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ABSTRACT OF THE THESIS 

 

 

Exploring the Reprogramming of hiPSCs to Hair Cell- and Spiral Ganglion-like Cells through 

Combinatorial Transcription Factor Overexpression 

 

by 

 

 

Grace Kim 

 

Master of Science in Biology 

 

University of California San Diego, 2024 

 

Professor Karl Jonas Wahlin, Chair 

Professor Randolph Hampton, Co-Chair 

 

The loss of hair cells (HCs) and spiral ganglion neurons (SGNs) in the inner ear can lead 

to irreversible hearing loss in mammals. Because these cells are few in number and difficult to 

access, studies on their development, degeneration, and reprogramming capabilities in response 

to injury have been limited. Previous studies have analyzed the gene expression profiles of HCs 

and SGNs in mice through bulk and single-cell RNA sequencing, with some identifying 

transcription factor (TF) genes, such as Atoh1, Pou4f3, Gfi1, Neurog1, and Neurod1 as 

significant for HC and SGN development and maturation. However, it is not known whether 

these findings apply to the human system. Thus, a reliable and accurate in vitro model of human 

HCs and SGNs has yet to be generated to study their development and injury responses. In this 

study, we overexpressed two unique sets of TF gene cassettes in IMR90.4 cells with an 
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endogenous POU4F3-p2A-eGFP reporter: (1) TetO-ATOH1-p2A-POU4F3-p2A-GFI1 (APG1) 

and (2) TetO-NEUROG1-p2A-ATOH1-p2A-NEUROD1 (NAN1) for generation of HC- and 

SGN-like cells, respectively. These modified hiPSCs were differentiated and collected for bulk 

RNA-sequencing after 6 and 14 days. Sequencing analysis revealed that after six days, APG1 

induced cell gene expression was enriched for auditory processes, but this enrichment was less 

significant by day 14. Though day 6 NAN1 induced cells appear more neuronal than day 6 APG1 

cells, possibly leading to an SGN-like cell fate, they do not take on a definitive cell type identity, 

instead expressing some HC- and neuronal genes at days 6 and 14. 
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Introduction 

Hearing loss affects approximately 1.57 billion people worldwide and is postulated to 

almost double in prevalence by 20501. Auditory deprivation has been associated with increased 

unemployment rates and risk of dementia as well as feelings of isolation, depression, and 

anxiety2–8. Though hearing loss has varying etiologies, including genetics and excessive noise, it 

can be tied to one principal cause: damage or loss of sensorineural cells in the inner ear9.  

The inner ear is composed of the cochlea and vestibule (Fig. 1A), which are responsible 

for processing sound and establishing balance, respectively. These functions are made possible 

through mechanosensory cells called hair cells (HCs). Within the cochlea, one row of inner hair 

cells (IHCs) and three rows of outer hair cells (OHCs) constitute the Organ of Corti. While IHCs 

are responsible for much of the mechanotransduction process, whereby sound waves are 

converted to electrochemical signals, OHCs are responsible for sound amplification and fine-

tuning10. Adjacent to the HCs, supporting cells (SCs) maintain the homeostatic environment of 

the Organ of Corti and provide structural integrity, mechanical protection, and metabolic support 

to the HCs11. Both IHCs and OHCs innervate the spiral ganglion neurons (SGNs), which relay 

the electrochemical signals to the auditory cortex of the brain.  

In mammals, the inner ear derives from a thickening of the surface ectoderm near the 

hindbrain. This thickening epithelium known as the otic placode invaginates to form the otic cup 

and later a vesicle called an otocyst. Anterior-posterior axial specification is one of the first 

events to occur during this process and is important for establishing the neural-sensory domain of 

the anterior region12. Cells within this domain initially express otic progenitor genes, such as 

Lfng, Six1, Sox2, and Eya113–15. Later, some begin to express the proneural gene, Neurog1, that 

convert them into neuroblasts (Fig. 1B). These neuroblasts delaminate from the epithelium, 
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migrate out of the otocyst, and gather to form the cochleovestibular ganglion, from which 

cochlear neurons mature into either Type Ia, Ib, Ic or Type II SGNs12,16–19. The remaining cells 

in the neural-sensory domain begin expressing Atoh1, which marks the start of sensory 

differentiation20,21. Some of these “prosensory cells” express a cascade of TFs that separate them 

into either mature HCs or SCs. The mature HCs undergo further specification into IHCs or 

OHCs22,23 (Fig. 1B).  

In the mammalian inner ear, HCs and SGNs are post-mitotic and do not regenerate after 

injury or loss. On the contrary, lower vertebrate species, such as chicks and amphibians, have 

been shown to endogenously regenerate HCs and SGNs after injury. For example, past studies 

suggest that regeneration of HCs occurs through two mechanisms: (1) direct transdifferentiation 

of SCs to HCs and (2) re-entrance of SCs into the cell cycle and subsequent differentiation of 

their daughter cells to both HCs and SCs24. As such regenerative capacity is severely limited in 

adult mammals, much research has attempted to recapitulate endogenous regeneration of 

mammalian sensorineural cells, particularly in mice.  

However, there is still limited knowledge on the development, reprogramming, and 

regenerative capabilities of the human inner ear system, partly due to the scarcity of HCs and 

difficulty in accessing the inner ear. Thus, this study aims to generate an in vitro model of human 

HCs and SGNs that could be used for various applications, including neuroprotective drug 

testing, creation of injury and developmental models, in vivo transplantation, and ultimately, 

regeneration.  

One potential way to generate human HCs in vitro is to overexpress a select combination 

of transcription factors (TFs) in human induced pluripotent stem cells (hiPSCs) and forcefully 

convert them into mature HCs. Gene expression profiles in mouse HCs suggest that the TFs, 
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Atoh1, Pou4f3, and Gfi1 play critical roles in HC development25–29. These studies have shown 

that Atoh1 is responsible for committing otic progenitors to a sensory fate and activating the 

downstream TF, Pou4f3, which in turn activates Gfi1 to generate mature HCs (Fig. 1B). It was 

found that Gfi1 represses genes involved in neural development while upregulating HC-

characteristic genes for their proper differentiation30. However, we do not know whether these 

findings apply to the development of human HCs. Thus, the human counterparts of the three 

TFs–ATOH1, POU4F3, and GFI1–have been selected in our study to determine whether this 

combination can convert hiPSCs into HC-like cells.  

In addition, the proneural TF genes, Neurog1 and Neurod1, have been implicated in SGN 

development in mice31–33. As hearing loss can be attributed to SGN damage, NEUROG1 and 

NEUROD1 have also been included in our study. Past studies on mice inner ear development 

suggest that Neurog1 precedes Atoh1 expression, and their roles in cell fate specification are 

mutually exclusive. While Neurog1 pushes otic progenitors towards a neural fate, Atoh1 directs 

them towards a sensory one. However, the spatial and cellular expression patterns of these two 

TFs might not be so straightforward, as a previous study by Raft et al. showed that HCs within 

the utricle and saccule of the vestibular system derive from otic progenitors that once expressed 

Neurog134. Using a lineage trace reporter system in developing mice, they found that subsequent 

expression of Atoh1 in “Neurog1 derivatives” directs them to a sensory fate. This suggests that 

HCs and neurons within the vestibule develop from a common progenitor pool, and Atoh1 is 

sufficient to push neural progenitors towards becoming HCs. Such findings have not been shown 

in the cochlea. In addition, though Neurod1 is defined as a proneural gene, it also plays an 

important role in early HC development35,36. Given the complex interactions among these TFs, 
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much is yet to be discovered about the gene regulatory network of mammalian HC and SGN 

development.  

Thus, two different combinations of TF genes were overexpressed in IMR90.4 cells with 

a POU4F3-p2A-eGFP reporter to generate HC- and SGN-like cells: (1) ATOH1-p2A-POU4F3-

p2A-GFI1 (APG1) and (2) NEUROG1-p2A-ATOH1-p2A-NEUROD1 (NAN1), respectively, with 

both regulated by a tetracycline-inducible promoter. These hiPSCs were differentiated in the 

presence of small molecules blocking the BMP pathway, then collected for bulk RNA-

sequencing (RNA-seq) at days 6 and 14. Comparison of their expression with that of 

undifferentiated hiPSCs, a control line differentiated as above but lacking any transgenes, and 

retinal ganglion cell-induced neurons (RGC-iNs)37 showed that each possessed a different 

transcriptional profile. Further analysis revealed that after six days, APG1 induced cell gene 

expression was enriched for auditory processes, but this enrichment was less significant by day 

14. On the other hand, though day 6 NAN1 induced cells appear more neuronal than day 6 APG1 

cells, possibly leading to an SGN-like cell fate, they do not take on a definitive cell type identity, 

instead expressing some HC- and neuronal genes at days 6 and 14.  
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Materials & Methods 

Cell Line 

IMR90.4 hiPSCs were used in this study and regularly checked for mycoplasma by PCR 

analysis. 

Reporter Line 

POU4F3-p2A-eGFP reporter cells in the IMR90.4 background were previously 

genotyped and sequenced in our lab, but their use has not been verified outside of this 

experiment.  

Maintenance of hiPSCs 

hiPSCs were maintained on 1% (vol/vol) Matrigel (MG)-GFR (#354230; Corning) 

extracellular matrix (ECM) coated plates in hypoxic condition (5% O2 and 10% CO2) at 37°C. 

They were fed daily with B8 media free of antibiotics38. For routine, clump passaging of stem 

cells (every 3-4 days), they were treated with a homemade cell-dissociation buffer for 6-7 

minutes when the cells reached ~70% confluency. The cells were plated in (MG)-GFR coated 

wells containing B8 media with thiazovivin (LC Laboratories) (B8T), a ROCK inhibitor that 

promotes cell adhesion and survival39. For single-cell dissociation of stem cells, they were 

treated with Accutase (#A6964; Sigma) for 10-12 minutes, quenched with B8T, pelleted at 80xg 

for 5 minutes, and resuspended with B8T before plating 3000 cells/well in a 12-well plate or 

7000 cells/well in a 6-well plate. The day after passaging, the B8T media was exchanged for B8 

media. 
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Generation of Tet-Inducible Transgene Donor Plasmids 

Transgene sequences, NEUROG1, ATOH1, and POU4F3, were PCR amplified from 

genomic DNA isolated from stem cells. The human POU4F3 gene contains two coding exons. 

Subsequently, exon 1 was amplified separately from exon 2 and assembled into one continuous 

sequence using overlap extension PCR. NEUROD1 was amplified from cDNA pooled from day 

18-45 optic vesicles40. To generate the cDNA library, cells from optic vesicles were lysed, and 

their total RNA was isolated and reverse transcribed into cDNA, using the Quick-RNA Miniprep 

Kit (R1054; Zymo Research) and SuperScript IV reverse transcriptase (#18090050, Thermo 

Fisher Scientific), respectively. The GFI1 gene was synthesized de novo via Twist Bioscience 

and PCR amplified using our selected cloning oligos. All PCR amplifications, including our 

plasmid backbones, were performed using Phusion Flash High-Fidelity PCR Master Mix 

(#F548L; Thermo Fisher Scientific) and purified with DNA Clean & Concentrator-5 (#D4013; 

Zymo Research). Inserts were ligated into desired backbones using a homemade Gibson 

assembly mix as previously described37, after which the Gibson reaction mix was digested with 

DpnI enzyme (#R0176L; NEB) to remove any remaining methylated parental plasmids. Plasmids 

were transformed into NEB Stable Competent E. coli bacteria, miniprepped using ZymoPURE 

Plasmid Miniprep kit (#D4210; Zymo Research) and sequenced via Sanger sequencing (Eurofins 

Genomics) and whole plasmid next generation sequencing (Primordium Labs). 

Both transgene donor plasmids used in this experiment were designed with polycistronic 

(p2A) sequences in between the genes: (1) ATOH1-p2A-POU4F3-p2A-GFI1 (APG1) and (2) 

NEUROG1-p2A-ATOH1-p2A-NEUROD1 (NAN1). Expression of each transgene cassette was 

regulated by a Tet-inducible promoter upstream of the genes. After PCR amplification of each 
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component, the DNA fragments were assembled via overlap extension PCR to generate two 

unique transgene cassettes. 

Preparation of Transfection-Ready Plasmids 

Sanger sequence-verified plasmids were clonally amplified in NEB Stable Competent E. 

coli bacteria grown at 37°C for 12-16 hours in LB. The cultures were spun down at 3200xg for 

10 minutes at room temperature. ZymoPURE II Plasmid Midiprep kit (D4200; Zymo Research) 

was used to column purify the plasmids, which were also run through an endotoxin removal 

column at the end of the Midiprep. Before transfection, purified plasmids were sent for whole-

plasmid, next generation sequencing to Primordium Labs. 

Stable Integration of Transgene Cassettes 

IMR90.4 POU4F3-p2A-eGFP cells with constitutively expressed rtTA-M2 at the 

AAVS1 locus41 were transfected with 1 ug of pY026 EnAsCpf1(Cas12a) CLYBL-T1 catRNA 

plasmid, as previously modified37, and 3 ug of CLYBL-TetO donor plasmid containing either 

APG1 or NAN1. The CLYBL-TetO donor plasmid contains a constitutively expressed zeocin 

resistance marker. After electroporation of stem cells, they were treated with zeocin (200 g/ml; 

InvivoGen) until cell death was no longer observed (~2 weeks). Acquisition of zeocin resistance 

indicated stable integration of the Tet-inducible transgene cassettes.  

Direct Conversion of hiPSCs to APG1 and NAN1 induced cells 

Zeocin-resistant cells were grown to 70-80% confluency and treated with LDN-193189 

(100 nM; #SML0559; Sigma) and doxycycline (dox; 1g/ml; #D5207; Sigma) in B6 media (B8 

without growth factors). After 16-24 hours, pre-treated cells were single-cell passaged with 

Accutase for 12 minutes, pelleted at 80-100xg for 5 minutes, and quenched with neural induction 
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medium (NIM)37 containing dox and thiazovivin. Cells were passed once through a 35 m cell 

strainer (#352235; Falcon). A hemocytometer was used to count the total number of cells. About 

21,000 cells were plated into a single well of a 12-well plate that was coated with poly-L-

ornithine (0.2 mg/ml; #P3655; Sigma) overnight, washed 3x with sterile cell-culture grade water, 

and coated with 1% (MG)-GFR. Cells were plated into induction medium, which contains NIM, 

dox, thiazovivin, 1x CultureOne supplement (#A3320201; Gibco), and LDN-193189. Two days 

after plating (Day 2), an additional 1 mL of induction medium was added to each well. A one-

third media exchange was performed every other day after that with induction medium until day 

6, at which point, the media exchange was performed with BrainPhys (#05790; StemCell 

Technologies) containing 10 nM nicotinamide (#72340; Sigma), B27 supplement42,43, BDNF (50 

ng/ml; #Qk050; Qkine), GDNF (10 ng/ml; #Qk051; Qkine), and dox. All cultures were kept in 

5% O2/10% CO2 hypoxic conditions at 37°C.  

Clonal Selection 

To isolate a population of hiPSCs that show robust neural and neuroepithelial-like 

conversion, individual colonies of zeocin-resistant cells were selected and differentiated. For 

clonal selection, cells were single-cell passaged with Accutase and plated onto a 6-well plate 

with ~7000 cells per well. Once colonies had grown enough without touching the neighboring 

colonies, they were lifted off the well with a cell scraper (#89260; VWR). With a P1000 wide 

bore pipette tip, the lifted colonies were transferred to a 35-mm polystyrene petri dish. In a sterile 

laminar flow hood, colonies were viewed under a brightfield inverted microscope at 4x 

magnification and picked one-by-one with a P20 pipette tip. Each colony was transferred to a 

well in a 24-well plate (1 colony per well). Once the colonies reached ~70% confluency, they 

were clump-passaged onto two 24-well plates–one for maintenance and the other for 
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differentiation. Upon differentiation, colonies with the most robust neural and neuroepithelial-

like conversion were selected for expansion and future experiments. 

Immunocytochemistry and Imaging 

Cells were fixed in 4% paraformaldehyde (PFA) in 0.1M Sorenson’s buffer and 5% 

sucrose for 15-20 minutes. They were rinsed 3 times with 5% sucrose in Sorenson’s buffer then 

incubated for 30 minutes at room temperature with a blocking solution containing 0.1% TritonX-

100 (Sigma Aldrich #T8787) diluted in 1x DPBS and 2% normal horse serum (NHS). After cells 

were rinsed once with 1x DPBS, they were stored overnight at 4C in 0.1% TritonX-100 with 

2% NHS and 1:50 mouse monoclonal anti-MYO7A (DSHB; #MYO7A 138-1-s) and 1:1000 

mouse monoclonal anti-TUJ1 (Covance; #MMS-435P). The secondary antibody, anti-mouse IgG 

coupled to Alexa Fluor 647 (Invitrogen, 1:2000), was combined with 10 ug/ml of 4’,6-

diamidino-2-phenylindole (DAPI; Roche) diluted in 1x DPBS. After removal of the primary 

antibody solution, cells were rinsed once with DPBS and incubated in the secondary antibody 

solution for 1 hour at room temperature away from light. Cells were rinsed again with DPBS and 

left in 5% sucrose in Sorenson’s buffer at 4C until ready to be imaged. ImageXpress Micro 

Confocal High-Content Imaging System (Molecular Devices) was used to acquire images of the 

cells. Images were adjusted for brightness and contrast and pseudocolored using ImageJ and 

Affinity Designer. Brightfield images of hiPSCs and differentiated cells were acquired with a 

Leica DMi1 inverted microscope.  

Bulk RNA-sequencing 

 Differentiated controls (CTL) at days 6 (n=3) and 14 (n=3), APG1 induced cells at days 6 

(n=3) and 14 (n=3) as well as NAN1 induced cells at days 6 (n=3) and 14 (n=3) were collected 
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for bulk RNA-seq. The Quick RNA Microprep Kit (Zymo Research; #R1050) was used per the 

manufacturer’s instructions to extract RNA from each sample. RNA quantity and quality were 

evaluated using NanoDrop 2000 (Thermo Scientific) and 4200 TapeStation (Agilent 

Technologies), respectively. Sequencing libraries were generated using the NEBNext Ultra II 

Directional RNA Library Prep Kit (#E7760L; NEB). Sequencing was performed on a NovaSeq 

X Plus (100 bp paired-end reads, Illumina) at the UCSD Institute for Genomic Medicine (IGM) 

Core to obtain ~35 million reads per sample.   

Bulk RNA-sequencing analysis 

 Raw sequencing reads were downloaded as FASTQ files, and adapters were trimmed 

using TrimGalore! (Galaxy Version 0.6.3). Sequencing reads were then aligned to the human 

reference genome GRCh38.p13 via HISAT2 (Galaxy Version 2.2.1). FeatureCounts (Galaxy 

Version 2.0.1+) was used to quantify the expression counts for each gene. Differential gene 

expression (DGE) analysis between the collected treatment groups (CTL, APG1, NAN1) was 

performed through DESeq2 (Galaxy Version 2.11.40.6). Untreated PSCs and NAIP2 induced 

neurons (RGC-iNs) at day 6 (n=4) and day 14 (n=4) from a previous study were also included in 

the DGE analysis. Principal Component Analysis (PCA) plots were generated using DESeq2. 

Hierarchical cluster analysis was performed using Seaborn (Version 0.12.0) and Matplotlib 

(Version 3.6.0) in Python, which was then used to generate heatmaps of differentially expressed 

genes (DEGs). Venn diagrams were created from VennPainer (Version 1.2.0). Normalized 

counts of genes for each treatment group across replicates were inputted into GraphPad Prism 10 

(Version 10.2.3) to generate bar charts and line graphs. DESeq2 was also used to obtain 

differential expression data including log2(fold change, FC), false discovery rate, and adjusted p-

values. Significant DEGs with normalized counts >10, a log2(FC) >1, and an FDR <0.05 were 



 

 11 

inputted into GSEApy (Version 1.0.4) to identify biological pathways significantly 

overrepresented in APG1 and NAN1 groups as defined by Gene Ontology. Bar charts of the top 

10 significantly differentially expressed pathways (FDR <0.05) were created through Seaborn 

and Matplotlib.  
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Results 

Overexpression of APG1 and NAN1 in hiPSCs leads to distinct morphologies during 

differentiation 

To further explore the combinatorial effects of inner ear-related TFs in the human system, 

we designed two transgene cassettes for integration and overexpression in IMR90.4 POU4F3-

p2A-eGFP cells. The ‘hair-cell’ cassette contains ATOH1, POU4F3, and GFI1 (APG1) (Fig. 

2A), three TF genes known to participate in HC development and maturation. The second 

cassette contains NEUROG1, ATOH1, and NEUROD1 (NAN1) (Fig. 2A), which we postulated 

will lead to SGN-like cells. Within each cassette, genes were linked together via polycistronic 

(p2A) sequences, which allowed them to be transcribed as a single mRNA transcript and 

translated as separate proteins simultaneously. The transgene cassettes were each coupled with a 

dox-inducible third-generation Tet-ON (TetO) promoter (Fig. 2A). Using a high-fidelity 

EnCas12a gene knock-in system, APG1 and NAN1 were integrated into the Citramalyl-CoA 

Lyase (CLYBL) safe harbor site in IMR90.4 POU4F3-p2A-eGFP reporter cells (Fig. 2A). The 

CLYBL site has been verified for use in hiPSCs, and integration of transgenes into this site 

allows for inducible transgene expression without disrupt of other endogenous genes44. The two 

cell lines were validated for stable integration of APG1 and NAN1 via zeocin resistance and PCR 

analysis.  

A previous study in our lab showed that synchronous BMP inhibition and overexpression 

of four TFs (NEUROG2, ATOH7, ISL1, and POU4F2 or NAIP2) can lead to efficient conversion 

of hiPSCs into induced neurons (iNs) and retinal ganglion cells (RGC-iNs). Thus, in our attempt 

to generate SGNs, we treated IMR90.4 NAN1 cells with LDN and dox (Fig. 2B). Over time, 

neuronal features were observed in NAN1 cells, including neurite outgrowth from their cell 
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bodies. By day 4, neurites grew extensively longer compared to those at days 1 and 3 (Fig. 2C). 

This indicated that iNs can be generated from stem cells by overexpressing the TF gene cassette, 

NEUROG1-p2A-ATOH1-p2A-NEUROD1. Previous studies have also shown that BMP 

inhibition is also important for HC differentiation45, thus IMR90.4 APG1 cells were also treated 

with LDN and dox. In contrast to NAN1, APG1 cells do not show distinct somas and long bipolar 

neurite outgrowth. Their cell bodies are flatter and congregate together, and the spindly 

outgrowths were observed to fasciculate together at day 5 (Fig. 2C). However, by day 14, it 

appeared that APG1 cells acquired a neuronal morphology similar to NAN1, though the cell 

bodies were much more bundled together in APG1 cells.  

APG1 induced cells exhibit auditory processes 

Bulk RNA-seq was carried out on APG1 and NAN1 induced cells to elucidate their 

transcriptional profiles. Within the RNA-seq analyses, day 6 APG1 samples (n=3) were 

compared with day 6 NAN1 (n=3) and a previously collected day 6 NAIP2 dataset (n=4). PSCs 

(n=3) and dox-treated CTL (n=3) samples were also included. Principal component analysis 

(PCA) of the 5 treatment groups shows a total of 78% variance, with induced cells clustering 

separately from the CTLs and PSCs (Fig. 3A). The variance amongst the APG1, NAN1, and 

NAIP2 expressing cells increases to a total of 96% when CTLs and PSCs are removed, and three 

distinctly separated clusters are apparent. Replicates within each sample cluster together, 

indicating low variance (Fig. 3A). While all 5 treatment groups share a considerable number of 

genes, they each express a unique set of genes as well, as shown in the Venn Diagram (Fig. 3B; 

normalized count > 100). A global heatmap of the top 500 DEGs in APG1 induced cells shows 

that day 6 APG1, NAN1, and NAIP2 groups are clustered separately from PSC and CTL groups 

(Fig. 3C).  
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 Next, to further explore the identities of APG1 and NAN1 induced cells, Gene Set 

Enrichment Analysis (GSEA) was performed. Ranked lists of DEGs in the day 6 NAN1 group vs. 

NAIP2 and APG1 were inputted into GSEApy to obtain the top significant biological pathways 

upregulated in NAN1, as defined by Gene Ontology. A similar method was used to generate 

significantly upregulated pathways in APG1. Only four biological pathways were significantly 

upregulated in NAN1 compared to NAIP2 and APG1 groups, each (Fig. 3D). Most of these 

pathways, including cholesterol, secondary alcohol, and sterol biosynthetic processes (GO: 

0006695, GO: 1902653, GO: 0016126), were too broad to decipher the possible cell fates NAN1 

induced cells were committing to. This may be because overexpression of NEUROG1 and 

ATOH1 in NAN1 render them similar to NAIP2 and APG1 groups at this early stage of 

differentiation. To confirm that NAN1 induced cells are heading towards neuronal development 

as predicted, the significantly overrepresented pathways in NAN1 compared to the CTL were 

also generated from GSEApy, which showed mainly synaptic developmental processes, 

including chemical synaptic transmission (GO: 0007268), neurotransmitter secretion (GO: 

0007269), signal release from synapse (GO: 0099643), among others. APG1 comparisons to 

NAIP2 and NAN1 showed an enrichment of muscle-related pathways, including myofibril 

assembly (GO: 0030239), sarcomere organization (GO: 0045214), skeletal muscle tissue 

development (GO: 0007519), and muscle contraction (GO: 0006936) (Fig. 3E). Epithelial cell 

development was also significantly upregulated in APG1 cells relative to NAN1, which 

corroborated with APG1’s epithelial-like morphology at day 5, as mentioned previously (Fig. 

2C). Notably, the pathways involved in sensory perception of sound (GO: 0007605) and 

mechanical stimulus (GO: 0050954) were both within the top 10 significantly upregulated 

pathways in APG1 induced cells when compared to NAIP2 and NAN1 (Fig. 3E). Enrichment 
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plots for the two pathways were generated for better visualization (Fig. 3F). Interestingly, APG1 

and NAN1 comparisons to NAIP2 show significant enrichment of genes in the calcium-

independent cell-cell adhesion via plasma membrane pathway (GO: 0016338) (Fig. 3D and E). 

In both groups, the leading genes within this pathway belong to the claudin gene family, which 

encodes membrane proteins important for tight junction formation. Claudin proteins are 

primarily enriched in epithelial and endothelial cells to establish a selectively permeable barrier 

between intra- and extracellular environments. Previous studies have shown loss or mutation of 

claudin genes, such as CLDN14 and CLDN1, is associated with hearing loss in vertebrates46–48, 

but further research is needed to determine their expression patterns in HC development.  

 Next, a heat map was generated to visualize APG1’s leading genes within the sensory 

perception of sound and mechanical stimulus pathways (Fig. 3G). Gene expression counts 

normalized across rows were used to compare the expression levels between PSCs, CTL, NAIP2, 

APG1, and NAN1 at day 6. This shows that not all genes within the two pathways have large or 

similar normalized counts within the APG1 group. Rather, the differential expression between 

APG1 and all other groups for the listed genes has pushed APG1 towards exhibiting auditory 

processes relative to the other cell types. Overall, global and pathway analyses of APG1 and 

NAN1 induced cells have shown that these cell lines are different from one another and from 

PSCs, CTL, and NAIP2 cells, with APG1 induced cells heading towards a more auditory fate 

compared to NAN1 at day 6 of differentiation.  

APG1 and NAN1 induced cells express both neuronal and sensory markers 

Next, we looked at specific gene markers to validate whether the transcriptional profiles 

of APG1 and NAN1 reflect those of mammalian HCs and SGNs. Myosin-VIIA (MYO7A) is a 

frequently used HC marker, as the gene is expressed in both vestibular and cochlear HCs starting 
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early in the sensory development of the inner ear. APG1 and NAN1 induced cells were stained 

for DAPI and MYO7A at day 6 of their differentiation, and interestingly, both lines were 

MYO7A+ (Fig. 4A). Though we predicted NAN1 induced cells to resemble SGN-like cells and 

thus be MYO7A-, the immunocytochemistry result is not surprising, as Atoh1+ cells in the mice 

inner ear have been shown to be positive for Myo7a as well49. Thus, the overexpression of 

ATOH1 within NAN1 and APG1 cells may have led them both to be enriched with MYO7A. In 

addition, based on the gene expression counts normalized across rows, NAN1 induced cells had 

on average, a significantly higher expression of MYO7A than APG1 (Fig. 4B). Perhaps the slight 

variance among APG1 replicates has contributed to the group’s lower expression count 

compared to NAN1.  

Since a single gene marker does not comprehensively identify a cell type, we looked at 

other HC-associated markers, comparing each treatment group’s average expression levels (Fig. 

4B). In contrast to the APG1 group, NAN1 did not express much of LHX3 and MYO15A, nor did 

the other three treatment groups. We also looked at early HC markers—SOX2, SIX1, and 

LMO1—to get a sense of the maturity of day 6 APG1 and NAN1 induced cells. Across all three 

genes, NAN1 had higher average expression counts than APG1 (Fig. 4B). A heatmap was also 

included, showing the relative expression levels of the five treatment groups for TFs shown to be 

upregulated during embryonic and postnatal development in mouse HCs27,49 (Fig. 4C). APG1 

and NAN1 induced cells had comparable normalized expression levels for certain TF genes, such 

as CTBP2, CASZ1, and TUB, but for others, such as BARHL1, LHX3, DDIT3, and POU4F2, the 

APG1 group had higher expression levels. This shows that combinatorial overexpression of 

select TF genes within hiPSCs can lead to activation of a network of other TF genes to push cells 

into a desired cell fate.  
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NAN1 and APG1 induced cells at day 6 were also stained for DAPI and a neuronal 

marker, TUBB3 (Fig. 4D). In this case as well, both lines were TUBB3+, which was not 

surprising as NAN1 was expected to be neuronal and APG1 cells may still be at an early stage of 

their differentiation. Nascent HCs in chicks have been shown to be positive for TUBB3 and 

MYO7A simultaneously50. The five treatment groups’ average gene expression counts for pan-

neuronal markers were also included for more comprehensive profiling of the cells (Fig. 4E). 

Though NAN1 had higher average expression levels for TUBB3, MAP2, NCAM1, SYN1, and 

SYT1 than APG1 cells, the APG1 group also showed considerable expression of these neuronal 

markers with APG1 having the highest normalized counts for RBFOX3. Perhaps this is due to the 

complex targetome of the ATOH1 TF, which not only activates genes involved in inner ear 

sensory development but also neuronal development51. In addition, since HCs share many 

neuronal functions, such as signal transduction, synapse formation, and synaptic vesicle 

trafficking, and are innervated by afferent nerve fibers, APG1’s expression of neuronal genes 

may not be unexpected.  

Following these results, we looked at the average expression levels of APG1 and NAN1 

induced cells for other HC- and SGN-associated genes to assess the stage of their differentiation 

and determine whether they are heading towards their predicted cell fates. The heatmap shows a 

list of genes that were constantly expressed in mice SGNs throughout their development52 (Fig. 

4F). Many neuronal genes, such as ELAVL4, LRRC55, NRG1, SOGA3, and LINGO1 are shared 

between NAN1 and NAIP2 induced cells, both expressing significant levels of each gene. APG1 

cells also share several genes with NAN1 and NAIP2 cells with moderate expression. However, it 

is not fully convincing that NAN1 is heading towards an SGN fate since the other treatment 

groups have overlapping gene expression patterns. In addition, NAN1 is not expressing a number 
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of other SGN markers, such as SCRT1, LYPD1, and CALB1. Rather, it appears that the 

transcriptomic profile of NAN1 induced cells at day 6 does not favor that of either HCs or SGNs 

but resembles a “hybrid” of the two. 

Transcriptomic profiles of APG1 and NAN1 overlap more at day 14 of differentiation 

In TF-mediated reprogramming of hiPSCs, the gene expression profiles of differentiating 

cells can drastically change as the initially overexpressed TFs activate downstream secondary 

TFs and effector genes over time. To determine whether our APG1 and NAN1 induced cells are 

capable of maturing into HC- and/or SGN-like cells, we continued to treat the cells with dox past 

day 6 and collected them at day 14 for bulk RNA-seq analysis. The PCA plot shows that within 

the NAIP2 and CTL groups, days 6 and 14 replicates appear to cluster separately from each other 

(Fig. 5A). However, such distinct separation of clusters is less apparent within the APG1 and 

NAN1 groups. Interestingly, it seems that APG1 induced cells at day 14 are clustering closer to 

the NAN1 groups. A heatmap of the top 500 DEGs in APG1 also shows an increase in expression 

of overlapping genes between day 14 APG1 and NAN1 induced cells compared to their day 6 

counterparts (Fig. 5B). To see if this change in global expression levels coincided with changes 

in expression of our selected TFs, we plotted the normalized counts of ATOH1, POU4F3, and 

GFI1 in our APG1 groups at days 6 and 14 and did the same for NAN1 (Fig. 5C). Interestingly, 

even with continuous dox treatment, expression levels decreased for all our selected TFs from 

day 6 to 14. This pattern was also shared by NAIP2 induced neurons in a past study37, though 

their dox treatment was discontinued after day 6. The decrease in TF expression, regardless of 

continued dox treatment, may have occurred due to epigenetic silencing of the Tet promoter as 

have been reported before53–55. Whether expression of APG1 or NAN1 will later increase through 

an endogenous mechanism is uncertain.  
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 GSEA was also carried out to explore changes in enriched biological pathways at day 14 

(Fig. 5D). Both APG1 and NAN1 induced cells at day 14 were significantly enriched with genes 

involved in synaptic development compared to their day 6 counterparts. Though the sensory 

perception of mechanical stimulus pathway continues to be significantly upregulated in APG1 

induced cells at day 14, the sensory perception of sound pathway is no longer significantly 

overrepresented in APG1 cells when compared to day 14 NAN1 cells (Fig. 5D). However, actin 

filament-based transport (GO: 0099515) is newly included within the top 10 significantly 

enriched pathways in day 14 APG1 cells, in which genes within the myosin superfamily 

predominate (Fig. 5D). Day 14 NAN1 cells are significantly upregulated with genes involved in 

neuron development and synaptic transmission compared to day 14 APG1 cells. However, other 

pathways, including cardiac muscle cell action potential, renal water homeostasis, and migration 

involved in sprouting angiogenesis, are also present within day 14 NAN1 cells (Fig. 5D). This 

does not necessarily indicate that NAN1 cells are committing towards a cardiac muscle or kidney 

cell fate, as genes within the pathways may serve multiple functions outside of the two organ 

systems. However, to ensure that our induced cells are not committing towards non-inner ear 

related cell fates, we looked at gene markers for the heart and kidney (Fig. 5E). As expected, 

APG1 and NAN1 induced cells have negligible normalized expression counts for the gene 

markers.  

We also conducted a temporal analysis of the bulk RNA-seq data to track changes in 

expression for pan-neuronal and SGN-related genes between days 6 and 14 in APG1 and NAN1 

cells (Fig. 5E). Both induced cells continue to highly express the pan-neuronal genes, TUBB3, 

MAP2, and NCAM1, at day 14 (Fig. 5E). In fact, there is no significant change to the genes’ 

expression in APG1 and NAN1 groups over time, as shown by the log2(FC) values between the 
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two timepoints (Fig. 5F). SYN1, which has been noted to be involved in synaptic vesicle 

trafficking and present at the synapse between SGNs and HCs56, is significantly upregulated in 

APG1 and NAN1 cells at day 14 (Fig. 5E and 5F). While the neuronal marker, RBFOX3, is 

significantly downregulated in APG1 induced cells at day 14 compared to day 6, it is more 

upregulated at day 14 in NAN1 cells (Fig. 5F). This indicated that at day 14, the APG1 and 

NAN1 induced cells have not yet lost their early neuronal characteristics. Subsequently, we 

looked at the log2(FC) values for additional neural genes (Fig. 5F). These genes—GAP43, 

NCAM1, ST18, INSM1, GFY, and LHX2—have been shown to be upregulated in HCs of Gfi1 

knockout mice, suggesting that without Gfi1, HCs remain in their nascent state and continue to 

express neuronal genes30. Since our APG1 induced cells should be overexpressing GFI1, we 

wanted to see if they would exhibit the opposite trend. For 4 out of 6 genes—ST18, INSM1, 

GFY, and LHX2—there was a significant downregulation in APG1 cells from day 6 to day 14. 

However, for the NAN1 group, only 2 out of 6 genes showed a significant downregulation. This 

suggested that APG1 induced cells may be starting to lose their neuronal characteristics at day 14 

due to the overexpression of GFI1. In addition, there is a possibility that day 14 APG1 has 

reached a more mature point than NAN1 along their differentiation path towards a HC-like fate. 

We also looked at some genes that were shown to be constantly and dynamically expressed in 

SGNs throughout mice inner ear development52 (Fig. 5E). While the genes, STMN4, MAFB, and 

DCX, were highly expressed in early SGNs in mice, CELF4, LYPD1, and NRN1 were expressed 

later in mature SGNs. SCRT2, ELAVL4, and TAGLN3 were noted to be constantly expressed in 

developing mice SGNs. From day 6 to day 14, APG1 and NAN1 cells continue to express “SGN-

constant” genes at varying degrees (Fig. 5E). There is a slight increase in expression for “SGN-

later” genes, such as CELF4 and LYPD1, but both APG1 and NAN1 continue to highly express 
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some “SGN-early” genes (Fig. 5E). Since both induced cell lines seem to follow a similar 

expression pattern, it cannot be concluded that one or the other is committing more towards an 

SGN fate.  

 Lastly, we wanted to explore whether APG1 and NAN1 cells at day 14 would begin to 

adopt a mature HC transcriptomic profile. The list of HC gene markers in the heat map has been 

verified in multiple studies, and the genes marked in red pertain to mechanoelectrical 

transduction (MET) channels at the tip links of HC stereocilia57 (Fig. 5F). First, we observed that 

the expression of ATOH1, POU4F3, and GFI1 decreases in APG1 cells from day 6 to 14, even 

with continuous dox treatment. Downregulation of ATOH1 is also observed in maturing cochlear 

HCs in mammals58. In addition, decreased expression of POU4F3, EPS8L2, BARHL1, GFI1, 

MFNG, and MREG in APG1 cells reflect the pattern observed in bulk RNA-seq data of mice 

embryonic and postnatal HCs from a previous study by Scheffer et al., 201527. Though a slight 

downregulation of ATOH1 is observed in NAN1 day 14 cells, the gene is still highly expressed, 

and it appears that its downstream TF genes, POU4F3 and GFI1, have not been activated based 

on their low expression counts. However, day 14 NAN1 expression patterns for other HC-related 

genes, including CASZ1, MGAT5B, CACNB2, and JAG2, follow that of day 14 APG1 cells. 

Though GSEA results showed an enrichment of synaptic development pathways in both APG1 

and NAN1 cells at day 14, it appears that genes related to synaptic vesicle transport, such as 

SLC17A8, as well as mechanotransduction channels, including TMC1, TMIE, PCDH15, and 

LHFPL5, still have minimal and/or unchanged expression levels in APG1 and NAN1 groups. 

Overall, APG1 induced cells appear to follow some trends noted in mammalian HC development 

though are not fully mature at day 14. The expression profile of NAN1 day 14 cells has a greater 

resemblance to that of APG1 day 14 cells than it did for day 6.  
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Discussion 

Overexpression of APG1 and NAN1 in hiPSCs and subsequent differentiation with small 

molecules, LDN and dox, resulted in neuroepithelial- and neural-like cells, respectively, with 

unique transcriptomic profiles at day 6 of their differentiation. Comparative analyses of their 

bulk RNA-seq data showed that APG1 induced cells were enriched for genes involved in sensory 

perception of sound and mechanical stimulus pathways. Further analyses showed that neuronal 

and sensory-related genes were not restricted to NAN1 and APG1 cells, respectively. Rather, both 

induced cells at day 6 expressed a considerable number of neuronal, HC- and SGN-associated 

genes, including TUBB3 and MYO7A. However, NAN1 average expression counts for early 

prosensory markers were higher than APG1, suggesting that NAN1 may be at a more immature 

differentiation state than APG1.  

 By day 14, the morphologies of both APG1 and NAN1 induced cells appeared neuronal 

with elongated and fasciculated neurites, though the cell bodies of APG1 cells were more 

clustered together. The highly polarized morphology of HCs—epithelial cell body with 

stereociliary projections—was not at all apparent in APG1 cells. A PCA plot including all 

treatment groups showed that APG1 replicates at day 14 cluster closer to the NAN1 group than 

those at day 6. Corroborating the structural development of their neurites, APG1 and NAN1 were 

significantly enriched with genes involved in synaptic development at day 14 compared to day 6. 

The sensory perception of sound pathway was no longer significantly overrepresented in APG1 

cells at day 14 when compared to NAN1, though the mechanical stimulus pathway was still 

present. The expression patterns of APG1 and NAN1 cells at day 14 resemble each other when 

looking at HC-related markers. Together, this data suggests that APG1 overexpression together 

with BMP inhibition may not be sufficient to drive HC formation and maintenance. 
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 Many studies on mice have shown that Atoh1 is necessary and sufficient to reprogram 

embryonic stem cells, fibroblasts, or supporting cells to HC-like cells. However, others have also 

suggested that additional TF genes as well as the spatiotemporal patterning of Atoh1 are 

important to generate mature, functional HC-like cells. Perhaps, the presence of ATOH1 in NAN1 

cells has pushed them towards a sensory fate, rendering their transcriptomic profile to be similar 

to APG1’s profile. However, since APG1 contains additional TF genes downstream of ATOH1 

(POU4F3 and GFI1), they can differentiate more specifically towards the HC fate, hence the 

significant overrepresentation of sound and mechanical stimulus pathways in APG1 early in their 

differentiation.  

Regardless though, there are a few discrepancies within APG1 differentiation that are 

concerning. Notably, their morphologies are more neuronal than epithelial as the induced cells 

mature, and at day 14, APG1 cells are not upregulated in maturing HC genes. Perhaps, the cells 

need to be differentiated up to days 21 and 28 and collected for bulk RNA-seq, as our lab has 

previously shown that RGC-iNs are not mature until day 2837. The induction method can also be 

altered to mimic the development of HCs. In our experiment, LDN was used to block BMP 

signaling at the onset of hiPSC differentiation. Usually, LDN is used to promote neural 

differentiation from PSCs. Previous studies have shown that BMP4 is expressed in prosensory 

patches of the otic vesicle, and a balance between endogenous BMP4 expression and an 

exogenous BMP inhibitor, Noggin, is important to establish the correct number of sensory cells, 

including HCs45. Given that BMP suppression leads to reduced cell proliferation, cell-cycle 

withdrawal, and HC specification in vivo, addition of LDN may not hinder APG1 differentiation 

to HC-like cells. Considering this, perhaps addition of other small molecules may be useful to 

further aid their specification. Other reprogramming studies have used retinoic acid (RA) or a 
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gamma-secretase inhibitor, such as LY411575, since RA and inhibition of Notch signaling have 

been shown to promote HC generation from SCs59–61. Other TF genes can also be added to the 

APG1 combination, such as BARHL1 and LHX3, to promote HC differentiation62,63. Alterations 

to the NAN1 construct can also be made to generate SGN-like cells. Removal of ATOH1 and 

addition of SGN-related genes, such as DELTA1 or POU4F1, could push the cells towards a 

more neuronal fate without expression of HC genes, e.g., MYO7A.   

Accurate in vitro generation of human HC- and SGN-like cells can have a myriad of 

implications, including drug testing, developmental and injury models, and regeneration. 

Currently, our lab is working to create brain-retina models as well as neural connections between 

RGC-iNs and thalamus in culture. Establishing connections between induced SGNs and HCs as 

well as RGCs and photoreceptors in vitro can help to model degenerative and congenital 

diseases, such as Usher’s syndrome, which leads to both vision and hearing loss. In addition, 

once the necessary and sufficient TF genes are identified to generate functional HC- and SGN-

like cells from hiPSCs, they can be tested in vivo through adeno-associated viruses (AAVs). 

Since AAVs can deliver genes to target cells without host genomic integration, they can be used 

for future regenerative studies, mainly to reprogram existing cells in the inner ear (i.e., 

supporting cells) to functional HC- and SGN-like cells.  
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Figures 

 

Figure 1: Overview of the inner ear structure and development in mammals. (A) The anterior region 

(beige) of the otocyst gives rise to the inner ear structure, which contains five sensory organs. The Organ 

of Corti is located in the cochlea and consists of inner hair cells (IHCs), outer hair cells (OHCs), pillar 

cells (PCs), Deiters’ cells (DCs), greater epithelial ridge cells (GERs), and dendrites of Type I and II 

spiral ganglion neurons (SGNs). The utricle and saccule each contain a macula that consists of vestibular 

HCs innervated by vestibular ganglion neurons (VGNs). Movement of the otolith structure allows for 

detection of linear acceleration. (B) Regionalized expression of select TFs (Lfng, Sox2, Six1, Eya1) 

defines the anterior domain of the otic placode. This domain gives rise to neural, sensory, and supporting 

cells through the regulation of various TFs and signaling pathways (not shown). Created with 

BioRender.com. 

 

 



 

 26 

 

 

 



 

 27 

Figure 2: Morphological changes of IMR90.4 APG1 and NAN1 cell lines upon differentiation. (A-B) 

High-fidelity CRISPR/Cas12a integrated dox-inducible transgene cassettes [NEUROG1-p2A-ATOH1-

p2A-NEUROD1 (NAN1) and ATOH1-p2A-POU4F3-p2A-GFI1 (APG1)] integrated at the CLYBL safe 

harbor site in IMR90.4 POU4F3-p2A-eGFP hiPSC. Diagram of LDN-19318 and dox induction, used for 

differentiation of hiPSCs. (C) Left two images in first row show undifferentiated APG1- and NAN1-

integrated hiPSCs. Right two images in first row show control cells at days 6 and 14 post-differentiation. 

Control cells are IMR90.4 POU4F3-p2A-eGFP with rtTA-M2 at the AAVS1 site and zeocin resistance 

marker and empty cassette at CLYBL. They exhibit a flat morphology upon differentiation. Slight neurite 

outgrowth can be observed at Day 1 for both NAN1 and APG1 lines, but cells still appear progenitor-like. 

The soma and neurites are apparent at Day 3 for NAN1, and by Day 7, neurites have grown extensively 

longer. APG1 cell bodies appear more elongated and the spindly outgrowths fasciculate at day 5. Scale 

bar = 100 m. (A-B) Created with BioRender.com. 
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Figure 3: Comparative bulk RNA-seq analyses show APG1 induced cells heading towards auditory 

cell fate. (A) Principal component analysis (PCA) plot of hiPSCs, D6 CTL, NAIP2, APG1, and NAN1 

cells. (B) Venn diagram showing the total and overlapping number of genes expressed in each group 

(normalized count > 100). (C) Heatmap of the top 500 DEGs in APG1 cells. (D) Gene enriched pathways 

in NAN1 and (E) APG1 based on ranked list of DEGs. Normalized enrichment scores (NES) are generated 

based on log2(FC) and FDR<0.05. (F) Genes related to sensory perception of mechanical stimulus and 

sound are visualized within a ranked list (orange and blue lines) through the enrichment plots. (G) 

Leading genes in APG1 for sensory perception of sound pathway are listed in the heat map. Scale 

represents gene expression counts normalized across rows. FC = fold change; FDR = false discovery rate. 
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Figure 4: APG1 and NAN1 express both HC- and SGN-related genes. (A) Immunostaining of APG1 

and NAN1 cells at day 6 with DAPI and MYO7A. (B) Mean expression of PSC, CTL, NAIP2, APG1, and 

NAN1 at day 6 for HC-associated markers, with error bars showing SEM. (C) Heatmap showing gene 

expression counts normalized across rows for TF genes involved in HC development. (D) 

Immunostaining of APG1 and NAN1 cells at day 6 with DAPI and TUBB3. (E) Mean expression of PSC, 

CTL, NAIP2, APG1, and NAN1 at day 6 for pan-neuronal, with error bars showing SEM. (F-G) Heatmap 

showing normalized gene expression counts for SGN- and HC-associated genes. Scale bar = 100 m. 
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Figure 5: APG1 and NAN1 transcriptomic profiles at day 14 overlap with one another. (A) PCA plot 

of PSCs, CTLs, NAIP2, APG1, and NAN1 at days 6 and 14. (B) Global heatmap of the top 500 DEGs in 

APG1 at day 14. (C) Line graphs showing normalized expression counts of ATOH1, POU4F3, and GFI1 

in APG1 cells at days 6 and 14 and of NEUROG1, ATOH1, and NEUROD1 in NAN1 cells at days 6 and 

14. (D) Gene enriched pathways in day 14 APG1 cells compared to day 6 APG1 and day 14 NAN1 (top). 

Gene enriched pathways in day 14 NAN1 cells compared to day 6 NAN1 and day 14 APG1 (bottom). (E) 

Heatmap showing normalized expression counts for non-HC-related genes for APG1 and NAN1 cells at 

days 6 and 14. (F) Bar charts showing the log2 (fold change, FC) between APG1 at day 14 vs. day 6 (top) 

and between NAN1 at day 14 vs. day 6 (bottom) for selected neuronal gene markers. Adjusted p-values 

were obtained from DGE analysis generated using DESeq2. *Padj<0.05, **Padj<0.01, ***Padj<0.001, ns, 

not significant. (G) Heatmap showing normalized expression counts for HC-related gene markers. Genes 

in red represent those involved in the mechanoelectrical transduction channels of HCs.  
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