
 

 

 



 

 

 

DISSERTATION APPROVED BY 

 

June 8, 2020 



 

 

 

 

 

 

 

 

 

MUTATION OF SLC7A14 CAUSES SYNDROMIC HEARING LOSS 

 

 

 

 

By 

 

 

 

 

KIMBERLEE P. GIFFEN 

 

 

 

 

A DISSERTATION 

 

 

 

 

Submitted to the Faculty of the Graduate School of Creighton University in Partial 

Fulfillment of the Requirements for the Degree of Doctor of Philosophy in the 

Department of Biomedical Sciences 

 

 

 

 

Omaha, NE 

 

 

June 08, 2020 

 

 



ii 

 

 

  



iii 

 

ABSTRACT 

 Hearing loss is the most common sensory deficit worldwide. Various pathogenic 

variants have been linked to sensorineural hearing loss, and transcriptomic analysis has 

also implicated novel mutations in hair cell genes. This study investigated Slc7a14, which 

is upregulated in adult mouse inner hair cells (IHCs) compared to outer hair cells (OHCs). 

Mutations in this gene are associated with autosomal recessive retinitis pigmentosa (RP) 

in humans. SLC7A14, a glycosylated transporter protein with 14 transmembrane domains, 

is predicted to mediate lysosomal uptake of cationic amino acids such as arginine. Gene 

and protein expression analyses confirmed increasing expression of SLC7A14 in IHCs 

during development with IHC-specific expression through adulthood. Conserved 

expression of Slc7a14 orthologs was also noted in zebrafish, turtle, chicken and rat inner 

ear hair cells. Based on these observations, I hypothesized that loss of SLC7A14 will 

disrupt IHC function and homeostasis resulting in progressive hearing loss. Morphological 

examination of Slc7a14-knockout mouse cochleae showed degeneration of IHC stereocilia 

bundles and IHC loss throughout the cochlea. Auditory brainstem response (ABR) 

thresholds were elevated in Slc7a14-knockout mice, indicative of progressive hearing loss. 

However, distortion product otoacoustic emission (DPOAE) measurements showed 

normal OHC function in wildtype and knockout mice. To confirm syndromic disease, 

alteration in auditory functions were examined in knockin mice with the missense mutation 

SLC7A14-p.(Gly330Arg). ABR thresholds, but not DPOAE thresholds, were elevated in 

the knockin mice at 3.5 months. Additionally, RP patients with the homozygous SLC7A14-

p.(Gly330Arg) missense mutation exhibited elevated hearing thresholds indicative of 

sensorineural hearing loss. The SLC7A14 protein localized to intracellular membranes, 

including the endoplasmic reticulum, Golgi, and lysosomal both in vitro and in vivo. 
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However, the missense mutant SLC7A14-p.(Gly330Arg) showed decreased lysosomal 

localization. SLC7A14-knockdown in vitro led to an increase in basal autophagy, with 

similar results observed in knockin and knockout IHCs. Collectively, these results show 

that SLC7A14 is necessary for the normal function of IHCs and that knockout or loss of 

function mutation may disrupt homeostatic mechanisms including autophagy and result in 

sensorineural hearing loss.   
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Auditory function 

The inner ear consists of the cochlea and vestibular organs which function in 

hearing and balance, respectively (Figure 1.1). The mammalian cochlea contains highly 

specialized sensory inner and outer hair cells, and non-sensory supporting cells. The 

mechanosensitive hair cells are known for their characteristic actin-filled stereocilia bundle 

extending from the apical membrane [1]. The single row of inner hair cells (IHCs) provide 

the main sensory input via the auditory nerve to the central nervous system. Each IHC is 

innervated by 20 to 30 type I afferent neurons [2]. The three rows of outer hair cells (OHCs) 

function as the cochlear amplifier and are innervated by type II afferent neurons.  

 

  

Figure 1.1: Anatomy of the cochlea. The inner ear is composed of the semicircular 

canals and the cochlea. A cross section of the cochlea shows the organ of Corti on the 

scala media surface of the basilar membrane. The complex ultrastucture of the organ of 

Corti is composed of hair cells and supporting cells. The afferent neurons of the spiral 

ganglion relay sensory input from the inner hair cells to the brain stem. The stereocilia 

bundles on the apical surface of the inner and outer hair cells allow for activation of the 

mechanoreceptors in response to auditory stimulus. (Reprinted with permission from 

Neuroscience, Purves et al.) [3].  
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Sound waves transmitted as vibrations through the middle ear propagate as 

hydraulic waves in the cochlear duct, which increases movement of the basilar membrane 

and subsequent deflection of the hair cell stereocilia by shearing force of the tectorial 

membrane. Deflection of the IHC stereocilia results in a receptor potential and membrane 

depolarization leading to glutamate release into the afferent synapse. Deflection of the 

OHC stereocilia and subsequent depolarization results in electromotility, the lengthening 

and shortening of the OHC mediated by the protein prestin, and amplification of the 

traveling wave [4]. The combined properties of the IHCs and OHCs allow for high 

sensitivity and exquisite frequency selectivity for the mammalian cochlea. 

Hearing loss 

Dysfunction in the cochlea or associated structures causes hearing loss, the most 

common sensory deficit worldwide. Hearing loss can be congenital or occur later in life, 

inherited or caused by environmental factors, temporary or permanent, unilateral or 

bilateral, and syndromic or non-syndromic [5]. Over 100 genes have been linked to hearing 

loss with modes of inheritance including autosomal dominant, autosomal recessive, Y- or 

X-linked, and mitochondrial mutations [5][6]. About 30 percent of genetic related hearing 

loss cases are syndromic disorders, the most common of which are Waardenburg, Usher, 

and Pendred syndromes [7][8]. Individuals with syndromic hearing loss may present in 

clinic with eye, renal, musculoskeletal, pigment, and nervous system abnormalities [6]. 

The diagnostic evaluation of hearing loss using genome sequencing of affected individuals 

and their family members has resulted in the identification of novel pathogenic loci and 

variants involved in hearing loss. Some of these diagnoses led to the identification of 
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proteins involved in the differentiation, development, and function of the inner ear organs 

including transcription factors, ion channels, and extracellular proteins [9].  

Hair cell function 

The complex network of proteins that contribute to hearing function have yet to be 

fully examined and ongoing research efforts aim to characterize the underlying physiology 

of cochlear hair cells. While IHCs and OHCs arise from a common progenitor cell, there 

are distinctive differences underlying the morphology and function of each cell type. 

Transcriptomic analysis of IHC and OHC cell populations have identified several 

differentially expressed genes that contribute to cell function including membrane transport 

(ion channels), motor proteins, stereocilia structure or synaptic transmission [10][11][12]. 

Some of these genes have been well characterized including Kcnq4, Dnm1, Slc26a5 

(Prestin), Slc17a8 (VGLUT3), Otof, Ocm, Chrna9 and Chrna10. Further examination of 

hair cell transcriptomes revealed upregulation of genes such as Slc7a14, Bcl2 and Bcl6 in 

adult IHCs and Dnm3 and Lbh in OHCs. How these genes regulate hair cell development 

and function remains unclear. This research project is focused specifically on the functional 

characterization of Slc7a14, a recently identified vertebrate hair cell marker.  

Solute carrier family 7 member 14 

The solute carrier or SLC transporters are a large group of proteins, classified into 

different families according to their sequence homology and transport function [13][14]. 

Functionally, these proteins contribute to cellular homeostasis by transporting various 

solutes, such as inorganic ions, amino acids, lipids, sugars, and neurotransmitters, across 

biological membranes [15]. The SLC7A14 gene encodes a 771 amino acid protein. 

Although its function remains unverified, Solute Carrier Family 7 Member 14 (SLC7A14) 
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is predicted to be a y+ cationic amino acid transporter (CAT) that mediates lysosomal 

uptake of arginine [16][17]. Though many SLCs show a broad expression pattern, Slc7a14 

expression was found to be restricted to the retina, brain and spinal cord in mice and rats 

[14][18]. Dysfunction of eleven of the fourteen SLC7 transporters has been linked to 

human disease including cancers, amyotrophic lateral sclerosis, Alzheimer’s disease, 

rheumatoid arthritis, autism spectrum disorders, and more [19]. Homozygous missense 

mutations in SLC7A14 have been linked to autosomal recessive retinitis pigmentosa (arRP) 

[18].  

Research objectives 

The unique expression of Slc7a14 in rare sensory receptor and neuronal 

populations, and identification of pathological missense mutations, suggests a critical role 

for this protein in these cell types. This led me to propose the hypothesis that SLC7A14 is 

necessary for function and homeostasis of hair cells in the inner ear and photoreceptors in 

the retina, and that mutation of Slc7a14 will cause degeneration of these sensory cells 

leading to syndromic hearing loss. 

The first research objective was to characterize the conservation of SLC7A14 based 

on sequence homology and tissue-specific expression. The degree to which functional 

domains are conserved in the predicted cationic amino acid transporter can be useful for 

inferring its evolutionary history and functional significance. Additionally, examination of 

variant sequences and single nucleotide polymorphisms (SNPs) can also be used as a 

measure of tolerance of mutations in the coding sequence. The unique tissue expression 

patterns of SLC7A14 may also provide insight about the transporter’s function. Based on 

its high expression in sensory hair cells, I predicted that SLC7A14 is highly conserved 
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among vertebrate species. To test this hypothesis, I used various in silico modeling 

techniques to examine gene and protein homology. SLC7A14 mRNA expression was 

analyzed by RT-qPCR and in situ hybridization, and protein expression by 

immunofluorescence. The conservation of SLC7A14 protein ortholog expression among 

vertebrate hair cells was examined in zebrafish, turtle, chicken, mouse and rat. Also, 

changes in SLC7A14 expression in the developing organ of Corti were examined using the 

gEAR database and confirmed by in situ hybridization and immunofluorescence.  

The second research objective was to determine if SLC7A14 loss of function in 

mice would lead to hearing loss. Similar to the retinal photoreceptors that function as the 

sensory input of the visual system, IHCs are the sensory input of the auditory system. The 

arRP phenotype in humans was recapitulated with ablation of the SLC7A14 protein in 

mice, causing progressive photoreceptor loss and retinal degeneration [18].  The unique, 

high-level expression of SLC7A14 in the IHCs of adult mice led to the hypothesis that the 

protein may also play an important role in hair cell function and survival. I predicted 

SLC7A14 deletion would lead to auditory neuropathy; a condition characterized by 

progressive loss of IHCs, while OHC survival and function remain unaffected [20]. The 

auditory function of the SLC7A14 knockout mouse line was measured using auditory 

brainstem response (ABR) and distortion product otoacoustic emission (DPOAE). This 

approach was complemented by qualitative morphological examination of the knockout 

mice cochleae, using both confocal and scanning electron microscopy, to confirm the 

auditory phenotype. Additionally, further examination of specific loss of function missense 

mutations linked to arRP was used to confirm SLC7A14-linked syndromic hearing loss. I 

predicted that the glycine to arginine missense mutation p.(Gly330Arg) would lead to 
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syndromic hearing loss in mice. To test this hypothesis, a Slc7a14-p.(Gly330Arg) knockin 

mouse line was generated by CRISPR-Cas9 nickase site-directed mutagenesis. Alterations 

in hearing thresholds were assessed by ABR and DPOAE. Additional morphological 

examination of the cochlear hair cells was used to support physiological findings. Finally, 

linkage of syndromic hearing loss with the SLC7A14 locus was confirmed by testing 

auditory function of human patients diagnosed with arRP. 

The third, and final research objective was to define the molecular function of 

SLC7A14 in hair cells. Subcellular membrane localization of the CAT protein has not been 

thoroughly examined. I predicted that SLC7A14 is trafficked among the membranes of the 

endoplasmic reticulum, Golgi, and lysosomes, and that missense mutations implicated in 

syndromic hearing loss would result in loss of function due to aberrant protein localization. 

Colocalization of SLC7A14 and known membrane markers for endomembrane organelles, 

was examined using immunofluorescence in vitro and in vivo. In addition, lysosomes 

isolated from SH-SY5Y cells were examined for SLC7A14 enrichment in their 

membranes. Alterations in wildtype and mutant SLC7A14-p.(Gly330Arg) protein 

localization were observed both in vitro and in vivo. Furthermore, based on the prediction 

that SLC7A14 is an arginine transporter, I hypothesized that SLC7A14 may function as an 

arginine sensor to regulate autophagy. Changes in autophagy activity were measured in 

response to starvation of SH-SY5Y cells with wildtype SLC7A14, and in cells where 

SLC7A14 was overexpressed or knocked-down. Additionally, LC3 puncta in wildtype, 

knockin, and knockout mouse cochlear IHCs were quantified to characterize the role of 

SLC7A14 in regulation of autophagy levels in vivo. 
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Significance 

The collective findings of the research objectives outlined above will implicate, for 

the first time, that mutations in SLC7A14 cause syndromic hearing loss. The unique 

expression of SLC7A14 in vertebrate inner ear hair cells suggests a novel role for this 

transporter in maintaining sensory cell homeostasis. These findings have translational 

significance and relevance as SLC7A14 may be an ideal target for therapeutic intervention 

such as gene therapy. 
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CHAPTER 2 

 

CONSERVATION OF SLC7A14 
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Introduction 

Solute carriers (SLCs) are a diverse group of transport proteins classified into 65 

different families, accounting for almost 20 percent of the membrane proteins encoded by 

the human genome [19]. Each transporter exhibits substrate specificity, which contributes 

to nutrient homeostasis, facilitation of energy production, and regulation of 

neurotransmission [14]. In addition, the substrate specificity of SLCs infers cellular 

function of the nascent, uncharacterized transporters.  

 The SLC7 family belongs to the larger amino acid-polyamine-cation (APC) 

superfamily of secondary transporters that generate transmembrane molecular gradients 

[19][21]. Along with the SLC1, SLC22, and SLC38 families, SLC7 members regulate 

energy metabolism and nitrogen metabolism by facilitating transport of L-Gln, L-Glu, and 

L-Ala [19]. The SLC7 family consists of cationic amino acid transporters (CATs) 

SLC7A1-4 and SLC7A14, and L-type amino acid transporters (LATs), namely SLC7A5-

13 [22][23]. While LATs function as glycoprotein-associated heterodimers, CATs function 

as monomeric transporters that operate as exchangers or facilitators [14][22][24]. The 

cationic amino acids transported by CATs, such as arginine, regulate cellular processes 

including protein synthesis, enzymatic reactions, and other metabolic processes. The 

highly regulated expression of these transporters and their subcellular localization suggests 

critical roles for these proteins in regulating cellular homeostasis [22]. SLC7 family 

members are physiologically significant in humans and have been implicated in viral 

infection, cancers, inherited aminoacidurias, and other pathologies [16]. The SLC7 proteins 

show few polymorphisms in the coding sequence, suggesting that alterations in primary 

protein structure are not well tolerated [22]. 
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Classified as an atypical SLC transporter, SLC7A14 is a CAT with 14 

transmembrane (TM) domains and is predicted to mediate the lysosomal uptake of arginine 

[16][17]. SLC7A14 exhibits intracellular localization both in vivo and when expressed in 

several human cell lines [17][22]. Unlike other CATs, SLC7A14 has not been observed to 

localize to the plasma membrane. Although predicted to be a lysosomal arginine 

transporter, the function of SLC7A14 is yet to be elucidated. 

Many SLCs have highly tissue-specific expression patterns, including some with 

distinctive central nervous system expression. For instance, SLC7A14 has been shown to 

be expressed in the retina, brain and spinal cord in mice and rats [14][18]. Recently, 

Slc7a14 has been shown to be expressed in the adult mouse cochlea [10]. Examination of 

tissue and cell type-specific expression of Slc7a14, during development and in adult 

animals, and further analysis of conserved coding sequences and protein domains is likely 

to provide insights into the function of this relatively unknown SLC protein.  

 

Materials and Methods 

Gene and protein sequence homology analyses 

Homology of the human SLC7 gene family members was analyzed using MEGA7 

[25]. Coding sequences were imported and aligned using CLUSTALW (Gap penalty 10, 

extension penalty 0.2, protein weight matrix BLOSUM). The evolutionary history was 

inferred by using the Maximum Likelihood method based on the Tamura-Nei model and 

pairwise distances estimated using the maximum composite likelihood approach [26]. 

Genes related to human SLC7A14 were examined using Ensembl Compara [27]. The gene 

family tree ENSGT00940000155893 was downloaded to show a compact homology view 
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of the 326 related genes. Finally, the pathogenic missense variants in SLC7A14 annotated 

in NCBI dbSNP were summarized in table form, and the allelic frequencies of SNP variant 

rs2276717 from 1000 genomes were included. 

To characterize protein homology among vertebrates, several methods were 

utilized. An Aminode analysis was used to compare amino acid sequences from multiple 

homologs to identify evolutionarily conserved regions that are critical for SLC7A14 

protein structure and function [28]. Results of a comparison of 35 other vertebrate species 

to the 771 amino acid human protein sequence were downloaded and graphed in Excel. 

MEGA7 was also used to infer evolutionary relatedness among the SLC7A14 homologs 

[25]. Amino acid sequences of 16 vertebrate species and one outlier, Caenorhabditis 

elegans, were input in FASTA format into MEGA7 [25]. Following a CLUSTALW 

alignment, the evolutionary history was inferred using the UPGMA method and 

evolutionary distances were computed using the maximum likelihood method (Bootstrap 

method: 500 replications) [29] [30]. The resulting tree image was downloaded as an image 

file.  

The protein structure of SLC7A14 is yet to be fully described. While experimental 

modeling to describe structure was beyond the scope of this study, several protein modeling 

programs were used to predict the structure of the SLC protein including the PHYRE2 

server [31]. Protein topology was obtained from Uniprot (Q8TBB6) and THMM2 server 

2.0 [32][33]. Modeling of three-dimensional structure was conducted using EzMol [34].  

In silico gene expression analysis 

 Cell type-specific Slc7a14 expression values from bulk RNA-seq datasets from 

mouse organ of Corti and zebrafish inner ear were graphed in Excel [10][12][35]. To 
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characterize changes in Slc7a14 expression in developing mouse IHCs and OHCs, the 

gEAR database (www.umgear.org) was mined. Each data set was filtered to visualize the 

log fold change values (p-value< .05) of differentially expressed genes, which were then 

exported and graphed in Excel [10][36][37][38]. Slc7a14 expression was compared in the 

developing IHCs and OHCs, with Slc26a5 (Prestin) expression included for comparison at 

each age.  

Animal use 

All animals used for these experiments were cared for under the approval of the 

Creighton University IACUC, according to NIH guidelines. Wildtype C57BL/6J mice 

were obtained from Jackson Laboratory and bred for gene and protein expression analyses. 

For each expression assay detailed below, tissue from a minimum of two wildtype 

C57BL/6 mice were used. Mice aged from E18.5 to P60, and both male and female mice 

were used for the experiments.  

RT-qPCR 

Gene expression in mouse tissues was quantified using real-time quantitative 

polymerase chain reaction (RT-qPCR). Immediately following euthanasia, select tissues 

were dissected from mouse and immediately placed in RNA later (Qiagen). Total RNA 

was isolated from the tissues using the Qiagen RNAeasy kit and RNA concentration was 

estimated using a nanodrop. The tissue-specific cDNA libraries were prepared from the 

isolated RNA with the iSCRIPT master mix (BioRad).  RT-qPCR reactions were prepared 

as 10 l reactions using the SSO master mix, and run using a CFX96 Touch real-time PCR 

machine (BioRad) (n = 4 replicates per sample). Gene expression was quantified using the 
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Cq method with tissue specific expression normalized to Actb, and gene level expression 

compared across samples relative to expression in the eye (set at value of 1).  

Western Blot 

Western blot analysis was used to confirm protein expression, as well as to verify 

antibody specificity. Tissues from two P30 wildtype C57BL/6 mice were isolated including 

whole eye, hippocampus, cerebellum, spiral ganglion, cerebrum, brain stem, olfactory 

bulb, diencephalon, and cochlear OHCs and IHCs. Less than 5 mg of each tissue sample 

was placed in a 1.5 ml conical microcentrifuge tube containing 500 µl of RIPA cell lysis 

buffer (Thermo Fisher) and 1X Halt Protease Inhibitor Cocktail (Thermo Fisher). An 

electric tissue homogenizer was used to grind whole tissue, followed by probe sonication 

for 30 seconds (50% pulse). Samples were placed in ice on a shaker for 30 minutes and 

then centrifuged for 20 minutes at 12,000 rpm at 4 °C in a microcentrifuge. The supernatant 

was carefully removed and transferred to a fresh tube and stored at -20 °C for future use. 

Protein concentration (µg/ml) was measured using the Pierce rapid gold BCA protein assay 

kit (ThermoFisher) and a Varioskan LUX plate reader (3020-80010) to quantify 

absorbance at 480 nm.  

Equal amounts of protein (5 µg) were loaded into the wells of a mini-PROTEAN 

TGX-stain free gel (Bio Rad) with a 4 to 20% gradient to separate proteins, along with 

molecular weight markers. The gel was run at 200 V for 30 minutes. The stain-free gel was 

activated and imaged before placing it in a Trans Blot Turbo transfer pack (Bio Rad), which 

was carefully assembled to make sure no air bubbles were trapped. The transfer pack was 

placed in a cassette and electrophoretic transfer occurred for 3 minutes at 110 V. The stain 

free-blot membrane was activated and imaged to ensure that transfer had occurred.  
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The membrane was washed in TBS-T (1X tris buffered saline + 1 % Tween20) and 

then blocked for one hour at room temperature (5% milk in TBS-T). The membrane was 

incubated with the SLC7A14 and -Tubulin primary antibodies (Table S1) in blocking 

buffer overnight at 4 °C. Following incubation, the membrane was washed four times (10 

minutes per wash) in TBS-T. The membrane was next incubated with the appropriate HRP-

conjugated secondary antibody (Table S1) in blocking buffer for one hour at room 

temperature, followed by repeated washes. Finally, the membrane was incubated with the 

Chemiluminescence substrate (Biorad) for 5 minutes, then imaged.  

Tissue preparation for in situ hybridization and immunofluorescence 

Mice (C57BL/6J) were anesthetized with 100 mg/kg ketamine + 15 mg/kg xylaxine 

mixture.  Depth of anesthesia was assessed with tail pinch and ocular reflex. The mice were 

placed in a supine position and the limbs were secured with dissecting pins. The skin was 

incised along the midline from the base of the neck to the xiphoid process and the thoracic 

cavity was exposed. The heart was perfused with freshly prepared 4% paraformaldehyde 

(PFA) in 1X phosphate buffered saline (PBS) through the left ventricle using a 30G ½ inch 

needle. Forceps were used to puncture the right atrium to allow drainage. Perfusion was 

complete after the body was stiff and the draining fluid ran clear. The head was removed, 

and the skin was incised along the midline. The skull cap was removed carefully with 

scissors. Tissues of interest were removed including the brain, eyes, and otic capsules and 

placed in 4% PFA in 1 X PBS at room temperature for 24 hours. The brain and eye tissue 

were transferred to 1 X PBS in 0.1% DEPC and stored at 4 °C. In some instances, the otic 

capsules were decalcified in 120 mM EDTA in 4% PFA for 3 to 5 days at 4 °C until the 

bony tissue was soft and flexible. 
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Paraffin embedding and sectioning of tissue of paraffin sections 

Tissues were removed and fixed as described above. All tissues were washed in 1X 

PBS, then dehydrated using a standard ethanol series, followed by xylene. The tissues were 

embedded in paraffin as follows: brain was hemisected and placed medial side down, the 

intact eye placed with the anterior surface facing forward, and the surrounding 

cartilaginous and bony tissues were removed from the cochlea, which was then placed so 

it could be sectioned along the perpendicular plane. Following paraffin embedding, the 

blocks were allowed to harden overnight before tissues were sectioned on a Leica 

microtome into 5 – 10 µm sections and mounted on Superfrost® plus slides.  

Small molecule fluorescent in situ hybridization 

The RNAscope® based small molecule fluorescent in situ hybridization (smFISH) 

assay from Advanced Cell Diagnostics (ACD) was used to examine Slc7a14 mRNA 

expression. The RNAscope assay design allows for signal-specific amplification because 

it uses short z-shaped oligonucleotide probes that hybridize in pairs to target mRNA. The 

amplification steps include binding of preamplifier probes to the target probes and 

amplifier probes that contain up to 20 binding sites for the fluorophores for selective and 

specific signal amplification [39]. 

To prepare the paraffin-embedded sections for RNAscope, the slides were baked 

for one hour at 60 °C followed by deparaffinization steps (xylene 5 min. 2x, 100% ethanol 

for 1 min. 2x, and dried at room temperature for 5 min.). A minimum of two sections from 

different cochleae at each age were selected for smFISH. The tissue sections were covered 

with 5 to 8 drops of RNAscope hydrogen peroxide and incubated at room temperature for 

10 min, followed by two washes in fresh distilled water. Slides were dried at room 
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temperature and a barrier was drawn around each tissue sample using an Immedge 

hydrophobic barrier pen. Due to the fragility of the tissues, the pretreatment target retrieval 

and protease steps were modified. Tissues were covered with freshly prepared 0.5% pepsin 

+ 5 mM HCl in diH2O and incubated in the humidifying chamber at 37 °C for 10 min. 

Immediately following incubation, slides were washed in fresh distilled water three times. 

The remaining protocol was conducted following the RNAscope 2.5 HD Detection 

Reagent RED user manual and published protocols [40]. The proprietary gene specific 

probe for Slc7a14 (ACD) was used, targeting nucleotide sequences 436 to 1335 (20 probe 

pairs). After completing the hybridization, amplification, and color detection steps, the 

slides were incubated with DAPI for 10 minutes. Some additional slides were immediately 

incubated with anti-MYO7A antibody and Alexa-Fluor (AF) conjugated secondary 

antibody (Table S1) for immunolabeling of hair cells. Finally, slides were washed in 1X 

PBS and allowed to dry at room temperature. A drop of SlowFade (Invitrogen) was placed 

over the tissue and a coverslip was added to preserve the sample. Slides were left to dry 

overnight at room temperature, then imaged on a Zeiss LSM 710 confocal microscope. 

Images were prepared using ImageJ and deconvolution was conducted using Volocity 

software (Quorum Technologies).  

Immunofluorescence 

The otic capsules from wildtype C57BL/6J mice were removed and prepared as 

described above. Following fixation, cochleae were dissected, and the tissues were washed 

in 1X PBS, then permeabilized and blocked in 1X PBS with 0.2% Triton X-100 (PBS-T) 

with 5 percent normal goat serum (NGS). Samples were incubated with primary antibodies 

(Table S1) for in PBS-T + 10% FBS overnight at 4 °C. Samples were rinsed three times in 
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PBS-T and then incubated with Alexa-Fluor (AF) conjugated secondary antibodies (Table 

S1) for one hour at room temperature. For some samples, additional staining with DAPI or 

AF488-Phalloidin (F-Actin) (Table S1) was used to label nuclei and stereocilia, 

respectively. Finally, samples were rinsed three times in 1X PBS and mounted with 

SlowFade (Invitrogen) and then imaged using a Zeiss LSM 700 or LSM 710 confocal 

microscope. 

Zebrafish larvae were anesthetized in 0.01% tricane, and then immersed in fresh 

4% PFA/ 1X PBS with 0.003% 1-phenyl-2-thiourea for 24 hours. The tissues were 

incubated in block-Triton overnight at 4°C. Primary antibody (SLC7A14) was diluted in 

block-Triton and incubated overnight at 4°C, then washed in 0.1% PBS-T. Overnight 

incubation with secondary antibody was followed with washes in 1XPBS-Triton (0.1%), 

refixation in 4% PFA-1X PBS, and a final 1X PBS wash. Samples were incubated in 

50% glycerol/ 50% PBS at 4̊ C and mounted on glass slides with antifade solution 

(Prolong Antifade Kit, Invitrogen).  

Additional tissue samples from rat, chicken and turtle were prepared according to 

NIH-NIDCD and Stanford University animal use protocols. The same primary antibody 

for SLC7A14 (Table S1) was used in all species.  

 

Results 

SLC7A14 is highly conserved among vertebrate species 

The human solute carrier 7 family of amino acid transporters show gene 

conservation through evolution. Gene sequence alignment with CLUSTALW and 

molecular phylogenetic analysis with maximum likelihood method showed that the LATs 

and the CATs diverged into two specific subgroups based on sequence homology (Figure 
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2.1A). SLC7A14 is most similar with the other CAT SLC7A4. The human SLC7A14 gene 

is 10,140 base pairs long and contains 8 exons, 7 of which are coding. There is a single 

transcript variant in human, while there are two in mice. The first mouse transcript encodes 

a homologous 771 amino acid protein, while the second is encodes a 677 amino acid protein   

[27]. The SLC7A14 gene tree identified 326 homologs (Figure2.1B). No significant gene 

gain or loss events were determined based on the evolution and the size of the gene family 

(p-value 0.998) (CAFE analysis) [40].  

High-throughput sequencing of human SLC7A14 identified 789 SNPs in the coding 

region, four of which lead to deleterious missense mutations (dbSNP NCBI) (Figure 2.1C). 

Whole-exome sequencing of retinitis pigmentosa patients identified a variant in SLC7A14 

(c.988G>A), accounting for ~2 percent of the autosomal recessive RP cases in the Chinese 

population [18]. This SNP (rs2276717) results in a missense mutation in amino acid residue 

330, substituting arginine for glycine (p.Gly330Arg). The frequency of the variant allele is 

highest in the East Asian population (1000 genome project) (Figure 2.1D). The probability 

of being loss of function (LoF) intolerant (pLI) score of SLC7A14 is 0.33, suggesting mild 

tolerance for loss of function mutations (DECIPHER). This score seems relatively low (pLI 

> 0.90 = extremely loF intolerant). However, allelic frequency and broader tissue 

expression contributes to the most highly constrained missense Z scores, both of which 

would diminish the pLI score for SLC7A14 [41][42]. Proteins with pathogenic variants tend 

to lack functional redundancy in the genome [43]. Despite the rare pathogenicity linked to 

SLC7A14, the human genome is not likely to encode another protein with similar transport 

properties. 
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Figure 2.1: Conservation of SLC7A14. (A) Molecular phylogeny of the human SLC7 

family members was analyzed by maximum likelihood method. Scale distance indicates 

number of substitutions per site. (B) Ensembl gene tree of SLC7A14 homologs 

depicting percent alignment of conserved domains in coding sequence. [27] (C) 

Pathogenic SNPs in SLC7A14 annotated in dbSNP. (D) Allelic frequencies for the SNP 

rs2276717 (p.(Gly330Arg)) from 1000 genomes project. 
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Slc7a14 shows distinctive expression in the mouse cochlea, eye, and brain 

 Upregulation of Slc7a14 in P30 mouse IHCs compared to OHCs was initially 

identified in a bulk RNA-seq analysis of cochlear hair cells and support cells [10][12]. 

While IHCs showed high level expression (23.7 RPKM), OHCs and Deiters’ cells 

expression was less than 1.0 RPKM and pillar cells showed moderate-level expression 

(10.6 RPKM) (Figure 2.2A). A similar study of zebrafish inner ear hair cells and support 

cells detected high-level expression of the ortholog slc7a14b (25.0 RPKM) in hair cells, 

with below threshold expression of slc7a14a in hair cells and neither ortholog detected in 

the support cells [36]. The zebrafish ortholog Slc7a14a shares over 75 percent sequence 

identity with human SLC7A14 [27]. RT-qPCR and western blot analysis were used to 

confirm the published mouse tissue-specific expression of Slc7a14. Jin et al. (2014) 

confirmed expression in the retina of the eye. Therefore, expression in the other tissues was 

quantified relative to the eye (Cq) [18]. Slc7a14 was most highly expressed in IHCs, 

followed by the spiral ganglion (Figure 2.2B). Expression in the brain was highest in the 

hippocampus, with lower expression detected in other brain regions. Immunofluorescence 

(IF) staining confirmed protein expression in mouse P0 spiral ganglion and organ of Corti 

(Figure 2.2C), and P30 IHCs from base to apex of the cochlea, hippocampus, and retina 

(Figures 2.2 D, E, F).  
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Figure 2.2: SLC7A14 expression in mouse tissues. (A) Hair cell and non-sensory 

support cells RNA-seq quantified expression of mouse Slc7a14 and zebrafish paralogs 

Slc7a14a/ b. (B) Expression of Slc7a14 in adult mouse tissues quantified by RT-qPCR 

and normalized to gene expression in the eye. (n= 4; Error bars: ±SD) Inset: Western 

blot showing SLC7A14 protein-level expression in select tissues. (C) SLC7A14 

expression in early postnatal mouse organ of Corti and spiral ganglion (Bars: 100 𝜇m). 

(D) IF expression of SLC7A14 in IHCs extending from the base to the apex of the 

cochlea (Bar: 100 𝜇m). (E) SLC7A14 expression in the mouse hippocampus was mostly 

restricted to the dentate gyrus (Bars: 500 𝜇m). (F) Confirmation of SLC7A14 expression 

in the photoreceptor layer of the adult mouse retina as well as the retinal ganglion 

neurons (Bar: 50 𝜇m). 



23 

 

Sequence identity of functional protein domains suggests conservation of SLC7A14 

function 

A comparison of the amino acid sequence among vertebrates was conducted using 

Aminode [28]. The alignment indicated several evolutionary conserved regions with some 

variability in regions encoding the C- and N-termini (Figure 2.3A). Additionally, a 

BLAST-P search identified 100 vertebrate species with SLC7A14 orthologs that have over 

95% sequence identity with the human protein sequence including primates, placental 

mammals, and several rodents.  CAT-1 members of the SLC7 family typically have highly 

conserved N-glycosylation sites on the third extracellular loop. However, SLC7A14 is 

predicted to have a single glycosylation site in the second extracellular loop at residue 163 

[16][22]. The predicted glycosylation site at amino acid 163 was found to be well 

conserved. Previous in silico screening identified an RVxF protein phosphatase-1 (PP1) 

interacting motif in SLC7A14 (RRVQW). Inhibition of PP1 was shown using a His-tagged 

fusion protein including amino acids 1 to 115 [44]. 

Homology of the protein sequence among 16 vertebrates was further demonstrated 

following alignment and phylogeny inferred using the UPGMA method (Figure 2.3B). The 

protein is most highly conserved among mammals, specifically primates. Predictive 

modeling of the three-dimensional protein structure shows cis- N- and C-termini separated 

by transmembrane domains (Figure 2.3C). Other predictive models of 14 transmembrane 

CATs show that the transport domain of SLC7A14 extends from the fourth intracellular 

and fifth extracellular loops and includes TM domains 9 and 10 [17]. The transport 

properties of the carrier protein are determined by this domain, including substrate affinity 

and sensitivity to trans-stimulation [45]. The average relative substitution score of the 
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residues that compose the predicted transport domain (~352-431) is 0.0046, which is 

minimal compared to the full-length protein average substitution score of 0.0164 (data not 

shown) [28]. These results suggest that the transport function of the solute carrier is highly 

conserved.  

  

Figure 2.3: SLC7A14 protein homology among vertebrates. (A) Upper panel: Aminode 

analysis of the human protein sequence, compared to 35 other vertebrate species, with 

evolutionary conserved regions indicated by low substitution score (red line). Lower 

panel: Aligned predicted membrane topology of the human protein indicating the N and 

C-termini on the cis face of the membrane. (B) Phylogenetic tree of 17 SLC7A14 

orthologs depicting inferred evolutionary distance based on branch length (UPGMA 

method). (C) Predicted structure of the human SLC7A14 membrane transporter (N-

terminus: red; C-terminus: blue) (EzMol). 
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 Conservation of the protein is demonstrated with the IF labeling of sensory hair 

cells in several vertebrate species as shown (Figure 2.4). Slc7a14 expression was observed 

in zebrafish inner ear hair cells in both the saccule and utricle, as well as neuromast hair 

cells in the lateral line (Figure 2.4A). Hair cells in the turtle auditory papilla and chicken 

basilar papilla also showed high expression of Slc7a14 (Figure 2.4B, C). Interestingly, 

expression seemed comparable among both the tall and short hair cells despite suggested 

divergence of function between the two hair cell types [46]. Also, expression in the adult 

mammalian cochlea is highly conserved as SLC7A14 is expressed as an IHC-specific 

protein in both mouse and rat cochleae (Figure 2.4D, E).  

  

Figure 2.4: Conserved expression of SLC7A14 in vertebrate sensory hair cells. SLC7A14 

labeled by IF in (A) Zebrafish saccule and neuromast hair cells (72 hpf); (B) Turtle 

auditory papilla hair cells; (C) Chicken basilar papilla hair cells (P7); (D) Mouse IHCs 

(P60); and, (E) Rat IHCs (P20). Additional markers were used to visualize the cells of the 

sensory epithelia including zebrafish hair cells co-labeled with transgenic Pou4f3-eGFP, 

turtle and chicken non-sensory supporting cells labelled with Sox2, and mouse and rat 

IHC and OHC stereocilia labeled with F-actin. 
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Differential expression of Slc7a14 in developing and mature mouse IHCs and OHCs  

Expression of Slc7a14 in developing IHCs and OHCs was initially examined using 

the gEAR database. Figure 2.5A shows the differentially expressed genes in developing 

hair cells at embryonic day 18.5 (E18.5) through postnatal day 0 (P0), indicating that 

Slc7a14 was more highly expressed in developing OHCs [37] . Gene expression patterns 

in P8, P15 and P30 hair cells showed that Slc7a14 was upregulated in maturing IHCs 

(Figure 2.5B-D) [10][36][38]. For comparison, the expression of OHC-specific Slc26a5 

(Prestin) is shown in the developing OHCs and additional SLC genes expressed in hair 

cells are shown at P30. The increasing expression in developing IHCs, and the sustained 

expression in the adult IHCs, suggests that Slc7a14 may play an important functional role 

in mature IHCs. Low level expression was detected in developing and adult mouse spiral 

ganglion neurons by scRNA-seq (data not shown) [47][48].  
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Figure 2.5: RNA-seq expression of Slc7a14 in developing cochlear hair cells. Expression 

profiles of developing cochlear IHCs and OHCs with differentially expressed genes 

plotted based on Log 2 fold changes. Slc7a14 and Slc26a5 are labeled for reference. (A) 

E18.5 to P0, (B) P8, (C) P15, and (D) P30. 
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The patterned expression of Slc7a14 in developing hair cells was confirmed with 

smFISH of sectioned, wildtype C57BL/6 cochleae. Clear mRNA labeling is visible in IHCs 

and OHCs at P0 and P4, though higher-level expression is visible in OHCs (Figure 2.6A). 

However, at P7 there is a distinctive downregulation of Slc7a14 in both IHCs and OHCs. 

IHC-specific expression is visible from P12 onward. Expression in the developing 

vestibular hair cells was also examined. Notably, mild Slc7a14 expression was observed 

in vestibular hair cells at E18.5; however, no expression was observed at P7 or older 

(Figure 2.6B). Protein-level expression was examined by IF of whole mount cochlea. The 

distinctive developmental switch in SLC7A14 expression from OHCs to IHCs is visible 

when comparing P3 to P20 cochlea (Figure 2.7A). Increasing expression in IHCs beginning 

at P8 and continuing up to P30 is also observed, with sustained IHC-specific expression at 

P60 (Figure 2.7B, C). Consistent with the smFISH results, SLC7A14 was not expressed in 

the adult utricle hair cells.  
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Figure 2.6: Expression of Slc7a14 in developing organ of Corti. (A) RNAscope 

smFISH of Slc7a14 (red probe) in developing mouse organ of Corti with IHCs and 

OHCs outlined or identified based on MYO7A expression (green) (Bars: 10 𝜇m). (B) 

smFISH in vestibular hair cells at E18.5 and P7 (Bars: 50 𝜇m).  
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Figure 2.7: Protein level expression of SLC7A14 in developing hair cells. (A) SLC7A14 

expression in wildtype mouse (C57BL/6) OHCs observed at P3 and P7, and distinctive 

expression in IHCs at P20 (Bars: 10 𝜇m). (B) IF staining of wildtype IHCs and OHCs 

from P0 to P30 (Bar: 20 𝜇m). (C) Distinctive expression is observed in mature P60 IHCs 

(Bar: 100 𝜇m). (D) Adult mouse (Atoh1:mGFP) utricle labeled with SLC7A14 antibody 

(Bars: left- 50 𝜇m , right- 20 𝜇m). 
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Conclusion 

SLC7A14 was found to be highly conserved at the gene and protein level among 

vertebrate species. Homologous gene families, such as the SLC7 family, arise from 

speciation events and the resulting orthologous proteins have the same function in different 

species. Conversely, paralogs arise from duplication events; for example, the teleost 

lineage duplication resulted in the paralogs slc7a14a and slc7a14b in zebrafish [49][50]. 

Mammalian proteins with sequence identity greater than 85% are considered orthologs; 

however, additional parameters can be used to confirm conservation including gene order 

conservation and whole-genome alignment [27][51]. This study found that many of the 

vertebrate orthologs to human SLC7A14 share over 99% sequence identity with the 771 

amino acid protein.    

Sequence identity generally corresponds with similarity in molecular function both 

within protein families and across species. Conserved residues likely compose key 

functional or structural domains in the protein (i.e. substrate binding, phosphorylation site, 

catalytic site, etc.); therefore, variants in these positions are not well tolerated [22]. For 

example, the predicted phosphorylation site at residue 163 and the transport domain 

spanning TM domains 9 and 10 are highly conserved across vertebrate species. The limited 

number of pathogenic SNP variants identified in SLC7A14 further supports the functional 

conservation of the SLC transporter. That the c.988G<A SNP had increased allelic 

frequency (C = 0.0169) in the East Asian population suggests that the variant is likely 

inherited. In fact, several of the probands identified with homozygous mutant alleles in the 

Jin et al. (2014) study had carrier parents with heterozygous mutations [18]. The fact that 

pathogenic mutations in Slc7a14 accounts for two percent of RP cases in Chinese patients 
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suggests that screening RP patients in other populations may identify additional pathogenic 

variants in the gene. 

The functions of SLCs are further characterized by tissue and cell-specific 

expression patterns. Initial examination of SLC7A14 expression in rat tissues showed 

isolated expression in the central nervous system, while distinctive expression was 

observed in the mouse retina [14] [18]. Expression of Slc7a14 in mouse cochlear hair cells 

was first detected by transcriptome analyses [10]. The current study further characterized 

distinctive upregulation of Slc7a14 in IHCs compared to OHCs, as well as high expression 

in the spiral ganglion and hippocampus, by RT-qPCR. Cell type- or tissue-specific 

expression SLCs may further elucidate conservation of molecular function. The ortholog 

Slc7a14b was detected in zebrafish inner ear hair cells [35], while the paralog Slc7a14a 

was expressed in the zebrafish retina [18]. Immunostaining showed distinctive expression 

of SLC7A14 (and corresponding homologues) in mature hair cells in the zebrafish saccule 

and neuromast, turtle and chicken auditory papilla, and the cochleae of mouse and rat. 

While all hair cells in lower vertebrates expressed SLC7A14, including both the tall and 

short chicken hair cells, only mature mammalian IHCs expressed SLC7A14.  

Despite their origin from common progenitor cells in the developing otic placode, 

the cochlear IHCs and OHCs have distinctive transcriptomic signatures. Differential gene 

expression patterns underlie the functional characteristics of the unique hair cell types. 

RNA-seq data available in the gEAR database was mined to further examine the expression 

of Slc7a14 during the development of mouse cochlear hair cells. During prenatal 

development (E18.5 to P0), Slc7a14 was more highly expressed in the OHC population. 

From ages P8 and older, differential expression increases in IHCs. Developmental changes 
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in expression were confirmed by smFISH, which showed mRNA level expression in both 

IHCs and OHCs at P0 and P4 and unique expression in IHCs after P12. Immunostaining 

confirmed unique SLC7A14 protein expression in P3 OHCs and P21 IHCs. Strong IHC-

specific expression continued in adult IHCs (P60). Mild Slc7a14 expression was observed 

in E18.5 vestibular hair cells; however, no expression was observed in postnatal vestibular 

hair cells at either the mRNA or protein level.  

While some genes are upregulated early in development, such as Slc7a14, they may 

be downregulated as the IHCs and OHCs further differentiate. The expression switch 

observed with Slc7a14 likely results from epigenetic and transcriptional changes that occur 

during hair cell development. Other genes such as Slc26a5, encoding the OHC-specific 

motor protein prestin, are not upregulated until later in hair cell development. The 

upregulation of SLC7A14 in IHCs corresponds with hearing onset at P12. Other 

transporters also upregulated in mature IHCs are known to contribute to sensory cell 

functions including establishing resting membrane potential, propagating electrical action 

potentials, and synaptic transmission (Slc1a3, Slc17a8). 

 The conservation of SLC7A14 and distinctive expression in hair cells among 

vertebrate species suggests that the SLC transporter plays an important role in sensory cell 

function. As a predicted arginine transporter, SLC7A14 may contribute to metabolic 

homeostasis of hair cells, photoreceptors, and other neuronal cell populations in the 

hippocampus and spiral ganglion. While loss of function, missense mutations in SLC7A14 

underlie progressive photoreceptor loss resulting in a visual phenotype, these mutations 

have yet to be associated with an auditory phenotype. The remainder of this study will 

investigate the function of SLC7A14 in hair cells.   
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CHARACTERIZING THE FUNCTION OF SLC7A14  

IN COCHLEAR HAIR CELLS 
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Introduction  

 Mutations, both inherited and acquired, in hair cell genes are one of the main causes 

of sensorineural hearing loss. Hearing loss mutations are classified based on the subsequent 

non-syndromic hearing loss (NSHL) or syndromic hearing loss (SHL) [52]. Many of the 

genes in human hereditary NSHL encode proteins essential for hair cell function such as 

ion channels (KCNQ1, KCNQ4), molecular motors (MYO6, MYO7A, Prestin), and 

structural proteins (OTOF, TECTA), among over 60 other genes [53]. Approximately 70 

percent of known deafness-causing mutations have been implicated in NSHL; the 

remaining portion are causative of SHL in which hearing loss is only one of the symptoms. 

One example of SHL is Usher syndrome, an autosomal recessive disorder, which includes 

mutations in several genes (CDH23, PCDH15, MYO7A, USH1C, USH1G) and subsequent 

dysfunction of a network of proteins resulting in progressive hearing and vision loss [54] 

[55]. Regardless of whether the diagnosis is syndromic or non-syndromic, hearing loss is 

a permanent deficit that can affect the individual’s quality of life. Improved high-

throughput, whole exome sequencing and homozygosity mapping have led to the 

identification of novel disease loci and prediction of phenotype. The genetic and clinical 

diagnosis of hearing loss is critical for identification of new deafness genes and elucidation 

of molecular mechanisms of hearing loss for the development of therapeutic interventions.  

Many of the molecular mechanisms underlying cochlear hair cell function have 

been identified through the characterization of deafness-associated genes. Transcriptomic 

profiling of cochlear IHCs and OHCs has identified differentially expressed genes 

encoding transcription factors, ion channels, molecular motors, synaptic signaling proteins, 

and other proteins with sensory hair cell-specific functions [10][12]. Characterization of 
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several of these recently identified IHC- and OHC-specific genes will not only lead to a 

better understanding of the functional properties of cochlear hair cells, but it may also 

identify related phenotypes using knockout studies in animal models. This study focuses 

on characterization of the function of the uniquely expressed protein SLC7A14 in mouse 

IHCs.  

SLC7A14 has been previously implicated in retinitis pigmentosa (RP), a 

progressive degenerative retinal disease associated with mutations in 58 other genes [56]. 

RP patients, with no causative mutations in genes known to be associated with the disease, 

were screened by whole-exome sequencing that identified novel homozygous and 

compound heterozygous mutations in SLC7A14 [18]. Some of the patients were diagnosed 

with the missense variants c.988G>A or c.1391G>T underlying autosomal recessive RP 

(arRP). Symptoms of RP in one proband appeared first during childhood as sporadic night 

blindness followed by decreased bilateral visual acuity. Optical coherence tomography 

(OCT) is used to examine retinal atrophy and electroretinography (ERG) can measure a 

decrease in evoked potential of the photoreceptors, providing both morphological and 

physiological evidences indicative of RP [18]. SLC7A14, is causative of two percent of 

arRP cases in screened Chinese and Japanese patients [18][57].  

Common pathobiological mechanisms have been identified in retinal 

photoreceptors and cochlear hair cells as a result of mutation in genes encoding proteins, 

such as Usher proteins, that contribute to specialized sensory cell functions [58]. Classified 

as type II sensory receptors, both photoreceptors and hair cells have specialized cilia for 

detection of sensory input. The stereocilia of hair cells function as the mechanotransduction 

apparatus to generate a receptor potential in response to auditory input, while the outer 
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segment of photoreceptors contains the light-sensitive photopigment [59]. Another 

common feature of these sensory cells is innervation by one or more afferent neurons and 

specialized ribbon synapses for the release of the neurotransmitter glutamate in response 

to graded potentials [60] . The expression of SLC7A14 in photoreceptors and hair cells may 

provide insight into the essential and shared function of the SLC transporter in these 

sensory cells. Knockout of SLC7A14 in mice recapitulated the RP phenotype observed in 

the arRP patients. The visual phenotype in 2.5-month old knockout mice included 

abnormal ERG response, as well as reduced retinal thickness detected with both OCT and 

histological analysis [18]. Additionally, morpholino injection for Slc7a14a gene 

knockdown in zebrafish resulted in delayed eye development and decreased eye size. The 

severity of the progressive vision loss in humans, confirmed in animal models, provides 

strong evidence that SLC7A14 is essential for normal function of photoreceptors. Based 

on these observations, I hypothesize that the SLC transporter is also essential for 

maintaining IHC homeostasis and that loss of SLC7A14 will result in progressive hearing 

loss.  

 

Materials and Methods 

Animal care, maintenance, breeding and housing 

All animal experiments were approved by the Creighton IACUC or Wenzhou 

Medical University and Capital Medical University in China. Wildtype C57BL/6J mice 

were obtained from Jackson Laboratory and bred for gene and protein expression analyses. 

Knockout and knockin mice from ages one month to a year, including both male and female 

mice, were used for electrophysiology experiments and expression assays. 
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Knockout mice 

Slc7a14 knockout (KO) mice were generated by TALEN-mediated excision of 

exon 2 [18] (Figure S1A). Founder mice were selected based on the presence of a 10-base 

pair deletion, which introduced a premature stop codon at position 136, resulting in a 

truncated protein. Heterozygous mice were bred to obtain Slc7a14+/+ (wildtype), Slc7a14+/- 

(heterozygous), and Slc7a14-/- (KO) mice. Tail tips were placed in 2.0 mL Eppendorf tubes 

with 1.5 ml digestion buffer (60mM Tris pH 8.0, 100 mM EDTA, 0.5% SDS) and 

ProteinaseK (Thermo Fisher) was added to a final concentration of 500 µg/ml. Samples 

were mixed by inversion and then incubated at 55 ̊ C for four hours, with rotation. The 

sample was split into 750 µl aliquots and an equal volume of phenol:chloroform, pH 7.8 – 

8.2, was added to each tube. After mixing by rapid inversion for 2 minutes, samples were 

centrifuged at high speed for 10 minutes at room temperature. The aqueous (upper) phase 

was then transferred to a new tube, carefully avoiding the interface layer. An equal volume 

of 95% ethanol, 1/10 volume 3 M sodium acetate (pH 5.2), and 1 µl glycogen were added 

to each sample. Samples were placed at 20 ̊ C overnight. To precipitate DNA, the samples 

were spun at high speed at 4 ̊ C for 20 minutes. The liquid was removed from the tube and 

the pellet was carefully washed twice with 70% ethanol. The pellet was resuspended in 200 

µl TE, pH 7.4, and shaken at room temperature for a few hours. DNA concentration was 

quantitated by spectrophotometer (Nanodrop). PCR reactions were performed using Taq 

PCR master mix kit (Qiagen) using the following primers: forward: 5’ 

TCTATCAGCAAACCTTCACTGCAAC-3’ and reverse: 5’ 

CTGTCAATCATACTGTCAACATGGGTTC-3’, followed by Sanger sequencing of the 

~550 base pair (bp) product. Knockout was confirmed by alignment of the sequenced PCR 
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product and absence of protein expression was confirmed with IF (n = 2 per WT and KO 

genotype) (Figure S1B-E).   

Knockin mice 

Slc7a14 knockin (KI) mice were generated by CRISPR-Cas9 mediated genomic 

recombination. The designed gRNAs targeted regions located near the point mutation and 

screened for target efficiency using the Beijing Cas9/gRNA target efficiency detection kit 

(article number: VK007). A donor plasmid encoding the mouse exon 6 with the mutant 

codon 330 AGG was used as a template for homology driven repair following CRISPR-

Cas9 nickase induced single-stranded breaks in the genomic DNA (Figure S2). In vivo 

genome editing using Cas9 nickase and paired sgRNAs decreases off-target site mutation 

and non-homologous end joining-induced damage [61]. The donor DNA sequence was 

designed such that upon introduction of the sequence encoding the point mutation, the 

PAM sequence of the gRNA target is also destroyed so that the genomic DNA can no 

longer be edited, improving efficiency of the point mutation. All sequences are summarized 

in Table S2. 

The Cas9 nickase mRNA, Cas9 target gRNA, and donor DNA were co-

microinjected into mouse fertilized eggs to achieve gene knockin (Figure S2A). PCR was 

used to detect the mutant sequence in the founder (F0) mice. F0 mice were outcrossed to 

obtain a stable inherited genetic point mutation heterozygous F1 generation. DNA 

sequencing was performed to confirm that the target gene had a point mutation. Point-

mutation heterozygous mice (Slc7a14+/c.AGG) were mated with each other, to generate the 

experimental genotypes including wildtype (Slc7a14+/+) and homozygous KI mice 

(Slc7a14c.AGG/c.AGG). Mice were genotyped with forward (5’-
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CGTATGTGTCTGTGAGCATGA-3’) and reverse (5’-

CAAGGACGGCAGGTTTTTGG-3’) primers. The missense mutation was verified by 

Sanger sequencing.   

Immunofluorescence 

 Loss of protein expression in KO mice was confirmed by IF of whole mount 

wildtype and KO cochleae. Methods are detailed in Chapter 2 and all antibodies are listed 

in Table S1. IF of cochleae from KO and KI mice with MYO7A and F-actin antibodies, 

was used to examine hair cell morphology. All images were processed in Image J.  

Auditory electrophysiology  

In order to characterize the auditory phenotype of the KO and KI mice, typical 

auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) 

electrophysiology measurements were used (n = 6-7 per genotype for each age). The mice 

were anesthetized with the ketamine/ xylazine mixture (100 mg/kg: 15 mg/kg) via 

intraperitoneal injection. Body temperature was maintained at 37 °C with a heating pad. 

ABRs measurements were elicited with standard tone bursts from 4 to 50 kHz and recorded 

by needle electrodes placed at the skull vertex, mastoid prominence, and leg (ground). 

Stimulus levels were presented as sound pressure levels measured in decibels (dB SPL). 

The response signals were amplified (100,000x), filtered and acquired by a TDT RZ6 

(Tucker-Davis technologies). Each averaged response was based on 500 stimulus 

repetitions. Threshold is visually defined as the lowest sound pressure level (decibels) 

where any sound wave (I to IV) is detected above the noise level and reproducible with 

increasing sound pressure level. 
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To determine DPOAE thresholds, the output earphone probes, along with a low-

distortion probe microphone, were sealed within the ear canal. DPOAE thresholds were 

elicited by input of two primary tones of different frequencies (f1 and f2) from two 

electrostatic speakers, with the f2 level 10 dB lower than the f1 level (Tucker-Davis 

Technologies EC1 phones). The sound pressure obtained from the microphone in the ear-

canal was amplified and Fast-Fourier transforms were computed from averaged waveforms 

of ear-canal sound pressure.  The DPOAE response was measured in response to f1 and f2, 

with f2/f1 = 1.2. The DPOAE threshold is defined as the f1 sound pressure level (measured 

in decibels) required to produce a response above the noise level at the frequency of 2f1-f2.  

Scanning electron microscopy 

For scanning electron microscopy (SEM), cochleae from wildtype and KO mice 

were prepared by fixation in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 

7.4) containing 2 mM CaCl2 for 24 hours at 4 °C. Following washes in buffer, the cochlear 

wall was removed, and the cochleae were post-fixed for one hour in 1% OsO4 in 0.1 M 

sodium cacodylate buffer. Following additional washes, they were dehydrated in ethanol, 

critical point dried from CO2 and sputter-coated with gold.  SEM imaging was conducted 

at the University of Nebraska Medical Center imaging core on a FEI Quanta 200 and 

photographed. 

Human audiometric testing 

 Pure-tone audiometry was used to test auditory function in three RP patients 

identified in the Jin et al. (2014) study, with the p.(Gly330Arg) mutation. Normal air 

conduction threshold search screening was conducted by presenting tones from 250 Hz to 

8 kHz at the upper limits of human hearing (15 to 20 dB in children, 25 to 30 dB in adults) 
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[62]. After presenting a standard, audible tone, the intensities were decreased in 10 dB 

intervals until the patient no longer responded. To confirm threshold levels, the signal 

intensities were presented in increasing 5 dB increments until the patient responded again.  

When no deficit was detected during normal testing, extended range testing was conducted 

up to 16 kHz. Results were manually recorded for the left and right ears. Hearing thresholds 

were compared to average, age-matched hearing thresholds [63]. 

Statistical analysis 

 To determine significance of electrophysiology measurements, a two-way ANOVA 

with repeated measures, grouped to include biological replicates, was conducted. Post-hoc 

analysis included Tukey’s multiple comparisons test with a confidence interval of 0.05. All 

statistical analyses and graphing were conducted in GraphPad.  

 

Results  

Ablation of SLC7A14 in mice causes elevated hearing thresholds  

 To characterize the auditory phenotype associated with the IHC-specific SLC 

transporter, this study used the KO mouse line generated by Jin et al. (2014). Loss of 

protein expression in KO mice was confirmed with IF (Figure S1). The SLC7A14-deficient 

mice were viable and fertile and did not show any physical abnormalities. ABR was used 

to measure auditory function in Slc7a14+/+ (wildtype), Slc7a14+/- (heterozygous), and 

Slc7a14-/- (KO) mice at 1, 2, 3, and 6 months of age (n = 6 - 7). ABR measures the evoked 

potentials from the IHCs, the subsequent action potential in spiral ganglion neurons, and 

transmission through central auditory pathways. At one month, hearing thresholds in the 

KO mice were comparable to wildtype or heterozygous littermates (Figure 3.1A). 
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However, the threshold of the KO mice at 2 months of age showed partial elevation at 8 

and 50 kHz. Significant threshold elevation was measured in KO mice, across a range of 

frequencies, at both 3 and 6 months (p < .0001). Average threshold shift at 2, 3, and 6 

months, between KO and both Slc7a14+/+ and Slc7a14+/- mice was significantly elevated 

compared to the 1-month baseline (Figure 3.1B). Notably, there is no difference in the 

Slc7a14+/+ and Slc7a14+/- ABR thresholds at any age tested. Furthermore, the normal 

phenotype in the heterozygous mice demonstrates that a single wildtype allele provides 

enough normal protein, compared to the loss of function in the knockout (null) mutant. 

However, all mice tested showed age-related hearing threshold elevation at 6 months.  To 

examine the contribution of OHC dysfunction to the auditory phenotype, DPOAE was used 

to detect evoked auditory emissions resulting from OHC electromotility. DPOAE threshold 

was measured at frequencies from 4 to 32 kHz. Contrary to ABR results, there was no 

measurable difference in DPOAE thresholds in Slc7a14+/+, Slc7a14+/- and KO mice (Figure 

3.1C).  
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Figure 3.1: Measurement of auditory function in Slc7a14 knockout mice. (A) ABR 

threshold measurements of Slc7a14
+/+

, Slc7a14
+/-

, and Slc7a14
-/-

 mice at 1, 2, 3, and 6 

months of age. (N = 6-7). (B) ABR threshold shifts at 2, 3 and 6 months compared to 1 

month. (Error bars: SD) (C) DPOAE threshold measurements of Slc7a14 
+/+

, Slc7a14 
+/-

, and Slc7a14 
-/-

 mice at 3 and 6 months. (WT to KO ** p < .005, *** p < .0005, **** 

p < .0001) (Het to KO ## p < .005, ### p < .0005, #### p < .0001) (Error bars: ±SE). 
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Morphological examination of SLC7A14 KO mouse cochleae shows degeneration of 

IHCs 

 SEM was used to examine cochlear morphology in 3-month knockout mice. Figure 

3.2A shows degeneration of the IHC bundles in the middle cochlear turn of KO mice. IHC 

bundles observed throughout the length of the cochlea were disorganized or absent. 

Representative images of IHC stereocilia bundles show signs of degeneration such as 

absorption, fusion and recession. Note the normal V-shaped appearance of the OHC 

bundles (Figure 3.2A middle panels). Immunostaining of KO mice cochlea showed some 

IHCs with decreased MYO7A expression at 3 months, and missing IHCs at 12 months 

(Figure 3.2B). No abnormal stereocilia bundle morphology or missing hair cells were 

observed in the utricle of a 12-month KO mouse, which is consistent with the lack of 

SLC7A14 expression in the vestibular hair cells (Figure 3.2C). 
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Figure 3.2: Morphology of knockout mouse cochlea. (A) Scanning electron microscopy 

of 3-month old Slc7a14
-/- 

(KO) mouse cochlea. Representative images of stereocilia 

bundles of IHCs and OHCs in middle turn of cochlea. Wildtype middle turn included in 

top right panel for reference. Black arrow indicates absent IHC bundle. (B) IF staining 

of  Slc7a14
-/-

 mouse cochlea at 2, 3, and 12 months (Bars: 20 𝜇m). Asterisk indicates 

decreased MYO7A expression; white arrow indicates absent IHCs. (C) F-actin 

(Phalloidin) stained utricle hair cells in 12-month Slc7a14
-/-

 mouse (Bar: 20 𝜇m). 
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Mutation of highly conserved residue p.(Gly330Arg) in SLC7A14 causes progressive 

hearing loss 

 KI mice were generated to examine whether the loss of function mutation in 

SLC7A14 linked to arRP also causes hearing loss. The missense mutant p.(Gly330Arg) 

was selectively mutated by CRISPR/ cas9 technology (Figure S2). The mutant residue lies 

in an extracellular loop domain between transmembrane (TM) domains 7 and 8 and is 

highly conserved among vertebrate species (See Chapter 2 for alignment information) 

(Figure S3). The KI mice were viable and did not show any visible physical abnormalities. 

Normal, albeit weaker, expression of SLC7A14 was observed in the IHCs (Figure S2C, 

D). 

 Auditory function of KI mice was measured using ABR and DPOAE tests.  There 

was no difference in ABR threshold in 2-month homozygous KI mice (Slc7a14 c.AGG/c.AGG), 

compared to heterozygous (Slc7a14+/c.AGG) and wildtype (Slc7a14+/+) mice (Figure 3.3A). 

At 3.5 months, there was a significant elevation of ABR threshold in KI mice at 4, 32, and 

40 kHz (p < .0001) (Figure 3.3B). The average auditory threshold shift from 2 to 3.5 

months was about 20 dB higher in KI mice compared to wildtype or heterozygous KI mice 

(p < .05). The KI mutant allele induces a loss of function phenotype in homozygous mice 

similar to the recessive mutant allele in arRP patients. There was no difference in ABR 

threshold in the wildtype and heterozygous knockin mice (Figure 3.3C). DPOAE of 3.5-

month mice showed no difference in thresholds between wildtype, heterozygous, and KI 

mice (Figure 3.3D).  
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Figure 3.3: Measurement of auditory function in knockin mice. (A) ABR thresholds of 

Slc7a14 
+/+

, Slc7a14 
+/c.AGG

, and Slc7a14 
c.AGG/c.AGG

 mice at 2 months (n = 3) and 3.5 

months of age (n = 6) (WT to KI ** p < .005, *** p < .0005, **** p < .0001) (Het to KI 

## p < .005, ### p < .0005, #### p < .0001). (B) ABR threshold shifts between 2 and 

3.5 months (* p < .05) (Error bars: ±SE). (C) DPOAE threshold measurements in 

Slc7a14 
+/+

, Slc7a14 
+/ c.AGG

, and Slc7a14 
c.AGG/c.AGG

 mice at 3.5 months (n = 6). 
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 To further confirm an auditory phenotype resulting from loss of SLC7A14 function, 

patients diagnosed with arRP, linked to the p.(Gly330Arg) missense mutation in SLC7A14 

(homozygous allelic c.988G>A), were subjected to auditory testing (n = 3). Each patient 

had been diagnosed with RP, though with varying degrees of severity and age of onset. 

Patient 1, who was 6 years old showed moderate bilateral hearing loss in the mid-frequency 

range (1 kHz) (Figure 3.4). Patient 2 was 42 years old, and at the time of the test showed 

moderate hearing loss in the right ear and severe hearing loss in the left ear at high 

frequencies (> 6 kHz). The third patient tested within the normal hearing thresholds up to 

8 kHz; however, extended range audiometry detected a measurable decrease in auditory 

thresholds above 10 kHz. Each patient tested showed clinical signs of progressive hearing 

loss, with thresholds below average at frequencies throughout the testable range.  
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Figure 3.4: Measurement of auditory function in human arRP patients. Audiogram 

measurements of three probands identified in the Jin et al. (2014) and diagnosed with 

arRP resulting from the missense mutation p.(Gly330Arg) (c.988G<A) in SLC7A14. 

Threshold levels are shown in decibels in hearing level (dB HL) for the left and right 

ears, with the age matched average dB HL shown for comparison. Disconnected data 

points with arrow indicates no response. 
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Conclusion 

Conservation of vertebrate hair cell function has been evidenced by many genes 

involved in their differentiation, development, and function as mechanoreceptors [64][65]. 

Several gene orthologs have been implicated in deafness phenotypes in various animal 

models including zebrafish and mouse [65][66]. The conserved expression and sequence 

homology of SLC7A14 in vertebrates provides strong evidence that this SLC transporter 

is essential for hair cell function. Using both knockout and knockin mouse models, this 

study demonstrated that SLC7A14 is essential for IHC function and survival.  

Following identification of novel mutations in SLC7A14 linked to arRP, Jin et al. 

(2014) developed a KO mouse model to investigate the pathologic mechanism [18]. The 

SLC7A14 KO mice showed a 10 to 25 dB hearing threshold elevation across frequencies 

from 4 to 50 kHz at 3 months. Histological analysis of 3-month KO mouse cochleae 

showed morphologic defects in IHC stereocilia bundles consistent with the 

electrophysiology results. DPOAE measurements showed normal OHC function in the KO 

mice, further supported by normal OHC bundle morphology. Collectively, these data 

demonstrate that ablation of Slc7a14 results in progressive hearing loss.  

The ablation of SLC7A14 in a mouse model resulted in a clear auditory phenotype. 

In addition, the targeted mutagenesis of Slc7a14, to recapitulate the point mutation 

identified in human patients, provides a model to understand the mechanism of hearing 

loss. The KI mice showed a mild auditory threshold elevation at 3.5 months of age and 

progressive hearing loss, closely resembling the loss of function disease mechanism in the 

human cochlea. Further confirmation of the visual phenotype induced in the KI 

p.(Gly330Arg) mice, using OCT and ERG measurements, is needed.  
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The KO and KI mice at one month of age had normal hearing thresholds and normal 

cochlear morphology, suggesting the SLC7A14 is not necessary for hair cell differentiation 

or development. The evidence of pathogenicity linked to SLC7A14 deletion or mutation 

demonstrates mechanistically that this transporter is required for mature IHC function and 

survival. The progressive onset of the disease and threshold elevation across a range of 

frequencies is most indicative of deafness induced by auditory neuropathy. Auditory tests 

of three patients with the SLC7A14-p.(Gly330Arg) mutation demonstrated progressive 

hearing loss from low to high frequencies, with more severe hearing loss at higher 

frequencies. The auditory phenotype, similar to the visual RP phenotype, is influenced by 

other compounding variables including age, sex, and environment, all of which can affect 

the rate of progression and severity of the disease. Therefore, characterizing auditory 

function in additional patients will further define the auditory phenotype associated with 

SLC7A14 mutations.  

While it can be difficult to confirm whether a mutation is associated with deafness, 

the auditory phenotype observed in both the KO and KI mice provides compelling evidence 

that SLC7A14 is a novel SHL gene. The co-occurrence of blindness and deafness is 

recognized in 40 syndromes defined by bilateral sensorineural hearing loss and RP 

associated vision loss, and over half of the cases are classified as Usher syndrome [5]. 

Continued screening of SLC7A14 and its pathogenic variants in additional populations will 

further implicate the gene in deafness. Additionally, the mode of inheritance should be 

examined by screening members of the affected family. The identification of a gene linked 

to SHL can allow for better diagnosis and opportunity for targeted therapeutic intervention.  
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CHAPTER 4 

 

MOLECULAR FUNCTION OF SLC7A14 
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Introduction 

 SLC7A14 has been reported to be localized to the lysosomal membrane [17][18]. 

As a component of the endomembrane system, lysosomes are acidic organelles that serve 

as catabolic centers in the cell with many pH-dependent hydrolases in the lumen [67]. 

Biosynthesis of lysosomes is regulated to support cellular metabolism. The fusion of 

lysosomes with late endosomes, autophagosomes and phagosomes, and the subsequent 

hydrolytic activity and exchange of metabolites is essential to maintain cellular 

homeostasis [68]. Dysfunction of lysosomal transporters and intraluminal enzymes can 

trigger complex cellular pathogenic cascades, disrupt autophagy, and ultimately lead to cell 

death [69].  Over 300 membrane proteins are found within the lysosomal membrane, 

including several SLC transporters that have been implicated in pathophysiological 

mechanisms [70][71].  

 Although the function of lysosomal SLC transporters and their substrates are 

diverse, a frequent mechanism linked to their dysfunction is impairment of autophagy [72]. 

Further involvement of lysosomal SLCs in cellular pathology includes impaired 

degradation of endocytosed materials and disrupted efflux or uptake of various substrates 

(i.e. ATP, nucleosides, electrolytes, GABA/ glycine), in addition to well documented 

lysosomal storage disorders [72][73]. The discovery of the amino acid-sensing capability 

of SLC738A9, and subsequent interaction with nutrient-sensing cell machinery (Rag-

GTPases and mTORC1) to regulate autophagy, suggested a new role of lysosomal 

transporters in metabolic homeostasis [74][75][76]. Cationic amino acids, such as ʟ-

arginine and ʟ-lysine, play an important role in metabolic pathways including nitric oxide 

(NO) synthesis or polyamine synthesis [77]. Intracellular availability of arginine is 
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essential for NO synthesis, which is an important signaling molecule in the central nervous 

system [78]. The activity of CAT proteins that mediate cellular uptake and intracellular 

flux of cationic amino acids regulates the supply of substrates to maintain metabolic 

homeostasis.  

 Classified as an orphan CAT protein, based on homology of the AA-permease 

domain, SLC7A14 was predicted to transport cationic amino acids [14].   SLC7A14 was 

first reported to localize to intracellular membranes in Xenopus oocytes expressing a 

human SLC7A14-eGFP fusion protein [17]. Furthermore, SLC7A14 showed co-

localization with LysoTracker, a pH sensitive, fluorescent lysosomal marker. To 

characterize the transport function of SLC7A14, Jaenecke et al. (2012) first attempted to 

mutate the lysosomal targeting sequence (unspecified) without success, so they instead 

inserted the SLC7A14 transport domain into human CAT-2 (hCAT-2), which is normally 

expressed on the plasma membrane [17] . The h-CAT-2/A14 chimeric protein had a low 

affinity to arginine (Km = 1.93 ± 0.19 mM), and arginine efflux was trans-stimulated and 

appeared to be pH dependent as transport activity continually increased from extracellular 

pH 5 to 8.5 [17]. These findings suggested that endogenous SLC7A14 likely plays a role 

in arginine uptake into lysosomes. 

 SLC7A14 may function similarly to the lysosomal transporter SLC38A9, either as 

an arginine sensor or regulator of autophagy. Autophagy is a general term used to describe 

the major pathway for degradation of intracellular components which is important for 

supporting cellular metabolism and organelle biogenesis to maintain homeostasis [79]. 

Autophagy is mediated by the action of lysosomal transporters and formation of 

autolysosomes [80]. While autophagy is generally induced under starvation and stress 
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conditions, basal autophagy is important for the homeostasis of post-mitotic cells such as 

cochlear hair cells and neurons [81]. Recently, autophagy was identified as an essential 

mechanism for the development and maturation of cochlear ribbon synapses in mouse 

IHCs [82]. Dysfunction in autophagy due to mutations in ATG genes, for example, leads 

to abnormal accumulation of ubiquitinated proteins and organelles [83][84]. Mice with 

Atg5-deficient hair cells showed progressive accumulation of aggregates and rapid 

stereocilia degeneration resulting in profound hearing loss [85]. Autophagy was also found 

to ameliorate mild oxidative stress response by reducing reactive oxygen species (ROS) 

levels to protect OHCs against noise-induced hearing loss [84][86]. Conversely, 

downregulation of autophagy in neomycin-damaged hair cells significantly increased cell 

death [87]. These studies provide evidence that autophagy is essential for hair cell 

maturation, function and survival, and that dysregulation of autophagy in IHCs and OHCs 

may lead to cell degeneration and death. 

 Unlike other lysosomal transporters that are ubiquitously expressed in tissues, 

SLC7A14 is distinctly expressed in the central nervous system and specialized sensory 

receptors. The conserved expression of SLC7A14 among vertebrate hair cells and retinal 

photoreceptors, as well as the distinctive phenotypes that result from gene knockout or loss 

of function mutations, suggests that the CAT is essential for cell function and survival. 

Impaired autophagy in hair cells and photoreceptors will almost certainly lead to 

progressive cell loss. The goal of this study was to investigate the subcellular localization 

and function of SLC7A14 in vitro and in vivo, and assess the consequences of the 

p.(Gly330Arg) missense mutation on protein localization and autophagy activity. 
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Methods 

Protein localization modeling 

 In silico predictive modeling was used to examine the likelihood of human 

SLC7A14 localizing to the lysosomal and other cellular membranes. Deep loc 1.0 

(http://www.cbs.dtu.dk/services/) predicts the subcellular localization of proteins using 

iterative homology analysis comparing the sequence of the protein of interest to Uniprot 

sequences of proteins experimentally confirmed to localize to 10 different cellular locations 

[88]. The resulting predicted probabilities for protein localization to each subsequent 

cellular location were downloaded and summarized. Additionally, a graph showing the 

significance of each amino acid position in the human protein sequence in contributing to 

the site-specific localization was downloaded. This process was repeated for the SLC7A14-

p.(Gly330Arg) missense mutant, as well as the wildtype mouse homolog. 

Cell culture and cell line maintenance 

Selection of mammalian cell lines for in vitro assays was based on endogenous 

expression of SLC7A14. Both HEK293 (human embryonic kidney) and SH-SY5Y (human 

bone marrow neuroblast) cells were cultured according to the product sheet from ATCC. 

The HEK293 cell line (ATCC® CRL-1573™) was obtained from ATCC® and cultivated 

in Eagle’s minimum essential medium supplemented with 10% fetal bovine serum (FBS). 

Cells were subcultured when ~90% confluent and seeded at a 1:10 ratio. The SH-SY5Y 

cell line (ATCC® CRL-2266™) was a kind gift from Dr. Holly Stessman. The cells were 

grown in DMEM: F12 medium supplemented with 10% FBS. Both floating and adherent 

cells are present in the SH-SY5Y population. In order to maintain the heterogeneity of the 

stock cell line, the medium with floating cells was collected and cells were recovered by 
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centrifugation and then combined with the isolated adherent cell population and 

subcultured at a 1:20 ratio before freezing. Adherent, differentiated cells resembling 

neurons were used for all experiments described below. Both cell lines were maintained in 

a humidified 37 °C incubator with 5% CO2 and culture medium was refreshed every 3 to 

4 days. 

RT-PCR 

HEK293 and SH-SY5Y cell lines were initially tested for expression of SLC7A14 

using RT-PCR. Adherent cells from one confluent T-75 flask of each cell type were 

detached by gently scraping the bottom surface of the flask. The flask bottom was washed 

with the cell medium and contents were collected and centrifuged at 125 g for 5 minutes. 

The cell pellet was washed in 1X PBS and centrifuged, then the PBS was removed. RNA 

from the pelleted cells was immediately isolated using the RNeasy mini kit (Qiagen) and 

final RNA concentrations were measured using a Nanodrop 2000 spectrophotometer. The 

QuantiTect Reverse Transcription Kit (Qiagen) was used to synthesize cDNA from 1 µg 

of HEK293 and SH-SY5Y total RNA. RT-PCR was performed to detect expression of 

SLC7A14 (forward primer 5’- CACGGCACATGGAACTAAGC-3’, reverse primer 5’- 

TGATTCTTCACCTTTCCCCAGG3’) and GAPDH (forward primer 5’- 

AAGACGGGCGGAGAGAAACC3’, reverse primer 5’- 

GGGGCAGAGATGATGACCCT 3’), with a no template sample included as a control. 

The reaction proceeded as follows: 94 °C for 4 min; 94 °C for 30 sec, 62 °C for 30 sec, 72 

°C for 1 min, repeat 34 times; and, 72 °C for 10 min. The PCR products were separated by 

electrophoresis on a 2% agarose gel with SYBRsafe DNA gel stain (Invitrogen), followed 

by UV imaging to detect PCR products (Figure S4A). 
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In vitro immunofluorescence of cultured cells 

 SHSY-5Y cells were seeded in glass bottomed 35 mm dishes for all IF experiments. 

To confirm lysosomal localization of SLC7A14 in the SHSY-5Y cells, cells were seeded 

at 0.5 x 106 and incubated for overnight. Following incubation cells were partially fixed 

first by adding a few drops of freshly prepared 4% PFA directly to the cell medium and 

allowed to sit at room temperature for 5 min. The medium was then removed, and the cells 

were rinsed twice with 1X PBS. Cells were fully fixed in 4% PFA for 2 hours at 4 °C. 

Following fixation, cells were rinsed twice with 1 X PBS. Cells were incubated with 0.2% 

TritonX-100 + 5% NGS for 20 minutes prior to incubation with primary antibodies (Table 

S1) overnight at 4 °C. Cells were washed 3 times with 1X PBS prior to incubation with 

conjugated secondary antibodies (Table S1) for 2 hours at room temperature. Finally, cells 

were incubated with DAPI (1:10,000) for 10 minutes. After completion of immunostaining 

procedures, the cells were rinsed and covered with a 50% glycerol/ 50% 1X PBS solution 

and stored at 4 °C prior to imaging. Samples were imaged on a Nikon Ti-E with a 

Yokogawa Spinning Disc Confocal with a Flash 4.0 Hamamatsu Monochrome camera. 

Lysosome isolation 

The following protocol was adapted from Walker and Evans (2015) and Kosicek et 

al. (2018) (Figure S4B) [89][90]. Standard culturing procedures described above were used 

to maintain SH-SY5Y cells. Cells were cultured in T-75 flasks until they reached 80 to 

85% confluency. The cell media was replaced with the pulse medium, normal cell media 

containing 10% ferrofluid solution (FerroTec) and 10mM HEPES pH 7.2, for 24 hours. 

Following the pulse incubation, the cells were washed three times with PBS and incubated 

with normal cell media or 24 hours (chase). The minimum pulse and chase times of 24 
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hours were maintained to ensure normal function of endosomal trafficking sufficient to 

purify lysosomes.  

Following the pulse-chase incubations, cells were trypsinized (0.5% trypsin) for 2 

to 3 minutes. Following cell detachment, normal media was added up to a volume of 10 

ml. Cells were pelleted via centrifugation at a maximum of 60 g for 5 minutes (higher 

speeds may cause damage to cells containing iron nanoparticles). The media was removed, 

and the pelleted cells were washed in PBS and centrifuged again under the same 

parameters. The PBS was removed, and the cell pellet was placed on ice for all subsequent 

steps. The cell pellet was resuspended in 4 ml of hypotonic buffer A (15 mM KCL, 1.5 

mM MgAc, 1 mM dithiothreitol (DTT), 10 mM HEPES, 1 µl of protease inhibitor cocktail 

(PIC) (Fisher Scientific UK), make up with ddH2O to 50 ml and keep on ice). The cell 

suspension was homogenized in a tight dounce homogenizer for 30 strokes and passed 

through a 23-gauge (G) needle eight times. Following homogenization, 1 ml of hypertonic 

buffer B (220 mM HEPES pH 7.2, 0.1 mM sucrose, 375 mM KCl, 22.5 mM MgAc, 1 mM 

DTT, 50 µl of DNase 1 (Roche), make up with dH2O to 5 ml and keep on ice) was 

immediately added. The sample was mixed by inverting five times and incubated for 5 

minutes followed by centrifugation at 200 g for 10 minutes. The supernatant was 

transferred to a new tube and the remaining pellet was set aside (1: pellet fraction). 

Fractionation of the supernatant was conducted using MS columns (Miltenyi 

Biotech) placed in the QuadroMACS magnetic separator. Columns were first equilibrated 

with 500 µl of column prep solution (degassed buffer with 0.5% BSA in PBS) at room 

temperature. A new collection tube was placed under the column and the supernatant was 

passed through the column (500 µl at a time) and the flow through was collected (2: cell 
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lysate fraction). After all supernatant was passed through the column, a wash with 500 µl 

DNase 1 solution (10 µl of DNase 1 (Roche) per ml of 0.1 mM sucrose in PBS) removed 

any nucleic material and aggregates. The column was incubated for 10 minutes at room 

temperature, then washed with 500 µl of PBS + 0.1 mM sucrose. The MS column was 

removed from the magnetic stand and placed in a new collection tube. Lysosomes were 

eluted from the column with 500 µl of PBS (supplemented with 0.1 mM sucrose and 

protease inhibitor cocktail) and the plunger (supplied) was applied to the column to flush 

out all magnetically labeled lysosomes (3: lysosome fraction).  

Proteins were then isolated from the three distinct fractions resulted from the 

lysosome isolation process. The first was the pelleted material that remained following 

homogenization and centrifugation of cell lysate. Protein was isolated from the pellet 

fraction by adding RIPA buffer with PIC directly to the pellet, followed by standard protein 

extraction protocol. The second was the flow through that was passed through the MS 

column, which could be centrifuged and separated into supernatant and the remaining 

pellet. The supernatant, representing the cell lysate, was transferred to a clean tube. The 

third was the lysosomal fraction collected after washing the MS column. The cellular 

fractions were stored at -80 °C for future use. 

As a control, whole SH-SY5Y cells were harvested from one confluent T-75 flask, 

spun at 1,000 g for 3 minutes, washed in 1 ml PBS and spun again. The pellet was 

resuspended in 1 ml PBS, transferred to a 1.5 ml tube, and counted. Prior to protein 

extraction, the cells were pelleted by centrifugation at 2500 g x 5 min, and the supernatant 

was discarded. RIPA buffer, with 10 l of PIC per ml of sample, was added to the pellet 

and then cells were resuspended and mixed. The pellet was sonicated for 30 seconds (50% 
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pulse) and then put on ice in a shaker for 15 min. The mixture was centrifuged at 14,000 g 

for 15 min and then the supernatant was transferred to a new tube for analysis. Western 

blot was performed, as described in Chapter 2, to determine the composition to each 

cellular fraction (n = 3). The blots were probed for lysosomal-associated membrane protein 

1 (LAMP1), a known component of lysosome membranes, and SLC7A14. Additionally, 

α-tubulin was included as an internal control. Image Lab 6.0.1 software (Biorad) was used 

to quantify band intensity, compared to total loaded protein, from imaged blots and gels. 

Bacterial transformation and plasmid isolation 

The pcDNA3.1+C-eGFP plasmids (Genscript) containing the wildtype SLC7A14 

(WT pcDNA3.1) or mutant SLC7A14 c.988G>A (MT pcDNA3.1) were amplified using 

the high efficiency transformation protocol (NEB) (Figure S4C). Briefly, the NEB 5-alpha 

competent E. coli cells were thawed on ice for 10 minutes, mixed gently, and then 50 µl 

was pipetted into three separate transformation tubes on ice. A total of 100 ng of wildtype 

or mutant plasmid DNA was added to respective tubes, and a third tube without a plasmid 

added served as a control. The tubes were incubated on ice for 30 minutes, heat shocked 

for 30 seconds at 42 °C and then put back on ice for 5 minutes. 950 µl of SOC media was 

added to each tube, followed by an incubation for one hour at 37 °C in a shaker set to 250 

rpm. After one hour, the cells were mixed by flicking and inverting the tubes. A ten-fold 

serial dilution in SOC was carried out and 100 µl of each dilution was spread onto a LB + 

ampicillin selection plate, while the control was plated on both amp+ and amp- plates and 

incubated overnight at 37 °C. Single colonies of transformed cells were selected from the 

agar plates for outgrowth of plasmid. The colony was transferred to a falcon tube 

containing 2 ml of liquid LB + amp and incubated at 37 °C for 18 hours in a shaking 
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incubator. After incubation growth was observed as a cloudy haze in the tubes. The plasmid 

DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen) and concentration was 

measured by Nanodrop and Qubit. Plasmids were sequenced by Sanger sequencing using 

the mammalian CMV promoter (GeneWiz) and aligned to the reference to confirm correct 

ORF sequences for both the wildtype and mutant plasmids (Figure S4D). 

Cell Transfection 

The HEK293 and SH-SY5Y cell lines were cultured in their respective media + 

10% FBS for up to six passages. Cells were seeded into 6-well plates (1.0 x 105 cells/ ml) 

one day before transfection, to reach ~75% confluency (n = 3-6 per plasmid). One hour 

prior to transfection, cells were supplemented with Opti-MEM (750 µl/ well). The 

Lipofectamine3000 reagent was diluted in Opti-MEM medium (7.5 µl: 125 µl per well). 

The master mixes containing 2.0 ug/µl of WT or MT plasmid, 4 µl P3000 Reagent, and 

250 µl Opti-MEM, were mixed with the diluted Lipofectamine3000 in a (1:1 ratio). After 

incubating the mixture at room temperature for 20 minutes, the DNA-lipid complex was 

added as drops to the 6-well plates already containing Opti-MEM. After a six-hour 

incubation the lipid mixture was removed, and cells were supplemented with normal 

media. The cells were incubated at 37 °C for 48 hours, then observed for transfection 

efficiency indicated by GFP-positive cells.  

To label the lysosomes in the transfected HEK293 or SH-SY5Y cells, the stock 

1mM LysoTracker® Red DND-99 (Invitrogen) probe was diluted to a working 

concentration of 75 nM in the appropriate culture medium. Cells were washed with 1XPBS 

and then supplemented with medium containing diluted LysoTracker Red and Hoechst 

33342 (5 µM) to stain the nuclei of the live cells. Samples were incubated for one hour at 
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37 °C. The wells were examined for sufficient staining and accumulation of the dye in 

lysosomes. Cells expressing either the WT or MT SLC7A14-eGFP plasmid and co-labeled 

with LysoTracker Red were imaged on the Nikon confocal. 

Colocalization analysis 

 To further examine intracellular localization, antibodies targeting proteins in 

organelle membranes were selected. These included calreticulin to label the endoplasmic 

reticulum, GLG1 to label the Golgi apparatus, and LAMP1 and LAMP2 to label lysosomal 

populations. Antibodies selected for co-localization were raised in a host species other than 

rabbit to avoid cross-reactions with the SLC7A14 antibody during secondary antibody 

labeling. All antibodies are listed in Table S1. Colocalization assays were conducted both 

in vitro in cultured SH-SY5Y cells and in vivo using cochleae from P30 wildtype C57BL/6 

mice. Additionally, cochleae from the knockin mice were used to examine localization of 

the mutant SLC7A14-p.(Gly330Arg) protein. Protocols for IF of these cells and tissues 

were previously described in chapter 2 (n = 2 – 3 samples per antibody target). It is 

important to note that different LAMP1 and LAMP2 antibodies were used to target human 

and mouse proteins in SH-SY5Y cells and cochlear tissue, respectively. All samples were 

imaged as Z-stack images using a Nikon confocal microscope. 

 The built-in colocalization feature of the NIS Elements software (Nikon) was used 

to quantify colocalization of immunolabeled SLC7A14 and other organelle labels. The 

Pearson’s correlation coefficient (PCC) was used as a statistical measure of the co-

occurrence of two fluorescent probe signals in each pixel [91].  To analyze each image, 

thresholding was used to subtract background signal and define minimal signal for each 

fluorophore. A region of interest was defined to include the visible SH-SY5Y cells or the 
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IHCs. The PCC for the AF488 channel (green- SLC7A14) and AF568 or AF594 (red- other 

protein) was calculated for each plane in the z-stack image and exported to Excel. A 

minimum of three to five different images from samples, including multiple cells, were 

analyzed for each co-labeled sample, each of which included a minimum of 10 PCC values. 

Additional examination of localization of mutant SLC7A14-p.(Gly330Arg) compared to 

wildtype SLC7A14, was performed using the images of transfected SH-SY5Y cells co-

labeled with LysoTracker red were analyzed using the process described above. The PCC 

results of the SLC7A14-eGFP and LysoTracker channels were exported to Excel and 

statistical analysis was conducted in Graph Pad.  

Gene knockdown 

 For gene knockdown assays, SH-SY5Y cells were seeded in 24-well plates at 0.05 

x 106 cells and incubated at 37 °C incubator with 5% CO2 overnight. For gene knockdown 

treatments, 7.5 µl of the target SLC7A14 siRNA or negative-control siRNA was mixed in 

750 µl of Accell delivery media (Dharmacon). Normal cell media was replaced with 500 

µl of the siRNA mixture in each well, a final concentration of 1 µM per well, and incubated 

at 37 °C incubator with 5% CO2 for 72 hours. Other controls included SH-SY5Y cells 

incubated in reduced serum Accell media without siRNA or incubated in normal cell media 

+ 10% FBS. Three to six replicates for each treatment were collected for analysis. 

 Following incubation, cells were isolated to examine mRNA and protein 

expression. Cells in each well were trypsinized, pelleted, washed in 1X PBS, and pelleted 

again. To isolate RNA, the PBS was removed and the QIAzol reagent was added followed 

by RNA extraction according to the miRNeasy mini kit (Qiagen). The final RNA 

concentrations were measured using a Nanodrop 2000 spectrophotometer. The cDNA 
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libraries were prepared, and RT-PCR reactions were performed, as described above, to 

detect expression of SLC7A14 and GAPDH in each sample. Total protein was extracted 

from each sample by resuspending the pellet in 200 µl RIPA buffer + 2.5 µl PIC, followed 

by sonication for 30 seconds (50% pulse) and then shaken on ice for 15 min. Samples were 

centrifuged at 14,000 g for 15 min and then the supernatant was transferred to a new tube 

and stored at – 20 °C. Western blot analysis was performed as described in Chapter 2, 

probing for SLC7A14 and -tubulin, in order to quantify protein expression in each 

sample. Image Lab 6.0.1 software (Biorad) was used to quantify band intensity from 

imaged blots and gels. 

Autophagy assays  

 As SLC7A14 is a predicted arginine transporter, its potential role in metabolic 

homeostasis was investigated using in vitro autophagy assays. SH-SHY5Y cells were 

cultured in T-75 flasks, as described above, until they reached roughly 80 to 90% 

confluency. To determine the proper conditions to induce autophagy, normal cell media 

was replaced with either reduced serum media (1% FBS or 5% FBS) overnight, or Hank’s 

buffered saline solution (HBSS) for 2 or 3 hours. Total protein was isolated from each 

sample and a western blot was used to examine the LC3II to LC3I ratio using an antibody 

for LC3B (Table S1). Protein extracted from cells cultured in normal media + 10% FBS 

was included as a control. Based on these preliminary results, the HBSS media treatment 

for 2 hours was selected to induce autophagy in samples based on a measurable increase in 

LC3-II to LC3-I ratio (Figure S5A-C).  

 The role of wildtype (endogenous) SLC7A14 in regulating basal autophagy was 

compared to SLC7A14 siRNA treated cells under normal serum and starvation conditions 
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(HBSS 2 hours), with negative control siRNA treated cells included as a control. Following 

the 72-hour siRNA treatment as described above, the Accell delivery media was replaced 

with DMEM: F12 medium supplemented with 10% FBS for 24 hours. To induce 

autophagy, the media was removed, SH-SY5Y cells were washed with PBS twice before 

they were covered in HBSS. Following a 2-hour incubation, under normal growth 

conditions, the cells were harvested to collect total RNA or protein as described previously. 

The samples were examined by western blot (see chapter 2 for methods) to determine the 

changes in LC3II and LC3I expression, and the resultant ratio was used as a measure of 

autophagy processes (See Table S1 for antibodies). All intensity values for proteins of 

interest were determined using Image Lab and normalized to α-tubulin intensity.  

 To examine autophagy in vivo, cochleae from wildtype, KO (Slc7a14-/-), and KI 

(Slc7a14c.AGG/c.AGG) mice were immunostained with anti-LC3B antibody (Table S1), along 

with phalloidin-AF488 and DAPI. Samples were imaged on a Zeiss 710 confocal 

microscope to visualize the presence or absence of puncta indicative of active autophagy. 

The LC3 puncta were quantified as the total puncta per IHC (n = 18 IHCs).  

Statistical analysis 

 Data were analyzed using Graph Pad. PCC values exported from NIS Elements 

were input into Graph Pad. Each data set was analyzed with specific statistical tests based 

on experimental design. One-way ANOVA was used to determine if there was a difference 

among mean PCC values from SHSY5Y cells co-labeled with SLC7A14 and each 

respective organelle label. Post-hoc analysis with the Tukey test, with a confidence interval 

(CI) of 95%, was used to compare statistical significance between co-labeled organelle 

PCC values. PCC values of WT pcDNA3.1 and MT pcDNA3.1 transfected cells were 
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examined with an unpaired, two-tailed t-test (CI = 95%). Finally, PCC colocalization 

analyses in the organ of Corti IHCs was first analyzed with a one-way ANOVA. Post-hoc 

analysis for multiple comparisons using the Sidak test, to compare the PCC means of each 

organelle label in WT and KI (CI = 95%). Quantified LC3 puncta in IHCs were compared 

with a 2-way ANOVA (alpha = 0.05) and comparison of mean puncta with the Tukey test 

(CI = 95%). Error bars represent the standard error of the mean (± SE). 

 

Results 

SLC7A14 showed partial localization to the lysosomal membrane 

 Previous studies of lysosomal localization of SLC7A14 were performed by IF in 

cultured cells and transfected oocytes [17][18]. SLC7A14 lysosomal-targeting sequences 

and predictive domains for protein trafficking were analyzed in silico (Deep Loc) [88]. The 

probability that SLC7A14 is a membrane-bound protein was 0.9999 (Figure 4.1A). Within 

the cell, the highest probability of localization was to the lysosome/vacuole membrane 

(0.6857), followed by the cell membrane and Golgi. Analysis of the human mutant 

p.(Gly330Arg) and mouse SLC7A14 showed similar probabilities. The most significant 

sequence domains in the localization of SLC7A14 were found at the N-terminus and the 

intracellular loop adjacent to the transport domain (TM10) to TM11 (Figure 4.1B). The in 

silico modeling failed to identify specific lysosomal-targeting domains in the protein, 

despite mention of one by Jaenecke et al. (2012) [17] .  

 To confirm in vitro localization, cell lines were screened for endogenous 

expression. SLC7A14 was expressed in SH-SY5Y cells, while expression was not observed 

in HEK293 cells (Figure S4A). Slc7a14 was also not expressed in HEI-OCI (mouse house 
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ear institute- organ of corti 1) cells (unpublished RNA-seq data). IF labeling of endogenous 

SLC7A14 and LAMP1 in SH-SY5Y cells showed some overlap of the two proteins. 

However, there was also labeling of SLC7A14 that did not coincide with the lysosome 

(Figure 4.1C).  

 To investigate the subcellular distribution of SLC7A14, lysosomes from cultured 

SH-SY5Y cells were isolated using superparamagnetic bead isolation. The cells were 

treated with culture media containing glycan-coated magnetic beads, which were engulfed 

via normal endocytic pathways resulting in lysosomes containing the magnetic beads after 

a 24-hour pulse incubation (Figure S4B). After a 24-hour chase in normal cell media, cells 

were lysed and the lysate was passed through magnetic columns to collect the labeled 

lysosomes. Protein collected from three distinctive cell fractions were examined by western 

blot and target proteins were quantified based on total lane protein (Figure 4.1D, E). 

Compared to the whole SH-SY5Y cell protein, the lysosomal fraction contained a 

considerable amount of LAMP1 (> 80 percent), while the cell lysate (column flow through) 

contained a small amount of LAMP1 indicating that some lysosomes were washed through 

the column (Figure 4.1E). Moderate SLC7A14 labeling was observed in SH-SY5Y whole 

protein, with additional enrichment in the lysosomal fraction. Additionally, SLC7A14 

appeared to be less abundant than LAMP1 in the whole SH-SY5Y cells. Both LAMP1 and 

SLC7A14 proteins were found in the pellet fraction that contains the components of other 

membranous organelles. Based on these results, and IF labeling of SLC7A14, it is likely 

that the membrane-bound protein is found in other organelles throughout its normal life 

cycle, both during translation and post-translational processing.  
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Figure 4.1: Intracellular localization of SLC7A14. (A) Results of in silico predictive 

modeling of human and mouse SLC7A14 intracellular cellular localization by DeepLoc 

1.0. (n = probability) (B) Graph showing the significance of each amino acid position 

in the human protein sequence in contributing to the site-specific localization 

(DeepLoc). (C) Endogenous expression of SLC7A14 and LAMP1 in SH-SH5Y 

neuroblastoma cells (Bar: 10 𝜇m). (D) Western blot results of cellular fraction samples 

from SH-SY5Y cell subjected to lysosomal isolation protocol. (E) Intensity of LAMP1 

and SLC7A14 in each cellular fraction normalized to total protein. 
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SLC7A14 localizes to the endoplasmic reticulum, Golgi, and lysosomal 

subpopulations 

 Lysosomal membrane proteins, such as LAMP1, are produced in the endoplasmic 

reticulum and processed in the Golgi complex. The trans-Golgi network-derived vesicles 

then follow two routes: 1) constitutive secretory pathway via early endosomes to the 

plasma membrane, and following endocytosis become part of late endosomes and 

lysosomes, or 2) direct intracellular pathway to lysosomes [92]. IF of fixed SH-SY5Y cells 

was used to determine colocalization of SLC7A14 with endoplasmic reticulum 

(Calreticulin), Golgi (GLG1), and lysosomal (LAMP1 and LAMP2) proteins. 

Colocalization analysis did not include mitochondria as SLC7A14 was not predicted to 

localize to the mitochondria, nor was it previously observed to co-occur with the 

MitoTracker label [17]. SLC7A14 Calreticulin and GLG1 staining were peri-nuclear, and 

SLC7A14 was localized to both the endoplasmic reticulum and Golgi (Figure 4.2A, B). 

SLC7A14 was also localized to lysosomes containing LAMP 1 or LAMP2 (Figure 4.2C, 

D).  To quantify the colocalization of the SLC7A14 and the other protein of interest, NIS 

Elements software was used to detect overlap of the antibody-mediated, fluorophore-

tagged proteins. It is important to note that thresholding of intensity values of each channel 

prior to the analysis accounts for the varying intensity of each probe, and therefore the PCC 

value is a statistical measure of co-occurrence independent of intensity of either 

fluorophore in each respective pixel [93]. The mean PCC between SLC7A14 and 

Calreticulin, LAMP1, and GLG1 was between 0.66 and 0.71, while LAMP2 had the lowest 

average PCC at 0.61 (Mean of individual PCC values for > 150 z-stack images of n = 2 - 

3 stained samples) (Figure 4.2E). The lower, albeit still significant, correlation between 
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SLC7A14 and GLG1 shows that the presence of the protein in the Golgi is more transient, 

whereas SLC7A14 is more abundant in the endoplasmic reticulum where it is produced 

and at its final destination, the lysosome. Additionally, SLC7A14 was not seen in the 

plasma membrane, suggesting that the protein is likely trafficked through direct 

intracellular routes to the lysosome. 

  

Figure 4.2: Colocalization of SLC7A14 within intracellular membranes. IF in SH-SY5Y 

cells showing colocalization of endogenous SLC7A14 and (A) Calreticulin to label the 

endoplasmic reticulum; (B) GLG1 to label the Golgi body; and, (C) LAMP1 and (D) 

LAMP2 to label the lysosomes (Bars: 10 𝜇m). (E) Colocalization of each respective 

organelle membrane label and SLC7A14 quantified by Pearson’s correlation coefficient.  
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Aberrant localization of the mutant SLC7A14-p.(Gly330Arg) in vitro 

 To examine the consequences of the point mutation of residue 330 from glycine to 

arginine on protein localization, the transfection experiments of Jin et al. (2014) were 

repeated [18]. HEK293 cells were transfected with pcDNA3.1 plasmid encoding the 

wildtype or mutant p.(Gly330Arg) SLC7A14 protein with a fused eGFP tag at the C-

terminus (Figure S4B, C). Following successful transfection, live cells were labeled with 

LysoTracker red and observed for colocalization with the SLC7A14-eGFP. The eGFP tag 

did not alter normal trafficking of the wildtype protein. However, similar to previous 

results, the mutant p.(Gly330Arg) did not overlap with the LysoTracker and appeared to 

be more diffuse through the cytoplasm (Figure S4D) [18]. To confirm these results, the 

transfection experiments were repeated in SH-SY5Y cells, which express endogenous 

SLC7A14 whereas HEK293 cells do not. Both wildtype and mutant SLC7A14 showed 

normal localization to the lysosomes; however, there was a significant decrease in the 

colocalization of SLC7A14-p.(Gly330Arg) compared to wildtype SLC7A14 (Mean of 

individual PCC values for > 125 z-stack images of n = 3 WT or MT transfected samples) 

(Figure 4.3). These findings suggest that the modified residue in the loop domain between 

TM7 and TM8 may disrupt normal protein folding or trafficking to the lysosome. 
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Figure 4.3: Localization of wildtype and mutant SLC7A14 in SH-SY5Y cells. SH-

SY5Y cells were transfected with (A) wildtype or (B) mutant p.(Gly330Arg) SLC7A14 

plasmids and then labeled with LysotrackerRed99 and Hoechst 33342 (Bars: 10 𝜇m). 

(C) Colocalization of the SLC7A14-eGFP and lysotracker were quantified and analyzed 

with Pearson’s correlation coefficient (**** p < .00001). 
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Aberrant localization of the mutant SLC7A14-p.(Gly330Arg) in vivo  

 To determine if the mutation also disrupts protein trafficking to the lysosome in 

hair cells, cochleae from KI mice, expressing the mutant SLC7A14-p.(Gly330Arg), were 

immunostained with the same antibodies used for the in vitro experiments to label the 

endoplasmic reticulum and lysosomes (Figure 4.4). The Golgi label was not utilized in the 

in vivo analysis because it was previously shown to have lower correlation with SLC7A14 

localization. Compared to wildtype SLC7A14, the PCC of mutant SLC7A14-

p.(Gly330Arg) and each respective organelle label was significantly reduced (mean of 

individual PCC values for > 85 z-stack images of n = 2 stained samples) (Figure 4.4C, F, 

I). Consistent with other loss of function mutations in which substitution of amino acid 

residues produces functional consequences, mutant SLC7A14-p.(Gly330Arg) does not 

appear to correctly localize to the lysosomal membrane. Unlike the observation in 

transfected cells, the mutant protein does not appear to form large aggregates in the soma 

of the IHC. This observation, along with the decreased expression of mutant SLC7A14-

p.(Gly330Arg) suggests that the mislocalized protein may be degraded in the IHCs. 

  



76 

 

  

Figure 4.4: Localization of SLC7A14 in wildtype and knockin inner hair cells. IF 

labeling of SLC7A14 and (A), (B) endoplasmic reticulum marker Calreticulin; (D), (E) 

lysosome label LAMP1; and, (G), (H) lysosome label LAMP2. (Bars: 10 𝜇m) (C), (F), 

(I) Pearson’s correlation coefficient to quantify colocalization of each organelle label in 

wildtype and knockin IHCs (**** p < .00001). 
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Loss of SLC7A14 increases basal autophagy in vitro and in vivo 

 To determine whether SLC7A14 plays a role in autophagy, the gene was knocked-

down or overexpressed in vitro. SH-SY5Y cells were treated with siRNA targeting 

SLC7A14 to achieve decreased mRNA and protein expression (mimicking knockout 

condition). The SLC7A14 siRNA-treated cells had significantly decreased SLC7A14 

expression, compared to untreated SH-SY5Y cells, and lower mRNA expression than those 

treated with the negative control siRNA or incubated in the transfection media alone 

(Figure S5D, E). However, there was not a significant decrease in SLC7A14 protein 

expression in the siRNA-treated cells (Figure 4.5A, B). While decreased expression at the 

mRNA level (~ 65 percent) was observed at 72 hours, it is likely that a longer incubation 

time following siRNA treatment is required to achieve full protein knockdown. 

 To investigate whether SLC7A14 plays a role in autophagy via nutrient sensing (ʟ-

arginine) mechanisms, in vitro starvation assays were conducted. The autophagy marker 

microtubule-associated protein 1 (MAP1) light chain kinase (LC3) was used to assess 

autophagy activity. Normally LC3 is in the cytosol as LC3-I, but upon autophagic 

activation LC3-I conjugates to form the autophagosome associated LC3-II [94]. Cellular 

response to autophagy was examined by western blot analysis of protein collected from 

cells prior to and after starvation in HBSS media for two hours. The band intensities of 

SLC7A14, LC3-I and LC3-II were normalized to α-Tubulin (Figure 4.5A, C). The 

autophagy levels were quantified by the LC3-II to LC3-I ratio in the samples. A significant 

increase in the LC3-II to LC3-I ratio was observed in the SH-SY5Y cells and negative 

control siRNA-treated cells following incubation in starvation media (Figure 4.5D). 

Interestingly however, in the SLC7A14 siRNA-treated, serum-starved cells, this ratio was 
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decreased. Comparison of LC3-II / LC3-I ratios prior to starvation (under normal media 

conditions) is indicative of basal autophagy levels.  Remarkably, the SLC7A14 siRNA 

treated cells had a significantly higher ratio than the untreated SH-SY5Y cells. The fact 

that there was no difference in basal autophagy in the negative control siRNA-treated cells 

and the untreated SH-SY5Y cells, and that the siRNA treated cells had been incubated in 

normal media supplemented with 10% FBS prior to starvation, suggests that decreased 

expression of SLC7A14 increases basal autophagy.  

 Examination of autophagy in vivo was challenging due to the limited number of 

fixed animal tissues and inability to perform experiments on live animals. Prior to sacrifice, 

the mice had not undergone any abnormal noise exposure (i.e. ABR testing) or nutrient 

deprivation. The basal autophagy in fixed wildtype, KO and KI cochlea (aged 2 to 3 

months) was characterized with IF labeling of LC3 puncta in hair cells (Figure 4.5F). LC3B 

is a widely used marker of autophagy, and punctate expression indicates active 

autolysosome formation (conversion of LC3-I to LC3-II) [84]. The number of puncta in 2-

month KI and 3-month KO mouse IHCs was significantly higher than wildtype IHCs at 

one-month (n = 18 IHCs) (Figure 4.5E). Additionally, the number of puncta in IHCs is 

denser in the base of the cell compared to the apical portion due to synaptic function and 

vesicular turnover at the basolateral membrane. The increase in autophagy in the KI and 

KO mouse IHCs suggests that SLC7A14 may play an important role in regulating basal 

autophagy to maintain homeostasis in mature, functioning hair cells and imbalance of 

autophagy is detrimental to cell survival. 
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Figure 4.5: Autophagy activity in SLC7A14 mutants. (A) Western blot results of total 

protein collected from wildtype or siRNA treated SH-SY5Y cells prior to (-) or after 

starvation (+). (B) Quantified SLC7A14 intensity level expression from blot in (A) 

(normalized to tubulin). (C) LC3-I and LC3-II intensity levels. (D) LC3-II / LC3I ratio. 

(E) Average LC3 puncta in WT, KI and KO mouse IHCs quantified from IF images in 

(F) (n = 18 IHCs) (* p < .05, ** p < .005) (Error bars: ±SE). (F) IF of mouse cochleae 

to examine autophagy activity, indicated by red puncta (Bars: 10 μm). 
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Conclusion 

 The specialized function of several SLC transport proteins in cochlear hair cells 

have been well characterized. The variable functions of SLC26A5 (motor protein Prestin 

in the lateral OHC membrane), SLC1A3 (glutamate transport in the basolateral IHC 

membrane), and SLC17A8 (VGLUT3 vesicular glutamate transporter) are representative 

both of the diversity of SLC transporters, and the role of subcellular localization in 

transporter function. Substrate specificity also allows the SLCs transporters to maintain 

cellular homeostasis. The CAT proteins, for example, regulate the cellular entry of cationic 

amino acids and flux within intracellular compartments to mediate metabolic processes.  

 SLC7A14, a CAT protein, was confirmed to be in the lysosomal membrane in 

neurons and IHCs. SLC7A14 co-localized with both LAMP1 and LAMP2 labeled 

lysosomes. However, common expression with LAMP2 labeled lysosomes was much 

lower in the SH-SY5Y cells, whereas the LAMP1 and LAMP2 PCC values were similar 

in IHCs. Notably, LAMP2 is much more highly expressed in IHCs than OHCs, suggesting 

heterogeneity of lysosomal populations in the cochlear hair cells (Figure 4.4) [10]. Further 

examination of SLC7A14 co-localization with other lysosomal membrane proteins may 

elucidate more about expression in subpopulations of lysosomes. Localization was also 

observed in the endoplasmic reticulum and the Golgi apparatus, concomitant with synthesis 

and trafficking of membrane transporters of the endomembrane organelles [95]. Unlike 

some other lysosomal membrane proteins, SLC7A14 was not expressed in the plasma 

membrane.  

 The consequences of the loss of function SLC7A14-p.(Gly330Arg) mutation on 

protein localization were apparent in both transfected cells expressing SLC7A14-eGFP and 
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KI mice expressing the endogenous mutant protein. There was a significant decrease in 

SLC7A14-p.(Gly330Arg) localization to the lysosomal, Golgi and endoplasmic reticulum 

membranes. The point mutation (p.330) is not found within trafficking or transport 

domains of the protein, so it is likely that the glycine to arginine substitution results in a 

structural alteration within the loop domain. Although this needs to be confirmed with 

structural modeling, the substitution of a glycine (non-polar) residue with an arginine 

(charged) residue is a common pathogenic mutation in transmembrane proteins [96]. The 

predicted structural consequences and mislocalization of SLC7A14-p.(Gly330Arg) 

provides further support that this is a pathogenic variant. 

 Many SLC transporters act as nutrient sensors to maintain metabolic homeostasis 

[97]. Previous studies of transport activity showed that uptake of ʟ-arginine into the 

lysosome by SLC7A14 is trans-stimulated and pH sensitive [17]. Unlike many other 

lysosomal transporters that function as co-transporters/ exchangers or mediate efflux of 

metabolites from the lysosomal lumen, SLC7A14 may function similar to SLC38A9 and 

regulate autophagy. Knockdown of SLC7A14 increased basal autophagy in SH-SY5Y 

cells. However, there was no difference in autophagy following starvation of SLC7A14-

deficient cells compared to wildtype SH-SY5Y cells. There was a significant increase in 

basal autophagy in two to three-month KI and KO mouse IHCs, compared to one-month 

wildtype IHCs. These findings support the prediction that SLC7A14 is associated with 

regulation of autophagy, though further investigation is required to determine whether the 

transporter is directly involved in cellular autophagy signaling cascades such as the mTOR 

pathway.  
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 Expression of SLC transporters, including CATs, is highly regulated on 

transcriptional and post-transcriptional levels, including subcellular localization [22]. 

Adaptive transcriptional regulation has been observed under starvation conditions which 

led to subsequent increase in CAT-1 mRNA levels (and enhanced mRNA stability), which 

was linked to an amino acid response element in the first exon of the CAT-1 gene [98]. 

Similar response mechanisms, including alternative splicing and regulation of nuclear 

export, have been observed to regulate SLC transporter expression, many driven by 

substrate availability [22]. The amino acid starvation-induced response is a transient 

adaptive phase in response to stress, and prolonged deprivation will result in apoptosis [98]. 

High-level expression of SLC7A14 was consistently observed in adult IHCs, though 

examination of expression in response to autophagy-inducing conditions may further 

elucidate the role of the protein.  

 The role of autophagy activity, under stress-induced or normal conditions, in 

mature IHCs remains unclear. Fujimoto et al. examined basal autophagy in GFP-LC3 

transgenic mouse cochlea explant culture (P5) and found an average of 2 to 3 GFP-LC3 

puncta in IHCs and OHCs [85]. However, Xiong et al. reported high levels of puncta in P7 

IHCs (~ 12 puncta per cell) associated with ribbon synapse remodeling during IHC 

development, which decreased at P14 and P28 [82]. While the differences in average LC3 

puncta per cell can vary considerably, the basal autophagy levels in mature hair cells may 

be much lower than the developing hair cells prior to onset of hearing (P12). Alternatively, 

the marked increase in the number of LC3 puncta in OHCs seen following noise exposure, 

suggested that autophagy is upregulated in response to increased oxidative stress to 

attenuate noise-induced hearing loss [86]. Dysregulation of autophagy resulting from 
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misexpression of SLC7A14, observed both in vitro and in KI and KO mice IHCs, may 

result in similar pathogenic mechanisms that have been observed in neurodegenerative 

disease [99][100]. Collectively, these studies suggest the novel possibility that autophagy 

is essential for hair cell function and survival. 
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 This study examined the role of the cationic amino acid transporter SLC7A14 in 

sensory IHCs. This understudied transporter, unlike many other SLCs, has distinctive 

expression in the central nervous system and specialized sensory epithelia in the eye and 

cochlea. In addition, as a lysosomal arginine transporter, SLC7A14 may uniquely regulate 

autophagy in the sensory cells. I hypothesized that SLC7A14 is necessary for normal 

function and homeostasis of hair cells and photoreceptors, and that mutation of the human 

gene will contribute to degeneration of these sensory cells leading to syndromic hearing 

and vision loss.  

 

SLC7A14 expression is highly conserved in vertebrate hair cells 

 Sequence homology analysis showed that SLC7A14 is highly conserved among 

vertebrate species. The high sequence identity through the length of the transmembrane 

protein, and the fact that homologs are found in many species, suggests that it appeared 

before bilateral animals [14]. HMM alignments of the amino acid permease domain, 

compared to Pfam clans, confirmed the classification of SLC7A14 as a CAT [14]. 

Expression of SLC7A14 is highly specific to distinct subcortical regions in the brain 

including the hippocampus, cranial nerve nuclei in the brain stem, photoreceptors in the 

retina and IHCs in the cochlea. Additionally, expression of SLC7A14 was not observed in 

other sensory epithelia including olfactory and gustatory receptors. The observed cell type-

specific expression, coupled with the lack of ubiquitous expression, suggests that the 

transporter may be critical for the function and survival of these neurosensory cells. 

 The general structure of sensory hair cells, including the apical stereocilia bundle 

that serves as the organ of mechanotransduction, is well conserved across vertebrates  



86 

 

[101]. Immunolabeled SLC7A14 was observed to be specific to hair cells in the zebrafish 

inner ear and neuromast, turtle auditory papilla, and chicken basilar papilla. Similar 

expression was also observed in the adult mouse and rat IHCs. Despite the functional 

diversity that exists between auditory end organs in lower vertebrates and the mammalian 

cochlea, conserved expression of SLC7A14 among the hair cells may underlie common 

sensory hair cell function. Slc7a14 was more highly expressed in developing mouse OHCs 

at early postnatal ages (P0 to P7). However, after P7, Slc7a14 was upregulated in IHCs and 

differential expression was sustained in the adult IHCs at one year. Expression was also 

observed in E18.5 vestibular hair cells, but not postnatally suggesting that SLC7A14 does 

not contribute to vestibular hair cell function.  

 

Loss of SLC7A14 causes syndromic hearing loss 

 The early expression of Slc7a14 suggested that the transporter is important in hair 

cell development. Gene knockdown in zebrafish larvae resulted in smaller eyes and 

abnormal retinal function, which suggested that the paralog Slc7a14a had an important role 

in photoreceptor development [18].  SLC7A14 knockout mice had a normal ABR response 

at 1 month and normal cochlear morphology. Some preliminary measurements of hair cell 

membrane capacitance, indicative of neurotransmitter vesicle release, showed processes 

related to neurotransmitter synthesis, transport and release remained unaltered in P14 KO 

IHCs. These results indicate that cochlear hair cells functioned normally at hearing onset, 

and that ablation of SLC7A14 did not affect IHC and OHC differentiation or development. 

Despite normal hearing onset, KO mice at 3 and 6 months of age had significantly elevated 

auditory thresholds, across frequencies, compared to Slc7a14+/+ and Slc7a14+/- mice. 
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DPOAE measurements showed no impairment of OHC function after loss of SLC7A14. 

Consistent with these findings, OHC stereocilia bundles appeared normal in 3-month KO 

cochleae, while the IHC bundles showed signs of degeneration or were completely absent. 

Collectively, these results describing an auditory phenotype in the KO mice support the 

hypothesis that SLC7A14 is necessary for IHC function and survival. 

 To investigate whether the missense mutation SLC7A14-p.(Gly330Arg), identified 

as a causative mutation in arRP patients, was also causally linked to the auditory 

phenotype, a KI (Slc7a14c.AGG/c.AGG) mouse line was generated. ABR thresholds at 4, 32, 

and 40 kHz were significantly elevated in the KI mice compared to wildtype and 

Slc7a14+/c.AGG mice. In contrast, there was no difference in DPOAE thresholds. The 3.5 

month KI mice had progressive hearing loss, albeit less severe than what was observed in 

the KO mice, supporting a causal role for the SLC7A14-p.(Gly330Arg) mutation in 

syndromic hearing loss. To confirm these findings, human patients diagnosed with arRP, 

caused by the homozygous allelic SLC7A14 c.988G>A mutation, were tested with 

audiometry. The three patients tested showed clinical signs of hearing loss, with hearing 

thresholds below average at mid to high frequencies.   

 The distinctive auditory phenotype linked to loss of function mutation of SLC7A14, 

shown with animal models and preliminary human patient testing, provides strong 

evidence that SLC7A14 is a novel gene in syndromic hearing loss. Syndromic diseases that 

include both vision and auditory impairment have diverse molecular pathologies associated 

with mutations. Unlike some SHL disorders that result in severe congenital phenotypes 

such as Usher Syndrome type 1 (USH1), the progressive disease associated with mutation 

of SLC7A14 more closely resembles Usher Syndrome type 3 (USH3). Patients with USH3 
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show variable onset and progression of hearing impairment beginning as early as the third 

decade of life and eventually become profoundly deaf, and may have earlier signs of 

retinitis pigmentosa including night blindness and loss of peripheral vision [5]. However, 

unlike many of the genes associated with USH that are expressed in mature IHCs and 

OHCs and encode structural proteins such as protocadherin 15 and MYO7A, Slc7a14 is 

IHC-specific. Future experiments to examine behavioral phenotypes in SLC7A14 KO and 

KI mice will show whether loss of SLC7A14 function in hippocampal neurons causes 

pathophysiological processes in the central nervous system, providing additional evidence 

of syndromic disease. 

 

SLC7A14-associated sensorineural hearing loss and pre-synaptic auditory 

neuropathy 

 The auditory phenotypes observed in the KO and KI mice were distinct because the 

progressive hearing loss was more indicative of auditory neuropathy specifically resulting 

from loss of IHC function. Sensorineural hearing loss caused by auditory neuropathy is 

diagnosed in individuals with spared OHC function (normal DPOAE), but abnormal ABR 

[20]. Further diagnostic testing of patients identified with SLC7A14 mutations, including 

ABR, otoacoustic emission, and inner hair cell receptor potentials would confirm diagnosis 

of pre-synaptic auditory neuropathy [102]. Unlike most cases of sensorineural hearing loss 

where there is significant OHC loss, the selective loss of IHCs is an extremely rare type of 

cochlear histopathology [103]. Mutations in other IHC-specific transporters have been 

implicated in pre-synaptic auditory neuropathy including SLC19A2 (high-affinity thiamine 

transporter) [104], SLC17A8 (vesicular glutamate transporter VGLUT3) [105], OTOF 
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(synaptic vesicular release) [106][107], and CACNA1D (voltage-gated L-type calcium 

channel) [108]. However, SLC7A14 is the first intracellular, lysosomal transporter 

implicated in pre-synaptic, sensorineural SHL. Moreover, loss of functional IHC synaptic 

transmission initially leads to loss of spiral ganglion neurons, whereas dysfunction of 

transporters including SLC19A2 and SLC7A14 specifically causes IHC loss.  

 

Dysfunction of SLC7A14 impairs autophagy leading to sensory cell degeneration 

 This relatively unknown SLC transporter was initially classified as an orphan 

member of the SLC7 family based on sequence homology with other CATs [17]. The 

protein structure has yet to be confirmed experimentally, though iterative in silico modeling 

has shown that the transporter has 14 putative TM domains. The protein is expressed in 

intracellular membranes including the endoplasmic reticulum and Golgi, and eventually is 

trafficked to the lysosomal membrane. Normal function of the transporter was disrupted as 

a result of the missense p.(Gly330Arg) mutation, which resulted in decreased lysosomal 

localization both in transfected cells and IHCs. Loss of function variants can cause altered 

protein stability and abnormal trafficking resulting, for example variants in SLC7A3 result 

in a neurodevelopmental phenotype [109]. The functional consequences of SLC7A14 

mislocalization, and subsequent disruption of homoeostasis, were apparent in the 

progressive degeneration of the IHC stereocilia and loss of IHC function.  

 Dysfunction of autophagy in post-mitotic cells, whether through prevention of 

autophagosome formation, loss of lysosomal function, or other associated mechanisms has 

been implicated in pathogenesis of neurodegenerative disease [100]. Loss of SLC7A14 

function caused an increase in basal autophagy in vitro and in vivo, suggesting a potential 
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pathological mechanism that would lead to degeneration of stereocilia bundles and 

progressive IHC loss. The role of SLC7A14 in mediating response to noise exposure 

should be further examined since these conditions induce low levels of oxidative stress and 

activate autophagy processes that may be dysregulated in the KO and KI mice. These 

results are consistent with previous experiments in which the downregulation of autophagy 

in aminoglycoside-damaged hair cells increased cell death [87]. Additionally, upregulation 

of autophagy in retinal photoreceptors in which lysosomal function is impaired can 

accelerate cell death [110]. Additional studies are also necessary to elucidate the molecular 

function of SLC7A14, including whether it interacts with other proteins or intracellular 

signals to directly regulate autophagy in the post-mitotic neurosensory cells. It is also 

important to note that mutations in proteins that function as enzymes within the lysosome 

or as transporters removing substrates from the lumen cause the broadly defined lysosomal 

storage disorders. Deficient function results in abnormal accumulation of substrates in the 

lysosome, which can cause expansion in both the size and number of lysosomes in the cell 

[73]. It remains unclear whether SLC7A14 dysfunction could be classified as lysosomal 

storage disease. However, the function of the transporter in regulating arginine uptake into 

the lysosome suggests that it is not likely associated with lysosomal storage disease. A 

more detailed examination of changes in cellular ultrastructure would illuminate 

lysosomal-associated cellular pathology. 

 

The role of SLC7A14 as an intracellular arginine transporter 

 While the SLC7A14 loss of function phenotype is well supported by the evidence 

described above, the molecular pathophysiology driving progressive photoreceptor and 
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IHC loss remains unclear. The transport function of SLC7A14 as a trans-stimulated, ʟ-

arginine-specific CAT was demonstrated using a chimeric protein expressed on the plasma 

membrane, suggesting that the endogenous transmembrane transporter mediates lysosomal 

uptake of ʟ-arginine [17]. Amino acid transporters play a significant role in mediating 

exchange of amino acids across membranes, regulating diverse physiological processes 

from neurotransmission to metabolism [19]. The presence of amino acids stimulates the 

translocation of mTORC1 to LAMP2-positive lysosomes [111]. The arginine sensor 

SLC38A9 can detect decreased cytosolic concentrations of arginine and activate mTORC1 

to increase autophagy [112]. Other SLCs can mediate mTOR signaling such as SLC7A3, 

a CAT expressed in the central nervous system, which regulates the mTOR pathway via 

NMDA-activated arginine transport to mediate neuronal processes [109][113]. 

Dysregulation of inhibitors upstream of mTORC1 results in autophagy defects and 

accelerated retinal degeneration in RP [114]. The cell type-specific expression of 

SLC7A14, as a lysosomal transporter of arginine, is significant because lysosomes are 

crucial for facilitating intracellular nutrient-sensing mechanisms including mTORC1 

activation [74][75][76]. 

 Arginine is also the substrate for nitric oxide (NO) synthesis and intracellular 

availability of arginine, mediated by intercellular transport from glia, is essential to regulate 

the production of NO in cells throughout the central nervous system and retina [78]. NO is 

responsible for mediating many physiological responses in the cardiovascular, immune and 

nervous systems; however, excess NO can cause neuronal cell death [94]. The intersection 

between compartmentalized arginine metabolism in the nervous system, regulated by 

intercellular transport from glia to neurons and intracellular arginine concentrations 
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regulated by CATs on the plasma membrane, and lysosomal uptake of arginine by 

SLC7A14 hints at a mechanism for intracellular storage of arginine. The nitric oxide 

synthase isoform detected in the cochlea is predominately nNOS (neuronal) [115]. There 

is some discrepancy about where nNOS is expressed in the cochlea: both IHCs and OHCs 

[116], OHCs only [117], and/or in the IHC afferent and OHC efferent nerve terminals 

[118]. The mechanistic effects of NO in modulating hair cell activity remains unclear. One 

probable mechanism is that NO production and release by afferent neurons mediates 

glutamate excitotoxicity in the IHC synapse [119]. Additionally, upregulation of nNOS 

mediated conversion of ʟ-arginine to NO in IHCs, following acoustic overstimulation, may 

provide temporary protection from excitotoxicity via negative feedback mechanisms to 

hyperpolarize the membrane and reduce excitability [120][121].  

 The convergence of autophagy and NO synthesis provides a unique opportunity to 

investigate the role of these mechanisms in IHC maintenance, function and survival. While 

mTOR is considered the classical pathway regulating autophagy, there are other signals 

that can influence autophagic flux [80]. For example, starvation conditions can activate 

JNK1, which then phosphorylates and inhibits Bcl-2 (B cell lymphoma-2) to increase 

autophagy [122]. Negative regulation of this mechanism by NO decreases JNK1 activity 

and Bcl-2 phosphorylation while simultaneously activating mTORC1 to inhibit autophagy 

[95]. Overexpression of nNOS and increased NO levels impairs autophagosome formation 

further providing evidence that NO can decrease autophagic flux. Excessive NO 

production may mediate NMDA-induced excitotoxicity and contribute to protein 

misfolding in neurodegenerative disease [123].  In the context of the cochlea, autophagy 

can attenuate noise-induced hearing loss. However, temporary inactivation of autophagy 
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in neurosensory cells with transient NO expression may reduce oxidative damage [84][86]. 

Additionally, the role of autophagy in early postnatal stages of cochlear development has 

been well described, while the role of basal autophagy in maintaining homeostasis in 

mature IHCs has yet to be examined. Understanding the role of autophagy, and the 

influence of NO and other signaling molecules on autophagy activity, in mature hair cells 

may illuminate potential targeting mechanisms for preventing hair cell loss.  

 

Significance and future directions 

 This study is the first to show that IHC survival is dependent on SLC7A14, and that 

loss of function mutations in SLC7A14 cause degeneration of IHCs that lead to progressive 

hearing loss. Furthermore, the implication of SLC7A14 in pre-synaptic auditory 

neuropathy and retinitis pigmentosa shows that the gene is linked to syndromic disease. 

The pathobiological mechanism of auditory neuropathy due to selective IHC loss was 

similar to the photoreceptor loss, and subsequent retinopathy observed in the Jin et al. 

(2014) study. The slow, progressive disease linked to mutation of SLC7A14 lends to the 

possibility for treatment of diagnosed patients via targeted gene therapy prior to sensory 

cell loss and onset of permanent sensory deficits.  
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Figure S1: Confirmation of SLC7A14 knockout in mice. (A) Exon 2 of Slc7a14 was 

spliced using FokI endonuclease excision introducing a 10 base pair deletion. (Adapted 

from Jin et al. 2014). Heterozygous mice were bred to generate experimental animals. 

(B) Genotyping PCR to confirm Slc7a14 knockout shows no visible difference between 

knockout and wildtype animals. (C) Sanger sequencing results showed the 10 bp deletion 

in the knockout mouse, compared to the wildtype mouse coding sequence, and the 

subsequent frameshift and early truncating stop codon at residue 136. IF confirmation of 

normal SLC7A14 expression (red) in (D) wildtype IHCs, with no visible expression 

observed in the knockout mouse cochlea (E) (Bar: 100 𝜇m). 
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Figure S2: Generation of Slc7a14 knockin mouse line. (A) Schematic inducing targeted 

mutation of exon 6 in Slc7a14 in C57BL/6 mice using CRISPR/Cas9 nickase genomic 

editing and breeding. (B) Slc7a14 PCR products from knockin (Slc7a14
c.AGG/c.AGG

) and 

wildtype (Slc7a14 
+/+

) mice. (C) Sanger sequencing results of Slc7a14 PCR products. 

Confirmation of SLC7A14 expression in (D) wildtype and (E) KI cochleae. (F) F-actin 

labeling of IHC stereocilia in 3-month old KI cochlea (Bars: 20 𝜇m). 



97 

 

  

Figure S3: Conservation of amino acid residue 330Gly among vertebrate species. (A) 

The p.330Gly residue in human SLC7A14 is located in an intraluminal loop domain 

between transmembrane domains seven and eight. (B) Aligned amino acid sequences 

of 35 other vertebrates with the human sequence shows 100% conservation of residue 

p.330Gly. 
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Figure S4: In vitro experiments. (A) Expression of endogenous SLC7A14 in 

mammalian cell lines. (B) Method for lysosomal isolation from SH-SH5Y cells 

(adapted from Walker & Lloyd-Evans 2015). Fractionation and collection of 1) pellet, 

2) cell lysate flowthrough, and 3) lysosomes. (C) Plasmid construct (pcDNA3.1+C-

eGFP) from GenScript used for transfection experiments. (D) Representative Sanger 

sequencing from SLC7A14 wildtype and mutant c.988G>A plasmids. (E) Transfection 

of HEK293 cells with wildtype and mutant p.(Gly330Arg) plasmids followed by 

labeling of lysosomes with LysoTracker Red99 (Bars: 10 𝜇m). 
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Figure S5: Gene and protein expression from in vitro assays. (A) Western blot results 

from preliminary reduced serum treatment assay in SH-SY5Y cells. Quantification of 

(B) LC3-I and LC3-II intensities, and (C) LC3-II / LC3-I ratios from reduced serum 

treatments. (D) RT-PCR agarose gel to detect mRNA in SH-SY5Y cells after siRNA or 

transfection treatment. Quantification of SLC7A14 mRNA expression after (E) 

knockdown, siRNA treated and (F) overexpressed, transfected SH-SY5Y cells (* p < 

.05, ** p < .005, *** p < .001) (Error bars: ±SE). 
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SUPPLEMENTAL TABLE 1 

Antibodies 

 

Antibody Target Supplier Catalog Number 
Working 

Concentration 

Primary Antibodies 

SLC7A14 SIGMA 
HPA045929 

(lot:R43519) 

1:400 (IF);  

1:1000 (WB) 

GLG1 R & D Systems AF7879 2.0 µg/mL 

LAMP1- mouse DSHB 1D4B 2.0 – 5.0 µg/mL 

LAMP1- human DSHB H4A3 

2.0 – 5.0 µg/mL 

(IF); 0.5 µg/mL 

(WB) 

LAMP2- mouse DSHB GL2A7 2.0 – 5.0 µg/mL 

LAMP2- human DSHB H4B4 2.0 – 5.0 µg/mL 

Calreticulin (D3E6) XP 

Rabbit mAb Alexa 

Fluor 594 

Cell Signaling 

Technology 
77344 (lot:1) 1:100 

LC3B (D11) XP 

Rabbit mAb 

Cell Signaling 

Technology 
3868 (lot:13) 

1:200 (IF);  

1:1000 (WB) 

MYO7A 
Proteus 

Biosciences 

25-6790 

(lot:110119) 
1:1000 

α-Tubulin Abcam ab4074 1:400 

Secondary Antibodies 

Alpaca anti-rabbit IgG 

recombinant VHH, 

AF488 

Chromotek 
srbAF488-1 

(lot:90221043AF1) 
1:400 

Alpaca anti-rabbit IgG 

recombinant VHH, 

AF568 

Chromotek 
srbAF568-1 

(lot:90222043AF3) 

1:400 

 

DAPI Sigma 
D9542 

(lot:127M4055V) 
1:10000 

Goat anti-mouse IgG, 

HRP 
Abcam 

Ab205719 

(lot:GR3279214-1) 
1:10000 

Goat anti-rabbit IgG, 

HRP 
Abcam 

Ab205718 

(lot:GR3269880-6) 
1:10000 

Goat anti-mouse, 

AF568 
Invitrogen 

A11004 

(lot:1906485) 
1:1000 

Goat anti-rabbit, 

AF568 
Invitrogen 

A11077 

(lot:2110844) 
1:1000 

Goat anti-rabbit, 

AF633 
Invitrogen 

A21070 

(lot:2079350) 
1:1000 

Donkey anti-sheep, 

AF633 
Invitrogen 

A21100 

(lot:1871971) 
1:1000 
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SUPPLEMENTAL TABLE 2 

CRISPR sequences for knockin mouse generation 

Mouse transcript Slc7a14-201 CDS sequence: 

ATGAGTGGCTTTCTGGCCTCACTGGACCCGAGGCGGGTACAGTGGGGAGCC

GCCTGGTATGCAATGCACTCTCGGATCCTGCGCACCAAACCAGTGGAGTCC

ATGCTGGAGGGAACTGGGACCACCTCGGCGCATGGTACCAAGCTAGCCCA

GGTTCTCACCACTGTAGACCTCATCTCTCTTGGAGTCGGCAGCTGTGTGGGC

ACTGGCATGTATGTGGTGTCTGGCCTGGTGGCCAAGGAGATGGCAGGGCCT

GGGGTCATCGTGTCCTTCATCATTGCTGCTGTTGCATCTATATTATCAGGTG

TGTGCTATGCAGAGTTTGGAGTCCGAGTCCCCAAGACCACAGGATCTGCCT

ACACCTACAGCTATGTCACCGTTGGGGAGTTCGTGGCATTTTTCATCGGCTG

GAACTTGATTCTGGAGTACCTGATTGGCACGGCAGCTGGTGCCAGTGCTCT

GAGCAGTATGTTTGACTCCCTGGCAAACCACAGCATCAGCCGCTGGATGGT

GGACACCGTGGGAACCCTCAACGGCCTGGGGAAAGGGGAAGAGTCGTACC

CAGACCTTCTGGCTCTGGTGATTGCCGTCATCGTGACCATCATTGTGGCTCT

GGGAGTGAAAAACTCTGTGGGCTTCAACAACGTCCTCAATGTGCTGAACCT

GGCAGTGTGGGTGTTCATCATGATCGCAGGCCTCTTCTTCATCAATGGCAA

ATACTGGGCTGAAGGCCAGTTCTTGCCCCACGGATGGTCAGGGGTGCTGCA

AGGAGCAGCCACGTGCTTCTATGCTTTCATTGGCTTTGACATCATTGCCACC

ACGGGTGAGGAAGCCAAGAACCCCAACACATCCATCCCTTACGCCATCAC

GGCATCCCTGGTCATCTGCCTGACAGCGTATGTGTCTGTGAGCATGATCTTA

ACCCTGATGGTACCATATTACGCCATTGACACAGAGTCCCCGCTCATGGAG

ATGTTTGTGGCCCATGGCTTCTATGCTGCGAAGTTTGTAGTGGCCATTGGCT

CGGTGGCAGGACTGACCGTCAGCTTGCTGGGCTCCCTGTTCCCCATGCCCA

GGGTCATTTACGCCATGGCTGGCGATGGGCTGCTTTTCAGGTTCCTGGCTCA

CGTGAGCTCCTACACAGAGACACCAGTGGTAGCTTGCATAGTGTCAGGCTT

CCTGGCTGCTCTCCTCTCTCTGCTGGTGAGCCTGAGGGACCTCATAGAGAT

GATGTCCATCGGCACGCTCCTCGCCTACACCCTGGTCTCTGTCTGTGTCTTG

CTTCTTCGGTATCAACCTGAGAGCGACATCGATGGTTTTGTCAAGTTCCTGT

CTGAGGAGCACACCAAGAAGAAGGAAGGCATCCTGGCTGACTGTGAGAAG

GAAACTTGTTCTCCTGTGAGTGAAGGGGAGGAATTTTCCAGCCCAGCCACC

AACACCTGTGGGGCCAAAAACCTGCCGTCCTTGGGAGACAATGAGATGCTC

ATAGGGAAATCAGATAAGTCCGCCTACAACGTCAACCACCCCAACTACGG

CACTGTGGATATGACCACGGGCATAGAAGCCGATGAATCAGAAAACATCT

ATCTCATCAAGTTGAAGAAGCTGATCGGACCCCGTTACTACACCATGAGAA

TCCGGCTGGGCCTTCCAGGCAAAATGGACCGGCCCACGGCGGCGACCGGG

CACACGGTGACCATCTGCGTGCTCCTGCTGTTCATCCTCATGTTCATCTTCT

GCTCCTTCATCATCTTTGGCTCTGAGTACATCTCAGGCCAGAGCTGGTGGGC

CATCCTTCTGGTCGTTCTGATGATGCTGCTGATCAGTGTGCTGGTGTTTGTA

ATCCTGCAGCAGCCAGAGAACCCCAAGAAGCTGCCGTACATGGCCCCCTG

CCTCCCCTTTGTACCTGCCTTTGCCATGTTGGTGAATATCTATCTCATGCTA

AAGCTCTCCACCATCACATGGATCCGGTTTGCGGTCTGGTGCTTTGTGGGTA

TGCTCATTTATTTTGGGTATGGCATCTGGAACAGCACCTTGGAAATCAGCG

CCCGAGAGCAAGCCCTGCATCAGAGCACGTACCAGCGCTACGATGTGGAT



102 

 

GATCCCTTTTCTGTGGAGGAGGGGTTCTCCTACGCCACCGAGGGCGAGAGC

CAGGAGGACTGGGGTGGGCCCGCCGAGGACAAAGGCTTCTATTACCAACA

GATGTCAGATGCGAAGGCAAACAGCCGGACGAGTAGCAAAGCGAAAAGC

AAAAGCAAACACAAACAGAACTCGGAGGCCCTGATTGCAAATGACGAGTT

AGATTGCTCTCCGGAGTAA 

Slc7a14-201 protein sequence: 

MSGFFTSLDPRRVQWGAAWYAMHSRILRTKPVESMLEGTGTTTAHGTKLAQ

VLTTVDLISLGVGSCVGTGMYVVSGLVAKEMAGPGVIVSFIIAAVASILSGVCY

AEFGVRVPKTTGSAYTYSYVTVGEFVAFFIGWNLILEYLIGTAAGASALSSMFD

SLANHTISRWMADSVGTLNGLGKGEESYPDLLALLIAVIVTIIVALGVKNSIGF

NNVLNVLNLAVWVFIMIAGLFFINGKYWAEGQFLPHGWSGVLQGAATCFYAF

IGFDIIATTGEEAKNPNTSIPYAITASLVICLTAYVSVSVILTLMVPYYTIDTESPL

MEMFVAHGFYAAKFVVAIGSVAGLTVSLLGSLFPMPRVIYAMAGDGLLFRFL

AHVSSYTETPVVACIVSGFLAALLALLVSLRDLIEMMSIGTLLAYTLVSVCVLL

LRYQPESDIDGFVKFLSEEHTKKKEGILADCEKEACSPVSEGDEFSGPATNTCG

AKNLPSLGDNEMLIGKSDKSTYNVNHPNYGTVDMTTGIEADESENIYLIKLKK

LIGPHYYTMRIRLGLPGKMDRPTAATGHTVTICVLLLFILMFIFCSFIIFGSDYISE

QSWWAILLVVLMVLLISTLVFVILQQPENPKKLPYMAPCLPFVPAFAMLVNIYL

MLKLSTITWIRFAVWCFVGLLIYFGYGIWNSTLEISAREEALHQSTYQRYDVDD

PFSVEEGFSYATEGESQEDWGGPTEDKGFYYQQMSDAKANGRTSSKAKSKSK

HKQNSEALIANDELDYSP 

Codon substitution for point mutations of amino acid: 

c. CATGGCTTC> CATAGGTTC; p.(Gly330Arg) 

Design a pair of gRNA targets on the Intron on both sides of Exon 6 to perform 

genomic DNA shearing. Exon 6 with point mutation was replaced by donor DNA by 

homology. 

Slc7a14-Forward gRNA: CCATGCAAGCCTGTTTCCAGG 

Slc7a14-Reverse gRNA: CCCTCAGTCCAGAACCAACTG  

(Complementary:  CAGTTGGTTCTGGACTGAGGG) 

 

CCATGCAAGCCTGTTTCCAGGCCAGGGTCCCCGTCCATGCGACTAGTCTCG

TCTGCTTCCAGTCTGTCTCTTCTGTTTTCACAGGTGAGCATGATCTTAACCCTG

ATGGTACCATATTACGCCATTGACACAGAGTCCCCGCTCATGGAGATGTTTGTG

GCCCATAGGTTCTATGCTGCGAAGTTTGTAGTGGCCATTGGCTCGGTGGCAGGA

CTGACCGTCAGCTTGCTGGGCTCCCTGTTCCCCATGCCCAGGGTCATTTACGCC

ATGGCTGGCGATGGGCTGCTTTTCAGGTAAGGGATCTACTCCGCTGTTCCTAT

CTAGGGGAACCGTCGCCCACTGATAGCCATCTTGGTGACTGCCTTTCCTAA

AGATTCAGAATCTTGCCAAAGTCTGGATTTAAAAAGCTCAGACCAAAATAG

CTTCTCACTTCTCACTAGGTCCCTCAGTCCAGAACCAACTG 
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