coupled to the phospholipid translocation to the

cytoplasmic leaflet, by enabling M1 and M2 to shift even further away from the

bulk transmembrane domains. The phospholipid is released through the cleft,

gets incorporated and laterally released in the cytoplasmic leaflet by diffusion.

The P4-ATPase shifts back from the so-called E2-PL state to the E1 state to

start the translocation of another phospholipid.

This model is further supported by the recently captured protein crystal

structure of an isolated E2P state of human ATP11C [164]. The structure of

hATP11C conforms with the described model mechanism, but exhibits some dif-

ferences regarding the creation of the tunnel for the phospholipid. It was found

that the helices of M2, M4 and M6 of hATP11C form a longitudinal crevice

from the exoplasmic surface to the middle of the membrane. The crevice is

blocked by a valine at position 357 instead of the isoleucine in hATP8A1 and

hATP8A2. The PISL motif is changed to PVSL. Those crevice is not present

in the hATP8A1 E2P state, because it is blocked by the longer C-terminal reg-

ulatory domain. In contrast to the hydrophilic cleft built by hATP8A1 in the

E2-Pi-PL state, this crevice seems to be open earlier in the transport process, if

not all the time, and is not blocked at the exoplasmic end. In fact, at this end

an additional hydrophilic and electro-positive cavity connected to the crevice

was found. It consists of the loop between transmembran domain M3 and M4

and the exoplasmic domain of CDC50A. Modelling showed that this cavity is

most likely a second phospholipid binding site at which the hydrophilic head

group of the lipid is bound in the cavity while the acyl chain sticks outwards

to the lipid phase. Those changes were interpreted as an adaption to the po-

sition of hATP11C at the plasma membrane. It is proposed that the second

phospholipid binding site might enable the energy-consuming step of getting

the hydrophilic head of the phospholipid from the outer leaflet inside of the

flippase at all. By providing an entrance to the protein that mimics the envi-

ronment of the membrane the needed energy for the phospholipid acquisition

might be decreased. This way the second binding site at the cavity indicates

a slightly modified model mechanism for hATP11C. The model proposed by

Nakanishi et al. [164] interprets the binding of the phospholipid to the cavity
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as the initiation point of the translocation. After binding there, it is thought to

diffuse through the crevice until it is blocked by the gating Val357 of the PVSL

motif. Binding to that phospholipid binding and occlusion site is hypothesised

to induce the conformational changes to the E2Pi-PL state. From there on the

cycle would proceed with opening of the crevice towards the cytoplasmic leaflet

through movement of the M1, M2 and A-domain, as described in the generally

proposed catalytic cycle based on the hATP8A1 model.

1.5.7. Pathophysiology associated with P4-ATPases and

phospholipid distribution across membranes

As mentioned before, the main function of P-type ATPases is to maintain a

phospholipid gradient across bilayer membranes. The asymmetric phospholipid

distribution is vital for several cellular functions. Based on this important role,

it is no surprise that altered flippase activity can have clinical consequences. So

far, mutations in the genes for ATP8B1 and ATP8A2 have been directly linked

to human disorders.

Homozygous and compound heterozygous mutations in the ATP8B1 gene

have been found to cause a spectrum of liver disease in humans, divided into

progressive familial intrahepatic cholestasis type 1 (PFIC1 or Byler’s disease)

on one end and a milder form called benign recurrent intrahepatic cholestasis

type 1 (BRIC1) on the other end [25]. The severity of the liver disease seems to

be dependent on the severity of the changes to the ATP8B1 protein structure.

While misssense mutations often lead to BRIC1, large deletions, frameshift and

nonsense mutations that have larger impact on protein structure tend to cause

the severe PFIC1 [115, 307]. In PFIC1 patients the hepatic phenotype is more

severe and often extrahepatic features like diarrhoea [136, 54], pancreatitis [296],

pneumonia [221] and sensorineural hearing loss [265] occur. Testing the effects

of missense mutations of BRIC1 and PFIC1 patients on the ATP8B1 protein

showed that stability and interaction with CDC50A has been decreased or lost

in several cases. In the liver ATP8B1 is expressed in canalicular membranes

of hepatocytes. While there was still residual mutant protein at the canalic-

ular membrane of WIF-B cells with BRIC1 mutations, mutant protein from

PFIC1 patients was not to be found [69]. ATP8B1 is also expressed in the

bladder, stomach, intestine and pancreas, where a loss of function might cause

the extrahepatic symptoms [25].

ATP8B1 localises to the apical membrane of epithelial cells and translo-

cates PS to the cytplasmic leaflet. The asymmetric membrane character of the

canalicular membrane of rat hepatocytes was lost with knockdown of ATP8B1
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function [60] which is thought to be the cause of cholestasis. With PS usually

transported to the cytoplasmic leaflet, sphingomyelin accumulates in the outer

leaflet of the plasma membrane and forms together with cholesterol a stiff mem-

brane that is resistant to bile salts [304]. When ATP8B1 fails to flip PS, the

membrane is destabilised and the detergent effects of hydrophobic bile salts in

humans are thought to extract PS and cholesterol from the destabilised mem-

brane into the canalicular lumen. This might consequently reduce the choles-

terol content of the cytosolic leaflet and thus induce cholestasis by impairing

ABCB11 bile transporter acitivity [194, 195]. Another hypothesis, suggesting

direct involvement of ATP8B1 in a signalling cascade for bile excretion, remains

controversial [29, 303, 32].

However, all the hypotheses have to be reassessed, considering the latest find-

ings that ATP8B1 transports rather phosphatidylcholine (PC) than PS [281].

In accordance to the earlier hypothesis, the lack of PC at the inner leaflet of

the canalicular membrane could also lead to diminished membrane stability.

Nevertheless, the role of ATP8B1 in cholestasis is not fully understood and has

to be further investigated.

For ATP8A2 two cases of genetic defects leading to disorders have been re-

ported. In one of them a de novo balanced translocation of chromosomes 10

and 13 disrupts the ATP8A2 coding sequence, which leads to mental retarda-

tion and hypotonia [313]. The other case describes a consanguineous family

with four individuals affected by cerebellar ataxia and mental retardation. A

homozygous mutation in a conserved region coding for the M4 transmembrane

segment causes loss of PS flippase activity through reduced PS affinity while

maintaining a wild type (WT) like expression level [58, 312]. Similar neurologi-

cal symptoms could be reproduced in two mouse models with Atp8a2 deficiency.

Here loss of ATP8A2 activity led to distal axonal degeneration of spinal mo-

tor neurons [340] and in addition also to loss of visual and auditory function

through degeneration of photoreceptor and spiral ganglion cells [37]. One well

studied function of P-type ATPases is the regulation of apoptosis together with

scramblases [reviewed in 242, 89]. ATPases translocating PS and PE are impor-

tant for the depletion of the extracellular leaflet of the plasma membrane from

PS, since exposed PS represent a stimulus for phagocytic cells. Thus, changes

in phospholipid flippase activity could lead to disturbed apoptosis. However, in

both studies on Atp8a2 deficiency no exposure of PS on the plasma membrane

that could lead to phagocytosis has been detected. Accordingly, it is more likely

that the underlying reason for the degeneration is abnormal vesicle trafficking.

Although there are no other reported cases of human disorders based on loss
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of flippase activity, several studies and other mouse models further show the

severe effects of P4-ATPase dysfunction.

Mice deficient in the ATP8A2 homolog ATP8A1 accumulated PS on the

outer leaflet of the plasma membrane of hippocampal cells and showed reduced

hippocamus-dependent learning [131]. Loss of both ATP8A1 and ATP8A2 in

double mutants led to neonatal lethality [340]. ATP8A2 might also play a role

in human tumorigenesis [272], while ATP8B3 has been associated with sperm

capacitation in mice [318] and a single nucleotide polymorphism (SNP) near the

ATP8B4 gene sequence has been significantly overrepresented in patients with

Alzheimer’s disease [132]. ATP10A andATP10D are suggested to play a role in

the controle of insulin-mediated glucose uptake in mice and associated with a

elevated risk for Type 2 diabetes [46, 67].

Two mouse models with ATP11C deficiency exist that showed comparable

phenotypes. In one of them hemizygous males and homozygous females devel-

oped hypercholanamia and hyperbilirubinemia and showed an arrest of adult

B lymphopoesis in the bone marrow [256, 255]. In the other model also ab-

normalities in B lymphocyte differentiation and hyperbilirubinemia could be

found in addition to anemia and hepatocellular carcinoma. The PS flippase

activity of ATP11C was reduced, but once again no accumulation of PS in

the exoplasmic leaflet of the plasma membrane could be detected [329]. Other

studies showed that ATP11C deficiency in mice resulted in disturbed erythro-

poiesis, with short living and abnormal shaped erythrocytes displaying PS on

their cell surface. The shortened lifespan probably relates to the activation of

apoptosis, while the abnormal shape might come from disturbed interaction of

the cytoskeleton with the plasma membrane, due to missing PS and PE in the

cytoplasmic leaflet [330].

Another mouse model, which emulates a typical ATP8B1 missense muta-

tion causing the above mentioned liver disease PFIC1 in humans, was used to

investigate the auditory symptoms that sporadically accompanies cholestasis.

The study by Stapelbroek et al. [265] found that a majority of BRIC patients

develops hearing difficulties around the age of 20 years, featured by abnormal

TEOAE and ambilateral hearing loss more elevated at higher frequencies com-

pared to lower ones. Although ATP8B1 expression was reduced, the mice only

developed a mild hepatic phenotype due to different physiological reactions on

bile salt accumulation in mice and men. Cholestasis could only be induced by

feeding a bile salt enriched diet [196]. Nontheless, even on normal diet mice

displayed progressing hearing loss associated with degeneration of cochlear hair

cells and spiral ganglion cells. Stapelbroek et al. propose that a possible expla-
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nation for this could again be a destabilised stereociliar membrane because of the

lost phospholipid asymmetry, similar to findings for the red cell membrane [140]

or the loss of ATP8B1 function at the canalicular membrane [304]. The phos-

pholipid distribution could also indirectly influence the ATP-dependent Ca2+

transporter (PMCA) activity [285], needed for normalising Ca2+ after hair cell

activation [315]. Another hypothesis is that the loss of the membrane asymme-

try impairs the generation of phosphoinosides and thus disturbs maintenance of

the hair bundle structure and inhibits correct mechanotransduction [91, 98].

Besides the composition of the cell membrane, the phospholipid asymmetry

of intracellular membranes is important, too. It comes into play at vesicle traf-

ficking. After being synthesised at the ER, most membrane phospholipids are

distributed symmetrically across the ER membrane by scramblases. With vesi-

cles the lipids are moved from the ER to the Golgi complex, where flippases

and floppases establish an asymmetrical distribution of lipids in the trans-Golgi

network (TGN) [2]. This asymmetry seems to be crucial for membrane curva-

ture and accordingly also for organelle shape determination. Studies in yeast

show that upon inactivation of the yeast P4-ATPase Drs2 the Golgi cisternae

lose their tubular form and become large cup-shaped structures [31]. Curva-

ture and the negative charge of PS on the cytoplasmic leaflet are suggested

to be sensed by the +ALPS motif of the Gcs1 protein. This starts a cascade

that leads to the recruitment of clathrin, which moulds vesicles from the curved

Golgi membrane [327]. While most studies on P4-ATPases regarding vesicle

trafficking are performed on yeast [241], a similar function is proposed for the

retrograde transport from recycling endosomes to the Golgi in eukaryotic cells

[297, 127]. The outcome of P4-ATPase deficiency experiments in other studies

further strengthens the association of flippase based membrane asymmetry as

a requirement for vesicle trafficking in eukaryotic cells, even though the mech-

anism is not determined [2, 37, 328].

Taken together, defects of P4-ATPase activity result in a variety of symp-

toms with an emphasis on hepatic and neurological phenotypes, including sen-

sorineural hearing loss for ATP8A2 and ATP8B1. The underlying mechanisms

still need to be determined in detail, but often seem to be linked to membrane

stability, vesicle trafficking, indirect and protein activation or phagocytosis.
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1.5.8. ATP11A

ATP11A is a human P4-ATPase. Evolutionary ATP11A can be sorted into

the P4a-ATPases that exist in all eukaryotic groups [185] and further into P4-

subclass 6 together with ATP11B and ATP11C, based on the sequence similarity

of the catalytic subunit [193]. Its genomic sequence is located on chromosome

13:112,690,329 - 112,887,168 aligned to the Reference Genome GRCh38/hg38

with the UCSC genome browser [113, 112]. The size of the coding region is

187,878 bp and it spans 30 coding exons that can be translated into two isoforms

of ATP11A. The first one uses exon 29 as the last coding exon. The mRNA of

this isoform 1 (RefSeq: NM_015205.2) is 3405 bp long and encoding a protein

with 1134 aa. Isoform 2 (RefSeq: NM_032189.3) skips exon 29 and uses exon

30 as its last coding exon. The mRNA contains 3576 bp and encodes a protein

of 1191 aa [176]. The genetic intron-exon structure of human ATP11A is shown

in figure 1.11.

Figure 1.11.: Gene structure of hATP11A, adapted from the Ensembl Genome
Browser, version 93 (www.ensembl.org) [336]. The upper intron-exon
structure represents hATP11A isoform 1, while the lower structure shows
isoform 2.

Human ATP11A is highly expressed in tubules of the kidney. In the brain

ATP11A is found to be expressed in endothelial cells, neuronal cells and neu-

rophils of the cerebral cortex and purkinje cells of the cerebellum. Medium

level expression also takes places in the pancreas, in lung pneumocytes and

in glandular cells of the gastrointestinal tract, appendix, gallbladder and pla-

centa. Other brain areas, liver hepatocytes, urothelial cells, skin melanocytes

and glandular cells in the female reproductive system express ATP11A at lower

rates. An overview of the expression in the human body is shown in figure 1.12.

[298, 299].

On the intracellular level ATP11A is synthesised in the ER. There it is

translocated to the plasma membrane, but it can be also found in early endo-

somes and recycling endosomes. It depends on CDC50A for ER exit and has a

flippase activity for PS and PE, but not for PC or SM [280, 281].

ATP11A has 10 transmembrane domains and both, the C-terminus and the

N-terminus of the protein reach into the cytoplasm. A high resolution 3D pro-
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tein structure of hATP11A is not yet examined. However, the protein crystal

structure of an isolated E2P state of human ATP11C [164] has an amino acid

sequence similarity of 67.01% compared to human ATP11A, which allows for a

model, shown in figure 1.13.

Figure 1.12.: Expression of ATP11A in the human body, taken
from the Human Protein Atlas, version 19.3
(https://www.proteinatlas.org/ENSG00000068650-ATP11A/tissue).
Higher expression intensity is depicted by darker red tones. Expression
in the female body is shown on the left and the male body on the right.

Figure 1.13.: 3D model of hATP11A, generated with SWISS Model (swiss-
model.expasy.org)
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To date, mutations in ATP11A have only been proposed as a predictive

marker for colorectal cancer [153], but never been associated with sensorineural

hearing loss until now.

Mutation studies based on known disease causing mutations in hATP8B1

were performed to gain further inside in the molecular mechanism of hATP11A

[271]. The hATP11A mutations Y308F and D913K, corresponding to L308 and

E897 in hATP8B1, resulted in retention in the ER and consequential reduced

PS intake, while Y308F also showed a reduced expression level, probably due to

misfolding. The mutated residues are located within M3 and M5 and prevent

the correct connection from of those to the M3-M4 loop and the M5-M6 loop.

Since hCDC50A interacts with hATP11A through electrostatic binding to the

loop region, the proper binding seems to be inhibited, which causes the protein

to be dislocated.

Takatsu et al. [281] describes two hATP11A missense mutations with known

effects on protein activity. hATP11A isoform 1 E186Q has a missense mutation

at a conserved glutamate residue, that is necessary for the dephosphorylation

process. The mutation is reported to result in loss of function, despite correct

localisation at the membrane. The other mutant variant is hATP11A isoform 1

D414N. The mutation disables the interaction with hCDC50A and this inhibits

translocation from the ER to the membrane [281, 130].

Using the prediction of hATP11A’s two caspase cleavage sites, Segawa et al.

[243] were able to modify both and use them for the analysis of flippase regu-

lation by caspase and Ca2+ in HEK293T cells. They found WT hATP11A to

be inactivated by caspase cleavage during apoptosis to expose PS on the cell

surface. It was also shown that PS exposure during apoptosis is inhibited in

the caspase resistant hATP11A mutant. Another way of regulation enables the

transient downregulation of hATP11A flippase activity through high concentra-

tions of Ca2+. The high Ca2+ concentration also activates scramblase function,

so that as an effect PS is reversibly exposed on the cell surface or on vesicles

for certain biological processes when needed.
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After narrowing down two possible loci for the causative mutation in the family

affected with AS/AN, a 5,500 bp deletion in a gene coding for the P4-ATPase

ATP11A was detected. The deletion spans the last exon of both ATP11A splice

variants.

The aim of this thesis is to characterise the influence of the deletion on gene

expression and sequence changes, as well as to study the further implications

following from those.

Expression of mRNA of both ATP11A splice variants in the presence of the

deletion had been shown before through the presence of a heterozygous SNP in

exon 28 of the patient in RNA analyses. This will be replicated. Afterwards,

the first subject to be investigated is the mRNA sequence transcribed from the

mutated ATP11A DNA allele. Possible outcomes for this are sequences encoding

for a truncated protein or the elongation via additional exons. Therefore, a set

of PCRs on patient cDNA, using a forward primer in an exon upstream of the

deletion and different reverse primers located in the 3’UTR downstream of the

deletion, should be used to identify and amplify the product of the mutant

allele. Subsequent sequencing could provide the detailed sequence information,

which needs to be examined for the used stop codon and potential alternative

splice sites.

For further research on the mutant protein in human cell culture, construction

of an expression vector encoding the found variant is necessary. Using the same

cloning vector for both physiologic isoforms of ATP11A as well as the mutant

variant ensures comparability. Also, the presence of a protein tag is beneficial

for protein detection in immunocytochemistry (ICC) and Western blotting. As

additional control an empty mock vector and the two reported missense variants

E186Q and D414N should be used. Both protein variants encode for known

loss of function and loss of transport proteins, respectively. Depending on the

structure of the mutant protein, artificial mutant variants might be constructed

and compared for supplementary information on the functional mechanism.

Like decribed for the D414N mutantion, one presumable way a protein loses

its function is not being transported to its subcellular localisation. Since the P4-

ATPase translocates phospholipids at the plasma membrane, the localisation of
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2. Aim of this study

the putative mutant variant of the protein in presence of CDC50A has to be

investigated.

Another hypothesis that needs to be tested, is the possibility of changed flip-

pase activity through the consequences of the deletion on protein level. In order

to get comparable results, all ATP11A variants are going to be expressed in the

same single cell derived cell line, stably expressing CDC50A. An assay using

fluorescent labelled phospholipids would be appropriate to determine changes

in flippase activity of the mutant ATP11A compared to wild type protein and

controls. Therefore, an adapted flippase activity assay, based on experiments

from Takatsu et al. [281], will be established. The cultivated cells, expressing

the different ATP11A variants and CDC50A, are incubated with fluorescent la-

belled PS and PE for increasing time intervals, during which the phospholipids

are transported into the cell by ATP11A on the cell surface. Afterwards, FACS

analysis of the fluorescence level can be used to compare the uptake of phos-

pholipids over time and thus also the flippase activity of the different ATP11A

variants.

The results of this assay should be used to confirm or reject the hypothesis

of altered activity and discuss possible mechanisms for the potential gain or

loss of function with the help of literature research. Finally, a hypothesis on

the molecular pathomechanism will be generated. For this, a detailed look

into ATP11A-dependent cellular processes and evidence from ATPase deficient

mouse models will help to interpret the results of the flippase assay. Thus,

the genetic, molecular and cellular influence of the deletion of ATP11A and its

impact on the hearing process can be discussed.

The insights gained this way will not only expand the knowledge of inner

physiology and help to further understand the molecular details of auditory

processing, but can be used to optimise the clinical assessment and assistance

for patients with AS/AN.
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3. Material

All material used in this thesis is listed in this chapter with its type specifica-

tion or order number and the manufacturer. It is split in different categories

like devices, consumable items, chemicals and reagents, enzymes, antibodies,

commercial kit systems, bioinformatic tools and databases. Bacteria strains

and cell lines are given with full name and description. All commercial and

self made DNA primers and plasmids are listed with name and sequence, if not

universally available through the manufacturer. In the section for buffers and

solutions the recipes are given in detail.

3.1. Primary antibodies

Table 3.1.: List of primary antibodies

Antigen Host Dilution Art. No. Manufacturer

C-Myc mouse 1:500 (ICC) M5546 Sigma-Aldrich Corp. (USA)

Flag mouse 1:500 (ICC) F3165 Sigma-Aldrich Corp. (USA)

HA rabbit 1:666 (ICC) H6908 Sigma-Aldrich Corp. (USA)

V5 mouse 1:500 (ICC) R960-25 Thermo Scientific Inc. (USA)

HA rabbit 1:1000 (WB) H6908 Sigma-Aldrich Corp. (USA)

Flag mouse 1:500 (WB) F3165 Sigma-Aldrich Corp. (USA)

V5 mouse 1:5000 (WB) R961-25 Thermo Scientific Inc. (USA)

3.2. Secondary antibodies

Table 3.2.: List of secondary antibodies

Antigen Host Dilution Label Art. No. Manufacturer

rabbit goat 1:2500 (WB) HRP 32460 Thermo Scientific Inc. (USA)

mouse goat 1:2500 (WB) HRP 32430 Thermo Scientific Inc. (USA)

rabbit goat 1:1000 (ICC) AF 488 A11008 Thermo Scientific Inc. (USA)

mouse goat 1:1000 (ICC) AF 633 A21052 Thermo Scientific Inc. (USA)

mouse goat 1:1000 (ICC) Cy3 115165003 Jackson Im. Research Inc. (USA)
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3. Material

3.3. Primers

Table 3.3.: List of primers

Name Sequence Size
(b)

GC
(%)

Tm
(◦C)

ATP11A_Ex20f CGACGGAGCTGCACTGTCTCTG 22 63.6 61.9

ATP11A_Ex24_25f CTGTACAGGGACGTCGCCAAG 21 61.9 60,0

ATP11A_Ex27f GCTGCTGTTCTACGTTGTCTTTTC 24 45.8 56.5

ATP11A_Ex28_f CTACGTGTTCATCCAGATGCTGTCC 25 52,0 59.2

A[...]_Ex28End_pCAGhom_r GTAGTCTGGTACATCGTATGGATACTCGAGTTCGAACCGCGGCTGGAC

TCTCTCTGTTGC

60 53.3 70.3

ATP11A_Ex28r TGTTGGCCACAGCTGC 16 62.5 56.5

ATP11A_Mut_Ex28-29mutr GTGGTGCTTTCCTGGACTCTCTC 23 56.5 59.3

ATP11A_Mut_r CTGTCGAGCACCTCGGAAACACCC 24 62.5 63.6

ATP11A_UTR_f CTGGGGGTCGCTGCTGTTCTAC 22 63.6 62,0

ATP11A_UTR_r1 CCAGTTGCTCGCTACCCTCATCTT 24 54.2 60.7

ATP11A_UTR_r2 CTGGGACCCAACTTACTAAACCTTCAC 27 48.1 58.9

ATP11A_UTR_r3 CATGGCTATGAGTGAGCGTGGAG 23 56.5 59.6

ATP11A_UTR_r5 GGCCAAGGCTCAACTCAGGG 20 65,0 60.9

ATP11A_v1_1_F GACAATGCCATGAACCAGTG 20 50,0 54.3

ATP11A_v1_1_R GATCAAGTCGCAGGGAAAGG 20 55,0 55.8

ATP11A_v1_2_F GCGTTCCTCATTGTGTATCTC 21 47.6 53.4

ATP11A_v1_2_R CAGGGATGATGTAGTTAAAGAGGAC 25 44,0 54.7

ATP11A_v1_3_F CGACATGATTGACTCGTCC 19 52.6 53,0

ATP11A_v1_3_R CCTTTCGATGTGGTTCTCCCTG 22 54.5 57.7

ATP11A_v1_4_F GCATTTGTAAGCTGCTGCAG 20 50,0 55.1

ATP11A_v1_4_R GCCGTCTCCATCTTGTCTCC 20 60,0 57.6

ATP11A_v1_5_F CTGGAAATCTGCCGGAG 17 58.8 52.9

ATP11A_v1_5_R GCCCGTGAACAAGCAGCATC 20 60,0 59.6

ATP11A_v1_6_F GTCGCCAAGAATGCCCTG 18 61.1 56.8

ATP11A_v1_6_R CCTCCCCAGAGAAGCGAAAAG 21 57.1 57.8

ATP11A_v1_EndwoStop GAAACTCAGGCTGCTGGAAGTCTGAG 26 53.8 61,0

ATP11A_v1_Ex29ar CTCGACAGAAAGGCACTGGC 20 60,0 58.5

ATP11A_v1_Start ATGGACTGCAGCCTCGTGCG 20 65,0 62.9

ATP11A_v2_Ex28-29br AGAGTCCAGAATGGGTGC 18 55.6 54.4

ATP11A_v2_Ex29br CCCTCTTGCCTCTCTGCA 18 61.1 57,0

ATP11A_v2_r TCACACGAGCATTCCCACAC 20 55,0 57.7

ATP11A_v2_rnew CACGAGCATTCCCACACGGGAC 22 63.6 62.6

CDC50A_attb_f GACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATGGC

GATGAACTATAACGCG

67 46.3 69.7

CDC50A_attb_r- GGGGACCACTTTGTACAAGAAAGCTGGGTGAATGGTAATGTCAGCTGT

ATTACTACTG

58 44.8 67.8

CDC50A_f ATGGCGATGAACTATAACGCG 21 47.6 55.3

CDC50A_inner_f GAAGACAAACCAATTGCTCCTTGTG 25 44,0 56.9

CDC50A_inner_r GTTCTTCCAGGTTGTCTCCTCC 22 54.5 57.2

CDC50A_r TTAAATGGTAATGTCAGCTGTATTACTACTG 31 32.3 55,0

CMV_f CGCAAATGGGCGGTAGGCGTG 21 66.7 63.9

GPDH_f AGGCTCCCACCTTTCTCATC 20 55,0 56.7

GPDH_r AACTGGTTGAGCACAGGGTAC 21 52.4 57.2

HA_forw TATCCATACGATGTACCAGACTACGCT 27 44.4 58.4

HA_rev GGAGTGAATTAAGCGTAGTCTGGTACATCGTATGGATA 38 42.1 62,0

M13_R GGAAACAGCTATGACCATG 19 47.4 50.8

M13f GTAAAACGACGGCCAGT 17 52.9 52.6

pCAG_Assembly_Myc_F GGTTCGAACTCGAGGTACCGGAACAAAAACTCATCTCAGAAGAG 44 47.7 66,0

pCAG_Assembly_Myc_R TGGGACGTCGTATGGGTACGGGGGCAAACAACAGATGG 38 57.9 70,0

pCAG_f GCAACGTGCTGGTTATTGTG 20 50,0 55,0

pCAG-Test_AmpPr_r CAAATATGTATCCGCTCATGAGACAA 26 38.5 55.1

pCAG-Test_f1 CCGCCCAGCGTCTTGTC 17 70.6 59.5

pCAG-Test_f2 GACGCTCAAGTCAGAGGTGGC 21 61.9 60.3
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3.6. Cell lines

Name Sequence Size
(b)

GC
(%)

Tm
(◦C)

pCAG-Test_f3 CATGGCTGATGCAATGCGGC 20 60,0 60.3

pCAG-Test_f4 GAGGTGAGCCCCACGTTC 18 66.7 58.4

pCAG-Test_f5 GAGTTCTTCTGAGGGGATCGGCA 23 56.5 60.5

pCAG-Test_f6 GCCTTAAAGGGCTCCGGGA 19 63.2 59.9

pCAG-Test_r1 ATTTCGGCTCCGCACAGATTTGG 23 52.2 60.3

pCAG-Test_r2 GCCTCCTCACTACTTCTGGAATAGCTC 27 51.9 59.8

pcDNA3_rev GGCTGGCAACTAGAAGGC 18 61.1 56.2

pDest_TagControl CTAGTTGCCAGCCATCTGTTG 21 52.4 56.1

pMxs-Test_f1 CCCAGTTCCGCCCATTCTCC 20 65,0 60.7

T7 TAATACGACTCACTATAGGG 20 40,0 47,5

3.4. Plasmids

Table 3.4.: List of plasmids. Tag specifications: CT = C-terminal tag, NT = N-
terminal tag, KDEL = KDEL localisation tag. Manufacturer specifications:
Dr. Shin (Kyoto University, Faculty of Pharmaceutical Sciences, Japan),
Michael Davidson (Addgene plasmid # 58097), TFS = Thermo Fisher Sci-
entific Inc. (MA, USA)

Vector Resistance Size Tag Design

HFN-hCDC50A pcDNA3 Amp / Kan 6530 bp Flag / His (NT) Dr. Shin

hATP11A-HA Iso. 1 WT pCAG Amp 9556 bp HA (CT) Dr. Shin

hATP11A-HA Iso. 1 E186Q pCAG Amp 9556 bp HA (CT) Dr. Shin

hATP11A-HA Iso. 1 D414N pCAG Amp 9556 bp HA (CT) Dr. Shin

tdTomato-ER-3 Kan 4814 bp KDEL M. Davidson

pcDNA3.1(-) Myc/His Amp 5522 bp Myc / His (CT) TFS

pDonr211 Kan 4761 bp TFS

pEF5/FRT/V5-DEST Amp / Hyg 7528 bp V5 (CT) TFS

pOG44 Amp 5785 bp TFS

hATP11A-HA Iso. 2 pCAG Amp 9661 bp HA (CT) S. von Loh

hATP11A-HA Patient pCAG Amp 9529 bp HA (CT) S. von Loh

hATP11A-Myc/His Iso. 1 WT pCAG Amp 9706 bp Myc / His (CT) S. von Loh

hATP11A-HA until ex28 pCAG Amp 9415 bp HA (CT) S. von Loh

MCS-HA pCAG Amp 6224 bp HA (CT) S. von Loh

pDonr211 hCDC50A Kan 3647 bp S. von Loh

pEF5/FRT hCDC50A-V5 Amp 6974 bp V5 S. von Loh

3.5. Bacteria strains

Table 3.5.: List of bacteria strains

Abbr. Specification Manufacturer Genotype

E. coli Escherichia coli Top10F’ (Invitrogen) F’{lac Iq Tn10 (TetR)} mcrA Δ (mrr-hsdRMS-
mcrBC) Φ80lacZΔ M15 ΔlacX74 recA1 araD139Δ
(ara-leu)7697 galU galK rpsL endA1 nupG

3.6. Cell lines

Table 3.6.: List of cell lines

Abbreviation Name

HEK293T Human embryonic kidney cell line 293T (epithelial)

Flp-In 293 Human embryonic kidney cell line 293 with integrated FRT site for Flp-In transfec-
tion (epithelial) (Thermo Scientific Inc., MA, USA)
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3. Material

3.7. Chemicals and reagents

Table 3.7.: List of chemicals and reagents

Reagent Article No. Manufacturer

10× FastDigest buffer B64 Thermo Scientific Inc. (USA)

18:1-06:0 NBD PE 810155 Avanti Polar Lipids Inc. (USA)

18:1-06:0 NBD PS 810194 Avanti Polar Lipids Inc. (USA)

2-Log DNA Ladder N3200S New England Biolabs Inc. (USA)

4× Bolt LDS Sample buffer B0007 Thermo Scientific Inc. (USA)

5× Phusion HF buffer B0518S New England Biolabs Inc. (USA)

5× Phusion GC buffer B0519S New England Biolabs Inc. (USA)

7deaza dNTP D8783-.5UMO Sigma-Aldrich Corp. (USA)

Agar A0949,0500 AppliChem GmbH (GER)

Agarose 16500-500 Thermo Scientific Inc. (USA)

Amphotericin B solution A2942-100ML Sigma-Aldrich Corp. (USA)

Ampicillin A9393-5G Sigma-Aldrich Corp. (USA)

Bacto-Tryptone 211705 Becton, Dickinson & Co. (USA)

Bacto-Yeast extract 288620 Becton, Dickinson & Co. (USA)

Biotin 21335 Thermo Scientific Inc. (USA)

Bromphenol blue B5525-5G Sigma-Aldrich Corp. (USA)

Boric acid 1.00165.5000 Merck KGaA (GER)

BSA A4503-100g Sigma-Aldrich Corp. (USA)

BSA, fatty acid free A7030 Sigma-Aldrich Corp. (USA)

CaCl2 1.2378.0500 Merck KGaA (GER)

CaCl2 dihydrate C7902-500G Sigma-Aldrich Corp. (USA)

dATP D4788-.1MMO Sigma-Aldrich Corp. (USA)

DAPI mounting medium P36962 Thermo Scientific Inc. (USA)

dCTP D4913-.1MMO Sigma-Aldrich Corp. (USA)

DTT 6908.2 Carl Roth GmbH & Co. KG (GER)

dGTP D5038-.1MMO Sigma-Aldrich Corp. (USA)

DMSO ECL-EMR385050 EuroClone S.p.A. (ITA)

dTTP T9656-.1MMO Sigma-Aldrich Corp. (USA)

DMEM D5796 Sigma-Aldrich Corp. (USA)

(Charge RNBF0088)

EDTA 108418 Merck KGaA (GER)

Ethanol 96% JB8025.2500PE J. T. Baker (GER)

Fast Digest Buffer (10×) B64 Thermo Scientific Inc. (USA)

FBS 10270-106 Life Technologies AG (USA)

(Charge 41F5644K)

G418 ANT-GN5 InvivoGen (CA, USA)

Glucose G 7528-1KG Sigma-Aldrich Corp. (USA)

Glycerol 49767 Sigma-Aldrich Corp. (USA)

Glycine 3908.2 Carl Roth GmbH & Co. KG (GER)

HBSS H6648-500ML Merck KGaA (GER)

HEPES 9105.4, 500g Carl Roth GmbH & Co. KG (GER)

Hi-Di Formamide 4311320 Thermo Scientific Inc. (USA)

HPLC water 4218 J. T. Baker (GER)

Hygromycin B ant-hg-1 InvivoGen (USA)

Kanamycin K1876-5G Sigma-Aldrich Corp. (USA)

KCl 104936 Merck KGaA (GER)

KHCO3 4854 Merck KGaA (GER)

KOH P747.1 Carl Roth GmbH & Co. KG (GER)

Ligase Buffer B0202S New England Biolabs Inc. (USA)

Methanol 4627.1 Carl Roth GmbH & Co. KG (GER)

MgCl2 solution (1 M) AM9530G Thermo Scientific Inc. (USA)

Midori Green advance 617004 Biozym Scientific GmbH (GER)

Milk, powdered T145.2 Carl Roth GmbH & Co. KG (GER)
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3.8. Enzymes

Reagent Article No. Manufacturer

NaCl 39573 Carl Roth GmbH & Co. KG (GER)

NaN3 S2002-100G Sigma-Aldrich Corp. (USA)

NaHCO3 106329 Merck KGaA (GER)

NH4Cl 1084 Merck KGaA (GER)

Nonidet P-40 A1694,0250 AppliChem GmbH (GER)

Opti-MEM 51985026 Thermo Scientific Inc. (USA)

(Charge 1721804)

PBS tablets 18912-014 Thermo Scientific Inc. (USA)

Penicillin / Streptomycin P4333-100ML Sigma-Aldrich Corp. (USA)

PFA 1.04005.1000 Merck KGaA (GER)

Phosphatase inhibitor 4906837001 Hoffmann-La Roche AG (CHE)

PEI (MW 25000 Da) 23966-2 Polysciences Inc (USA)

Poly-L-Lysine P2636 Sigma-Aldrich Corp. (USA)

Proteinase Inhibitor 11836 153001 Hoffmann-La Roche AG (CHE)

Protein ladder LC5925 Thermo Scientific Inc. (USA)

TBE 10x powder A4348,500 AppliChem GmbH (GER)

SDS 0837-200ML VWR International (PA, USA)

Sodium acetate 1.06268.0250 Merck KGaA (GER)

Tetracycline Hydrochloride 58346 Merck KGaA (GER)

Tris 37192 Serva Electrophoresis GmbH (GER)

TritonX-100 X100-500ML Sigma-Aldrich Corp. (USA)

Trizma base T1503 Sigma-Aldrich Corp. (USA)

Tween 20 P7949-100ML Sigma-Aldrich Corp. (USA)

Xylene cyanol X4126 Sigma-Aldrich Corp. (USA)

Zeocin 45-0430 Thermo Scientific Inc. (USA)

3.8. Enzymes

Table 3.8.: List of enzymes

Enzyme Article No. Manufacturer

BigDye v3.1 4337457 Thermo Scientific Inc. ( USA)

Dnase I EN0523 Thermo Scientific Inc. (USA)

EcoRI FD FD0274 Thermo Scientific Inc. (USA)

Exonuclease I EN0582 Thermo Scientific Inc. (USA)

Gateway BP Clonase II Enzyme Mix 11789020 Thermo Scientific Inc. (USA)

Gateway LR Clonase II Enzyme Mix 11791020 Thermo Scientific Inc. (USA)

KpnI FD FD0524 Thermo Scientific Inc. (USA)

NotI FD FD0594 Thermo Scientific Inc. (USA)

OneTaq 2× Master Mix with Standard Buffer M0482S New England Biolabs Inc. (USA)

OneTaq 2× Master Mix with GC Buffer M0483S New England Biolabs Inc. (USA)

Proteinase K 3115844001 Hoffmann-La Roche AG (CHE)

Shrimp Alkaline Phosphatase EF0652 Thermo Scientific Inc. (USA)

Trypsin T3924-100ML Sigma-Aldrich Corp. (USA)

XhoI FD FD0694 Thermo Scientific Inc. (USA)

43



3. Material

3.9. Consumables

Table 3.9.: List of consumables

Consumable Spec. Article No. Manufacturer

96 microwell plates A62219 Thermo Scientific Inc. (USA)

96 well PCR plates 721979102 Sarstedt AG & Co. (GER)

Bis-Tris Gels 4-12 % NW04125BOX Thermo Scientific Inc. (USA)

Cell Culture dish 10 cm2 833.902 Sarstedt AG & Co. (GER)

Cell scraper 831832 Sarstedt AG & Co. (GER)

Centrifuge tube 50 ml 227261 Greiner Bio-One GmbH (AUT)

Centrifuge tube 15 ml 188271 Greiner Bio-One GmbH (AUT)

Cover glasses square 6310125 VWR International (USA)

Cover glasses ø 18 mm 0111580 Marienfeld GmbH & Co.KG (GER)

Cryotubes 1.8 ml 72.379 Sarstedt AG & Co. (GER)

Dispenser tips 1.25 ml 702376 BRAND GmbH + Co. KG (GER)

Dispenser tips 5 ml 6131021 VWR International (USA)

Facial tissues 7730012 GVS Group (GER)

FACS tubes (5 ml) 352052 Fisher Scientific Inc. (USA)

Filtertips 10 µl 701115210 Sarstedt AG & Co. (GER)

Filtertips 200 µl 70760213 Sarstedt AG & Co. (GER)

Filtertips 300 µl 70765210 Sarstedt AG & Co. (GER)

Filtertips 1000 µl 70762211 Sarstedt AG & Co. (GER)

Matrix pipette tips 12.5 µl 7422 Matrix Technologies Inc. (USA)

Micro tube screw cap 72692105 Sarstedt AG & Co. (GER)

Microscope slide J3800AMNZ Thermo Scientific Inc. (USA)

Mini Protean Precast Gel 4-20 % 4568094 Bio-Rad Laboratories Inc. (USA)

NeutrAvidin Agarose Resin 29200 Thermo Scientific Inc. (USA)

Nitril Gloves D1102-24 WRP (MYS)

Nitrocellulose membrane LC2000 Life Technologies AG (USA)

Parafilm PM-996 Bemis Company (USA)

PCR 8-tube stripes 0.2 ml 673210 Greiner Bio-One GmbH (AUT)

PCR 8-cap stripes 373270 Greiner Bio-One GmbH (AUT)

Petri dishes ø 92 mm 821473001 Sarstedt AG & Co. (GER)

Pipette Tips 1000 µl 70.762.010 Sarstedt AG & Co. (GER)

Pipette Tips 200 µl 70.760.002 Sarstedt AG & Co. (GER)

Pipette Tips 20 µl 30000838 Eppendorf AG (GER)

Precision wipes 7552 Kimberly Clark (USA)

PVDF membrane LC2002 Life Technologies AG (USA)

Reaction tubes 2.0 ml 72695500 Sarstedt AG & Co. (GER)

Reaction tubes 1.5 ml 72690001 Sarstedt AG & Co. (GER)

Reaction tubes 0.5 ml 72735992 Sarstedt AG & Co. (GER)

Round bottom tubes 14 ml 352059 Corning Inc. (USA)

Serological Pipet 5 ml 356543 Corning Inc. (USA)

Serological Pipet 10 ml 356551 Corning Inc. (USA)

Serological Pipet 25 ml 356525 Corning Inc. (USA)

Six well plates 140675 Thermo Scientific Inc. (USA)

Sterile filter 0.2 mm 16534K Sartorius AG (GER)

Tris-Acetate Gels 3-8 % EA03755BOX Thermo Scientific Inc. (USA)

Weighing pans KC04.1 Carl Roth GmbH & Co. KG (GER)
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3.11. Bioinformatic tools

3.10. Commercial systems

Table 3.10.: List of commercial systems

Commercial System Article No. Manufacturer

BigDye Terminator v3.1 Cycle Sequencing Kit 4337457 Thermo Scientific Inc. (USA)

Gateway BP Clonase II Enzyme Mix 11789020 Thermo Scientific Inc. (USA)

Gateway LR Clonase II Enzyme Mix 11791020 Thermo Scientific Inc. (USA)

GenElute Plasmid Miniprep Kit PLN70 Sigma-Aldrich Corp. (USA)

Monarch Gel Extraction Kit T1020S New England Biolabs Inc. (USA)

Monarch Plasmid Miniprep Kit T1010 S New England Biolabs Inc. (USA)

NEBuilder HiFi DNA Assembly Cloning Kit E5520S New England Biolabs Inc. (USA)

OneStep RT-PCR Kit 210212 Qiagen N.V. (NLD)

Pierce BCA Protein Assay Kit 23225 Thermo Scientific Inc. (USA)

Plasmid Midi Kit 12143 Qiagen N.V. (NLD)

QIAquick Gel Extraction Kit 28704 Qiagen N.V. (NLD)

SuperScript First-Strand 11904018 Thermo Scientific Inc. (USA)

Western Bright ECL K12045-D50 Advansta Inc. (USA)

3.11. Bioinformatic tools

Table 3.11.: List of software, bioinformatic tools and
databases. URLs to tools and databases:
*1 https://www.ebi.ac.uk/Tools/msa/, *2 http://consurf.tau.ac.il,
*3 www.ensembl.org, *4 https://gnomad.broadinstitute.org,
*5 https://hereditaryhearingloss.org/, *6 www.proteinatlas.org/,
*7 www.umd.be/HSF3, *8 http://tmcalculator.neb.com,
*9 http://josephroland.com/lab/PEItransfect.html,
*10 https://genome.ucsc.edu

Software Application Company

Alignment tools*1 Sequence alignment EMBI-EBI (UK)

AxioVision Release 4.8.2 Microscopy Carl Zeiss AG (GER)

BD FACSDiva 8.0.1 FACS analysis BD Biosciences (USA)

Chromas Lite Sequence analysis Technelysium Pty Ltd (AUS)

ConSurf Server*2 Conservation analysis Tel-Aviv University (ISR)

Ensembl*3 Genome annotation EMBI-EBI (UK)

FlowJo Cytometry Flowcytometry analysis Becton, Dickinson & Co (USA)

Gen5 (Version Sept. 2001) Microplate analysis Biotek Instruments Inc. (USA)

GnomeAD*4 Genome aggregation data

Hereditary hearing loss

Homepage*5
Hearing loss genes

Human Protein Atlas*6 Gen expression data

Human Splicing Finder*7 Splice prediction Aix Marseille Université (FRA)

Image Lab 5.2 Western Blot analysis Bio-Rad Laboratories Inc. (USA)

NEB Tm Calculator v1.8.1*8 Primer analysis New England Biolabs Inc. (USA)

PEI transfection of mammalian
cells*9

PEI transfection Joseph Roland

PRISM7 Statistics, graph design GraphPad Software (USA)

SeqBuilder Insilico genome editing DNA STAR Inc. (USA)

SeqManPro Sequence analysis DNA STAR Inc. (USA)

SWISS Model Protein 3D modelling University of Basel (CHE)

UCSC Genome Browser*10 Genome browsing University of CA (USA)
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3. Material

3.12. Devices

Table 3.12.: List of devices

Device Type Manufacturer

-80 ◦C Freezer KM-DU73Y1E Panasonic Corp. (JAP)

Biological Safety Cabine Hera Safe Heraeus Instruments GmbH (GER)

Biological Safety Cabine Lamin Air HB2248K Heraeus Instruments GmbH (GER)

Biological Safety Cabine Lamin Air LB48C Heraeus Instruments GmbH (GER)

Blotting Module Bolt Mini B1000 Thermo Scientific Inc. (USA)

Bright field microscope Axiovert 40 CFL Carl Zeiss AG (GER)

Bunsen burner Phoenix II Schuett-biotec GmbH (GER)

Cell counting chamber Neubauer improved Karl Hecht GmbH & Co. KG (GER)

Centrifuge Centrifuge 5424 Eppendorf AG (GER)

Centrifuge Centrifuge 5810R Eppendorf AG (GER)

Centrifuge Heraeus Multifuge X3R Thermo Scientific Inc. (USA)

Centrifuge bottles B1033-4EA Thermo Scientific Inc. (USA)

Drigalski spatulas AL98.1 Carl Roth GmbH & Co. KG (GER)

Erlenmeyer caps K396.1 Carl Roth GmbH & Co. KG (GER)

Erlenmeyer flask 100 ml 215-1592 VWR International (USA)

Flow Cytometer FACS Canto II Becton Dickinson & Company (USA)

Freezer (-150 celsius) MDF-1156 Panasonic Corp. (JAP)

Fridges Liebherr AG (CHE)

Gel documentation chamber Gel stick Intas S. I. I. GmbH (GER)

Gel documentation chamber ChemiDoc XRSx Bio-Rad Laboratirues Inc. (USA)

Gel electrophoresis chamber 700-0136 VWR International (USA)

Gel electrophoresis tank Mini A25977 Thermo Scientific Inc. (USA)

Gel electrophoresis cell Mini-Protean Tetra Cell Bio-Rad Inc. (USA)

Glas pipettes 747715 Brand GmbH & Co. KG (GER)

Heat block Thermomixer F1.5 Eppendorf AG (GER)

Ice maschine FM-120EE-50 Hoshizaki Denki K.K. (JAP)

Incubation shaker Multitron Infors AG (CHE)

Incubator Function line T12P Heraeus Instruments GmbH (GER)

Incubator MC0-19AIC-PE Panasonic Corp. (JAP)

Micro centrifuge Ministar silverline VWR International (USA)

Microplate shaker 230 V VWR International (USA)

Microscope TCS SP8 Leica Camera AG (GER)

Microscope Axioplan Imaging Carl Zeiss AG (GER)

Photometric plate reader Epoch Biotek Instruments Inc. (USA)

Pipet Aid Pipetboy Integra Biosciences (CHE)

Pipettes Research plus Eppendorf AG (GER)

Pipettes, electronic Xplorer plus Eppendorf AG (GER)

Power supply PS3002 Life Technologies AG (USA)

Pump KNF Neuberger GmbH (GER)

Roller mixer SRT9 Cole-Parmer Ltd.(UK)

Rotor SLA-150 Super Lite Thermo Scientific Inc., Sorvall (USA)

Scale IT1402465 VWR International (USA)

Scale PC180 Mettler-Toledo Inc. (CHE)

Sequencer Ap. Bios. Analyzer 3500 Thermo Scientific Inc.,(USA)

Thermocycler Labcycler SensoQuest GmbH (GER)

Tube rotator RS60 BioSan (LVA)

Ultra centrifuge Superspeed RC2-B Thermo Scientific Inc., Sorvall (USA)

Ultra pure water system Purelab flex ELGA LabWater (UK)

Vortex Vortex 1 IKA-Werke GmbH & Co. KG (GER)

Water bath 1083 GFL GmbH (GER)
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3.13. Buffers and solutions

3.13. Buffers and solutions

TE buffer 10 mM Tris/HCl

1 mM EDTA

Filter sterilize.

7deaza dNTP mix Aqua (dest.)

2.500 mM dATP

2.500 mM dCTP

2.500 mM dTTP

0.625 mM dGTP

1.875 mM 7deazaGTP

Gel loading buffer 12 ml Glycerol

10 mg Xylene cyanol

10 mg Bromphenol blue

200 µl EDTA (0.5 M, pH 8.0)

Sequencing buffer Homemade 5 × Big Dye BDT Sequencing Buffer

pH 9.0, [39] Aqua (dest.)

400 mM Tris

10 mM MgCl2

Erythrocyte lysis buffer 155 mM NH4Cl

10 mM KHCO3

0.1 mM EDTA (pH 7.0)

Adjust pH to 7.4 and filter sterilize.

Nuclei lysis buffer 10 mM Tris/HCl

0.4 M NaCl

2 mM EDTA

Filter sterilize.

LB medium 10 g Bacto-Tryptone

5 g Bacto-Yeast extract

10 g NaCl

1 l ddH2O

Autoclave before using.
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3. Material

LB agar 10 g Bacto-Tryptone

5 g Bacto-Yeast extract

10 g NaCl

15 g Agar

1 l ddH2O

Autoclave before using.

Add antibiotics to ca. 55 ◦C warm medium.

Pour into petridishes.

Kanamycin stock solution Aqua (dest.)

100 mg ml−1 Kanamycin

Ampicillin stock solution Aqua (dest.)

100 mg ml−1 Ampicillin

100 mg ml−1 NaHCO3

5× KCM buffer Aqua (dest.)

0.50 M KCl

0.15 M CaCl2

0.25 M MgCl2

PEI stock solution Heat endotoxin free water to 60 ◦C

[224] 1 µg µL−1 PEI

Let cool to room temperature.

Neutralize to pH 7.0 with HCl.

Filter sterilize (0.22 µm),

aliquot and store at -20 ◦C.

Poly-L-Lysine solution Aqua (dest.)

100 mM Boric acid

100 mg L−1 Poly-L-Lysine

Use NaOH to adjust pH to 8.5.

Filter-sterilise.
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3.13. Buffers and solutions

Versene PBS

5 mM EDTA

Protein lysis buffer Aqua (dest.)

10 mM Tris/HCl (pH 7.5)

150 mM NaCl

2 mM EDTA

1% (v/v) TritonX-100

10% (v/v) Glycerol

With freshly added:

1 mM DTT

1 × protease inhibitors

1 × phosphatase inhibitors

LDS sample buffer 4 × NuPAGE LDS Sample Buffer is obtained

[134] from Thermo Fisher Scientific (USA).

Composition of 1 × Sample buffer:

106 mM Tris/HCl

141 mM Tris base

0.51 mM EDTA

0.22 mM SERVA Blue G250

0.175 mM Phenol Red

2% (w/v) LDS

10% (v/v) Glycerol

MOPS buffer 20 × NuPAGE MOPS SDS Running Buffer is

[134] obtained from Thermo Fisher Scientific (USA).

Composition of 1 × Transfer buffer:

50 mM MOPS

50 mM Tris base

1 mM EDTA

0.1% (w/v) SDS

MES buffer 20 × NuPAGE MES SDS Running Buffer is

[134] obtained from Thermo Fisher Scientific (USA).

Composition of 1 × Transfer buffer:

50 mM MES

50 mM Tris base

1 mM EDTA

0.1% (w/v) SDS
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3. Material

Tris Acetate buffer 20 × NuPAGE Tris Acetate SDS Running Buffer is

[134] obtained from Thermo Fisher Scientific (USA).

Composition of 1 × Transfer buffer:

50 mM Tricine

50 mM Tris base

0.1% (w/v) SDS

Running buffer Aqua (dest.)

19.2 mM Glycine

25.0 mM Tris base

0.1% (w/v) SDS

Transfer buffer 20 × NuPAGE Transfer Buffer is obtained

[134] from Thermo Fisher Scientific (USA).

Composition of 1 × Transfer buffer:

25 mM Bicine

25 mM Bis-Tris (free base)

1 mM EDTA

5x Laemmli buffer Aqua (dest.)

0.5 M DTT

10% (w/v) SDS

0.4 M Tris-HCl pH 6.8

50% (v/v) Glycerine

dye with bromophenol blue

TBS buffer Aqua (dest.)

(Tris buffered saline) 10 mM Tris/HCl, pH 8.0

150 mM NaCl

TBS-T buffer TBS buffer

(TBS buffer with Tween 20) 0.2% (v/v) Tween 20

TBS-T BSAazide buffer TBS-T buffer

2.00% (w/v) BSA

0.02% (w/v) NaN3
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3.13. Buffers and solutions

Blocking buffer TBS-T buffer

5% (w/v) milk powder

HBSS-glucose HBSS

pH 7.4 1 g l−1 glucose

HBSS-glucose with NBD-PE HBSS-glucose

5% (v/v) abs. ethanol

2 µM NBD-PE

Sonicate for 30 sec.

HBSS-glucose with NBD-PS HBSS-glucose

2 µM NBD-PS

Sonicate for 30 sec.

HBSS-glucose with HBSS

fatty acid free BSA 1 g l−1 glucose

5% fatty acid free BSA

PBS with EDTA and PBS

fatty acid free BSA 1 mM EDTA

0.5% fatty acid free BSA

PBS++ PBS

0.1 mM MgCl2

0.1 mM CaCl2 dihydrate

Biotin solution PBS++

1 mg mL−1 Biotin

Bring biotin to RT before adding.

Roll solution for 10 min at 4 celsius.
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3. Material

PBS++ with Glycine and BSA PBS++

100 mM Glycine

0.3% BSA

HEPES-KOH Aqua (dest.)

20 mM HEPES

Use KOH to adjust pH to 7.5.

Sterile-filter.

Protein lysis buffer (Biotinylation) 10 mM HEPES-KOH

150 mM NaCl

1% (v/v) Nonidet P-40

With freshly added:

1 × protease inhibitors

Highsalt buffer 20 mM HEPES-KOH

500 mM NaCl

1 mM EDTA

0,5% (v/v) Nonidet P-40

52



4. Methods

In this chapter the underlying methods for the performed experiments are in-

troduced separated into topics of DNA based procedures, bacteria handling and

cultivation, cell culture and protein isolation and analysis. Also the preparation

and implementation of the flippase activity assay is described.

4.1. DNA

4.1.1. Isolation of genomic DNA from blood

Genomic DNA from patients and healthy control individuals is isolated from

a whole blood EDTA sample. About 10 ml EDTA blood is filled in a 50 ml

centrifuge tube and filled with erythrocyte lysis buffer to 45 ml. After mixing

the blood is incubated on ice for 15 min to lyse the erythrocytes. During the

incubation the blood is routinely inverted until it seems clear and no gas bub-

bles rise. The lysed blood is centrifuged for 15 min at 1,500 rpm and 4 ◦C, the

supernatant is discarded for specialised waste disposal. The remaining pellet is

resuspended in 10 ml erythrocyte lysis buffer and centrifuged again as described

above for isolating the leukocytes. The now remaining pellet is resuspended in

5 ml nuclei lysis buffer and then added with 100 µl proteinase-K (10 mg/ml) and

200 µl 20% SDS. The mixture is incubated in a water bath at 37 ◦C for at least

4 h, usually over night. On the next day the DNA is precipitated by salting out.

For this, 1.8 ml 6 M NaCl solution is added to the mix and shaken fiercely. The

tube is centrifuged for 15 min at 4,000 rpm and room temperature (RT). The

supernatant is filled in a fresh tube and centrifuged again at given conditions.

Subsequent to repeated filling in fresh 50 ml centrifuge tubes the supernatant

is layered with 2 ml ethanol p.a. (96%). Slow inverting of the tube results in

precipitation of the DNA into a fine thread. This thread can be gathered with

a glass hook, washed in 70% ethanol, dried with a fuzz free precision wipe and

solved in 300 µl TE buffer. The DNA should be kept at 4 ◦C for at least 7 days

to completely solve before measuring the concentration.
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4. Methods

4.1.2. cDNA synthesis

The synthesis of cDNA is conducted with the SuperScript First-Strand Synthe-

sis System for RT-PCR (Thermo Scientific Inc., USA) according to protocol.

For this isolated DNA-free RNA is first incubated with oligo(dT) primers, which

bind to the poly(A) tails of mRNA. After preparing the mixture conditions for

the polymerase and inactivating RNAses, the SuperScript II reverse transcrip-

tase synthesises cDNA from template mRNAs. Finally RNase H is used to

eliminate the template RNA. The cDNA can then be used to comfortably look

at the mRNA status of the cells to the time of RNA isolation, since DNA is

more stable at room temperature and therefore, better to handle.

4.1.3. Primer design

Designing of all used primers was performed using the Seqbuilder Software

(DNA STAR Inc., USA). The melting temperature (Tm) and recommended

annealing temperature were calculated with the NEB Tm Calculator v1.8.1

web tool [171]. Primers were synthesised by Integrated DNA Technologies Inc.

(USA). The provided dried primers were solved with TE-4 buffer and kept frozen

at -20 ◦C. Aliquots were diluted to 5 pM with ddH2O and could be stored in

the fridge at 4 ◦C temporarily.

4.1.4. Polymerase chain reaction

The polymerase chain reaction (PCR) is a common method to amplify DNA.

Here the specific reaction mixtures and thermocycler protocols for standard

amplification as well as special purposes like the amplification of more complex

DNA segments and for subsequent sequencing are enlisted.

4.1.4.1. Standard PCR

General amplification of DNA is performed with the Standard PCR protocol

(see tables 4.1 and 4.2), for example as PCR for subsequent purification and

sequencing. If sufficient for further purposes the reaction volume is divided in

half. The usage of Standard buffered or GC buffered OneTaq 2 × Master Mix

is adjusted to the GC content of the PCR product. When it is used in Colony

PCR to check transformed colonies on the desired insert, the template volume

is replaced with ddH2O and a single colony is added as template with a pipette

tip.
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4.1. DNA

Table 4.1.: 25 µl reaction mixture for Standard PCR amplification

Amount [µl] Component

9.5 ddH2O

12.5 OneTaq 2 × Master Mix

1.0 Forward Primer (5 pM)

1.0 Reverse Primer (5 pM)

1.0 Template DNA

Table 4.2.: Thermocycler protocol for Standard PCR amplification

Temperature [◦C] Time [min]

95 3:00

94 0:30






30 ×Tm-5 0:30

68 1 min / kb

68 5:00

12 ∞

4.1.4.2. Touchdown PCR

The touchdown PCR protocol is used for the amplification of more complex

DNA segments, when Standard PCR does not result in enough product or

produces unspecific byproducts. It can be found in table 4.3. The reaction

mixture is composed as described for Standard PCR in table 4.1.

Table 4.3.: Thermocycler protocol for Touchdown PCR amplification

Temperature [◦C] Time [min]

95 3:00

94 0:50






30 ×, -0.5 ◦C per cycleTm+5 0:50

68 1 min / kb

94 0:50






30 ×Tm-5 0:50

68 1 min / kb

68 5:00

12 ∞
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4. Methods

4.1.4.3. Sanger sequencing

Sanger sequencing is performed using the BigDye Terminator v3.1 Cycle Se-

quencing Kit and analysed on the Applied Biosystems R© Analyzer 3500, both

from Thermo Fisher Scientific (USA). The reaction mixture and the thermocy-

cler protocol are listed in tables 4.4 and 4.5.

Table 4.4.: Reaction mixture for Sanger Sequencing PCR

Amount [µl] Component

6.00 ddH2O

2.25 5 × BigDye Terminator buffer

0.50 Sequencing Primer (5 pM)

0.25 BigDye Terminator

1.00 purified PCR product

Table 4.5.: Thermocycler protocol for Sanger Sequencing PCR

Temperatur [◦C] Time [min]

96 1:00

96 0:10






30 ×55 0:10

60 4:00

12 ∞

4.1.5. Agarose gel electrophoresis

Agarose gels are made using 2% agarose in TBE buffer and dyed with 15 µl

Midori Green advance (Biozym Scientific GmbH, GER) per 250 ml gel. The

DNA samples are mixed with 4 × gel loading buffer and added into the wells.

The 2-Log DNA Ladder from New England Biolabs Inc. (USA) is used as a size

marker. Electrophoresis is performed at 200 V and about 150 mA.

4.1.6. DNA purification

For some sensitive applications, for example before and after performing a

Sanger sequencing on a PCR product, the PCR product has to be purified

in oder to get valid results.
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4.1. DNA

4.1.6.1. PCR Purification with ExoSAP

A combination of Shrimp Alcaline Phosphatase and Exonuclease I can be used

for purification of the PCR product prior Sanger Sequencing. Shrimp Alca-

line Phosphatase dephosphorylates left over dNTPs and Exonuclease I degrades

primer remains [11]. The reaction mixture and the thermocycler protocol can

be found below in tables 4.6 and 4.7.

Table 4.6.: Reaction mixture for ExoSAP purification

Amount [µl] Component

6.25 ddH2O

1.00 FastAP (1 U/µl Shrimp Alcaline Phosphatase)

0.25 Exonuclease I (10 U/µl)

7.50 PCR product

Table 4.7.: Thermocycler protocol for ExoSAP purification

Temperatur[◦C] Time [min]

37 20:00

85 15:00

4 ∞

4.1.6.2. Ethanol precipitation

After Sanger Sequencing the DNA has to be precipitated to get pure DNA for

analysis. For this purpose 8 µl ddH2O and 2 µl 3 M NaAC solution are added

to 10 µl Sequencing PCR product. After addition of 50 µl ethanol p.a. (96%)

the samples are mixed by vortexing and incubated at room temperature for

15 min to precipitate the DNA. Then the samples are centrifuged at 3.000 × g

for 15 min at room temperature and the supernatant is discarded. Afterwards

the precipitated DNA gets washed by the addition of 200 µl 70% ethanol and

subsequent centrifugation as described before. To dry the DNA the tubes are

shortly centrifuged headfirst and without caps at max. 500 × g. The sedimented

DNA is dried for 5 to 10 min at room temperature and solved in 20 µl Hi-Di

formamide. If the protocol is used for purification of DNA products out of the

context of Sanger Sequencing the DNA can be solved in ddH2O or TE buffer.
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4. Methods

4.1.6.3. Gel purification

When it is necessary to isolate single bands out of an agarose gel, for example to

get rid of unspecific byproducts or after an endonuclease digestion, gel purifica-

tion can be performed. The desired DNA band is cut out of the gel and purified

with the QIAquick Gel Extraction Kit from Qiagen N.V. (Venlo, Netherlands).

4.1.7. Restriction endonuclease digestion

Restriction endonucleases are used to cleave DNA at specific recognition sites.

The described reaction mixture in table 4.8 is incubated in a thermocycler for

60 min at 37 ◦C. Afterwards the enzyme is heat inactivated at 65 ◦C or 80 ◦C

for 5 -20 min, depending on the used enzyme.

Table 4.8.: 20 µl reaction mixture for DNA digestion

Amount [µl] Component

18.0 - x µl ddH2O

2.0 µl 10 × FastDigest buffer

1 µg Plasmid DNA

4.1.8. Cloning

Two different techniques are used for cloning. Gateway Cloning was performed

for the integration of whole genes into an expression vector, while the replace-

ment of shorter sequence fragments in the middle of genes that were already

present in vectors was done with NEBuilder Cloning.

4.1.8.1. NEBuilder Cloning

Cloning of short fragments was performed with the NEBuilder HiFi DNA As-

sembly Master Mix (New England Biolabs Inc., USA). The underlying principle

of this cloning method is the annealing of varied overlapping parts of vector and

insert. An exonuclease produces single-stranded 3’ overlaps at both ends of the

linearised vector and insert, to improve the annealing of both fragments in the

correct orientation. A polymerase fills in gaps and a DNA ligase closes the nicks

of the assembled DNA. The assembly is conducted according to the manufac-

turer’s protocol with an incubation time of 1 h. The resulting plasmids are used

for direct transformation of competent E. coli cells (see section 4.2.2).
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4.2. Bacteria

4.1.8.2. Gateway Cloning

Another method of cloning was Gateway cloning, using the BP and LR Clonase

II Enzyme Mixes (Thermo Fisher Scientific (USA). It was performed accord-

ing the manufacturer’s protocol. Gateway cloning is based on the integration

mechanism used by Lambda phages to insert their DNA into E. coli. The se-

quence of interest is amplified with overhang-primers that extent it with attB

recombination sites. These attB recombination sites match with attP sites in

Gateway entry vectors. An entry vector contains a cytotoxic ccdB gene flanked

by the attP sides. During the so-called BP reaction the ccdB gene is cut out

of the plasmid by phage excisionase and replaced with the insert. For this, the

sites attB1 and attP1 as well as attB2 and attP2 specifically attach and the

PCR product is integrated by the phage encoded protein Integrase and E. coli

encoded Integration Host Factor. With this new sites called attL1 and attL2

are build, flanking the inserted sequence. The BP reaction product can directly

be used for transformation of competent E. coli cells (see 4.2.2).

A second step, the LR reaction, transfers the insert from the Entry vector to

a Gateway expression vector. Again the expression vector has matching attR

sites flanking the ccdB gene. The LR reaction is a reversed BP reaction. AttL1

and attR1 as well as attL2 and attR2 attach, the enzymes replace ccdB with

the insert cut out from the entry clone and create flanking attB sites this way.

The LR reaction product can also directly be used for transformation. The

selection between clones carrying uncut entry vector and clones with the desired

expression vector can be accomplished by taking advantage of the different

antibiotic resistances on the vectors.

4.2. Bacteria

4.2.1. Solving bacterial plasmid DNA from filter paper

Plasmid constructs of hATP11A-HA variants, hCDC50A and hCDC50B have

been kindly provided by Dr. Hye-Won Shin (Department of Physiological Chem-

istry, Graduate School and Faculty of Pharmaceutical Sciences, Kyoto Univer-

sity, Japan). The plasmid DNA of hATP11A-HA Isoform 1 WT, hATP11A-HA

Isoform 1 E186Q and hATP11A-HA Isoform 1 D414N in the mammal expres-

sion vector pCAG as well as HFN-hCDC50A and HFN-hCDC50B in pcDNA3

have been sent on filter paper. Half of the circled spot with DNA was cut out

and incubated in 200 µm TE buffer for 30 min [225]. The solved plasmid DNA

can be used for transformation of E. coli.
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4. Methods

4.2.2. Transformation of E. coli

Chemically competent KCM E. coli cells are thawed and 100 µl cells are added

with 20 µl 5 × KCM buffer and 1 µl plasmid DNA, 10 µl solved filter paper plas-

mid DNA or 10 - 20 µl ligation product. The mix is filled with ddH2O to 200 µl

and blended by pipetting up and down. After 20 min of incubation on ice the

cells are heat shocked at 37 ◦C for 5 min. The addition of 1 ml fresh prewarmed

LB medium and shaken incubation for 1 h at 37 ◦C allows the expression of

the plasmids’ antibiotic resistance. This is needed for the following selection on

agar plates. Thus, the transformed cells are centrifuged for 1 min at 13,000 rpm,

the pellet resuspended in 100 µl LB medium and plated on LB agar plates with

added antibiotics matching to the plasmids’ resistance gene. The plates are

incubated at 37 ◦C over night.

4.2.3. Bacterial over night culture

To grow bacterial over night cultures LB medium is added with antibiotics.

Either 1:500 kanamycin stock solution or 1:1,000 ampicillin stock solution are

used. The medium is inoculated with bacteria from an agar plate or out of a

glycerol stock and incubated at 37 ◦C and 200 rpm over night.

4.2.4. Bacterial glycerol stocks

Glycerol stocks are made for long term storage of transfected bacteria. 500 µl of

an over night culture are mixed with 500 µl 50% glycerol and frozen at -80 ◦C.

For inoculation of new over night cultures the glycerol stock is not thawed,

but some frozen bacteria are scraped out of the tube with a pipette tip and

cultivated as described above.

4.2.5. Plamid isolation

Plasmid isolation is performed on two different scales. For standard amounts

the isolation of plasmid DNA is done with the GenElute Plasmid MiniPrep Kit

from Sigma-Aldrich Corp. (USA) or the Monarch Plasmid Miniprep Kit from

New England Biolabs Inc. (USA). The Plasmid Midi Kit from Qiagen N.V.

(NLD) is used for the isolation of larger amounts of plasmid DNA.

4.3. Cell culture

Cells are handled under sterile conditions. HEK293 and HEK293T cells are

cultured with DMEM, which most times is supplemented with 10% FBS, as
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4.3. Cell culture

well as penicillin, streptomycin and amphotericin B to avoid contamination. If

not mentioned otherwise all used solutions are warmed to 37 ◦C.

4.3.1. Passaging

Cells are cultivated up to 90-100% confluence before diluting and passaging

into a fresh culture dish. For this process the medium is removed and the cells

washed with PBS. The addition of 1 ml trypsin and 3 min incubation at 37 ◦C

in the CO2-incubator detaches the cells from the surface of the dish. In order to

inactivate trypsin and prevent cell damage, serum containing medium is added.

The cell suspension is transferred into a centrifuge tube and the cells pelleted for

10 min at room temperature and 1.000 × g. The supernatant is discarded and

the cells resuspended in fresh medium. Depending on the wanted cell density a

third to a thirtieth of the cell suspension is used to inoculate a fresh dish with

culture medium of the same size as harvested.

4.3.2. Thawing cells

Frozen cells are quickly thawed by short warming up in a water bath at 37 ◦C

without shaking. The cells are added to 10 ml fresh pre-warmed DMEM medium

in a 15 ml tube and centrifuged at 80 × g for 4 min to get rid of the freezing

medium components. The pellet is resuspended in another 10 ml medium and

transferred to a 10 cm dish.

4.3.3. Freezing cells

A plate of confluent cells is trypsinized and peletted at 80 × g. The medium

is discarded and the cells resuspended in the residual medium from the tube

side. Subsequently the cells are mixed with 1.5 ml growth medium containing

5% DMSO and transferred into a cryovial. For a slow freezing process the vials

are placed in a freezing chamber with room temperature isopropanol and cooled

down in a -80 ◦C freezer. Afterwards the cells are stored in a -150 ◦C freezer.
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4. Methods

4.3.4. Transient transfection

Transient transfection is performed using PEI as transfection agent. 0.5 × 106

HEK293 or HEK293T cells per well are inoculated for a 6-well plate. 10 cm

dishes are inoculated with 4.0 × 106 cells. After 24 h 0.5 pmol and 2.0 pmol of

total DNA respectively are diluted in 300 µl and accordingly 1 ml serum free

medium without phenol red in a sterile tube. For this purpose Opti-MEM

medium was used. PEI is added as a 3 : 1 mass ratio of PEI and DNA and

immediately mixed by pipetting or vortexing. The mixture is incubated at

room temperature for 15 min and then added to the cells dropwise. The cells are

further incubated at 37 ◦C in the CO2-incubator and can be harvested 24 - 96 h

after the transfection. For calculation of the volumes for the specific experiments

the PEI transfection software by Joseph Roland is used.

4.3.5. Stable Flp-In transfection and creation of a cell line

For the creation of HEK293 cells with stable expression of a gene of inter-

est, HEK293 Flp-In cells (Thermo Fisher Scientific, USA) are preselected with

100 µg/ml zeocin. After a few days the cells can be prepared for transfection

with the pOG44 vector and the gene of interest in the pEF5/FRT/V5 vector.

pEF5/FRT/V5 is a specific vector for the Flp-In system, which contains Flp re-

combination target sites for insertion of the target gene into the HEK293 Flp-In

DNA, whereas pOG44 encodes for the Flp recombinase itself. After the trans-

fection the cells are passaged to a 25% confluence and selected for successfully

stable transfected cells with Hygromycin B without addition of penicillin and

streptomycin or amphotericin B.

To create a single cell derived cell line the selection process is prolonged until

single cells are spaced on the plate. These are subsequently allowed to grow

colonies, which are later transferred to a 24 well plate with filter paper, culti-

vated without antibiotics and expanded.

In order to check the successful insertion of the gene of interest in place of the

former zeocin resistance gene, the expanded single cell derived cell lines are

tested for zeocin sensitivity and hygromycin B insensitivity. Further on, the

expression of the gene of interest in combination with a V5-tag is checked with

ICC and western blotting.

4.3.6. Immunocytochemistry

Previous to the transfection, cells used for ICC are passaged into 6 well plate

wells filled with sterile cover glasses to allow the cells to grow on them. 24 - 96 h
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4.4. Proteins

after performing the usual transfection protocol the medium is removed and the

cells washed with 2 ml PBS. From now on the cells can be handled non sterile

and with room temperature PBS.

Incubation with 0.5 ml 4% PFA in PBS for 15 min fixates the cells and is followed

by two additional PBS washing steps. The cell membrane gets permeabilised

with 1 ml 0.1% Triton-X 100 for 2 min on ice. After another two PBS washing

steps the cells are blocked with 1 ml 5% BSA at room temperature for 30 -60 min.

For the binding of the first antibody, or a combination of multiple, the antibody

is diluted in 5% BSA according to the manufacturer’s suggestion or experimen-

tally determined working concentration. 300 µl BSA-antibody solution is given

to each well and incubated on a plate shaker over night at 4 ◦C.

Next day the cells are washed 4 times for 3 min with PBS. The respective

secondary antibody or antibodies are diluted in 5% BSA and 500 µl are given

to each well. The incubation takes 1 h at room temperature. Because the

secondary antibodies are coupled with fluorescent dyes they have to be handled

in darkness. Consequently, tubes and wells are wrapped in aluminium foil.

After incubation cells are washed 4 times for 3 min with PBS again.

The mounting of the slides has to take place in a shaded room. Tweezers are

used to get the cover glass out of the well. The cell free side of the glass is dried

with a lint-free wipe. A drop of mounting solution containing DAPI for nuclei

staining is put onto a microscope slide and the cover glass gets applied cell side

down, so that the mounting solution coats the whole cell area. The cover glass

is pressed slightly onto the microscope slide and left to dry. Additionally the

dried slide may be fixed with clear nail polish, before examining the staining

via fluorescence microscopy.

4.4. Proteins

4.4.1. Protein isolation

For the isolation of proteins out of HEK293 based cell cultures the dishes are

handled on ice. The cultures are washed with cold PBS two times. Afterwards

100 µl protein lysis buffer are added for 6 well plates or 300 µl for 10 cm dishes.

A cellscraper is used to scrape the cells of the dish and the cell suspension is

then transferred into a 1.5 ml reaction tube. After 20 min incubation on ice the

proteins are separated from the cell debris by 30 min centrifugation at 14.000 ×g

and 4 ◦C. The supernatant is transferred into a fresh 1.5 ml reaction tube and

kept at -20 ◦C or -80 ◦C for long term storage.
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4. Methods

4.4.2. Protein quantificaion

The Pierce BCA Protein Assay Kit from Thermo Fisher Scientific (USA) is

used for the quantification of isolated proteins. BSA standard concentrations

and samples are applied to the 96 well plate as duplicates. A volume of 10 µl

for the standard concentrations and 2 µl for the samples is used and mixed with

200 µl 50:1 mixture of solution A and B. The assay has to be incubated at 37 ◦C

for 30 min for the peptide bonds to reduce copper ions in order to form Cu+-

bicinchoninic acid complexes that absorb at 562 nm. The cooled 96 well plate

is analysed with a photometric plate reader (Biotek Instruments Inc., USA).

The mean value of the sample results is multiplied by 5 to take the volume

differences into account.

4.4.3. SDS-Page

To visualise a protein of interest in the isolated protein solution SDS-Page anal-

ysis is done with the Mini Gel Tank and NuPAGE Novex 4-12% Bis-Tris Protein

Gels from Thermo Fisher Scientific (USA) according to the manufacturer’s pro-

tocol. After rinsing the gel wells, 24 µl of each sample mixed with 6 µl 4× Bolt

LDS sample buffer are provided to the wells at a total protein amount of 10 µg.

For size comparison the SeeBlue Pre-stained Protein Standard (Thermo Fisher

Scientific, USA) is used. The separation of the proteins is performed with MOPS

or MES buffer at 165 V for about 40 min.

4.4.4. Western blot and protein detection

Subsequently the proteins are wet-blotted from the gel to a nitrocellulose mem-

brane using the Mini Blot Module from Thermo Fisher Scientific (USA) accord-

ing to the manufacturer’s protocol. The blot module is provided with blotting

buffer soaked sponge pads and filter paper before adding the gel. Next the

nitrocellulose membrane is placed into the module and topped with additional

filter paper and sponge pads. The air bubble free and blotting buffer soaked

blot module is then transferred to the Mini Gel Tank and blotted at 10 V for

75 min.

Subsequently the nitrocellulose membrane is blocked with 5% milk in TBS-T

buffer for 1 h and incubated with the primary antibody against the protein of

interest over night at 4 ◦C on a rolling shaker. If the primary antibody is di-

luted in 5% milk in TBS-T buffer the membrane does not need to be washed

in between, whereas if the antibody is diluted in TBS-T BSAzide the mem-

brane has to be washed three times with TBS-T buffer for 10 min on a plate
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shaker. Following the incubation with the primary antibody the membrane is

washed again three times with TBS-T buffer for 10 min, before incubating with

a horseradish peroxidase coupled secondary antibody diluted with 5% milk in

TBS-T buffer for 1 h on a plate shaker. After a final washing step the bound sec-

ondary antibodies can be made visible with Western Bright ECL by Advansta

Inc. (USA), which is a western blot detection kit containing substrate for the

horseradish peroxidase’s chemiluminescence reaction. The chemiluminescence

can be detected by the ChemiDoc XRSx system (Bio-Rad Laboratories Inc.,

USA). Molecular weight analysis, normalisation and quantification of protein

signal is done with the Image Lab 5.2 software by Bio-Rad Laboratories Inc.

(USA).

4.5. Flippase activity assay

The flippase activity assay investigates the translocation of fluorescent labelled

phospholipids in cells over time. To compare the activity the mutant hATP11A

deletion variant with hATP11A WT and other variants, the method was estab-

lished and adapted to our needs, based on experiments performed by Takatsu

et al. [281]. The expression of the used hATP11A-HA variants and their correct

subcellular localisation was confirmed via ICC staining and the separation of

cell surface proteins with biotinylation, subsequent SDS page and western blot.

4.5.1. Preparation of cells

HEK293 Flp-In CDC50A-V5 cells were transfected with hATP11A-HA pCAG

variant vectors or a mock vector for the negativ control, each with six biolog-

ical replicates. Each transfection population is selected for several weeks with

DMEM containing 600 µg/µl G418 to contain only plasmid carrying cells.

For the flippase activity measurement and surface biotinylation six-well-plates

harbouring one replicate of every variant are prepared and passaged in a way

that results in five plates with 80% confluence for the flippase activity mea-

surement and three plates for surface biotinylation. The experiments are al-

ways performed for both tested phospholipids 18:1-06:0 NBD-PE and 18:1-06:0

NBD-PS (Avanti Polar Lipids, Inc., USA) at once.

4.5.2. Cell surface biotinylation and lysis

The cells for surface biotinylation need to be cultivated on Poly-L-Lysin coated

plates. For this 1 ml Poly-L-Lysin solution with 10 mg L−1 100 mM borate buffer

is added per well and incubated for 1 h at 37 ◦C. Subsequently the wells are
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washed three times with water, before adding the cells.

Three wells with about 80% confluenct cells of one replicate are washed once

with cold DMEM to get rid of dead cells that would incorporate biotin. After-

wards the amines from the DMEM that could interfere with the biotinlyation

are rinsed off carefully by washing with cold PBS. 1 ml of the fresh prepared

biotin solution is added to each well of cells and incubated for 30 min at 4 ◦C,

to prevent internalisation at RT. The reaction is stopped with washing three

times with cold PBS++ with 100 mM glycine and 0.3% BSA at 4 ◦C. In the

last washing step, the solution is left in the well for 20 min to be panned at 4 ◦C

in order to quench all free biotin. Afterwards the cells are washed two times

with cold PBS++, before the lysis can be started.

For the lysis of the biotinylated cells a special lysis buffer with 20 mM HEPES-

KOH, 1% Nonidet P-40, 150 mM NaCl and protease inhibitor is used. The usual

Tris based lysis buffer would compete with the biotin at the cell surface. To each

well 100 µl biotinylation lysis buffer are added and kept on ice for 15 min. 20 min

of centrifugation at maximum speed and 4 ◦C pelletises the cell debris, so the

whole cell protein supernatant can be collected in a clean tube and stored frozen

until used for concentration measurement and cell surface protein extraction.

This is done simultaneously for every transfected hATP11A-HA variant and

repeated for all six biological replicates.

4.5.3. Extraction of the cell surface protein

For the surface protein extraction 25 µl of the thawed supernatants are kept as

whole cell protein and the protein concentration is measured.

The rest is used for the extraction of the biotinylated surface protein. Therefore,

Pierce NeutrAvidin Agarose Resin (Thermo Fisher Scientific, USA) is warmed

to room temperature. 100 µl bead slurry are centrifuged for 1 min at 1000 × g

and 4 ◦C. The supernatant is removed and the bead pellet washed 3 times with

biotinylation lysis buffer with centrifugation under the same conditions. After

the last cycle of washing and centrifugation, 50 µl buffer are used to create 100 µl

of bead slurry in a 500µl tube. The remaining 75 µl of the protein supernatant

are pipetted on the beads and filled up with buffer for a half full tube.

To bind the biotinylated protein to the NeutrAvidin, the mixture is incubated

with slow rotation over night at 4 ◦C.

The next day the beads are pelleted at 1000 × g and 4 ◦C for 1 min. The su-

pernatant with the unbound intracellular protein is removed without removing

any beads. Afterwards the beads with the bound surface protein are washed

with 250 µl biotinylation lysis buffer three times while rotating them each time
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for 5 min at 4 ◦C. Two washing steps with 250 µl high salt buffer and one

with HEPES-KOH follow without rotating. The supernatant is completely re-

moved carefully. To eluate the surface protein from the washed beads, 40 µl 5 ×

Laemmli buffer is added to the tube, mixed and incubated over night at 4 ◦C.

During this incubation the SDS in the Laemmli buffer has slowly denaturated

the protein bound to the NeutrAvidin. To finally remove all protein from the

beads the denaturation is extended for another two hours at RT after centrifug-

ing the beads down quickly.

Separation of beads and proteins in Laemmli buffer is accomplished by piercing

a tiny hole in the bottom of the tube with a cannula and directly putting

the punctuated tube above another clean tube. Together the stacked tubes

are centrifuged for 1 min at 500 × g and RT. The Laemmli buffer with the cell

surface proteins is pressed into the lower tube, while the beads remain above.

The eluated cell surface protein can now be stored at -20 ◦C or directly used for

western blotting.

4.5.4. Analysis of the whole cell and cell surface protein

fraction

SDS page and western blotting of the whole cell and cell surface proteins are

performed in order to ensure the expression and the transport of the trans-

fected hATP11A-HA variants to the plasma membrane as observed in previous

experiments. For this, differing from the general protocol, Mini Protean TGX

Stain-Free Precast Gels with 4-20% and the corresponding Mini-PROTEAN

Tetra Cell (Bio-Rad Laboratories Inc., USA) were used.

The eluted 40 µl 5 × Laemmli buffer with cell surface protein are diluted with

20 µl biotinylation lysis buffer. Also 12 µl of the earlier separated sample of

whole cell protein are denaturated with 3 µl 5 × Laemmli buffer at 37 ◦C for

30 min.

30 µl of the cell surface protein solution, heated up to 37 ◦C for better pipetting

viscosity, or 12 µl whole cell protein solution of every transfected hATP11A-

HA variant were put on the gel. The used marker for size comparison is See-

Blue Pre-stained Protein Standard (Thermo Fisher Scientific, USA). The gels

were handled according to manufacturers guidelines and run at 200 V for about

40 min. Subsequently the gels were activated at the ChemiDoc XRSx system

(Bio-Rad Laboratories Inc., USA) 2 × for 45 sec and blotted according to proto-

col for 1,5 h directly afterwards. To have a value to compare the loaded protein

amount between the different samples, UV light is used to take a picture of the

total protein on the blot before blocking and antibody staining.
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4.5.5. Flippase activity measurement

For each transfected hATP11A-HA variant of one replicate 5 equal wells with

80% confluent cells are detached from the plates with 250 µl 5 mM versene re-

spectively for about 10 min at 37 ◦C. After batching and resuspension in 10 ml

PBS 2,5 ml cell suspension are aliquoted in 4 2 ml tubes and washed with 500 µl

HBSS. For this and all later steps cells are centrifuged at 300 × g and 4 ◦C for

5 min. The few µl rest volume of all batches are collected and carried along the

procedure to form a tube of control cells for FACS standardisation.

After washing the cells are equilibrated in 500 µl HBSS-glucose for 15 min. Upon

this step cells are kept on ice all the time.

Phospholipid uptake starts with the addition of 500 µl HBSS-glucose with 2 µM

NBD-phospholipid to the cells, except for the control cells. For each of the

phospholipids PS and PE two of the four tubes are used to get a duplicate. For

PE, 200 µl samples are taken after 0.25 min, 1 min, 4 min, 10 min and 20 min.

The same was tried for PS, but then adjusted to 1 min, 2.5 min, 4 min, 6 min and

10 min. The samples are mixed with 200 µl provided ice cold HBSS-glucose with

5% fatty acid free BSA for 10 min to stop the uptake and extract phospholipid

from the outer leaflet of the plasma membrane. Lastly the cells are centrifuged

for 10 min at 500 × g and 4 ◦C and resuspended in 150 µl PBS with 1 mM EDTA

and 0.5% BSA to get suitable buffer conditions and concentrations for FACS

analysis.

1∗104 cells per sample are analysed with FACS for FITC fluorescence at 460 nm

absorbance and 533 nm emission. Living, single cells are gated and the median

fluorescence intensity is calculated.

As mentioned in previous steps, the whole described procedure is performed

with all six biological replicates.
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By different sequencing technologies the cause for the dominantly inherited

AS/AN was identified in a large multigenerational family. All family members

are carrying a 5,500 bp deletion in the ATP11A gene encoding the phospho-

lipid flippase ATP11A. However, pathogenicity of this mutation was not proven,

though Immunohistochemistry stainings were performed to verify ATP11A pres-

ence in the inner ear prior starting this thesis. To get information on possible

disease mechanisms the deletion needed to be characterised further. After iden-

tification of the deletion’s effect on mRNA and protein level, the consequences

for protein interaction, localisation and function had to be determined to finally

confirm the heterozygous variant as the genetic cause of the disease.

5.1. Confirmation of biallelic stable mRNA expression

In order to confirm the previously shown stable mRNA expression of both

ATP11A alleles and make sure that the cDNA aliquot I was using was suit-

able, my work for this thesis started with the replication of the experiment

on biallelic stable mRNA expression (see 1.4.4). The amplification of patient’s

cDNA with the primers ATP11A_Ex24_25f and ATP11A_Ex28r and sequenc-

ing with ATP11A_cDNA_27f again showed the presence of a heterozygous sig-

nal for guanine and adenine (figure 5.1). This confirms the existence of stable

mRNA of both ATP11A alleles, which itself is a prerequisite for the translation.

5.2. Conservation of ATP11A exon 29a and 29b

To determine the relevance of the deleted exons of ATP11A the evolutionary

conservation throughout different species was investigated. A tool used for this

is the ConSurf Server (http://consurf.tau.ac.il) [12]. Here amino acids or nucleic

acids are scored from 0, unconserved with high variance between species, to 9,

extremely conservered. A nucleic acid based Multi Sequence Alignment for 21

eutherian mammals performed with Ensembl (version 90) [1] was analysed with

ConSurf and the scores were illustrated as a heat map for convenient comparison

(fig. 5.2). Unconserved bases are shown in white and highly conserved ones in

69



5. Results

Figure 5.1.: Sequencing of hATP11A exon 28 on genomic DNA template and cDNA
template (right). The presence of a heterozygous signal for the SNP
rs11616795 on cDNA template rules out complete nonsense-mediated
mRNA decay of the mutated transcription.

dark red. For simplification, exons are hereinafter named with their count in

the already spliced mRNA. The sequences used for isoform 1 encoded in exon

29 is called 29a, the equivalent of isoform 2, encoded in exon 30 is called 29b

and the newly spliced exon of the deletion variant is called 29mut. Exon 29b

has variable conservation scores and less conserved regions, while exon 29a has

larger regions with high conservation scores of 8 and 9, only interrupted by a

few bases with extremely low conservation. Especially the separation in highly

conserved bases on the one hand and non-conserved bases on the other hand

may point to a selective process and not a random variance. The conserved

regions might be necessary for protein function of ATP11A isoform 1, whereas

the disrupting unconserved bases are seemingly not functionally involved. The

random conservation pattern of exon 29b indicates one of two things. The exon

is not necessary for protein function or ATP11A isoform 2 is either not expressed

or not functional at all.

Figure 5.2.: Heat map of the ConSurf conservation of hATP11A exon 29a (high) and
29b (low). Multi Sequence Alignment was performed with Ensembl on 21
eutherian mammals. Scores range from 1 - white - unconserved to 9 - dark
red - highly conserved.
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Since we have a larger deletion, also the tolerance to loss of function mutations

is of interest. The Genome Aggregation Database (gnomeAD, version 2.1.1)

[108] has constraint metric scores integrated in their database. With this, the

tolerance to amino acid variation or loss of function variation can be calculated

by comparing the theoretical probability of those variants with the occurrence

in the database control population, which excludes people with severe pediatric

diseases. Loss of function intolerance is predicted by two scores. The pLI

score and the o/e score. Aside genes that are completely tolerant towards loss

of function mutations, there are genes which tolerate those variants only at

a heterozygous state. A score of pLI ≥ 0.9 is considered intolerant to loss

of function mutations and indicates haploinsufficiency. This is also the case for

hATP11A with a pLI score of 0.000. The o/e, which means ’observed divided by

expected number of loss of function variants’, is 0.33 at an confidence intervall

of 90%, meaning that only 33% of the expected number of variants for a gene of

this size are found in the database sequences. Taken together hATP11A can be

interpreted as most likely intolerant to loss of function mutations. Only a few

loss of function variants are listed and it can not be ruled out that their carriers

are affected by hearing loss at some degree. In the GnomAD database there are

two frameshift variants in exon 29b described in 64 and 138 allels respectively

(allele frequency of 0.026 and 0.049%). Assuming from the conservation data

that the exact amino acid composition of the last exon 29b is not essential,

also frameshift mutations in that region might have no effect and for that are

tolerated. Another loss of function variant is reported for 47 allels with an

allele frequency of 0.021%. It is affecting the splice acceptor site at exon 29a

c.3058-1G>T. According to the conservation data this would be more relevant

to the protein function, if the mutation altered the protein sequence. The

GnomAD database lists the variant only as low confidence loss of function,

because there is an alternative in frame AAG splice acceptor six bases after

the normal acceptor site that is believed to potentially rescue the splice process

with only two amino acids lost.

5.3. Effect of the patient’s deletion in hATP11A on

mRNA level

To examine the effect of the 5,500 bp deletion including the last coding exon

of both isoforms on mRNA level a Touchdown PCR was performed. Different

reverse primers in the 3’ UTR of hATP11A were used on control and patient’s

blood cDNA. The PCR products on control cDNA without deletion were pre-
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dicted to have sizes of 5,682 bp, 6,360 bp, 6,963 bp and 8,305 bp respectively.

As shown in figure 5.3 the control products of the anticipated sizes were am-

plified. Amplification of patient’s cDNA showed mutated allele bands of about

500 bp, 1,200 bp, 1,800 bp and > 3,000 bp respectively. The size differences be-

tween the products match the differences between the control products. In the

amplification of the patient’s cDNA the amplification of the mutated allele is in

favour because of the smaller size. The PCR product of ATP11A_UTR_f and

ATP11A_UTR_r2 was the most specific and for this reason used for sequenc-

ing. Sequencing shows the use of an aberrant splice site. Exon 28 is followed

by another new exon 29mut, starting 171 bp after the deletion. The next stop

codon is 114 bp downstream. The alternative splice acceptor site is predicted

as such with 89.91% by the Human Splicing Finder web tool [44]. A structural

overview of the altered region is shown in figure 5.4. Sequence information is

enclosed in the appendix.

Figure 5.3.: Amplification of hATP11A 3’ region on control and patient’s
cDNA. The forward Primer is ATP11A_UTR_f, reverse Primers
are ATP11A_UTR_r1, ATP11A_UTR_r2, ATP11A_UTR_r3 and
ATP11A_UTR_r5.

Specific reverse primer were designed for the amplification of a part of each

hATP11A isoform separately including the deletion variant. The primers are

listed in section 3.3 as ATP11A_v1_Ex29ar, ATP11A_v2_Ex28_29br and

ATP11A_Mut_Ex28_29mutr. These were used to confirm the sequencing find-

ing and get an estimation of the expression level of the variants. Location of

the primers and product sizes are illustrated in figure 5.5a.
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Figure 5.4.: Genomic structure of the 3’ region of hATP11A with focus on the new exon
29mut usage caused by aberrant splicing. Coding exons of the different
variants are marked as blue boxes, whereas introns are shown as thin grey
lines. The deletion at the mutated allele is illustrated in red and the
beginning of the 3’UTR as a thinner grey box.

The PCR results are presented in figure 5.5b. According to the assumption

that isoform 2 plays only a minor role in the cell’s ATP11A activity, in the

control mostly hATP11A isoform 1 is expressed, while only a small amount

of isoform 2 and no deletion variant was amplified from control cDNA. In

contrast amplification of the patient’s cDNA resulted mainly in production of

the mutant deletion variant, less hATP11A isoform 1 and no detectable isoform

2. All negative controls were empty (not included in the figure).

5.4. Cloning of hATP11A isoforms in tagged expression

vectors

In addition to the available pcDNA3 based plasmid constructs of human

ATP11A isoform 1 WT, the two point mutation variants hATP11A-HA E186Q

and D414N and HNF-hCDC50A pcDNA3, also hATP11A isoform 2 and the

mutant deletion variant were needed for further experiments.

The template DNA for amplification of the desired sequences of the variants

was commercially synthesised as gene fragments with a size of about 1,500 bp

including the HA-Tag of the hATP11A-HA Isoform 1 pCAG construct. De-

tailed sequence information is attached in the appendix. To receive the plasmid

backbone, the hATP11A-HA Isoform 1 pCAG plasmid was digested with re-

striction enzymes to cut out the part that needed to be replaced with the new

sequences. The insert sequences of hATP11A-HA isoform 2 and the mutant
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(a) Primer locations. The forward
Primer is ATP11A_Ex27f, reverse
Primers are ATP11A_v1_Ex29ar,
ATP11A_v2_Ex28_29br and
ATP11A_Mut_Ex28_29mutr respec-
tively.

(b) Agarose gel of the raw relative
quantification of hATP11A.

Figure 5.5.: Raw relative quantification of hATP11A in control and patient’s cDNA.
In healthy control cDNA less hATP11A isoform 2 and no deletion variant
can be amplified. In patient’s cDNA mainly the deletion variant is found.

deletion variant were amplified from the gene fragments with primers that re-

sulted in overlapping regions of vector backbone and inserts. After purification,

backbone and insert were combined using the NEBuilder Cloning method, fol-

lowed by transformation of competent E. coli cells.

In the same way an additional artificial variant of hATP11A was cloned to

investigate if the missing exon 29a or the artificial exon 29mut added by the

mutation is pathogenic. This time the insert template was not synthesised, but

directly amplified from the hATP11A-HA Isoform 1 pCAG plasmid. This way

a plasmid with a hATP11A variant ending after Exon 28, called hATP11A-HA

until ex28 pCAG was made.

For cotransfection analysis of hATP11A Isoform 1 WT and hATP11A deletion

variant, both variants need to have identifiable tags. For this purpose the vector

pcDNA3.1(-) Myc/His was used to amplify the Myc/His-Tag with overlapping

bases to the pCAG vector. NEBuilder Cloning inserted the Myc/His-Tag be-

tween hATP11A Isoform 1 WT and the HA-Tag, which no longer is expressed

in the new vector due to a stopcodon after the Myc/His sequence.

As mock control an empty vector backbone of pCAG called MCS-HA pCAG

was constructed. To also get a useful vector for further cloning, the insert was

replaced by a multiple cloning site. This multiple cloning site was synthesised
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as gBlocks Gene Fragments with homologous ends for NEBuilder coning. The

hATP11A isoform 1 WT sequence was removed from the hATP11A-HA Isoform

1 WT pCAG vector with restriction endonuclease digestion and subsequent gel

purification, before the plasmid was assembled via NEBuilder cloning.

In order to use the Flp-In system for generation of stable cell lines, Gate-

way Cloning was performed with CDC50A as an insert. The HNF-hCDC50A

pcDNA3 vector was used as a template for the amplification of CDC50A

with the primer that added attB recombination sites to the gene sequence.

The CDC50A fragment was inserted in to entry vector pDonr211. Success-

fully cloned pDonr211 CDC50A plasmid was used for a following LR reaction,

moving CDC50A into the pEF5/FRT/V5 Flp-In vector to receive the finished

pEF5/FRT hCDC50A-V5 plasmid for transient transformation of HEK293 cells.

The received colonies of all cloned constructs were analysed using colony PCR

with two different primer pairs, which could identify the specific variant and the

correct location of the insert. Over night cultures of positive clones were grown,

the plasmid DNA isolated and the gene of interest coding area sequenced to

exclude additional mutations during the cloning process. Glycerol stocks were

created for storage. Vector maps of all non commercially available plasmids

used can be found in the appendix.

5.5. Subcellular localisation of hATP11A isoforms

In order to investigate the subcellular localisation of the deletion variant of

hATP11A-HA at the plasma membrane, HEK293T cells were cotransfected with

three plasmids. In addition to the different variants of hATP11A-HA pCAG,

tdTomato-ER-3 was used as a fluorescent marker for the ER. To see differ-

ences in transportation, the transfection was performed with and without HFN-

hCDC50A pcDNA3 to ensure the presence of enough CDC50A for proper trans-

port from the ER to the plasma membrane. The results are shown in figures 5.6

and 5.7. Each panel compares the cotransfection with HNF-hCDC50A pcDNA3

(left) with the cotransfection without HNF-hCDC50A pcDNA3 (right). All cells

shown on the left were checked for the expression of HNF-hCDC50A, yet it is not

included in the merged picture for better clarity. Without CDC50A cotransfec-

tion all hATP11A-HA variants colocalise with the ER marker (all panels on the

right side). With hCDC50A hATP11A-HA Isoform 1 WT can be found at the

plasma membrane. Some hATP11A-HA still colocalises with the ER probably

because of the overexpression. Similar findings could be observed for the non

functional protein hATP11A-HA Isoform 1 E186Q, although it is transported to

the plasma membrane. As expected the transport deficient variant hATP11A-
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HA Isoform 1 D414N completely colocalises with the ER, comparable to the

transfection without HFN-hCDC50A pCAG. The two variants hATP11A-HA

Isoform 2 and the deletion variant, which have not been characterised so far,

are localised at the plasma membrane. Taken together, my experiments show

that the use of exon 29b in isoform 2 or 29mut in mutant ATP11A does not

alter the interaction of the protein with hCDC50A and its correct intracellular

transport.

It is unclear if hATP11A undergoes homodimerisation. Therefore, it was

checked whether the simulation of a heterozygous state via cotransfection of

hATP11A-His/Myc Isoform 1 WT and hATP11A-HA deletion variant has an

impact on protein transport and localisation. Different tags are used to dis-

tinguish the variants in the immunocytochemistry staining. hCDC50A-Flag

expression was not tested, but the difference in subcellular localisation between

the contransfection with HFN-hCDC50A pCDNA3 (left side of figure 5.8) and

without (right side) resembles previous results. In the presence of hCDC50A

both variants are mainly localised at the plasma membrane. Accordingly, the

expression of WT and deletion variant in the same cell does not impair the

transport.
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Figure 5.6.: Part 1: Immunocytological staining of HEK293T cotransfections for
hATP11A-HA location studies with tdTomato-ER, an hATP11A-HA
pCAG variant and with or without HNF-hCDC50A pcDNA3. Staining
was performed using Monoclonal Anti-Flag M2 F3165 (1:500) and Alexa
Fluor 633 Goat anti-Mouse IgG A21052 (1:1000) for HNF-hCDC50A and
Anti-HA rabbit H6908 (1:666) and Alexa Fluor 488 Goat anti-Rabbit IgG
A11008 (1:1000) for hATP11A-HA. Nuclei were stained with DAPI. The
cells shown on the left were checked for the expression of HNF-hCDC50A,
yet it is not included in the merged picture for better clarity. Each arrage-
ment compares the cotransfection with HNF-hCDC50A pcDNA3 with the
cotransfection without HNF-hCDC50A pcDNA3.
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Figure 5.7.: Part 2: Immunocytological staining of HEK293T cotransfections for
hATP11A-HA location studies with tdTomato-ER, an hATP11A-HA
pCAG variant and with or without HNF-hCDC50A pcDNA3. Staining
was performed using Monoclonal Anti-Flag M2 F3165 (1:500) and Alexa
Fluor 633 Goat anti-Mouse IgG A21052 (1:1000) for HNF-hCDC50A and
Anti-HA rabbit H6908 (1:666) and Alexa Fluor 488 Goat anti-Rabbit IgG
A11008 (1:1000) for hATP11A-HA. Nuclei were stained with DAPI. The
cells shown on the left were checked for the expression of HNF-hCDC50A,
yet it is not included in the merged picture for better clarity. Each arrage-
ment compares the cotransfection with HNF-hCDC50A pcDNA3 with the
cotransfection without HNF-hCDC50A pcDNA3.
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Figure 5.8.: Immunocytological staining of HEK293T cotransfections simulating a
heterozygous state for hATP11A location studies with tdTomato-ER,
hATP11A-His/Myc Isoform 1 pCAG, hATP11A-HA deletion variant
pCAG and with or without HNF-hCDC50A pcDNA3. Staining was per-
formed using Anti-HA rabbit H6908 (1:666) and Alexa Fluor 488 Goat
anti-Rabbit IgG A11008 (1:1000) for hATP11A-HA deletion variant and
Anti-C-Myc mouse M5546 (1:500) and Alexa Fluor 633 Goat anti-Mouse
IgG A21052 (1:1000)for hATP11A-Myc/His Isoform 1. Nuclei were stained
with DAPI. To show the effect of missing hCDC50A for a cotransfection of
hATP11A-His/Myc Isoform 1 pCAG and hATP11A-HA deletion variant
pCAG, the absence of hCDC50A on the right side of the panels is com-
pared to the presence of hCDC50A on the left side. The localisation of the
hATP11A-HA variants is made visible by merge pictures of tdTomato with
anti-Myc staining for hATP11A Isoform 1 (upper part) and with anti-HA
staining for hATP11A-HA deletion variant (lower part).
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5.6. Flippase activity assay

Since transportation of ATP11A is not changed in the patient according to

my immunocytochemistry experiments, an alteration in the functionality is an-

other potential consequence that might result in the phenotype. A fluorescence

based assay was adapted and established to judge the flippase activity of several

hATP11A variants. To investigate the activity of the patient’s hATP11A dele-

tion variant and also hATP11A Isoform 2 WT more comprehensively, not only

those, but also hATP11A-HA Isoform 1 WT, E186Q and D414N, as well as a

negative mock control were analysed. And in addition a truncated hATP11A

variant, ending after the sequence coded in exon 28, is evaluated as well. It

resembles the deletion variant, as it also misses exon 29, but lacks an artificial

ending after exon 28. This experimental strategy enables a differentiation, if the

missing exon 29 alone or the additional exon 29mut causes the possible different

behaviour in the assay.

Human CDC50A was stably integrated into HEK293 cell DNA. A single cell

derived cell line expressing hCDC50A was then transfected with different

hATP11A-HA variants and used for the flippase activity assay.

5.6.1. Creation of a stable HEK293 Flp-In hCDC50A-V5 cell

line transiently expressing hATP11A-HA

Stable integration of hCDC50A into HEK293 Flp-In cells was performed with

the vector pEF5/FRT/V5, which was specially created for the usage with the

Flp-In transfection system. After the initial antibiotic selection process, two iso-

lated cells survived and grew colonies. Subsequent analysis and selection of the

cells showed that colony 2 on the one hand still reacted sensitive to 100 µl/ml

Hygromicin B to a certain degree and on the other hand partly survived cul-

tivation with 100 µl/ml Zeocin. This colony had probably not derived from a

single cell and was not selected properly. Colony 1 performed as expected for

a transfected and selected single cell colony and, therefore, was used for fur-

ther inspection. Immunocytochemistry was performed, expoiting the V5 tag

of the transfected CDC50A. Confocal imaging showed equally stained cells all

expressing a comparable amount of CDC50A (see fig. 5.9a). After protein lysis

of colony 1 cells and western blotting, protein detection showed distinct bands

at the estimated size (see fig. 5.9b).

Cells of the HEK293 Flp-In hCDC50A-V5 cell line were transfected with the

different hATP11A-HA pCAG variants previously used for the determination

of the subcellular localisation, an additional variant ending after exon 28 and
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5.6. Flippase activity assay

(a) Confocal imaging of HEK293 Flp-
In hCDC50A-V5. hCDC50A-V5 was
stained using V5 tag monoclonal an-
tibody R960-25 (1:500) and Alexa
Fluor 633 Goat anti-Mouse IgG A21052
(1:1,000). Imaging was done with Leica
TCS SP8 confocal laser microscope (Le-
ica Microsystems GmbH, Wetzlar, Ger-
many).

(b) Western blot of hCDC50A-V5 (44.96
kDa) in HEK293 Flp-In hCDC50A-
V5 lysate. The horseradish peroxi-
dase tagged V5 tag monoclonal anti-
body R961-25 (1:5,000) (Thermo Scien-
tific Inc., USA) was used for detection.
Despite its smaller size CDC50A runs in
broad bands at 50 kDa, because of the
heterogeneous structure of the oligosac-
charide chains [211].

Figure 5.9.: Expression analysis of the generated cell line HEK293 Flp-In hCDC50A-
V5. hCDC50A is expressed in all cells.

a mock vector. Six biological replicates of every hATP11A-HA pCAG variant

were made and selected with 600 µg mL−1 G418 for several weeks.

When performing the isolation of cell surface protein and the flippase activity

assay, the transfected cells were tested on their expression of hATP11A-HA and

the correct protein translocation with ICC. The ICC stainings showed overex-

pression of hATP11A-HA with the expected location, previously examined by

subcellular localisation experiments. The new variant of hATP11A-HA ending

after exon 28 was found to be transported to the plasma membrane.

5.6.2. Surface biotinylation

Since it was decided against normalisation on cell surface hATP11A-HA protein,

as described later in the results of the flippase activity measurement, the sur-

face biotinylation, cell surface protein isolation and subsequent western blotting

was only used as another pre test. It was employed to ensure that all protein

variants are expressed and translocated as expected from the earlier performed

immunocytochemistry findings. Exemplary blots are shown in figure 5.10.
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5. Results

(a) Western blots of all wells number 2 of every transfected hATP11A-HA variant. The
whole cell protein blot was exposed for 240 s and the cell surface protein blot for
60 s.

(b) Western blots of all wells number 3 of every transfected hATP11A-HA variant.
Both the whole cell protein blot and the cell surface protein blot was exposed for
240 s.

Figure 5.10.: Exemplary western blots of whole protein and cell surface protein frac-
tions. hATP11A-HA variants were detected with an 1:1,000 dilution
of rabbit anti-HA antibody H6908 from Sigma-Aldrich Corp. (USA)
and 1:2,500 goat anti-rabbit antibody with HRP conjugate 32460 from
Thermo Scientific Inc. (USA). Although hATP11A expression levels dif-
fer between the variants and the transfections while the whole protein
level is constant, all variants are generally expressed and translocated
as expected. hATP11A-HA D414N levels are probably lower because of
degradation in the ER [292].

Despite quite consistent results for the total protein amount, the band intensity

of the hATP11A-HA variants in the whole cell protein blots differed between

each other and also between different wells transfected with the same vari-

ant. Especially hATP11A-HA isoform 1 D414N bands are faint in comparison.

Nevertheless, equivalent to the results of the previous subcellular localisation

experiments, all variants are expressed and all but hATP11A-HA D414N get

translocated to the plasma membrane.
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5.6.3. Flippase activity measurement

The flippase activity of different hATP11A-HA variants is tested for the phos-

pholipids PS and PE. In order to avoid falsifications by endocytosis of the

phospholipids, the experiments were performed on ice.

The FACS measurements were gated to first excluded not living cells and in a

second step set a threshold gate to divide fluorescing cells from unfluorescing

ones by using untreated cells as a baseline. The detailed gating process is

shown at the example of hATP11A-HA Isoform 1 WT after 1 min in figure 5.11.

The median fluorescence intensity of the gated cell populations was used for all

further calculations. The time point adjustment for the samples taken from the

NBD-PS treated cells resulted in only four measurements for 20 s and 20 min.

This is too little to be used for further statistics, so they were left out.

Figure 5.11.: Exemplary gating process of the FACS data. Every sample as well as
the untreated cells are first divided in living cells and debris using the
sidescatter (SSC-A) and forwardscatter laser (FSC-A). P1 represents the
population of living single cells. On the right, only P1 population cells are
plotted with their fluorescence intensity (FITC-A). The untreated cells
are used to set a threshold gate to divide fluorescing and unfluorescing
cells. The fluorescing population is called P2 and is automatically used
for detecting fluorescence above the threshold in all samples. P2 cells are
shown in green, whereas cells below the threshold are shown in red.
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Outliers were identified by the ROUT method of the Prism Graph Pad software

with a Q coefficient of 1%. For NBD-PS only two values of the deletion variant

were found, whereas for NBD-PE there were two values for the mock vector,

one for the deletion variant and five values at time point 20 s spreading over

several variants, showing that such an early sample for PE might not be useful

and too susceptible to second wise deviation from the protocol.

The rest of the median fluorescence measurements were used to calculate an

algorithmic mean and the standard derivation per time point and transfected

hATP11A-HA variant. The statistical significance was analysed with t-Tests

with the Holm-Sidak method (α = 0.05) using the Prism Graph Pad software

again. Each time point was analysed individually without assuming a consistent

standard derivation.

The one outlier for the hATP11A-HA deletion variant in the NBD-PS data does

only alter the median and standard derivation at 6 min ever so slightly. The

significance level is not changed by this. Therefore, the interpretation of the

data is the same for both calculated versions, shown in figures 5.12 and 5.13.

The fluorescence intensity of the cells transfected with the different hATP11A-

HA pCAG plasmids clearly forms two groups after NBD-PS treatment.

hATP11A-HA Isoform 1 E186Q, D414N, Isoform 2 WT and the deletion variant

perform similar to the mock vector in terms of NBD-PS transport.

hATP11A-HA Isoform 1 WT and the variant ending after exon 28 reach signifi-

cantly higher fluorescence intensity. These variants transport NBD-PS from the

surrounding into the cell. While Isoform 1 WT seems to slow down the trans-

port after the 6 min sample, the variant ending after exon 28 keeps on flipping

NBD-PS with a steady rate. This difference between the hATP11A-HA Isoform

1 with and without exon 29a is, however, not significant.

It might be suspected that after treatment with NBD-PE similar results can be

observed as seen for NBD-PS treatment. This is not the case. The incorporation

of NBD-PE occurs much slower compared to NBD-PS. Consequently, the last

sample is taken after 20 min instead of 10 min. The development of the fluores-

cence intensity over time after the NBD-PE treatment is shown in figures 5.14

and 5.15. The first one shows the whole data, the second one is cleared from

outliers as described before. Again, the difference between both is very small.

When looking at the relative intensities of the variants, one could estimate three

groups of NBD-PE incorporation. The first one consists of hATP11A-HA Iso-

form 1 E186Q, Isoform 1 D414N and Isoform 2 WT. These ones seem to have

almost no incorporation at all, the differences between the time points all are

approximately within the size of the standard derivation. Isoform 2 fluorescence

84



5.6. Flippase activity assay

(a) Linegraph of NBD-PS intake over time in HEK293T cells stably overexpressing
CDC50A and transfected with different hATP11A-HA pCAG variants, including
outliers. The sample time points are marked with symbols. The connection between
the points is extrapolated from those to better show the grouping in functioning
and non functioning flippases. Error bars and significance levels are left out for
visual clarity.

(b) Bargraph of NBD-PS intake in HEK293T cells stably overexpressing CDC50A
and transfected with different hATP11A-HA pCAG variants at each measured
timepoint, including outliers. Error bars show the standard derivation. Significance
levels: * < 0.05, ** < 0.01, *** < 0.001.

Figure 5.12.: Mean median fluorescence of NBD-PS, including outliers. The variants
can be grouped in functioning ones (Isoform 1 WT and End after exon 28)
and non functioning ones (Isoform 1 E186Q, Isoform 1 D414N, Isoform
2 and the patients’ deletion variant).
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5. Results

(a) Linegraph of NBD-PS intake over time in HEK293T cells stably overexpressing
CDC50A and transfected with different hATP11A-HA variants, without outliers.
The sample time points are marked with symbols. The connection between the
points is extrapolated from those to better show the grouping in functioning and
non functioning flippases. Error bars and significance levels are left out for visual
clarity.

(b) Bargraph of NBD-PS intake in HEK293T cells stably overexpressing CDC50A
and transfected with different hATP11A-HA variants at each measured timepoint,
without outliers. Error bars show the standard derivation. Significance levels:
* < 0.05, ** < 0.01, *** < 0.001.

Figure 5.13.: Mean median fluorescence of NBD-PS, without outliers. The variants can
be grouped in functioning ones (Isoform 1 WT and End after exon 28)
and non functioning ones (Isoform 1 E186Q, Isoform 1 D414N, Isoform
2 and the patients’ deletion variant).
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(a) Linegraph of NBD-PE intake over time in HEK293T cells stably overexpressing
CDC50A and transfected with different hATP11A-HA pGAG variants, including
outliers. The sample time points are marked with symbols. The connection between
the points is extrapolated from those to better show the grouping in functioning
and non functioning flippases. Error bars and significance levels are left out for
visual clarity.

(b) Bargraph of NBD-PE intake in HEK293T cells stably overexpressing CDC50A
and transfected with different hATP11A-HA pGAG variants at each measured
timepoint, including outliers. Error bars show the standard derivation. Significance
levels: * < 0.05, ** < 0.01, *** < 0.001.

Figure 5.14.: Mean median fluorescence of NBD-PE, including outliers. The data of
the Mock vector is not conclusive. However, the other variants can be
grouped in (1) non functioning (Isoform 1 E186Q, Isoform 1 D414N and
Isoform 2), (2) functioning (Isoform 1 WT and the patients’ deletion
variant) and (3) overactive (Ending after exon 28).
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(a) Linegraph of NBD-PE intake over time in HEK293T cells stably overexpressing
CDC50A and transfected with different hATP11A-HA pCAG variants, without
outliers. The sample time points are marked with symbols. The connection between
the points is extrapolated from those to better show the grouping in functioning
and non functioning flippases. Error bars and significance levels are left out for
visual clarity.

(b) Bargraph of NBD-PE intake in HEK293T cells stably overexpressing CDC50A
and transfected with different hATP11A-HA pCAG variants at each measured
timepoint, without outliers. Error bars show the standard derivation. Significance
levels: * < 0.05, ** < 0.01, *** < 0.001.

Figure 5.15.: Mean median fluorescence of NBD-PE, without outliers. The data of
the Mock vector is not conclusive. However, the other variants can be
grouped in (1) non functioning (Isoform 1 E186Q, Isoform 1 D414N and
Isoform 2), (2) functioning (Isoform 1 WT and the patients’ deletion
variant) and (3) overactive (Ending after exon 28).
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intensities do not exceed those of the loss of function variant Isoform 1 E186Q

and the loss of transport variant Isoform 1 D414N.

A second group form hATP11A-HA Isoform 1 WT and the deletion variant.

In the beginning they are not distinguishable from group 1, but at 20 min the

fluorescence intensity increases significantly above the starting value.

Clearly distinguishable from those are cells transfected with hATP11A-HA

pCAG ending after exon 28. The incorporation of NBD-PE grows rapidly from

the start and reaches much higher fluorescence intensities.

The cells transfected with the mock vector do not fall in group 1, as would

have been suspected for only endogenous flippase activity, but have fluorescence

intensities above the hATP11A-HA Isoform 1 WT and deletion variant cells.

Stricter handling of the outliers, with a Q coefficient raised to 5%, decreases

the value for 20 min to the level of the not incorporating group 1, but the other

time points still have raised intensities.

Figure 5.16.: Linegraph of NBD-PE intake over time in HEK293T cells stably over-
expressing CDC50A and transfected with different hATP11A-HA pCAG
variants, without outliers calculated with a Q coefficient of 5%. The sam-
ple time points are marked with symbols. The connection between the
points is extrapolated from those to better show the grouping in func-
tioning and non functioning flippases. Error bars and significance levels
are left out for visual clarity. Stricter handling of outlier data points does
not alter the interpretation.

High significance especially at the end of the measurements, can mainly be

seen for the variant ending after exon 28. The fluorescence intensity through

incorporated PE is higher compared to all other variants. This in part validates

the findings of the elevated, yet not statistically significant, translocation of

NBD-PS for the hATP11A variant ending after exon 28, compared to the WT.

89



5. Results

90



6. Discussion

In a family affected by autosomal-dominant progressive, non-syndromic AS/AN,

a 5,500 bp deletion at the 3’ region of ATP11A was identified. It spans the last

coding exon of both ATP11A isoforms. The phospholipid flippase encoded by

ATP11A isoform 1 is an ubiquitously expressed transporter for PS and PE.

Together with CDC50A it forms a complex which maintains the phospholipid

gradient across the plasma membrane.

In this thesis the deletion was found to result in the usage of an alternative last

coding exon 29mut. Since the subcellular localisation of this mutant ATP11A

deletion variant did not differ from that of ATP11A isoform 1 WT, the flippase

activity was analysed in order to identify a loss or gain of function. Also isoform

2, which is suspected to be an evolutionary remnant due to a lower expression

level and less conservation of the last coding exon compared to isoform 1, was

found to localise to the plasma membrane. Including isoform 2 in the flippase

activity assay allows for a comprehensive evaluation.

In the following chapter the results of this flippase activity assay are interpreted

and put into scientific context. Therefore, possible genetic mechanisms leading

to hATP11A hypoactivity or loss of function and a phenotype representation

for the deletion variant are discussed and compared. Also molecular pathome-

chanisms are considered on the base of phenotypical, cellular and molecular

characteristics of other ATPase loss of function models and studies on ATPase

inactivation or the influence of disturbed membrane asymmetry.

6.1. The influence of ATP11A exon usage on flippase

activity

The flippase activity of different hATP11A-HA variants is tested and compared

based on the translocation of fluorescent phospholipids across the plasma mem-

brane. For this purpose the phospholipids NBD-PS and NBD-PE are used, as

Takatsu et al. [281] previously found that hATP11A Isoform 1 WT only flips

PS and PE, but not PC and sphingomyelin (SM). I examined hATP11A-HA

Isoform 1 WT, hATP11A-HA Isoform 2 WT, the mutant hATP11A deletion

variant and an artificial, truncated variant ending after coding exon 28 and
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missing the 29th exon completely, which is the one in that the other variants

differ. hATP11A-HA E186Q and hATP11A-HA D414N, which are known loss

of function and loss of transport variants respectively, are used as negative con-

trol, as well as a transfected mock vector. All of those should only show a basal

translocation rate caused by the endogenous hATP11A protein in the HEK293

cells. Additional phospholipid intake via endocytosis is ruled out, since the

experiments were performed on ice, where the flippase is still active but endo-

cytosis is blocked [281].

Both in the western blot analysis of whole cell protein or cell surface protein, as

well as in the fluorescence measurements of the flippase activity assay, there is a

variation among each hATP11A-HA variant. However, the variation found be-

tween the fluorescence intensities of the assay is not congruent with the variation

found in the intensity of the western blots of whole cell protein or cell surface

protein fractions of that specific set of replicates. Consequently, it is not likely

that the exact amount of overexpressed hATP11A-HA variant protein influ-

ences the NBD-phospholipid intake, as long as there is expressed hATP11A-HA

variant protein at all.

Accordingly, the results obtained from the western blots are only used for a

rough estimation on hATP11A-HA expression and protein transport, but not

for quantification in reference to the flippase assay. Nevertheless, despite similar

amounts of whole protein, hATP11A-HA D414N shows consistently lower levels

of expression compared to all other variants in all replicates. In their study on

ATPase - CDC50A complexation during transport from the ER, similar findings

regarding D414N variants were made by Tone et al. [292]. Presumably the

D414N variant gets degraded in the ER due to lower stability or disturbed

interaction with CDC50A.

It was thought about additional normalisation of the data. Like performed

by Takatsu [281], the first way could have been the normalisation on present

hATP11A-HA on the cell surface, detected in the cell surface western blots.

While this results in reasonable data for variants that are transported to the

plasma membrane, it blows the relative NBD-PS intake of less well transported

variants, accompanied by the endogeneous intake, out of proportion. In addi-

tion, there is no evidence that an overrepresentation of hATP11A above the

standard level at the cell surface also increases the incorporation of phospho-

lipids above the standard level. There is the possibility that after reaching the

correct phospholipid asymmetry at the membrane the activity of hATP11A is

downregulated and the intake stops. That way, the massive overexpression and

overrepresentation at the plasma membrane had no impact on phospholipid
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intake and the normalisation on it would be misleading. This postulation is af-

firmed by the fact that the variation of hATP11A-HA overexpression measured

in the whole cell protein and cell surface protein fraction western blots is not

congruent with the variation of NBD-phospholipid intake.

Without normalisation on cell surface hATP11A-HA the decreased translocation

to the plasma membrane of a variant can also be included in the assessment of

loss of function, not only the enzymatic activity.

The second way of normalisation could have been on the mock vector’s flu-

orescence intensity as the basal NBD-phospholipid intake of the cells’ endo-

geneous hATP11A. With the standard deviation error for all data, the NBD-

phospholipid intake values of some samples with non functioning hATP11A-HA

variants was even lower than that of the Mock vector. This would result in nor-

malised values below the artificially created zero activity baseline of the mock

vector. Since this way of normalisation would not calculate relative differences

between the NBD-PS intake of the different hATP11A-HA variants, the data

remains unnormalised.

When interpreting the flippase assay, the fluorescence intensities of trans-

ported NBD-PS can be categorized in two groups. The first group consists

of hATP11A-HA Isoform 1 E186Q, D414N, Isoform 2 WT and the deletion

variant, which all resemble the mock vector’s intensity. Due to the lack of

transfected hATP11A-HA in the mock vector cells, the growing fluorescence

intensity through incorporated NBD-PS in these samples must be caused by

the endogenous hATP11A in the HEK293T cells. The absence of additional

NBD-PS transport was expected for cells transfected with the artificially cre-

ated hATP11A-HA E186Q loss of function and D414N loss of transport proteins.

Equivalent findings for hATP11A E186Q are described by Takatsu et al. [281]

in their study on phospholipid flippase activities and substrate specificities. The

graphs for this thesis’ experiments show that cells with hATP11A-HA Isoform

1 D414N have a slightly higher mean fluorescence intensity. This indicates that

the loss of transport is not complete, but instead some of the functional flippase

is still transported to the plasma membrane. This is not statistically significant,

though, and not supported by other literature by now.

Similarly noticeable, but also not statistically significant, is a minimally higher

fluorescence intensity of the deletion variant, using exon 29mut, compared to the

mock vector. Following only the statistic significance, the mutant protein has to

be interpreted as a loss of function variant for PS transport. Nevertheless, the

slightly higher fluorescence intensity in addition to the predicted loss of func-

tion intolerance for hATP11A by the Genome Aggregation Database, opens the
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discussion for an only drastically reduced function instead of a complete loss.

The lack of frameshift or stop mutations with an elevated allele frequency in

hATP11A indicates that those type of mutations are usually lethal. Therefore,

the hypothetical remaining flippase activity of the hATP11A deletion variant

would better match this observations and explain the non-lethality. Hence, de-

spite the missing statistical significance, in this thesis the result for the deletion

variant is further referred to as hypoactivity or hypofunctionality. This does not

rule out a complete loss of function, but takes the pLI score into consideration.

All discussion of possible pathomechanisms in this chapter are applicable for

both hypoactivity and complete loss of function.

As previously assumed because of the lower mRNA expression rate of ATP11A

isoform 2 in blood and the lower conservation of exon 29b, the so far untested

isoform 2 shows no flippase activity for NBD-PS despite being transported to the

plasma membrane. This coincides with the estimation that hATP11A isoform 2

WT is probably an evolutionary remnant and not used for phospholipid flipping

at the plasma membrane.

The second group contains hATP11A-HA Isoform 1 WT and the artificial vari-

ant ending after exon 28. They both reach significantly higher fluorescence

intensities compared to that caused by the mock vector’s basal NBD-PS trans-

port. The NBD-PS transport of hATP11A-HA Isoform 1 WT seems to reach

a plateau after 6 minutes, whereas the variant ending after exon 28 further

incorporates NBD-PS into the cell with a steady state. However, since those

differences are not significant, no assumptions about the necessity of exon 29a

for the inactivation of hATP11A, for example after reaching a certain amount

of PS at the plasma membrane or in the cell can be made. Nonetheless, the

data reveals that not the loss of exon 29a is the cause for the hypoactivity of

the mutant deletion variant, but the new exon 29mut.

Due to a much slower incorporation of NBD-PE, the growth of the fluores-

cence intensity differs substantially between measurements with NBD-PS and

NBD-PE. The slower flippase reaction of PE was already described by Segawa

et al. [243], who found vmax lower for PE compared to PS and an overall higher

affinity for PS based on a higher Km when performing a Michaelis Menten kinet-

ics analysis. Comparing the relative fluorescence intensities of the hATP11A-

HA variants, three groups could be differentiated. The first one is build by

hATP11A-HA Isoform 1 E186Q, D414N and Isoform 2, which almost shows

no incorporation of NBD-PE. This indicates that the basal flippase activity for

NBD-PE of the endogenous hATP11A of the HEK293 cells is very low compared

to that for NBD-PS, measured previously. The intensities of hATP11A-HA Iso-
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form 2 again do not exceed those of the loss of function variants E186Q and

D414N. This further supports the hypothesis of hATP11A isoform 2 as an evo-

lutionary remnant.

hATP11A-HA Isoform 1 WT and the deletion variant form the second group.

For the first part of the experiment their fluorescence intensities resemble those

from group 1. Only after 20 minutes it increases significantly above the basal

level. It would be interesting to have additional sample time points up to 60 min

after NBD-PE treatment for those variants, to see if the intensity further in-

creases. At first glance, the usage of exon 29mut instead of exon 29a does not

seem to have the same diminishing impact on PE transport that it has on PS

transport. This further supports the hypothesis of a rest activity of the mu-

tant protein instead of a complete loss of function. An explanation for the lack

of influence on PE translocation comes to mind when directly comparing the

fluorescence intensity levels of the incorporated NBD-PE to those of NBD-PS.

The affinity and therefore the translocation efficiency was so low, that over the

time of the complete experiment the average levels of fluorescing NBD-PE only

reach the level that PS incorporation achieved after 1 minute. It seems that

hATP11A is translocating so little NBD-PE overall, that neither the overex-

pression of hATP11A Isoform 1 WT nor the hypofunctionality in the mutant

deletion variant does result in fundamental changes of NBD-PE incorporation,

which can be maintained e.g. through hATP11C, hATP8A1 and hATP8A2.

Consistent with the fluorescence intensity profile from the incorporation of

NBD-PS, the hATP11A-HA variant ending after exon 28 forms a third group

in which the intensity increases rapidly from the start and reaches much higher

levels compared to all other variants. This supports the previous finding that

not the loss of exon 29a is the cause for the hypoactivity of the deletion variant,

but the additional exon 29mut. The significant difference in the flippase activity

of hATP11A-HA Isoform 1 and the variant ending after exon 28 further indi-

cates that exon 29a is involved in a regulatory mechanism causing some sort of

inactivation or downregulation.

Not plausible in the case of the NBD-PE treatment experiments seems the be-

haviour of the cells transfected with the mock vector. The cells transfected with

the mock vector have fluorescence intensities above the hATP11A-HA Isoform

1 WT and deletion variant cells. This would either imply additional NBD-PE

incorporation in the mock vector cells other than the endogenous activity or

downregulation of the endogenous hATP11A activity in all other cells except

for the ones transfected with the plasmid hATP11A-HA until ex28 pCAG. Both

explanations are not likely and since the mock vector transfected cells are the
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same as used for the NBD-PS experiments, the cells themselves can not be the

cause. The NBD-PE solution was made fresh for every experiment and the

same batch was used for all hATP11A-HA variants within one experimental

line. Thus, incorrect mixed NBD-PE solutions would have affected all variants

similarly and the discrepancies would most likely been identified as outliers.

With an Q coefficient of 1% this is not the case. Only the value for the 20 min

sample decreases slightly below the intensities of hATP11A-HA Isoform 1 WT

and the deletion variant. The same is true for a Q coefficient raised to 5%,

see figure 5.16. Here the value for 20 min decreases to the level of the not in-

corporating group 1, where it would be suspected, but the other time points

still seem to have raised intensities. Considering the low incorporation rate

of PE compared to PS, the differences between the mock vector cells and the

overexpressed hATP11A variants might rather stem from the combination of

low intensities, in particular at the earlier time points, and the low amount of

samples per time point, resulting in deceptive low standard derivation. Overall

the flippase activity measurements for NBD-PE are not perfectly conclusive.

Replication of the experiments with NBD-PE and the addition of later sample

taking time points are necessary to confirm these tendencies and assumptions.

Taken together, the assay shows several significant observations about

ATP11A’s flippase activity and the role of its last coding exon.

(i) The experiments confirm a higher flippase activity of hATP11A for NBD-PS

compared to NBD-PE.

(ii) Cells transfected with hATP11A-HA Isoform 2 do not exhibit flippase ac-

tivity exceeding the basal activity of the endogenous protein. This suggests

hATP11A isoform 2 to be an evolutionary artefact, which is not used for phos-

pholipid flipping at the plasma membrane.

(iii) The mutant deletion variant of hATP11A-HA does show almost no flippase

activity. A slight elevation of fluorescence levels above the basal translocation

in addition to the predicted loss of function intolerance indicates that the re-

placement of exon 29a with exon 29mut results in hypoactivity of the protein.

(iv) The hATP11A-HA variant ending after exon 28 is overly active. The miss-

ing exon 29a seems to have some regulatory function, that affects the flippase

activity through downregulation or inactivation.

Since PS plays a very important role in many cellular functions, it is possible

that the substantial reduction or loss of flippase activity caused by the 5,500 bp

deletion in the 3’-region of ATP11A is the reason for the hearing loss. Plausible

ways in which the deletion could result in hypofunctionality and in which this

may inflict auditory function need to be discussed further.
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6.2. Discussion of possible C-terminal regulation of

hATP11A activity

The deletion in ATP11A analysed in this thesis is the first described muta-

tion in a coding region of a gene causing dominantly inherited, non-syndromic

AS/AN. To date there is only a single other report of dominantly inherited

AS/AN in one family caused by a heterozygous mutation in the gene DIAPH3

[114, 238]. In DIAPH3 the mutation occurs in a highly conserved part of the

5’UTR (c.-172G>A). This interrupts a GC box element consensus sequence for

transcription factor binding. Consequently the gen expression of DIAPH3 is

increased, so the mutation potentially alters the transctiptional regulation and

leads to gain of function. The overexpression of DIAPH3 has been shown to

reduce sound-evoced potentials in Drosophila [238] as well as induce hearing

loss and stereocilia defects in mice [239].

In contrast the 5,500 bp deletion in ATP11A is not located in a transcription

regulatory region, but directly influences the splicing pattern of hATP11A. The

mutation does not lead to nonsense-mediated mRNA decay. Instead it alters

the protein structure of hATP11A in a way that the last exon is replaced by an

artificial new exon trough aberrant splicing. As discussed, the altered protein

loses flippase function at least for one of its two substrates, namely PS. Experi-

ments with a hATP11A variant only missing the last exon without the addition

of the exon 29mut showed that the reduced functionality does not occur due

to the missing exon 29a, but is caused by the new exon 29mut. The flippase

activity for the variant ending after exon 28 was elevated even higher than the

one of hATP11A Isoform 1 WT for both PS and PE. The question arising from

this is why the missing exon has such an effect on flippase activity and how the

artificial exon can lead to at least partial loss of function.

6.2.1. C-terminal targeting signals

Exon 29a of hATP11A Isoform 1 WT contains 75 bp before the stop codon.

This translates to 25 amino acids. The whole exon 29a gets translated to a

part of the 41 amino acid stretching cytoplasmic C-terminus. which does not

code for any catalytic core domains, but might inhibit a regulatory unit. On

top, there are some indications for C-terminal regions with targeting function

in ATPases.

The amino acid sequences of ATP9A and ATP9B have a 75% similarity. While

both localise to the TGN, ATP9A additionally localises to endosomes. When

the N-terminal cytoplasmic region of ATP9A is replaced with the diverging N-
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terminal cytoplasmic region of ATP9B the localisation changed and the chimeric

protein also was localised exclusively at the TGN. This indicates a Golgi target-

ing signal at the N-terminus [280]. Most known targeting signals determining

the localisation of mammalian proteins are at the N-terminus [57], but there are

some exceptions [168]. In theory such a targeting signal for the plasma mem-

brane could be coded in the deleted hATP11A exon 29a or in the aberrant exon

29mut, resulting in abnormal localisation and consequently, loss of the original

function. ICC staining, cell surface protein western blotting and finally the flip-

pase activity assay of hATP11A ending after exon 28 and the deletion variant

performed in this thesis speak against this hypothesis of a targeting signal in the

missing exon. For both variants the protein is still transported to the plasma

membrane at least in HEK cell culture.

Recently Takayama et al. [283] found that the three C-terminal splice vari-

ants of ATP11C differ in their localisation. The variant called ATP11C-b lo-

calises to a specific region of the plasma membrane in polarised cells, whereas

ATP11C-a and ATP11C-c are distributed on the entire membrane in polarised

and non-polarised cells. They found the C-terminal residue sequenz LLXYKH

in ATP11C-b to be the responsible targeting signal. In some tissues ATP11C

loss can be compensated by ATP11A, due to their similar protein sequence

[243]. The amino acid sequence between the two human ATPases begin to dif-

fer after their 28th exon, the same place the splicing of the isoform variants

takes place. Exon 29a of hATP11A isoform 1 has a high similarity to the last

exon of hATP11C-c (isoform 4), making hATP11A isoform 1 and hATP11C-c

corresponding isoforms (see figure 6.1). Exon 29b of hATP11A isoform 2 has

no matching exon in hATP11C. Also the targeting signal LLXYKH has no cor-

responding residues in hATP11A isoforms or the deletion variant. Therefore,

this finding has no direct indication for abnormal hATP11A transport. Rather

the conclusion would be that hATP11A isoform 1 should also be distributed

in the entire plasma membrane irregardless of the polarisation of the cell and

that HEK293 cells are a suitable test system. Nonetheless, it slightly raises the

likelihood of another so far unknown localisation site working in similar ways at

the natural or aberrant hATP11A C-terminus. Transport that is only altered

in polarised cells would not have been detected in HEK cell culture transfected

with the hATP11A deletion variant, but could disturb hATP11A localisation at

the plasma membrane of polarised IHCs in the patient.

Localisation studies performed with chimeric proteins showed that the N-

terminal region of hATP10B proteins and the C-terminal region of hATP11B

contain localisation sites important for intracellular trafficking to the endosomes,
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Figure 6.1.: Alignment of the protein sequence of hATP11A isoform 1 exon 29a and
hATP11C3 isoform 4 exon 29 (www.clustal.org/omega)

while flippase activity and phospholipid specificity were not affected. When the

terminal regions were expressed as peptides they distributed in the cytosol, so

no direct interaction with the endosomal membranes are happening to establish

the localisation. In contrast, fusing those terminal regions to Lyn11-EFFP-

FRB, a protein that is usually localised at the plasma membrane, results in

translocation to intracellular endosomal compartments, while fusion with the

other terminal regions of hATP10 and hATP11 proteins did not change the lo-

calisation. This suggests that the N-terminus of hATP10B and the C-terminus

of hATP11B contain the endosomal targeting signal responsible for their spe-

cific protein localisation. The assumed targeting signal in the hATP10B is the

ETTPLL sequence that is similar to the di-leucine motif [DE]XXXL[LI]. The

di-leucine motif is a typical sorting motif in intracellular trafficking of trans-

membrane proteins. The replacement of the Leucine residues with Arginine in

fusion proteins resulted in abnormal localisation to the plasma membrane [175].

A similar targeting mechanism using a C-terminal di-leucine motif, which can be

switched on and of by phosphorylation is present in hATP11C. Here the change

of localisation to endosomal structures is used as a regulatory mechanism to

induce the loss of flippase activity at the plasma membrane. A more detailed

explanation follows in the next section on C-terminal regulatory mechanisms.

Taken together, the reported relocation of proteins with mutated di-leucine mo-

tif and the finding of this thesis, that all C-terminally altered hATP11A variants

are still transported to the plasma membrane, indicate that at least in the last

25 amino acids of hATP11A there is no alternative targeting mechanism. The

localisation to the plasma membrane is the default if it is not overwritten by

the endosome targeting signal as happening in hATP11B.

6.2.2. C-terminal regulatory domain mechanisms

There is a great variety in the regulatory mechanisms of P4-ATPasen. A thing

a lot of them have in common is the location of the responsible domain in the

cytosolic C-terminus of the protein.

In plant H+ pumps there is a C-terminal regulatory domain of about 100 amino
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acids [206, 184, 247]. The phosphorylation and dephosphorylation of an included

threonine residue is used to regulate the ATPase activity. The unphosphorylated

domain is thought to interact with an inhibitory site in the cytoplasmic domains,

thus inactivating the protein [186]. Another C-terminal regulatory domain is

present in yeast H+ pumps. The domain is about 40 amino acids long and

has little homology to the one in plants. It is suspected to interact with a

different inhibitory site, since the reaction on adding synthetic domain peptide is

directly opposed [184, 119]. The ATPase gets activated by the phosphorylation

of serine and/or threonine [75]. While the mutation of the yeast phosphorylation

residues renders the ATPase inactive, the complete deletion of the regulatory

domain locks the protein in a constitutional active state in yeast as well as

plants [189, 207, 247, 206]. However, there is no sequence similarity between

the C-terminus of hATP11A and the plant or yeast H+ pump.

Another case of C-terminal regulation in P-ATPases is known from plasma

membrane Ca2+ pumps. In human plasma membrane Ca2+ pumps the regula-

tory C-terminus varies between the different isoforms, while their catalytic unit

remains similar. This leads to different affinities and thus inhibition / activation

intensities [200]. The phosphorylation of the inhibitory region of Ca2+ pumps

with protein kinase C was found to add to their activation with calmodulin, but

has only little effect on its own [311].

Despite this minor role in Ca2+ pumps and the fact that there is no sequence

similarity to a calmodulin-binding site or the PDZ domain binding site in the

hATP11A C-terminus, a phosphorylation dependent autoinhibitory C-terminus

could be a main regulatory domain in hATP11A, like it is in H+ pumps of plant

and yeast. Presuming this would be the case, the results of the flippase activity

assay could be well described in the boundaries of the inhibition model. In WT

hATP11A the flippase activity could be regulated via the phosphorylation of

the C-terminus. Phosphorylation prediction performed with the NetPhos 3.1

Server of the Technical University of Denmark [19], shown in figure 6.2, reveals

several possible phosphorylation sites at the ATP11A isoform 1 C-terminus. Of

those predicted sites five residues are possible interaction sites for protein kinase

C, which is responsible for the phosphorylation of the Ca2+ pumps’ inhibitory

region. Nevertheless, as also the activation through phosphorylation is supposed

to work through steric hindrance of the binding of the inhibitory site and the

catalytic core, the phosphorylation with any other kinase could probably have

the same activating effect.

As described before, the loss of 25 of the 41 amino acids of the C-terminus in

the variant of hATP11A ending after exon 28 leads to an overactive protein.
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Figure 6.2.: Pediction of phosphorylation sites in the hATP11A isoform 1 C-terminus
performed with the NetPhos 3.1 Server of the Technical University of
Denmark [19]. Serine and threonine residues with phosphorylation prob-
abilities above the prediction threshold are printed in bold letters. Phos-
phorylation sites with possible protein kinase C interaction are marked
with arrows.

Without an inhibitory domain binding to the catalytic core the flippase would

be permanently activated. In the case of the deletion variant of hATP11A

ending with exon 29mut it can be hypothesised that the altered sequence is

still able to perform the inhibitory interaction with the catalytic core, but the

activation through phosphorylation does not take place. That way the flippase

would be permanently inactive. Looking at the predicted phosphorylation sites

of exon 29mut in figure 6.3 it is noticeable that the altered sequence lacks the

multitude of phosphorylation sites at the downstream end. In the upstream

part of the C-terminus, the first two threonine sites coded in exon 28 stay the

same. Afterwards only one serine and one threonine phosphorylation site are

predicted, of which only the latter is associated with protein kinase C. This fits

to the assumption that phosphorylation of the presumed inhibitory region is

absent or at least diminished.

In contrast to the broad knowledge upon ion flipping P4-ATPases, the regula-

tion mechanisms of phospholipid flipping P4-ATPases remained unclear until

recently. Mechanisms were discovered for the yeast flippase Drs2p, hATP11C

and hATP8A1. In yeast the PS and PE flipping Drs2p forms a heterodimeric

complex with Cdc50p, which is in an autoinhibited state when no activator is

present. The activation is triggered by phosphatidylinpsitol-4-phosphate (PI4P)

[167, 290]. The C-terminal inhibitory domain of Drs2p acts in compliance with

the model of the catalytic cycle of the human P4-ATPases described in sec-

tion 1.5.6, only here the interaction of the catalytic core and the regulatory

C-terminus is inhibitory rather than activating (see fig. 6.4).

It fills a groove between the N-domain and the A- and P-domain, interacting
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Figure 6.3.: Pediction of phosphorylation sites in the hATP11A deletion variant with
exon 29mut performed with the NetPhos 3.1 Server of the Technical Uni-
versity of Denmark [19]. Serine and threonine residues with phospho-
rylation probabilities above the prediction threshold are printed in bold
letters. Phosphorylation sites with possible protein kinase C interaction
are marked with arrows.

with all three. This interaction stabilises the conformational state and inhibits

ATP binding. Also the forced distance between the N-domain and the P-domain

prevents phosphorylation of the P-domain. [10, 339]. In Drs2p the N-terminal

region has an additional regulatory effect. It forms hydrophobic interactions

with the A-domain that are suspected to cause a small inhibition.

Through the binding of PI4P to a positively charged region of the transmem-

brane domain, a proximal helix switch upstream of the inhibitory domain is

twisted 90 ◦ and thus the inhibitory peptide disengages from the catalytic core

domains. This results in further conformational changes, the PI4P is released

and the catalytic cycle is activated [10].

A recent study by Takatsu et al. [282] found that the human phospholipid

flippase hATP11C is endocytosed upon Ca2+-dependent protein kinase C ac-

tivation. The phosphorylation of the C-terminal Ser1116 creates a functional

di-leucine motif, that is used as a signal for endocytosis of hATP11C into early

endosomes and recycling endosomes. This decreases the flipping of PS at the

plasma membrane and to a lesser extend also the flipping of PE. The minor in-

fluence on PE translocation of loss of hATP11C inactivation in their study and

hypoactivity of hATP11A in this thesis indicates that those two P4-ATPases

are either no essential flippases for PE distribution across the plasma membrane

and the translocation is compensated by ATP8A1 and ATP8A2 or the affinity

for PE is generally that low that only little PE gets translocated and no signif-

icant effect can be noticed through loss of their ATPase activity. Nevertheless,
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Figure 6.4.: Schematic model of the catalytic cycle of the complex Drs2p-CDC50A [10,
290]. The color scheme is inherited from that of figure 1.10. E1: Starting
state, the C-terminal R-domain (light blue) wraps around the catalyic core
domains (red, blue and yellow) and block the ATP binding site with an
inhibitory peptide. E2P-inter: Intermediate state, PI4P (orange) binds to
a positively charged pocket in the transmembrane region and activates the
flippase. E2P-active: The helix switch (light blue) rotates 90 ◦ away from
the cytosolic domains and thus disengages the inhibitory peptide. The
core domains rotate, enable targeting of the ATP binding site and open
a hydrophobic cleft. The phospholipid enters and is blocked by Ile508.
PI4P diffuses away. E2Pi-PL: The phosphorylation site of the P-domain
(blue) gets phosphorylated, the A-domain (yellow) turns further. E2-PL:
Further movement of the A-domain results in an open hydrophobic cleft.
The phospholipid passes the Ile508 blocking and can be transported to the
cytoplasmic leaflet. Afterwards the flippase shifts back to the E1 starting
state.

the permanent activation of hATP11A through the deletion of the inhibitory

domain in the variant ending after exon 28, enables such a gain in phospho-

lipid flipping activity that not only PS, but also PE translocation increases

significantly.

However, the deactivating reaction to phosphorylation of the C-terminus in

hATP11C is directly opposed to the activation of the human plasma mem-
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brane Ca2+ pumps. Due to the high sequence similarity between hATP11A

and hATP11C it could be assumed that the same internalisation would happen

for hATP11A. In contrast, Takatsu et al. showed an increased surface level of

hATP11A upon protein kinase C activation with PMA treatment. Although

ATP11A also has a C-terminal sequence that could be interpreted as simi-

lar to the di-leucine motif, it apparently is no sufficient signal for endocytosis

upon protein kinase C activation. The alignment of the C-terminal regions of

hATP11A and hATP11C used by Takatsu et al. is performed with EMBOSS

Needle [222]. A similar structure of alignment is received by only a few of the

sequence alignment tools provided on the homepage of EMBL-EBI. The other

do not interpret the residues STIFML of hATP11A as similar to the SVRPLL

di-leucine motif of hATP11C (see different alignments in figure 6.5). While

the SVRPLL sequence of hATP11C can be phosphorylated to mimic a typical

[DE]XXXL[LI] di-leucine motif of transmembrane proteins, the phosphorylated

STIFML sequence of hATP11A still lacks the first of the two leucine residues,

that was found to be essential for endocytosis induction [282].

Figure 6.5.: Protein sequence alignments of the hATP11A and hATP11C C-terminus
performed with different EMBL-EBI alignment tools [138]. EMBOSS Nee-
dle [222] (as done by Takatsu et al. [282]), T-Coffee and Clustal Omega
were used. The supposed di-leucine motif is marked in bold letters.

During the cryo electron microscopic research on the catalytic cycle of P4-

ATPases the C-terminal regulatory mechanism of human ATP8A1 was discov-

ered to be yet different from those described above [97]. While the main mech-

anism is still sterical hindrance through interaction between the catalytic core

and the C-terminal regulatory domain, there seems to be no PI4P and no phos-

phorylation involved. The hATP8A1 regulatory domain consists of a conserved

GYAFS motif and a short helical domain (SQSEVIR). The phenylalanine (F)

of the GYAFS motif is recognised by a loop region in the N-domain and stacks

there with another phenylalanine of the ATP-binding site. That way the E2P
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state is stabilised and the N- and A-domain are kept apart. In accordance to

the findings for hATP8A1, Chalat et al. [30] showed that hATP8A2 mutants

with a C-terminus truncated by 33 amino acids including the GYAFS motif and

the short helical domain have a reduced flippase activity, while mutants with a

deletion of the complete C-terminus exhibit no change in activity. They propose

that there is an autoinhibitory domain upstream of the 33 residues, which is

suppressed by an anti-autoinhibitory domain at the exteme C-terminal end of

the protein. Hiraizumi et al. [97] suspect that the GYAFS motif and the short

helical domain could positively regulate the activity by keeping the N-domain

and the A-domain apart and thus enabling the rotation of the A-domain for

both hATP8A1 and hATP8A2. This combination of an autoinhibitory and an

anti-autoinhibitory domain would be a newly discovered mechanism that was

never described before for another P-ATPase.

There are several factors eliminating the possibility of this regulatory mecha-

nism for hATP11A. While the phenylalanine of the ATP-binding site is con-

served among hATP11A and hATP11C, the C-terminal region of those two

P4-ATPases are shorter than that of hATP8A1, so the GYAFS motif and the

short helical domain are missing. Also, when the extreme end of the C-terminus,

coded by exon 29a, is deleted in the experimental procedure of this thesis, the

protein is still active. For this reason not only an anti-inhibitory domain but also

a potential autoinhibitory domain had to be coded upstream of the splice site.

Accordingly, when exon 29a is replaced by exon 29mut in the deletion variant,

both the autoinhibitory and the anti-autoinhibitory domain potentially corre-

sponding to the GYAFS motif would still be missing and the flippase should

remain active. Since the experiments show a reduced activity for the dele-

tion variant, a similar combination of two counteracting domains can not be

the underlying mechanism for hATP11A, excluded the case in which the WT

exon contains a substitute for the GYAFS motif and the aberrant exon itself

coincidentally contains another autoinhibitory domain.

It would be more reasonable to suspect a mechanism similar to that proposed

for Drs2p (see fig. 6.4). In this hypothesis the aberrant C-terminal region of

the deletion variant would still be able to fold between the P- and N-domain to

some extend. Thus the phospholipid flipping activity is blocked. Yet, the equiv-

alent to the helix switch motif of the WT protein that would be necessary for

activation could be missing. A comparison of the C-terminal protein sequences

of Drs2p and hATP11A does align the helix switch motif with a amino acid

sequence of the deleted exon 29. Even though the medium sequence similarity

does not immediately indicate an identical switch domain for hATP11A, a sim-
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ilar mechanism could be possible. This way the alternative C-terminus would

lead to permanently decreased activity.

However, the cytoplasmic C-terminal region of hATP11A is with 41 amino acids

a lot shorter than for example that of Drs2p with 135 amino acids. Considering

that the inhibition is suspected to work through steric hindrance of some kind,

the strength of the inhibition could also be purely dependent on the length of

the C-terminal region. Following this hypothesis the relatively short 41 amino

acid terminus of hATP11A dampens the flippase activity, but does not prevent

phospholipid translocation completely. The usage of exon 29mut instead of exon

29a, which elongates the usually 41 amino acid long cytoplasmic C-terminal

region to 54 amino acids, could strengthen the inhibitory interaction with the

catalytic core domains and thus deactivate the protein stronger compared to

the wild type.

Both mechanisms have in common, that upon truncation of the complete exon

29a without replacement, the remaining part of the C-terminus is probably to

short to still interact with the catalytic domains and the activity is restored.

So in summary, all four P4-ATPases hATP8A1, hATP8A2, hATP11A and

hATP11C that have a substrate specificity for PS and PE share a very con-

served amino acid sequence for the greatest part of the protein. Yet their

N- and C-terminal regions, including the regulatory domains, differ substan-

tially and their activity seems to be regulated by different mechanisms. Both

hATP8A1 and hATP8A2 are known to be positively modulated by the GYAFS

motif, which suppresses a supposed autoinhibitory domain, that is thought to

work like the autoinhibitory domain of ion transporting P4-ATPases through

steric inhibition of the ATP or phospholipid binding at the catalytic core. In

contrast hATP11C is negatively modulated by its C-terminal di-leucine motif.

Upon phosphorylation it acts as a targeting signal for endosomal transport and

retention.

It can be assumed that the C-terminal region of hATP11A also harbors a regu-

latory domain. The way of achieving the regulation and the resulting reaction

that inhibits or enables phopholipid flipping could possibly be still different

from the other human P4-ATPases displayed above, since the required motifs

from hATP11C and hATP8A1/2 are missing in hATP11A. As speculated, the

most suitable hypothesis seems to be a mechanism similar to the one of yeast

Drs2p flippase, shown in figure 6.4, or a simple steric inhibition regulated via

the length of the C-terminal region. This multitude of different regulation ap-

proaches could have been emerged from the need of the cell to prevent PS

exposure on the cell surface in non apoptotic cells.
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A similar assumption is made by Segawa et al. [243] in their work on the cleav-

age of hATP11A and hATP11C by caspases and subsequent PS exposure by

scramblases in apoptotic cells. Despite hATP11C having a higher PS and PE

flipping activity compared to hATP11A, in most tissues both are expressed

and in a lot of them hATP11A even is the preferred one. Only in the liver

there is mainly hATP11C present. While hCDC50A deficient cells lose the abil-

ity to flip PS and PE almost completely and expose PS on the cell surface,

hATP11C deficient cells still have enough flippase activity to maintain plasma

membrane asymmetry, probably through compensation by hATP11A [242]. So

in non apoptotic cells expressing both hATP11A and hATP11C one active form

is enough to avoid PS exposure.

During the activation of some cell types the intracellular Ca2+ level at the

plasma membrane can transiently rise up to more than 100 µmol [141, 223, 147].

This would be enough to activate phospholipid scramblases and at least reduce

flippase activity [18]. Would the inactivation of hATP11A through Ca2+

induced protein kinase C work the same way and would be similar efficient

as the inactivation of hATP11C, the activation of the cells would lead to PS

exposure, apoptosis and engulfment by phagocytes. Only if a single regulatory

mechanism just results in the incomplete inactivation of flippase activity, the

survival of the cell can be assured and PS and PE can be translocated back

into the inner leaflet once the Ca2+ level reaches normal concentrations.

6.3. Discussion of a molecular pathomechanism

The assay results showed that the deletion variant of hATP11A, in which the

exon 29a is replaced by exon 29mut, is hypoactive regarding the intake of PS at

the plasma membrane. Since hATP11A is present almost ubiquitously and the

plasma membrane asymmetry is essential throughout the whole body, it has

to be addressed why a heterozygous substantial reduction of hATP11A’s PS

flipping activity can cause hearing loss, but has no visible effect in other organs

and tissues.

Here, findings from other ATPase defects and studies on the role of PS and

other phospholipids in the plasma membrane can be used for a detailed analysis

of possible molecular pathomechanisms.

It has been demonstrated that ATP11C loss does not lead to PS exposure on

the cell surface, while the loss of CDC50A does. The missing flippase activity

probably gets compensated by ATP11A in some tissue [243, 282]. This might

be true the other way round, too. Andersen et al. [2] suggests that some cells
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can compensate with other P4-ATPases while others can’t. The knockout of

ATP8A1 in mice for example has only impact on hippocampal neurons but not

on erythrocytes, where ATP8A2 is believed to compensate for the loss [131].

Knockout mutant mice producing no ATP11C show defects only in erythro-

cytes, hepatocytes and B-cell progenitor cells, which are cell types that do not

express compensating ATP11A [145, 41, 244]. With compensation by ATP11C

a heterozygous hypoactivity of ATP11A might not lead to an altered membrane

composition in most tissues. Though, there is the possibility that this is not

true for the inner ear. Perhaps there is no or less ATP11C in some inner ear

cells to compensate a decreased ATP11A flippase function in general, due to

transient expression patterns during development or due to inactivation in cer-

tain cellular processes. This could lead to locally restricted disturbance of the

usual membrane asymmetry and PS exposure on the cell surface. However, this

is not described yet. It would be needed to check this hypothesis with stainings

of the inner ear. Preferentially cross sections of healthy cells could be compared

to those with the deletion variant of hATP11A, for example in a mouse model.

In the following sections I discuss scenarios in which a lack of compensatory

flippase activity seems plausible and examine cellular processes in which the

diminished hATP11A function could influence the hearing ability.

6.3.1. Cell shape and stability

As described in section 1.1 on anatomy and functioning of the auditory system,

the shape and stability of hair cells and supporter cells is of great importance

for mechanotransduction in the hearing process.

A possible reason for hearing loss could therefore be deformation of the hair cells

due to general stability loss by the potentially altered membrane composition.

In red cell mebrane it was shown that PS in the cytosolic leaflet interacts with

actin filaments to strengthen the cytoskeleton and membrane stability [140].

The influence of the membrane composition on stability is also believed to be the

reason for the BRIC phenotype induced by loss of ATP8B1 function, mentioned

in section 1.5.7 [194]. If for example the stability of hair cell stereocilia is

compromised, they might not withstand the mechanical stress during signal

transduction for long.

Studies also showed that an disturbed phospholipid asymmetry at the plasma

membrane is able to interfere with phosphatidylinositol generation [91, 251],

which itself is important for mechanotransduction and maintainance of stere-

ocilia bundles [74, 98].

In addition, the cell shape can be influenced by the phospholipid composition of
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the plasma membrane. The bilayer couple hypothesis says that a local imbal-

ance of the number of phospholipids in one leaflet of a lipid bilayer compared to

the opposite leaflet will produce an expansion of that leaflet area. In order to

minimise its energy state and to maintain the hydrophobic interaction between

the leaflets, the bilayer has to bend [248]. Several experimental approaches

with phospholipids show this effect on membrane curvature [45]. Focusing on

the role of ATPases in this, mutations in mice Atp11c have been shown to alter

the morphology of erythrocytes [330]. The exogenous expression of hATP10A

in HeLa cells causes elevated PC transport to the cytosolic leaflet, which results

in a strong inward bending of the plasma membrane, subsequent changes in cell

shape, decreased cell size and inhibited focal adhesion [152, 163]. This extended

bending could not be detected for cells expressing the loss of function mutant

hATP10A E203Q or the PS / PE flippase hATP11A [278]. The fact that over-

expression of hATP11A does not lead to extended membrane bending in HeLa

cells has been explained with the limited amount of PS and PE in the exoplasmic

leaflet, which prevents an extreme imbalance of lipid mass between the layers

[278]. Consistently, artificial sequestration of PS in the cytosolic leaflet of HeLa

cells also caused bending and inhibited cell spreading and focal adhesion, so the

previous lack of bending indeed has to be caused by missing overtransport to

the cytosolic leaflet or the additional transport back to the exoplasmic leaflet

[152]. However, in contrast to overexpression, a lowered amount of ATP11A

could effect the cell negatively. For example did the addition of PS to the exo-

plasmic leaflet of erythrocytes induce outward membrane bending, which could

be normalised by translocation to the cytosolic leaflet [245].

At the cytosolic leaflet PS is thought to not only interact with cytoskeletal

proteins, but to be essential for Rac1 [66] and Cdc42 [62] signalling pathways,

which are both important regulators of cell motility and polarity among oth-

ers. Translocating the necessary PS to the exoplasmic leaflet could disturb the

signalling and thus influence the cell shape.

Altered cell shapes of hair cells and supporting cells could have fatal conse-

quences on hearing. The distance between hair cell stereocilia bundels and the

tectorial membrane is delicate and essential for correct signal transduction. Do

hair cells not reach the tectorial membrane due to changed membrane bending,

no action potential can be evoked and the signal gets lost. Additionally most

of the supporting cells have a distinct pillar shape to held the hair cells in their

place. Alterations in their shape might have a similar effect, as the importance

for correctly developed supporting cells was shown in a caspase-deficit mouse

model [279].
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Therefore, the balanced phospholipid transport provided by PS flippases, such

as hATP11A, seems to be essential for the cell shape, mechanical stability and

maintainance by influencing the intensity of membrane curvature [78], interac-

tion with the cytoskeleton, signalling proteins and phosphatidylinositol genera-

tion.

6.3.2. Disturbed endo- and exocytosis

Following studies also display an effect of phospholipid flippase activity on exo-

and endocytosis, consistent with P4-ATPase function in yeast [241] and find-

ings of disturbed intracellular vesicular transport upon loss of endosomal AT-

Pase function, discussed later [340]. The sole presence of PS in the cytosolic

leaflet is not sufficient, but flippase activity for PS or PE is needed to generate

a phospholipid abundance in the cytosolic leaflet in order to enable endocyto-

sis, presumably due to its effect on membrane curvature. The importance of

flippase activity is also emphasised by the finding that in yeast the depletion

of cells of PS through knockout of the PS synthase cho1 does not inhibit endo-

cytosis, while the double knockout of cho1 and cdc50a, needed for the flippase

complex, did [284]. It has often been observed that PS flipping is necessary for

the recuitment of membrane fission and vesicle forming proteins. Examples of

this and other ways in which flippase activity in different cell types affects endo-

cytosis and vesicular trafficking are summarised in a commentary by Panatala

et al. [190]. However, the theory that the flippase complex directly interacts

with components of the vesicle forming machinery, seems to be false. Proteins

of the vesicle forming machinery have been observed to efficiently assemble on

TGN membranes of a yeast drs2 deletion strain, but were not sufficient to

induce membrane bending needed for vesicle budding in the absence of Drs2

[135, 31]. The finding that the incorporation of additional exogenous PS and

PE to the cytosolic leaflet of human K562 cells enhances endocytosis, while the

additional incorporation of phospholipids that stay in the exoplasmic leaflet in-

hibits it, rather support the assumption that these effects are based on changes

in membrane curvature [63].

In dissected organ of Corti, apparently healthy hair cells show PS externalisation

and blebbing at the apical plasma membrane, which did not result in apoptosis,

whereas induced apoptosis resulted in PS exposure on the entire surface of those

cells [251, 250]. The exposure of PS could not be inhibited with adding caspase

inhibitors, nor did the morphology change to apoptotic features, so it can be

assumed that the regional exposure of PS has another reason that inducement

of phagocytosis. Instead PS exposure was further induced in the hair cells with
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increasing the level of Na+ or cAMP. It is believed by Shi et al. [251] that the

elevated level of cAMP, induced by Na+ influx, increases the exocytosis rate or

inhibits flippase activity, resulting in exposed PS, as the regulation of exocytosis

by cAMP has been reported previously [82]. Alternatively they discuss that

elevated Na+ levels could result in an overactive Na+ / Ka+-ATPases, which

diminishes ATP levels needed for PS-ATPase function. Both hypothesis have

in common that due to the high exocytosis rate at the apical membrane of

hair cells and the resulting rapid membrane turnover [246, 81, 80], PS-ATPases

might not keep up against the physiological externalisation [251]. This reported

blebbing, interpreted to be a form of elevated exocytosis as a result of PS

externalisation, fits to the findings on the influence of membrane curvature

on endo- and exocytosis and its connection to PS localisation in the plasma

membrane.

Small changes in membrane curvature through impaired hATP11A function

might be enough to have an influence on hearing through altered endo- and

exocytosis. In healthy cells exo- and endocytosis happens at a much higher

rate in IHCs compared to OHCs [81, 80]. This could indicate why the patients

phenotype represents with AS/AN rather than cochlear hearing loss. Also es-

pecially at the synaptic ribbon of the inner hair cells a well coordinated balance

of exo- and endocytosis is essential. For the fine tuned hearing process the pre-

cise timed and ultra fast release of high rates of glutamate and other synaptic

proteins upon activation is provided there. At the same time, fast clearance of

the release site, as well as compensatory membrane building, vesicular recycling

and vesicle pool replenishment are needed to maintain the process. As described

in section 1.3.2, a problem with this is also the underlying reason for AS/AN

caused by OTOF loss of function [150]. An imbalance at one of those sites might

lead to impaired signal transduction and could subsequently result in slow but

progressive loss of hair cells and spiral ganglion neurons [121, 270, 8, 230]. How-

ever, the process of exo- and endocytosis at the inner hair cells’ apical membrane

and synaptic ribbon is not yet fully understood [191], but it can be presumed

that PS dependent membrane curvature plays a vital role as it seems to do in

other cell types.

6.3.3. Activation of apoptosis

The well regulated inactivation of flippases through caspases, mentioned previ-

ously in section 1.5.7, is important for selective apoptosis. Both ubiquitinously

expressed plasma membrane ATPases ATP11A and ATP11C contain caspase-3

cleavage sites, which are cleaved during apoptosis to inactivate them [242, 243].
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The deactivation alone is not sufficient to continue with apoptosis, when only

the Ca2+dependent TMEM16F scramblase of healthy cells is active. Only the

activation of the additional scramblase Xkr8 by caspase-3 enables further trans-

port of PS to the exoplasmic leaflet. Without counteraction of the deactivated

ATPases, the retention of PS in the cytosolic leaflet can not be maintained and

PS is exposed on the cell surface [277]. The exposed PS now acts as a scaffold

for proteins linking the apoptotic cell to macrophages for subsequent engulf-

ment, the so-called efferocytosis. There are several proteins involved in this

linking and their expression and usage is seemingly tissue specific [162]. One

of them, MFG-E8, contains a RGD motif which can bind to macrophages and

links it to PS via its factor VIII-hologous domains [88]. Another, the TIM4

receptor, is expressed in various resident macrophages and binds to PS via an

IgG domain [288]. Experiments indicate that TIM4 can only recruit apoptotic

cells by binding to exposed PS, but does not induce engulfment. However, it

has been shown that TIM4 strongly enhances the efferocytosis activity medi-

ated by TAM receptors and the homologous glycoproteins Protein S and GAS6

[331, 173, 139]. In macrophages expressing both TIM4 and TAM receptors this

enhancement is necessary to induce efferocytosis at all [331]. The TAM receptor

family consists of the tissue specific expressed receptor kinases TYRO3, AXL

and MERTK [128, 226, 77, 269, 309] and most macrophages expresses one of

them [331]. Protein S and GAS6 bind to the TAM receptors and also recognise

PS in a Ca2+ dependent manner [165, 3] to build a bridge between the apoptotic

cell and the macrophage. Their affinity to PS is much lower compared to that

of TIM4, which suggests that efferocytosis is activated by a combined process

of ’tethering’ (TIM4) and ’tickling’ (TAM) [263] that uses exposed PS as an

anchor.

Based on this role of PS in the induction of efferocytosis it is easy to imagine

disturbed apoptosis through defects in PS flippases at the plasma membrane.

This has been shown for hemizygous male Atp11c -/+ mice that express no

ATP11C. The consequence is a severe deficit of circulating B cells [329, 255].

The reason has been found to be the engulfment of B cell progenitors by bone

marrow macrophages, because they are not able to counterbalance transient PS

exposure [244]. During the B-cell development early B cell progenitor cells loose

the expression of hATP11A and use hATP11C as their only plasma membrane

flippase. Whith this missing, there is no PS flippase activity counteracting the

usually transient exposure of PS performed by scramblase TMEM16F and the

apoptotis inducing PS signal gets mimicked [244]. A similar problem could

be true for hypofunctionality of hATP11A. As described above, hATP11C can
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be transiently inactivated through Ca2+ induced protein kinase C as described

above [282]. With the hATP11A deletion variant hypoactive, the remaining

rest activity of hATP11A might not be enough to balance scramblase activity

during the transient inactivation and an apoptosis like state is induced.

To shed light on why this could be problematic especially in the inner ear it

is worth to notice that in mammals the precise frequency mapping of spiral

ganglion neurons is not present at birth, but rather develops gradually during a

postnatal ripening process [52, 257, 202]. During this process afferent neurons

projecting to the wrong frequency are eliminated by apoptosis [174, 172], while

type I spiral ganglion neurons, which project to both OHCs and IHCs during

the embryonic development [52, 258, 100], are pruned [reviewed in 42]. During

pruning the connection between type I cells and OHCs are eliminated, but

the projections to IHCs remain [202, 71, 258, 322]. The reduction of cochlear

neurons happens prior hearing onset from postnatal day 4 to 6 in rat [229, 205]

and gerbil and coincides with findings of apoptotis. These apoptotic cells are

mainly located at the periphery of the spiral ganglion [53], so they are thought

to project to outer hair cells [14, 22].

There are multiple ways discussed in which neuronal pruning can be induced.

For some cell types caspase induction seems plausible [reviewed in 240]. Re-

cently it has been suggested that a certain threshold of caspase activity divides

between morphogenic pruning and complete cell death by apoptosis [68]. If type

I spiral ganglion cells undergo a similar caspase regulated pruning during their

developmental ripening, it is possible that the hypoactivity of hATP11A in the

patient could shift the threshold of necessary caspase activity. Lower levels of

caspase then are sufficient to inactivate the remaining PS flippases and thus

induce pathogenic apoptosis instead of pruning the type I spiral ganglion to

project only to the IHC.

Similarly, the greater epithelial ridge, supporting cells of the IHCs, are remod-

elled by caspase-3 mediated apoptosis between postnatal day 7 to 13 in mice

[279, 199]. A corresponding process in humans seems likely. Also here the

diminished hATP11A activity in patients could interfere with normal develop-

ment of the inner ear. Pathogenic loss of supporting cells might subsequently

result in degeneration of IHCs and thus to hearing loss.

A second hypothetical way of the induction of pathogenic apoptosis in the pa-

tient could be linked to the sole presence of macrophages and apoptotic factors

in the periphery of spiral ganglion neurons and IHCs during the apoptotic re-

modelling of innervation or supporting cells. If the lowered ATP11A activity in

patients’ type I spiral ganglion cells, IHCs or supporting cells results in PS ex-
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posure through their general or developmental ATPase expression pattern, the

present apoptosis machinery could bind to it and induce pathogenic apoptosis.

A connection between the ripening of the spiral ganglion neurons and hearing

loss has also been proposed by Stapelbroek et al. [265]. In their study with

Atp8b1 deficient mice degeneration of hair cells was only noticeable after post-

natal day 4, the time at which the reduction of cochlear neurons is supposed

to start. Human neuronal connections are remodelled until puberty [107]. De-

spite the developmental cochlear remodelling of gerbil and rat inner ear seem

to reach adult state earlier, it is not specifically known when human cochlear

development is fully completed and if there is additional modification that could

cause apoptosis later in life. Should this development also last until puberty, the

progressing nature of the described hearing loss in hATP11A deletion patients

with onset in the first two decades of life is relatable. Anyhow, also the dimin-

ished signal through less surviving type I neurons innervating to IHCs after one

single initial pruning process or degenerated IHCs though the loss of supporting

cells could lead to slow progressive loss of IHCs. Further progression to more

frequencies and signs of cochlear disfunction could be interpreted as additional

loss of spiral ganglion neurons and supporting cells as a secondary consequence

of hearing loss due to missing input signals for those cells, too [121, 270, 8, 230].

Gasdermin E, another identified deafness gene, highlights the connection of

hearing loss and apoptosis regulation [123, 144]. Different reported mutations

cause the skipping of exon 8 and result in a gain of function for the protein

[179]. It has been shown that this gain of function leads to elevated pyropto-

sis [306, 321], a form of secondary necrosis [249]. This presumably causes the

progressive, symmetrical, non-syndromic sensorineural hearing loss through ab-

normal cell death in the inner ear [40]. Patients develop hearing loss starting

at the high frequencies at an age of 5 to 15 years and progress to middle and

lower frequency loss later in life [179]. This is concordant with the progression

of hearing loss studied in this thesis. However, in contrast to that the speech

perception of patients with Gasdermin E mutations is compromised only slowly.

This indicates that the cells affected by the induced cell death are not inner hair

cells, synapses or auditory nerve cells, but other cells of the inner ear, causing

cochlear dysfunction instead of AS/AN [179]. Why only those cells are affected

is not clear. Nonetheless, this specific non-syndromic phenotype as a result of

a gain of function of an ubiquitinously present protein, suggests that a similar

mechanism caused by partial loss of hATP11A flippase activity could also ter-

minate in a locally isolated phenotype of the inner ear, possibly due to a special

relationship between inner ear cells and apoptosis.
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6.3.4. Neurite degeneration and regeneration

Similar to its involvement in axonal pruning during inner ear development, PS

exposure is associated with developmental neurite degeneration in the context of

tissue homeostasis and prevention of neuroinflammation [316, 235, 161, 231, 253]

The activation of scramblase Xkr8 and the translocase ABC1 during axon de-

generation results in PS exposure of mouse dorsal root ganglion neurons in vitro

[316]. PS exposure on neurites can also be artificially induced through phys-

ical injury, knockout of PS flipping ATP8A and scramblase overexpression in

Drosophila [235]. Scramblase overexpression and CDC50 knockout have also

been associated with neurite shortening, degeneration and in part subsequently

lowered neurite counts in mice [37], without complete cell loss. In contrast,

overexpression of the ATPase and CDC50A resulted in enhanced neurite out-

growth [340, 328]. These results will be analysed more detailed in section 6.4.2

on ATP8A mouse models.

The PS exposure induced upon axon injury does not always have to lead to

degeneration. It has been shown that in C. elegans caspase induced CED-7

floppase based PS exposure after axon injury acts as a signal to enable axonal

reconnection and fusion [99, 170]. On the cell surface TTR-11 binds to integrin

and PS, which activates the integrin to initiate the axon regeneration via the

INA-1 - CED-10 pathway [99]. Although details of the distinction which path-

way is chosen are still unclear, it is interesting to notice that proteins known

for their role in apoptosis, are also able to promote axon regeneration.

It is plausible that an imbalance in the initiating exposure of PS on the axon

surface could disturb the mechanism differentiating between degeneration and

regeneration. An elevated rate of degenerating spiral ganglion axons in the

patients which otherwise would have been regenerated would both explain the

AS/AN phenotype and the progressive behaviour.

6.3.5. Interaction with intracellular and membrane bound

proteins

When PS gets exposed at the plasma membrane, the resulting problem is not

only an abundance in the exoplasmic leaflet, but there also remains insufficient

PS at the cytoplasmic leaflet of the plasma membrane. This PS is important for

the electrostatic properties of the inner leaflet and interaction of the membrane

with many intracellular and membrane bound proteins [reviewed in 129, 264].

The most common ways are penetration of the membrane with hydrophobic

residues, unspecific electrostatic interaction with the negatively charged mem-
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brane, interaction with the PS headgroup through specific PS recognition motifs

or a combination of those. While most of the proteins interacting with PS are

thought to be important for structural purposes, like cytoskeleton and mem-

brane stability, a part of them might also be signalling proteins [264].

The interaction of proteins with the plasma membrane is determined by the pre-

sented composition of phospholipids and often times by the presence of Ca2+ as

a cofactor. This way the interaction can be controlled in intensity and timing

by the amount and moment to which specific phospholipids are transported to

a certain place at the membrane and the activity of Ca2+ channels and trans-

porters [129]. By modulating the phospholipid composition of the inner leaflet,

the electrostatic properties can be used to regulate the activity of interacting

proteins. This mechanism is called the ’electrostatic switch’ [149]. Recently a

related mechanism, the ’flip-flop switch’ was proposed to regulate the activity

of the Ca+ channel PIEZO1 during myotube formation. Ca+ influx was com-

pletely lost in CDC50A deficient mouse myoblasts and significantly diminished

in ATP11A deficient mouse myoblasts. It is thought that PS headgroups ex-

posed at the outer leaflet inhibit PIEZO1 activity and that recovery of PS to

the cytosolic leaflet by ATP11A is essential for activation [295]. While PIEZO1

and also PIEZO2 are not the mechanosensitive channels of hair cells needed for

mechanotransduction and PIEZO2 only plays a role in hair cell development

as well as after tip-link breakage [325], similar switch mechanisms still might

control other protein activity essential for hearing.

Consequently, an altered distribution of PS through diminished ATP11A func-

tion might influence the activity and interaction of the plasma membrane with

intracellular and membrane bound proteins. This could result in a variety of

disturbed pathways. Interaction with the plasma membrane, and also PS in

particular, is associated with a multitude of protein functions and there are

probably many more to uncover. Therefore, without additional information

about cellular changes upon ATP11A reduction or loss of function, it is hardly

possible to speculate on a single pathway that might be causing the sensorineu-

ral hearing loss.

As one example of many possibilities, PS interacts with protein kinase C

[274, 310]. Through the interaction, protein kinase C-β gets activated and acts

as a docking site for other signalling proteins [332]. Also synaptotagmin, a

presynaptic protein that acts as a Ca2+ sensor to regulate exocytosis of neu-

rotransmitters, was found to interact with PS [275, 337]. Both proteins are

associated with pathways that are essential for correct signal transmission and

neuronal function, which could possibly lead to AS/AN.
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6.3.6. Impaired calcium level threshold and transporters

Calcium ion influx is a central part of the signal transduction of IHCs. When

the mechanical signal of a soundwave evokes small changes in the membrane

potential of IHCs, ultimately Ca2+ channels are opened at their active zone

at the synaptic pole. Ca2+ enters the IHC and binds to otoferlin [228, 17].

Otoferlin subsequently interacts with the SNARE complex protein and allows

the fusion of stored synaptic vesicles with the presynaptic membrane. This way

the neurotransmitter VGLUT-3 is exocytosed [212]. At the same time, Ca2+

binds to synaptotagmin-IV in the vesicle membrane and increases its affinity for

presynaptic membrane phospholipids, which accelerates the exocytosis. The re-

leased glutamate activates AMPA receptors of the postsynaptic spiral ganglion

neurons and induces action potentials that are transmitted further to the audi-

tory cortex. The remaining glutamate is then rapidly taken up by transporters

in supporting cells to avoid overstimulation [72].

Recently it has been found that the Ca2+ level of cells regulates the differentia-

tion between cell survival, apoptosis and autophagy [122], like it was previosly

described for the caspase-3 level [68]. This is not surprising, since Ca2+ is in-

volved in caspase-3 regulation [155, 180] and scramblase activation [276]. The

finding indicates that the non-syndromic hearing loss phenotype with its spe-

cific location at the IHCs, synapse or auditory nerve, could stem from Ca2+

levels during activation locally reaching dimensions that are sufficient for tran-

sient hATP11C inactivation and scramblase activation. The consequence would

be the same as described for lowered caspase-3 thresholds. The diminished

hATP11A activity in the patients’ cells could not counteract scramblase activ-

ity during the transient hATP11C inactivation and the normally healthy process

could for example tip to apoptosis inducement, if the PS exposure is not cleared

fast enough.

In hair cells PMCA transporters are present to normalise the intracellular Ca2+

concentration after activation [50, 79, 315]. In rat organ of Corti Atp2b2, coding

for PMCA2, is highly expressed at the OHC stereocilia and to a lower level at

IHC stereocilia tips. Two other PMCAs, PMCA1 and PMCA3 are only present

in IHCs. PMCA3 is mainly located at their cuticular plate, the apical surface

and to some extend at the basolateral plasma membrane, while Atp2b1, coding

for PMCA1, is expressed at the basolateral membrane of IHCs, but not at the

stereocilia [50]. It has been reported that Atp2b2 mutant mice experience early

onset hearing loss due to degeneration of cochlear hair cells [270, 117, 48]. It

has also been found that a disturbed membrane composition, which is clearly

possible with decreased hATP11A activity, could influence the transporting
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efficiency of PMCA Ca2+ transporters [285]. The study was performed with

the protein PMCA4 from erythrocytes. It is suspected, but not proven that

all those Ca2+ transporters react the same to changes of the plasma membrane

composition [285] and it is not clear if they are able to compensate for each

other. Anyhow, if the transporter activity is lowered in a way that enough

Ca2+ is retained in the IHC, signal transduction could be disturbed and the

projecting spiral ganglion neurons might be degenerated. Additionally with

higher Ca2+ levels ATP11C could be inactivated and scramblases activated,

which would cause even more disturbance of the membrane asymmetry and let

the process escalate faster.

6.4. Evidence from P4-ATPase loss of function mouse

models

In order to find direct evidence for the cellular consequences of P4-ATPase loss

of function in general and specifically for auditory cells, mouse models are useful.

There is only a single report on loss of ATP11A itself. A study on placental

defects in embryonic lethal mouse mutants found muscular ventricular septal

defects in Atp11a-/- embryos [201]. There seems to be a certain threshold of

ATP11A activity necessary for development and survival that can not be com-

pensated by other P4-ATPases.

However, based on published phenotypes of other P4-ATPase loss of function

models, assumptions can be made for ATP11A. To hypothesize which of the

discussed possible pathomechanisms is most plausible for the hearing loss phe-

notype through partial hATP11A loss of function, some mouse models already

mentioned in section 1.5.7 ’Diseases related to P4-ATPases’ are examined again

with respect to the findings of this thesis. Two models, ATP8A2 and ATP8B1

loss of function and knockout, are associated with sensorineural hearing loss

[37, 265], while ATP11C loss of function models are interesting in regard of

protein homology, expression pattern and localisation [256, 329, 256, 255, 5].

6.4.1. ATP8B1 loss of function

ATP8B1 is a PS and PC specific phospholipid flippase localised to the plasma

membrane [252]. Reduced and complete loss of function is known to result in

a spectrum of liver diseases, with the gravity depending on the degree of loss

of function. Patients with a more severe phenotype also develop extrahepatic

symptoms, one of those being sensorineural hearing loss [265, 182].

Among other tissues, ATP8B1 is expressed in the stereocilia of hair cells, while
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there is no ATP8B1 at the spiral ganglion neurons or supporting cells [265].

For human patients the onset of hearing loss is in the first two decades of life,

like it is for patients with hATP8A2 or hATP11A mutations. In the loss of

function mouse model [265] first deficits are noticable on cellular level at P16

and progress until 6 month of age. The measurements and latencies of the ABR

testing revealed no retrocochlear origin. Also the TEOAE was normal, so the

defect is indicated to be on OHC level.

Indeed, cellular degeneration starts at the basal OHC stereocilia. Subsequently

the OHCs are completely lost and the surrounding supporting cells degenerate

as a secondary consequence. Later the OHCs’ spiral ganglion cells degenerate,

probably as a consequence of missing input signals. From there on the cell

loss progresses to IHCs and all spiral ganglion cells. No analysis were made

of the apoptosis level, PS exposure or vesicle trafficking, so all of the theories

mentioned above could be relevant. Concordant with those theories, Stapel-

broek et al. [265] hypothesise that the altered membrane composition could

result in mechanical instability of the stereocilia. This would have the conse-

quence that they could not stand the constant mechanical stress at the tectorial

membrane. Other hypothesis are the inhibition of Ca2+ transporters and a dis-

turbed PI generation through PS asymmetry, which itself inhibits maintenance

and mechanotransduction.

The findings from the ATP8B1 loss of function mouse model give only little

inside that is portable to ATP11A loss of function. While the onset of hearing

loss and the progressing phenotype is fitting, the problem is based on OHC

loss instead of IHC or spiral ganglion loss. The reason for that might be a

different expression of ATP8B1 and ATP11A in the inner ear, whith ATP8B1

hypothetically beeing expressed at the OHCs’ stereocilia and ATP11A at the

IHC stereocilia. Anyhow, the specific pathomechanism could not be determined

further.

6.4.2. ATP8A2 and ATP8A1 loss of function

ATP8A2 is a PS and PE specific phospholipid flippase expressed at the plasma

membrane, but also at the TGN and in late and recycling endosomes [252].

Loss of ATP8A2 function has been reported to cause cerebellar ataxia, mental

retardation and dysequilibrium syndrome, but is also associated with loss of

sight and hearing [178]. In mice it was shown to be expressed in brain, spiral

cord, testis and photoreceptors of the retina [28, 36, 340, 37]. It probably is also

expressed in the inner ear, but there is no proving data yet. In an Atp8a2 knock-

out mouse line and the wl/wl mouse line, which has ATP8A2 loss of function
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due to a deletion in exon 22 [340], the onset for ataxia and neurodegeneration

is at about P12 [37]. Degeneration at the eye could be observed only after day

14 when Atp8a2 is first expressed in that tissue. The degeneration manifests

with shortened outer segments of the photoreceptor, but with overall normal

structure. The outer segments of photoreceptors have a high turnover, in which

the tip is phagocytosed and new membrane is added constantly to maintain

the length [126, 273]. Due to that high turnover there is no pronounced phos-

pholipid asymmetry at the plasma membrane [94]. Experiments revealed that

phagocytosis at the outer segment was normal, no PS was exposed on the sur-

face and the PS content of the membrane was overall decreased [37, 340]. It is

assumed that this stems from defects in vesicle trafficking from the Golgi to the

inner segment of the photoreceptor, caused by loss of ATP8A2 function in the

TGN and the endosomes. This results in inefficient disc morphogenesis neces-

sary to maintain the correct outer segment length. Subsequent photoreceptor

degeneration is a secondary consequence of outer segment defects, as was re-

ported previously [92, 101]. The hypothesis of disturbed transport is supported

by findings in regard to axon degeneration causing other pathologies of the

ATP8A2 loss of function phenotype. In mice the degeneration of axons upon

ATP8A2 loss of function happens without cell loss, elevated caspase activity or

apoptosis, but decreased axonal transport of phosphorylated neurofilament was

found and proclaimed to be the reason of degeneration [340]. It was also found

that while the overexpression of ATP8A2 and CDC50A resulted in enhanced

NGF-induced neurite outgrowth, reduction of CDC50A activity through RNA

interference reduced neurite outgrowth in PC12 cells. The same was true for

rat hippocampal neurons. The enhanced outgrowth represented with longer,

but not more neurites [328].

With respect to the hearing loss phenotype the Atp8a2 mouse models showed

a disturbed startle reflex and an elevated ABR threshold. The inner and outer

hair cells were intact, but spiral ganglion neuron loss was observed, in corcor-

dance with the ABR findings [37]. However, it is not clear if transport defects

are also the reason for the spiral ganglion cell loss. PS exposure was not analyzed

for the inner ear cell membranes, where there is a phospholipid asymmetry un-

der normal circumstances. Levano [131] reported PS exposure in hippocampal

neurons, even so there was no abnormal morphology or apoptosis in ATP8A1

deficient mice with delayed hippocampus dependent learning. Transferred from

the homology of ATP8A1 and ATP8A2, PS exposure is likely to also happen in

similar tissues with membrane asymmetry upon ATP8A2 loss of function.

Since it is not the hair cells that degenerate, which would be the photoreceptor
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corresponding cell type in the ear, but the spiral ganglion cells, it is feasible to

think of an alternative mechanism. For ATP8A1 deficient hippocampal neurons

changes in morphology and apoptosis were already ruled out, so other conse-

quences of an altered phospholipid composition are also a possible explanation

for spiral ganglion neuron degeneration. Suitable seems to be the hypothesis of

an imbalance in endo- and exocytosis at the ribbon synapse of otherwise healthy

looking inner hair cells, disturbed signal transmission and subsequently a loss

in spiral ganglion neurons.

While the imbalance of endo- and exocytosis at the ribbon synapse is a valid

possibility also for ATP11A hypofunctionality, a direct involvement in intracel-

lular vesicular trafficking is rather unlikely, since ATP11A is not expressed at

the TGN or endosomes [252]. At the same time, the finding that PS exposure in

hippocampal neurons does not result in apoptosis indicates that induced apop-

tosis of spiral ganglion neurons is most likely also not the reason for hearing loss

in the patients. For loss of ATP8A1 mice hippocampal neuron morphology re-

mained healthy as well as hair cell morphology in ATP8A2 deficient mice. This

lets draw the conclusion that changes in cell shape of hair cells, supporting cells

or spiral ganglion neurons are also in ATP11A hypofunctionality not the reason

for hearing loss. However, the expression pattern and intracellular localisation

of ATP11A and ATP8A1 /ATP8A2 differ, so there also can be differences in

the effects on cellular function [252].

6.4.3. ATP11C loss of function

Since ATP11C has the highest sequence similarity to ATP11A of all the P4-

ATPases, transports the same substrates and is also located at the plasma

membrane [252], it is very interesting to look at studies of the several available

ATP11C loss of function mouse models, even when there is no hearing loss

involved.

The ambrosius mouse strain and the 18NIH30a strain harbor splice site mu-

tations in intron 27 and 26 respectively, resulting in shortened proteins [329].

In the emptyhive strain, mice have a stop mutation at position Q655Ter in

Atp11c, so about half of the protein sequence is missing [256]. The spelling

strain contains a missense mutation in exon 12 [255]. All those proteins seem

to be inactive.

The gene coding for ATP11C is located on the X chromosome, so while male

mice are hemizygous, heterozygous female mice carry a mutation that is either

expressed or suppressed depending on random X inactivation in each cell.

Homozygous female and hemizygous male mice with the ambrosius Atp11c loss
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of function mutation develop a B cell deficiency syndrome, whereas heterozygous

female mice present no noticeable phenotype. The affected pro-B cells exhibit

a lower PS translocation to the inner leaflet of the plasma membrane, with rest

flippase activity probably provided by other PS flippases in the membrane. Also

the amounts of pro-B cells and B cells were reduced. Those numbers where not

affected by supressing apoptosis, so the reason for cell loss is not the induction

of apoptosis through PS exposure. Instead ATP11C seems to be important for

the differentiation of B lymphocytes from the pro-B cell stage onwards. Pro-B

cells and pre-B cells were unresponsive to artificially induced differentiation with

IL-7, a regulatory hematopoietic growth factor for B-lymphocyte development

[329].

While some abnormalities like hepatocellular carcinoma and anemia only oc-

curred in the ambrosius strain [329] and an enlarged gall bladder or death of

dystocia in homozygous female mice was only reported for the emptyhive and

spelling mouse strains, B cell deficiency and hyperbilirubinemia were found in

all ATP11C loss of function mouse models regardless of the mutation and were

further explored in following studies [256, 255].

In emptyhive and spelling strains, the B cell deficiency could be demonstrated

to arise from failure in B cell development at the adult stage [255]. In the

fetal liver of mutant mice B cells could still be generated, but in the adult bone

marrow differentiation stopped at pro-B cell stadium. On those undifferentiated

bone marrow lymphocytes no PS exposure was detected. As in the ambrosius

model, again blocking of apoptosis did not result in a higher B cell count, so the

development is stagnating independent from apoptosis. It suggests itself that

ATP11C could be involved in signalling pathways that are important for adult,

but not fetal B cell development, like IL-7 and IL-7R signalling. Anyhow, those

also interfere with T cell development and Igll1 expression, while ATP11C loss

of function does not [255]. Since B cell progenitors of the ambrosius mouse

model did not respond to stimulation with IL-7 [329], the interference with

only B cell differentiation could still be a valid explanation, if ATP11C is only

involved in some downstream branches of IL-7 and IL-7R signalling or there is

a transient downregulation of IL-7 and IL-7R activity during which ATP11C

is essential for compensation [255]. For example, similarly to IL-7, ATP11C

could be important for sustaining the expression of Ebf1, which is involved in

the regulation of early B cell development [26].

Bypassing intermediate stages of B cell development through additional ex-

pression of the signalling factor BCR partially corrected B cell deficiency, so

ATP11C also could be involved in an earlier stage of that pathway [255].
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6.4. Evidence from P4-ATPase loss of function mouse models

However, a pathomechanism based on disturbed PI asymmetry in the plasma

membrane [70] as suspected by Stapelbroek et al. [265] for ATP8B1 is unlikely in

this case. Experimentally enhanced and decreased PI availability did not change

the phenotype, so neither direct modification of PI asymmetry by transport

through ATP11C nor indirect modification through influence on PI generation

are plausible causes for stagnant B cell development [255].

Hyperbilirubinemia was also studied in detail in the context of the emptyhive

and spelling mouse models [256]. It was found that the liver function and

histology of affected mice showed only minor pathology and that the hyper-

bilirubinemia stems from effects on nonhematopoietic cells. When fed with a

cholic acid enriched diet, the cholic acid was elevated in the serum and be-

came toxic. It seems ATP11C has a function in preventing colestasis, as Atp11c

mutant mice develop mild cholestasis similar to other PFIC and BRIC mouse

models, that can be changed to a more severe development with inducing diets

[320]. However, their hyperbilirubinemia declines progressively with age. The

reason for this is still unclear. It might be caused by behavioral differences in

young and ageing mice or with substrate competition of ATP11C, resulting in

increased dependence on ATP11C activity in younger mice [256]. Hypothesis

on the underlying causes for the hyperbilirubinemia are related to findings for

ATP8B1 loss of function. The canalicular membrane asymmetry is known to

be important for the formation of bile [260] and the structural stability to with-

stand the detergent effects of bile [194], so loss of ATP11C function could have

the same effect as loss of ATP8B1, since both flip PS at the plasma membrane.

Also the noted involvement of P4-ATPases in vesicular trafficking is taken into

account, as ATP11C might mediate trafficking of other canalicular transporters

as well [256].

Investigation of the anemic phenotype of ambrosius ATP11C loss of function

mice showed an opposing pathology for erythrocytes compared to lymphocytes

[330]. Erythrocyte development was normal, but the shape was altered and

the lifespan shortened, resulting in anemia in hemizygous male and homozy-

gous female mice. In the early developmental stages a significantly slower PS

intake was shown for Atp11c mutant cells compared to WT erythrocytes. Since

in healthy WT erythrocytes PS internalisation reduces with cell maturity, the

differences declined progressively. Nevertheless, while WT cells showed no PS

externalisation, the amount of mutant cells showing externalisation increased

with cell age. Based on the bilayer couple hypothesis [248] mentioned above, the

stomatocytotic cell shape could be caused by the altered phospholipid asym-

metry of the plasma membrane. Other possible reasons are the misregulation
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of sterol absorption and excretion or disturbed interaction with cytoskeletal

proteins and the membrane.

Recently a single human male patient with a hATP11C loss of function mu-

tation has been reported [5]. The patient has hemolytic anemia with normal

shaped erythrocytes. The mutation site T418 is located near the phosphory-

lation site D412, the equivalent of D414 in hATP11A, which is important for

interaction with CDC50A. This leads to a 10 fold decreased PS intake in ma-

ture erythrocytes compared to control. It is unclear whether the remaining PS

flippase activity stems from ATP11C itself or from other flippases present at the

plasma membrane. Activity measurements of the mother’s erythrocytes exhib-

ited two populations, one with normal and one with decreased intake, reflecting

on random X-chromosome inactivation.

Regardless of the minimal PS internalisation, PS was retained in the cytoplas-

mic leaflet of the plasma membrane nevertheless. Only senescent cells near the

end of their life cycle, which have Ca2+ induced scramblase activity, show PS

externalisation. This indicates that it can not be externalised without addi-

tional scramblase activation, even without efficient flippase activity. However,

the percentage of PS exposing cells among the senescent erythrocytes was higher

in the patient compared to control and the heterozygous mother. Erythrocytes

of the patient and WT cells with induced scramblase activation exposed PS to

a similar extent, so PS retention to the cytoplasic leaflet is most likely regu-

lated by scramblase activity rather than ATP11C activity, although ATP11C

loss of function seems to facilitate PS exposure upon scramblase activation in

erythrocytes [5].

There are some differences in the anemic ATP11C loss of function phenotype

between mice and the human patient. In mice erythrocytes develop stomatocy-

tosis, while the patient’s cell maintain a biconcave shape. While the patient’s

erythrocytes have a 10 fold decreased PS intake, but only expose PS at the end

of their lifespan, mice erythrocytes expose PS early on, but only show reduced

PS internalisation in early developmental stages. Both mutations should re-

sult in loss of ATP11C function, so the differences probably are caused by the

compensation by other PS flippases. In mice only Atp11c mRNA was found in

erythroblasts, so in the early stages there probably is no compensatory flippase

activity left, which results in PS exposure and an abnormal shape. In human

erythrocytes hATP11A and hATP11C are expressed at similar levels, so a loss

of hATP11C function does not leave the cell without any PS flippase activity

to maintain shape and PS retention to the cytoplasmic leaflet, regardless of the

diminished PS intake.
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The ruling out of apoptosis as a reason for B cell deficiency and anemia in the

ATP11C loss of function mutant mice indicates again that apoptosis might not

be directly involved in producing the hearing loss phenotype of patients with an

ATP11A mutation. The studies on ATP11C loss also showed that PS exposure

on the plasma membrane is not present in every cell type, despite deminished

PS intake. Arashiki et al. [5] suspects scramblases to be the regulating instance

of PS retention in human erythrocytes. This, however, does not have to be

the same for other cell types. ATP11A mutant cells from types with higher

membrane turn over or a high amount of endocytosis could possibly have not

enough PS flippase activity left to internalise the PS added to the outer leaflet

that way, especially when missing a compensatory flippase.

6.4.4. Conclusions for ATP11A

Taken together the studies on P4-ATPase loss of function mouse models and

human patients make some pathomechanisms more likely than others.

The PS exposure on the plasma membrane of cells with diminished PS flippase

activity is highly dependent on the cell type and P4-ATPase expression pattern.

While in Atp8a2 deficient mice photoreceptors show no sign of PS exposure, but

the PS content of the membrane is overall diminished [37, 340], hippocampal

neurons of Atp8a1 deficient mice expose PS [131]. Mice erythrocytes lacking

ATP11C activity expose more and more PS while aging, [330] and in contrast

human erythrocytes display PS externalisation only in senescent cells at the end

of their lifespan [5]. As suspected above, cells with high membrane turn over

and an immense rate of endo- and exocytosis, like it happens at the synaptic

ribbon of hair cells, might not compete with the natural addition of PS at

the outer leaflet of the plasma membrane and fail to internalise it, if the PS

flippase activity is decreased through partial loss of function. In particular this

could be true for cell types specialised on the expression of a single PS flipping

P4-ATPase.

The involvement of apoptosis as a direct consequence of missing flippase ac-

tivity and the exposure of PS on the cell surface was ruled out in many cases

[340, 131, 329, 255]. It is reasonable to hypothesize that also for a substan-

tial heterozygous reduction of ATP11A function direct induction of apoptosis is

not the reason for hearing loss. Nevertheless, elevated apoptosis during devel-

opmental stages of the organ of Corti, axon degeneration or degeneration and

subsequent engulfment of inner ear cells as a secondary consequence of another

pathomechanism are still valid theories.

One of those other pathomechanisms that is supported by the loss of function
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studies is a diminished mechanical stability [265, 194, 330]. High sheer stress,

like bending of hair cell stereocilia at the tectorial membrane, could lead to

damaged and degenerated cells that are subsequently lost by apoptosis as a

secondary consequence. This would fit the progressive character of the patients’

hearing loss better than apoptosis during developmental stages of the organ of

Corti, even though the initial loss of only a few cells through elevated apoptosis

could lead to a disturbed signal transmission to spiral ganglion neurons and

further cell loss later in life.

The theory of a disturbed generation of PI through the altered asymmetry of

the plasma membrane as a reason for failing maintenance and mechanotransduc-

tion in hair cells, as proposed for ATP8B1 loss of function [265], seems unlikely,

since PI levels did not influence the anemia phenotype in ATP11C loss of func-

tion [255]. A diminished Ca2+ transporter activity, which was hypothesized by

Stapelbroek et al. [265] was not examined in any of the studies. However, a

comparable involvement in intra- and intercellular signalling pathways, possi-

bly via altered protein interaction with the membrane [264, 129] or vesicular

trafficking are thought to be potential explanations for many P4-ATPase loss of

function phenotypes, like stagnant B cell differentiation and axon degeneration

through disturbed axonal transport [329, 340]. A similar mechanism could very

well be present in ATP11A hypofunctional cells, too.

Altered asymmetry and amounts of phospholipids in the inner and outer leaflet

of the plasma membrane could also influence the cell shape as described in the

bilayer couple hypothesis [248]. Upon ATP8A1 loss of function hair cells and

hippocampal neurons exhibit a normal morphology [131]. Anyhow, this does

not directly indicate a similar morphology upon ATP11A hypoactivity, since

ATP8A1 is also located in endosomes [252] and might not be the main PS

flippase at the plasma membrane of cells in the inner ear.

A difference worth mentioning is that heterozygous loss of ATP8A1, ATP8A2,

ATP8B1 and ATP11C is most often not sufficient for a disease phenotype, ex-

cept for some mild cases of cholestasis caused by heterozygous mutations in

ATP8B1 [47, 103]. Generally, there seems to be enough flippase activity left,

probably also via compensation through each other. Only loss of both ATP8A1

and ATP8A2 is lethal in mice [131]. For hATP11A already a heterozygous

hypoactivity of PS flippase function is resulting in a hearing loss phenotype.

This could be explained by the expression pattern of P4-ATPases in the tissue.

Most cell types express a variety of P4-ATPases, so a heterozygous loss of one

of them does not result in a major disturbance of PS transport [243, 317]. The

exact ratio of expressed P4-ATPases in the ear has not been examined so far.
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6.4. Evidence from P4-ATPase loss of function mouse models

However, the outstandingly high preferential expression of ATP11A with over

80% in the kidney [317] indicates that the same is true for the inner ear. The

early embryogenesis of the innear ear and the kidney are based on the same

transcription factors and gene expression patters from mesodermal induction.

This results in many structural and functional similarities between the tissues.

Through disease studies a lot of genes have been identified that play an im-

portant role in both ear and renal function [reviewed in 102, 293], so ATP11A

could be one of them, despite a renal phenotype was only described for patient

9 (11 years old), which has chronic renal failure with hypertension besides a fre-

quently relapsing nephrotic syndrome. With preferential expression of ATP11A

there potentially would be not sufficient compensatory ATPase function with

hATP11A hypofunctionality in some or even all inner ear cells.
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A family presented with autosomal dominant inherited non-syndromic sen-

sorineural hearing loss, which was clinically further classified as an auditory

synaptopathy / auditory neuropathy. No linkage to the known AUNA1 lo-

cus was found, but another common haplotype at a locus subsequently called

AUNA2 was identified [124]. Whole genome sequencing revealed that all pa-

tients carried a 5,500 bp deletion in the gene ATP11A located within the linkage

region. Within this thesis the identified mutation was shown to result in aber-

rant splicing of the last coding exon of both ATP11A isoforms. Instead of the

highly conserved exon 29a of isoform 1 or exon 29b of isoform 2, a novel exon

29mut was created as shown by comprehensive mRNA analyses. The novel exon

begins at an alternative splice acceptor site 171 bp downstream of the deletion

in the 3’ UTR of ATP11A and ends with a stop codon after 114 bp. This

deletion variant of ATP11A was shown to be expressed on mRNA level in the

patient, while the level of isoform 1 and 2 are reduced. Similar to the wild type

hATP11A isoform 1, studies in HEK293 cells overexpressing the deletion vari-

ant revealed its localisation at the plasma membrane when coexpressed with

hCDC50A. After establishing a flippase activity assay, I could show that the

activity for PS transport of the deletion variant was severely diminished and

showed comparable levels to known loss of function controls and the mock vec-

tor. Despite the data not being significant, the activity of the mutant deletion

variant seems not to be lost completely. The fluorescence intensity presents

slightly above that of the known loss of function variant E186Q or the mock

vector. This matches the predicted loss of function intolerance of hATP11A

by the Genome Aggregation Database, according to which even a heterozygous

complete loss of function can be assumed to be lethal.

Isoform 1 seems to be the only physiologically important isoform of hATP11A.

Human ATP11A isoform 2 seems to be an evolutionary remnant, as exon 29b is

not only less conserved and isoform 2 hardly expressed in human blood cDNA,

but also my experimental data indicates a low PS flippase activity of this splice

variant. The results for the translocation capability of the different hATP11A

variants for PE were not fully conclusive. The experiment needs to be redone

with a larger sample size and longer incubation time between sampling, to
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investigate also the slower incorporation of PE into the cytoplasmic leaflet.

However, the results of the earlier samples show similar fluorescence levels for

the hATP11A isoform 1 and the deletion variant. This further supports the

hypothesis of an incomplete loss of function and indicates that the cellular level

of incorporated PE is not as severely affected by the patient’s mutation as the

level of PS, probably caused by the lower affinity of hATP11A for PE and the

resulting lower translocation in general.

However, in the assay a highly elevated PS and PE transport activity of a

hATP11A variant ending after exon 28 showed that the diminished activity

is not caused by the loss of exon 29a, but by the creation of the alternative

exon 29mut. Comparisons with the C-terminal regulatory mechanism of other

P4-ATPases and insights from recent studies in P4-ATPase mechanics indicate

that the aberrant splicing disturbs the normal regulation of hATP11A activity.

The C-terminus fills a groove between the N-domain and the A- and P-domain,

that stabilises the conformational state. Depending on the ATPase this results

either in inhibition or enabling of ATP binding and phosphorylation of the

P-domain.

The simplest interpretation of my data suggests that the inhibitory properties of

the hATP11A cytoplasmic C-terminal region purely depend on its length. The

41 amino acid terminus of the WT minimally interacts with the catalytic core

and only dampens the flippase activity to some extend, whereas the elongated

54 amino acid terminus of the hATP11A deletion variant interacts more firmly

and prevents phospholipid translocation to a higher degree. In contrast, the

deletion of exon 29a without substitution results in an only 16 amino acid short

C-terminal sequence, which can not interact with the catalytic core. Therefore,

the activity of this variant is even higher than that of the WT.

Another possible model mechanism would be similar to that of yeast Drs2p

flippase, where the C-terminus has an autoinhibitory function that can be in-

terrupted by interaction with PI4P. Upon binding, a helix switch turns, the

C-terminus disengages and the catalytic cycle is activated. For hATP11A a

model like this could likewise explain the activity changes in both the deletion

variant and the variant ending after exon 28. Like before, without any exon 29

the C-terminus is not long enough to fill the groove and stabilise the inactive

conformation and the protein is permanently active. Exon 29mut elongates the

C-terminus enough for interaction with the other domains and inactivation of

the catalytic cycle. Though, with a potential equivalent sequence of the helix

switch, located in exon 29a, missing, the C-terminus can not disengage and the

flippase remains deactivated.
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The first theorised mechanism would better support the suggested hypoactivity

of the mutant protein, while the second better matches to a complete loss of

flippase function. Insights in the mechanism of hATP11A phospholipid flipping

through investigation of the crystal structure could clarify those hypothesis.

Also mutation studies looking for a helix switch or an interaction site at which

the autoinhibition can be regulated and checking whether other C-terminal

sequence length have an inactivating effect would shed further light on the

detailed mechanics of hATP11A regulation.

The multitude of P4-ATPases with their different expression patterns, cellular

localisation and regulatory mechanisms makes it possible to adjust the flippase

activity and the processes depending on it to the needs of each tissue, cell type

and developmental stage. Nevertheless, some of them have overlapping function

and when expressed in the same cell they can compensate for each other.This

delicate combination of role allocation and cooperation makes the reduced or

lost function of a single P4-ATPase not lethal. Despite the ubiquitous expression

of low levels of most P4-ATPases most tissues are not affected, either because

they do not use that ATPase as their main flippase for a specific function or

the loss can be compensated by another one that is also expressed. However,

if the defect P4-ATPase is essential for the cell type, several pathomechanisms

depending on the specific role can emerge.

Human ATP11A translocates PS and PE from the exoplasmic to the cytoplas-

mic leaflet of the plasma membrane and is expressed in most tissues to some

extend, but not necessarily as the main PS transporting flippase, while in the

kidney it was found to act almost as a solo PS flippase. High similarities be-

tween the kidney and inner ear development during early embryogenesis and

subsequent resemblance in structure and functionality indicate a similar ex-

pression pattern for P4-ATPases, too. This may explain sensorineural hearing

loss deriving from the hATP11A hypoactivity in the patients. Possibly the in-

ner ear cells are even more dependent on hATP11A compared to renal cells.

That would justify the lack of a renal phenotype in all of the affected patients

except patient 9 and indicate why even a heterozygous reduction of hATP11A

function is sufficient to cause hearing loss, while other P4-ATPase related dis-

eases are only caused by homozygous or hemizygous mutations most of the

time. A proteomic analysis of the expressed P4-ATPases and the relative ex-

pression pattern through the developmental stages of inner ear cells, as well as

knowledge about the specific phospholipid composition and distribution of their

plasma membrane would be useful for more accurate hypothesis and targeted

experiments.
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The cell dependent fine tuning of flippase activity can also be estimated by the

differing extent of PS exposure on the cell surface in cells deficient of a P4-

ATPase. While some cells types only show diminished flippase activity, but no

major changes in the phospholipid asymmetry of the plasma membrane, other

cell types are more prone to expose PS at certain developmental stages or even

accumulate PS in the exoplasmic leaflet all the time. Those differences become

not only obvious between different cell types, but also between species with

variation in the P4-ATPase expression pattern. Therefore, deduction from other

ATPases, cell types or model organisms, might not be accurate to speculate on

the effect that partial loss of hATP11A activity has on PS exposure of auditory

cells.

In any case, there are findings that exposure of PS in neurons and at the apical

site of hair cells did not lead to apoptosis. Moreover, studies of different PS

flipping P4-ATPases conclusively show that suppression of apoptosis in flippase

deficient cells did not alter any phenotype. Hence it can be assumed that the

direct induction of apoptosis does not cause the progressive hearing loss.

Also the interference with intracellular transport, as proposed for the ATP8A1

and ATP8A2 loss of function phenotype, does not seem to be the reason for

hATP11A based hearing loss, since ATP11A WT and the mutant variant do

not localise to endosomes and the TGN in the presence of CDC50A, as shown

with the ICC stainings. Thus, a direct involvement in intracellular transport is

unlikely.

Nevertheless, an altered PS distribution in the plasma membrane could influence

the balance between axon degeneration and regeneration or endo- and exocy-

tosis , as well as the functionality of Ca2+ transporters and the cell shape and

stability. In addition PS is also thought to interact with other cytoplasmic and

membrane bound proteins involved with signalling in the cytoplasmic leaflet.

This opens a broad field of possible ways in which normal cellular function and

thus hearing could be disturbed.

In order to identify which of the discussed pathomechanism causes the progres-

sive AS/AN of the patients, an in vivo model, for example a mouse model, may

be applied. The most obvious question to adress is the PS distribution across

the membrane, which may be answered by comprehensive annexin V staining

of inner ear cross sections of WT and ATP11A deficient mice. Comparative

cross sections at multiple ages can furthermore be used for a general inspection

of morphological differences and cell loss of inner ear cells. This could help to

define the start of a possible degeneration, pinpoint to the cells that are initially

affected and characterise the progressive development.
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Although further research of the molecular and cellular consequences and the

discussed pathomechanism of diminished hATP11A function in the human inner

ear is needed, this thesis was able to characterise a pathological splice variant of

hATP11A caused by a 5,500 bp deletion in a family with sensorineural hearing

loss and demonstrate its hypoactive PS flippase function. In addition it was

possible to gather some insights on the regulatory mechanism that is suspected

to give rise to the reduction of flippase activity through comparison with another

C-terminally truncated variant.

Determination of the primarily affected cells and the progression of this spe-

cific hearing loss phenotype would lead to a better understanding of this novel

pathomechanism. With the identification of the role of hATP11A in auditory

function, further awareness of the general molecular mechanism of hearing will

be achieved. The examination of a specific genetic defect in a family with

AS/AN results in basic insights in inner ear physiology. Detailed knowledge of

the different factors that are involved in hearing will be implemented in devel-

oping more personalised medical and social treatment of patients with AS/AN

in the future.
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Appendix

A. Sequences for hATP11A deletion variant

A.1. DNA sequence of hATP11A exon 29mut

GAAAGCACCACCAACGCTGGAGGAGGAGCCGGCCCTCACGCCCGCCCCGCGCCACGCTGT

GGAACGGGGCTCCGGCAAGTGAAACCCAGAGGGTGTTTCCGAGGTGCTCGACAGTAG

A.2. Amino acid sequence of hATP11A deletion variant

MDCSLVRTLVHRYCAGEENWVDSRTIYVGHREPPPGAEAYIPQRYPDNRIVSSKYTFWNF

IPKNLFEQFRRVANFYFLIIFLVQLIIDTPTSPVTSGLPLFFVITVTAIKQGYEDWLRHK

ADNAMNQCPVHFIQHGKLVRKQSRKLRVGDIVMVKEDETFPCDLIFLSSNRGDGTCHVTT

ASLDGESSHKTHYAVQDTKGFHTEEDIGGLHATIECEQPQPDLYKFVGRINVYSDLNDPV

VRPLGSENLLLRGATLKNTEKIFGVAIYTGMETKMALNYQSKSQKRSAVEKSMNAFLIVY

LCILISKALINTVLKYVWQSEPFRDEPWYNQKTESERQRNLFLKAFTDFLAFMVLFNYII

PVSMYVTVEMQKFLGSYFITWDEDMFDEETGEGPLVNTSDLNEELGQVEYIFTNKTGTLT

ENNMEFKECCIEGHVYVPHVICNGQVLPESSGIDMIDSSPSVNGREREELFFRALCLCHT

VQVKDDDSVDGPRKSPDGGKSCVYISSSPDEVALVEGVQRLGFTYLRLKDNYMEILNREN

HIERFELLEILSFDSVRRRMSVIVKSATGEIYLFCKGADSSIFPRVIEGKVDQIRARVER

NAVEGLRTLCVAYKRLIQEEYEGICKLLQAAKVALQDREKKLAEAYEQIEKDLTLLGATA

VEDRLQEKAADTIEALQKAGIKVWVLTGDKMETAAATCYACKLFRRNTQLLELTTKRIEE

QSLHDVLFELSKTVLRHSGSLTRDNLSGLSADMQDYGLIIDGAALSLIMKPREDGSSGNY

RELFLEICRSCSAVLCCRMAPLQKAQIVKLIKFSKEHPITLAIGDGANDVSMILEAHVGI

GVIGKEGRQAARNSDYAIPKFKHLKKMLLVHGHFYYIRISELVQYFFYKNVCFIFPQFLY

QFFCGFSQQTLYDTAYLTLYNISFTSLPILLYSLMEQHVGIDVLKRDPTLYRDVAKNALL

RWRVFIYWTLLGLFDALVFFFGAYFVFENTTVTSNGQIFGNWTFGTLVFTVMVFTVTLKL

ALDTHYWTWINHFVIWGSLLFYVVFSLLWGGVIWPFLNYQRMYYVFIQMLSSGPAWLAIV

LLVTISLLPDVLKKVLCRQLWPTATERVQESTTNAGGGAGPHARPAPRCGTGLRQVKPRG

CFRGARQ
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Appendix

B. gBlock Gene Fragments for cloning

B.1. gBlock Gene Fragment for hATP11A isoform 2

AAGATGGAGACGGCCGCGGCCACGTGCTACGCCTGCAAGCTCTTCCGCAGGAACACGCAG

CTGCTGGAGCTGACCACCAAGAGGATCGAGGAGCAGAGCCTGCACGACGTCCTGTTCGAG

CTGAGCAAGACGGTCCTGCGCCACAGCGGGAGCCTGACCAGAGACAACCTGTCCGGACTT

TCAGCAGATATGCAGGACTACGGTTTAATTATCGACGGAGCTGCACTGTCTCTGATAATG

AAGCCTCGAGAAGACGGGAGTTCCGGCAACTACAGGGAGCTCTTCCTGGAAATCTGCCGG

AGCTGCAGCGCGGTGCTCTGCTGCCGCATGGCGCCCTTGCAGAAGGCTCAGATTGTTAAA

TTAATCAAATTTTCAAAAGAGCACCCAATCACGTTAGCAATTGGCGATGGTGCAAATGAT

GTCAGCATGATTCTGGAAGCGCACGTGGGCATAGGTGTCATCGGCAAGGAAGGCCGCCAG

GCTGCCAGGAACAGCGACTATGCAATCCCAAAGTTTAAGCATTTGAAGAAGATGCTGCTT

GTTCACGGGCATTTTTATTACATTAGGATCTCTGAGCTCGTGCAGTACTTCTTCTATAAG

AACGTCTGCTTCATCTTCCCTCAGTTTTTATACCAGTTCTTCTGTGGGTTTTCACAACAG

ACTTTGTACGACACCGCGTATCTGACCCTCTACAACATCAGCTTCACCTCCCTCCCCATC

CTCCTGTACAGCCTCATGGAGCAGCATGTTGGCATTGACGTGCTCAAGAGAGACCCGACC

CTGTACAGGGACGTCGCCAAGAATGCCCTGCTGCGCTGGCGCGTGTTCATCTACTGGACG

CTCCTGGGACTGTTTGACGCACTGGTGTTCTTCTTTGGTGCTTATTTCGTGTTTGAAAAT

ACAACTGTGACAAGCAACGGGCAGATATTTGGAAACTGGACGTTTGGAACGCTGGTATTC

ACCGTGATGGTGTTCACAGTTACACTAAAGCTTGCATTGGACACACACTACTGGACTTGG

ATCAACCATTTTGTCATCTGGGGGTCGCTGCTGTTCTACGTTGTCTTTTCGCTTCTCTGG

GGAGGAGTGATCTGGCCGTTCCTCAACTACCAGAGGATGTACTACGTGTTCATCCAGATG

CTGTCCAGCGGGCCCGCCTGGCTGGCCATCGTGCTGCTGGTGACCATCAGCCTCCTTCCC

GACGTCCTCAAGAAAGTCCTGTGCCGGCAGCTGTGGCCAACAGCAACAGAGAGAGTCCAG

AATGGGTGCGCACAGCCTCGGGACCGCGACTCAGAATTCACCCCTCTTGCCTCTCTGCAG

AGCCCAGGCTACCAGAGCACCTGTCCCTCGGCCGCCTGGTACAGCTCCCACTCTCAGCAG

GTGACACTCGCGGCCTGGAAGGAGAAGGTGTCCACGGAGCCCCCACCCATCCTCGGCGGT

TCCCATCACCACTGCAGTTCCATCCCAAGTCACAGCTGCCCTAGGTCCCGTGTGGGAATG

CTCGTGCCGCGGTTCGAACTCGAGTATCCATACGATGTACCAGACTACGCAGAG

L



B. gBlock Gene Fragments for cloning

B.2. gBlock Gene Fragment for hATP11A deletion variant

AAGATGGAGACGGCCGCGGCCACGTGCTACGCCTGCAAGCTCTTCCGCAGGAACACGCAG

CTGCTGGAGCTGACCACCAAGAGGATCGAGGAGCAGAGCCTGCACGACGTCCTGTTCGAG

CTGAGCAAGACGGTCCTGCGCCACAGCGGGAGCCTGACCAGAGACAACCTGTCCGGACTT

TCAGCAGATATGCAGGACTACGGTTTAATTATCGACGGAGCTGCACTGTCTCTGATAATG

AAGCCTCGAGAAGACGGGAGTTCCGGCAACTACAGGGAGCTCTTCCTGGAAATCTGCCGG

AGCTGCAGCGCGGTGCTCTGCTGCCGCATGGCGCCCTTGCAGAAGGCTCAGATTGTTAAA

TTAATCAAATTTTCAAAAGAGCACCCAATCACGTTAGCAATTGGCGATGGTGCAAATGAT

GTCAGCATGATTCTGGAAGCGCACGTGGGCATAGGTGTCATCGGCAAGGAAGGCCGCCAG

GCTGCCAGGAACAGCGACTATGCAATCCCAAAGTTTAAGCATTTGAAGAAGATGCTGCTT

GTTCACGGGCATTTTTATTACATTAGGATCTCTGAGCTCGTGCAGTACTTCTTCTATAAG

AACGTCTGCTTCATCTTCCCTCAGTTTTTATACCAGTTCTTCTGTGGGTTTTCACAACAG

ACTTTGTACGACACCGCGTATCTGACCCTCTACAACATCAGCTTCACCTCCCTCCCCATC

CTCCTGTACAGCCTCATGGAGCAGCATGTTGGCATTGACGTGCTCAAGAGAGACCCGACC

CTGTACAGGGACGTCGCCAAGAATGCCCTGCTGCGCTGGCGCGTGTTCATCTACTGGACG

CTCCTGGGACTGTTTGACGCACTGGTGTTCTTCTTTGGTGCTTATTTCGTGTTTGAAAAT

ACAACTGTGACAAGCAACGGGCAGATATTTGGAAACTGGACGTTTGGAACGCTGGTATTC

ACCGTGATGGTGTTCACAGTTACACTAAAGCTTGCATTGGACACACACTACTGGACTTGG

ATCAACCATTTTGTCATCTGGGGGTCGCTGCTGTTCTACGTTGTCTTTTCGCTTCTCTGG

GGAGGAGTGATCTGGCCGTTCCTCAACTACCAGAGGATGTACTACGTGTTCATCCAGATG

CTGTCCAGCGGGCCCGCCTGGCTGGCCATCGTGCTGCTGGTGACCATCAGCCTCCTTCCC

GACGTCCTCAAGAAAGTCCTGTGCCGGCAGCTGTGGCCAACAGCAACAGAGAGAGTCCAG

GAAAGCACCACCAACGCTGGAGGAGGAGCCGGCCCTCACGCCCGCCCCGCGCCACGCTGT

GGAACGGGGCTCCGGCAAGTGAAACCCAGAGGGTGTTTCCGAGGTGCTCGACAGCCGCGG

TTCGAACTCGAGTATCCATACGATGTACCAGACTACGCAGAG

B.3. gBlock Gene Fragment for multiple cloning site

AATTTGCTAGCGAGCTCTGCGGCCGCAGATCTCTAGTTAAGCTATCAACAAGTTTGTACA

AAAAAGCAGGCTCTTTAAAGGAACCAATTCAGTCGACTGGATCCACCGACTATAGGGAGA

CCCAAGCTGGCTAGCGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCACTGTGCTGGA

TATCTGCAGAATTCCACCACACTGGACTAGTGGATCCGAGCTCGGTACCAAGCTTAAGTT

TAAACCGCTGATCAGAATTCGTACCCATACGACGTCCCA
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C. Vector maps

C.1. HFN-hCDC50A pcDNA3

C.2. hATP11A-HA Isoform 1 pCAG
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C. Vector maps

C.3. hATP11A-HA Isoform 1 E186Q pCAG

C.4. hATP11A-HA Isoform 1 D414N pCAG
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C.5. hATP11A-HA Isoform 2 pCAG

C.6. hATP11A-HA Deletion variant pCAG
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C. Vector maps

C.7. hATP11A-Myc/His Isoform 1 pCAG

C.8. hATP11A-HA until ex28 pCAG
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C.9. MCS-HA pCAG

C.10. tdTomato-ER-3
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C. Vector maps

C.11. pDonr211 CDC50A

C.12. pEF5/FRT hCDC50A-V5
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