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a b s t r a c t 

Mesenchymal stem cells (MSCs) can be isolated from different tissue origins, such as the bone marrow, 

the placenta, the umbilical cord, adipose tissues, and skin tissues. MSCs can secrete anti-inflammatory 

molecules and growth factors for tissue repair and remodeling. However, the ability of skin-derived MSCs 

(SMSCs) to repair cochlear damage and ameliorate hearing loss remains unclear. Cisplatin is a commonly 

used chemotherapeutic agent that has the side effect of ototoxicity due to inflammation and oxidative 

stress. This study investigated the effects of SMSCs on cisplatin-induced hearing loss in mice. Two inde- 

pendent experiments were designed for modeling cisplatin-induced hearing loss in mice, one for chronic 

toxicity (4 mg/kg intraperitoneal [IP] injection once per day for 5 consecutive days) and the other for 

acute toxicity (25 mg/kg IP injection once on day one). Three days after cisplatin injection, 1 × 10 6 or 

3 × 10 6 SMSCs were injected through the tail vein. Data on auditory brain responses suggested that SM- 

SCs could significantly reduce the hearing threshold of cisplatin-injected mice. Furthermore, immunohis- 

tochemical staining data suggested that SMSCs could significantly ameliorate the loss of cochlear hair 

cells, TUNEL-positive cells and cleaved caspase 3-positive cells in cisplatin-injected mice. Neuropatholog- 

ical gene analyses revealed that SMSCs treatment could downregulate the expression of cochlear genes 

involved in apoptosis, autophagy, chromatin modification, disease association, matrix remodeling, oxida- 

tive stress, tissue integrity, transcription, and splicing and unfolded protein responses. Additionally, SMSCs 

treatment could upregulate the expression of cochlear genes affecting the axon and dendrite structures, 

cytokines, trophic factors, the neuronal skeleton and those involved in carbohydrate metabolism, growth 

factor signaling, myelination, neural connectivity, neural transmitter release, neural transmitter response 
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. Introduction 

Millions of people worldwide experience hearing loss, predomi- 

antly sensorineural hearing loss (SHL) due to damage to or loss of 

ensory hair cells (HCs) ( Almeida-Branco et al., 2015 ). Cochlear HCs 

re responsible for converting sound vibrations into electrical sig- 

als, which are subsequently transmitted through spiral ganglion 

eurons (SGNs) to the brain. Accumulating evidence suggests that 

ammalian HCs and SGNs cannot self-regenerate ( Almeida-Branco 

t al., 2015 ). Once subject to stress or damage, these HCs and SGNs 

ecline in number in the cochlea, resulting in SHL ( Almeida-Branco 

t al., 2015 ). In the cochlea, outer hair cells (OHCs) are more sen-

itive than inner hair cells (IHCs) to damages caused by environ- 

ental stress, ototoxicity, and aging ( Chen et al., 2003 ; Fan et 

l., 2019 ; Kecskemeti et al., 2019 ). Currently, only preventive ap- 

roaches have been developed for SHL, and no approved chemical 

r biological drugs are available for its treatment ( Fan et al., 2019 ).

Cisplatin is a chemotherapeutic drug used to treat many types 

f solid tumors, such as lung, head and neck, ovarian, bladder, tes- 

icular, and uterine cancers ( Jamieson and Lippard, 1999 ; Veceric- 

aler et al., 2017 ). However, it tends to result in nephrotoxicity and 

totoxicity ( Ringborg, 1983 ). Ototoxicity of cisplatin occurs as a re- 

ult of the depletion of antioxidant substances and an increase in 

ipid peroxidation, with resulting apoptotic damage to the OHCs 

nd SGNs ( Meng et al., 2018 ; Wang et al., 2016 ; Yang et al., 2018 ). 

Mesenchymal stem cells (MSCs) are multipotent stem cells that 

an be isolated from a variety of tissues, primarily the bone mar- 

ow (BM) ( Nicolay et al., 2016 ). The characteristics of MSCs include 

dherence to plastic in a culture and the capability of multipoten- 

ial differentiation into osteoblasts, adipocytes, and chondrocytes 

 Kang et al., 2010 ). The skin has long been regarded as a poten-

ial source of tissue for regenerative medicine. Several studies have 

emonstrated that skin-derived mesenchymal stem cells (SMSCs) 

re capable of differentiating into neural-like cells for peripheral 

erve regeneration ( Park et al., 2012 ), alleviating atherosclerosis via 

odulating the activity of macrophage ( Li et al., 2015a ), and restor- 

ng premature ovarian failure in mice ( Lai et al., 2014 ). 

In this study, we characterized the properties of SMSCs and 

nvestigated their potential beneficial effects on cisplatin-induced 

totoxicity. 

. Materials and methods 

.1. Isolation and characterization of SMSCs 

SMSCs (AGERACELL) were prepared and provided by Maria Von 

ed-Biotechnology Co., Ltd,Taiwan. In brief, a sample of skin tis- 

ue (1–2 mm 

2 ) was obtained from the pinna. Subsequently, SMSCs 

ere primarily cultured from the skin tissue and were maintained 

n Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo 

isher Scientific, Inc., Waltham, MA, USA) containing 5% human 

latelet lysate (EMD Millipore Corporation, Billerica, MA, USA) and 

% sodium pyruvate (Thermo Fisher Scientific) at 37 °C in 5% CO 2 

n humidified air. After SMSCs were isolated, they were washed 

nd maintained in DMEM containing 5% human platelet lysate. 

ells were passaged every 4–6 days. All procedures and materials 

ere modified from previous reports ( Toma et al., 2001 ; Toma et 
2 
r synthesis and storage, and vesicle trafficking. Results from TUNEL and

firmed that cisplatin-induced apoptosis in cochlear tissues of cisplatin-

 by SMSCs treatment. In conclusion, the evidence of the effects of SMSCs

city-induced hearing loss suggests a potential clinical application. 

© 2021 Elsevier B.V. All rights reserved. 

l., 2005 ). MSC neurogenic differentiation medium (C-28015, Pro- 

oCell, Germany) containing 10 μM Y27632 (Sigma) was used to 

nduce the neuronal differentiation of SMSCs, which were seeded 

t 4 × 10 3 cells/cm 

2 on 6-well tissue culture plates coated with 10 

g/mL human fibronectin (Thermo Fisher Scientific). For the differ- 

ntiation of SMSCs into adipocytes, osteoblasts, and chondrocytes, 

e followed the method and procedure reported by Li et al. ( Li 

t al., 2013 ). In brief, for adipogenesis and osteogenesis differenti- 

tion, 3.8 × 10 4 and 1.9 × 10 4 SMSCs, respectively, were seeded in 

4-well plates and grown for 3 days. Adipogenic and osteogenic 

ifferentiation media were replaced with fresh media every 3 days 

or 3 weeks. Adipocyte lipid droplets were stained with Oil Red 

, and calcified osteoblasts were stained with Alizarin Red S. For 

hondrogenesis differentiation, 1 × 10 6 cells were placed in a 15- 

L conical tube and centrifuged to form a pellet. Media were re- 

laced with fresh media every 3 days for 3 weeks. Pellets were 

xed in formalin and were sectioned. Chondrocytes were stained 

ith Alcian blue. The generation and maintenance of human in- 

uced pluripotent stem cells (iPSCs) were processed according to 

ur previous publication ( Chen et al., 2018 ). We used the PSC neu- 

al induction medium (Thermo Fisher Scientific) to differentiate 

he neural progenitor cells (NPCs) from human iPSCs. Briefly, hu- 

an iPSCs were seeded in the PSC neural induction medium. The 

edium was changed every day. Following the protocol provided 

n the manual instruction, we can obtain the iPSC-derived neural 

recursor cells (iPSC-derived NPCs) on Day 7 (P1). After two more 

assages, the iPSCs-derived NPCs (P3) were sent for whole tran- 

criptome analysis by RNA sequencing technology. 

.2. Flow cytometry 

SMSCs (1 × 10 6 ) were suspended in 100 μL of wash buffer con- 

isting of phosphate-buffered saline (PBS) containing 0.5% bovine 

erum albumin and were labeled with phycoerythrin (PE) rat anti- 

ouse CD73 (1:100), PE rat anti-mouse CD90 (1:100), PE rat anti- 

ouse CD105 (1:100), and a PE human mesenchymal stem cell lin- 

age antibody cocktail (containing CD34, CD45, CD11b, CD19, and 

LA-DR) (1:100). Antibodies were added to each of the tubes and 

ncubated at room temperature for 30 minutes. Cells were then 

ashed three times and suspended in PBS for flow cytometry anal- 

sis. PE-conjugated isotype antibodies were used to characterize 

onspecific staining. Cells were analyzed using a CytoFLEX flow cy- 

ometer (Beckman Coulter, Brea, CA), and data were analyzed using 

lowJo software. 

.3. Transplantation of SMSCs, total body weight assessment, tissue 

reparation, and mating trials 

The Animal Care Committee of Mackay Medical College ap- 

roved the animal experiments in this study. C57BL/6 female mice 

8 weeks old) were purchased from BioLasco (Taiwan). All ani- 

als were bred and housed in accordance with the standard an- 

mal protocol. For the cisplatin chronic or acute toxicity exper- 

ment, cisplatin was dissolved in 0.1% dimethyl sulfoxide to in- 

uce ototoxicity in mice through intraperitoneal (IP) injection; pro- 

edures were implemented in accordance with the protocol re- 

orted by Wu et al. ( Wu et al., 2017 ). The treatment group received

00 μL of serum-free DMEM containing 3 × 10 6 (n = 6) SMSCs, 
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nd the control group received only DMEM (100 μL; n = 6). For 

he experimental group, 100 μL of serum-free DMEM containing 

 × 10 6 (n = 9) SMSCs, the DMEM containing 3 × 10 6 (n = 9) SMSCs,

r 100 μL of medium (n = 9, as the untreated control group) was

ystemically administered through injection into the tail vein 3 

ays after cisplatin injection. After SMSC injection, the body weight 

f mice in all groups was measured. All mice underwent audi- 

ory brainstem response (ABR) measurements under anesthesia. 

ochlear tissues were collected for further gene expression anal- 

ses. 

.4. Whole transcriptome analyses for SMSCs 

Total RNA was isolated and used as the template for library con- 

truction according to the method detailed in our previous study 

 Chen et al., 2018 ). Genomics, Inc., Taiwan performed the total RNA 

equencing (RNA-seq) and bioinformatics analyses. The importance 

f the relative abundance of each gene’s expression level was an- 

lyzed according to the real fold change among the groups. Pos- 

erior probability of equal expression (PPEE) was used to evaluate 

he significance of differentially expressed genes. A significant ex- 

ression difference was PPEE < 0.05. 

.5. NanoString gene expression analysis 

Total mRNA was extracted from mouse cochlear tissues in each 

roup. Genes involved in neuropathological processes were ana- 

yzed using a NanoString mouse neuropathology panel (NanoS- 

ring Technologies Inc., Seattle, WA, USA). Gene expression val- 

es are presented as a percentage of the control group. Cold 

pring Biotech, Corp., in Taiwan performed NanoString gene ex- 

ression analysis and bioinformatics analyses. The NanoString neu- 

opathological gene expression panel includes genes involved in 

any biological pathways and cell types ( Rubino et al., 2018 ; 

pangenberg et al., 2019 ). The results of a pathway score or 

ell type-specific score analyses can be complementary to those 

btained from one more focused on individual genes. A web 

rogram PLAGE (Pathway Level Analysis of Gene Expression) 

or performing the kinds of analyses described in the litera- 

ure ( Tomfohr et al., 2005 ). Gene or pathway scores are used 

o summarize the data from a pathway’s or cell type-specific 

enes into a single score by using nCounter® Advanced Analysis 

oftware (version 2.0.134; https://www.nanostring.com/products/ 

nalysis-software/advanced-analysis ). These scores are calculated 

s the first principal component of the pathway genes’ normalized 

xpression. All the analyses of gene or pathways scores were ac- 

ording to the user manual of nCounter® Advanced Analysis Soft- 

are. 

.6. Whole-mount dissection, confocal microscopy, and the loss of 

HC count 

Experimental mice were anesthetized, and their cochlear tissues 

ere isolated and dissected. For whole-mount dissection, we fol- 

owed the protocol detailed by Neal et al. ( Neal et al., 2015 ). In

rief, the cochlea was decalcified for 1 hour using a decalcifica- 

ion solution purchased from Apex Engineering (Aurora, IL, USA). 

he excess temporal bone around the cochlea was trimmed, and 

he cochlea was bisected along the midmodiolar plane and then 

ubmerged in PBS. A series of cuts through the modiolus sepa- 

ated the half-turns from one another. Each half-turn was then 

emoved from the surrounding temporal bone, and the tectorial 

embrane was removed. The cochlear tissues were fixed with 

% paraformaldehyde. The tissues were incubated with the pri- 

ary antibodies of anti-Myo7a (1:100, Santa Cruz, CA) and anti- 

halloidin conjugated with Alexa 488 (1:200, Thermo Fisher Scien- 
3 
ific) at 4 °C overnight and at 4 °C for 2 h, respectively. The tissues

ere incubated with the secondary antibody of rhodamine goat 

ntimouse (1:200, KPL) at room temperature for 2 h. Cells were 

tained with DAPI (Sigma). For the loss of OHCs counts, HCs were 

ounterstained with phalloidin, Myo7a and DAPI stainings. Images 

ere captured using a confocal spectral microscope (Leica SP8). 

e acquired images at three randomly-selected regions (300 μm 

ength) in the apical, middle, and basal cochlear turns by using the 

ame apparatus, and manually counted the loss of OHCs. Average 

oss of OHCs were then calculated in apex, middle and base re- 

ions, respectively ( Ninoyu et al., 2020 ). 

For the TUNEL (Terminal deoxynucleotidyl transferase-mediated 

UTP nick-end labeling) assay. TUNEL staining was performed 

n the cochlear tissues according to the manufacturer’s instruc- 

ions (Vazyme, A112). In addition, the cochlear tissues were fixed 

ith 4% paraformaldehyde. The primary antibodies, anti-cleaved 

aspase-3 (1:200; Cell Signaling Technology) was incubated at 4 °C 

vernight. The secondary antibodies, Rhodamine goat-anti-Rabbit 

1:200, KPL) were incubated at room temperature for 2 h. Cells 

ere stained with DAPI (Sigma). Fluorescent images were taken 

ith a Leica SP8 confocal fluorescence microscope. 

.7. ABR measurement 

In the present study, we measured the ABR of mice to detect 

heir hearing threshold. In brief, measurements were performed 

n the scalps of mice under anesthesia by using subdermal nee- 

le electrodes placed at the vertex, below the pinna of the left 

ar (as a reference measurement), and below the contralateral ear 

ground). The sound stimuli included clicks (100-ms duration; 4, 

, and 12 kHz). The devices used for ABR measurement in this 

tudy were specifically designed for animal experiments (BIOPAC 

ystem, USA). Acoustic stimuli were applied directly to the ear 

anal at a stimulus intensity ranging from a 100-dB to a threshold 

0-dB sound pressure level at 10-dB intervals near the threshold 

evel. The ABR threshold was measured through detection of the 

resence of V waves. All procedures for ABR measurement were 

odified from previous reports ( Akil et al., 2016 ; Choi et al., 2012 ;

ngham et al., 2011 ). 

.8. Statistical analyses 

Data are expressed as inter quartitle range (IQR) and median. 

onparametric statistical tests (Kruskal–Wallis and Mann–Whitney 

 tests) were performed using SPSS 17.0 software. Bonferroni cor- 

ection was used for multiple analysis. Statistical significance was 

efined as P < 0.005 in Fig. 3 and P < 0.008 in Figs. 4 , respectively.

. Results 

.1. Preparation and characteristics of SMSCs 

After primary culture of SMSCs, SMSCs were frozen in liq- 

id nitrogen. Flow cytometry was then applied to examine the 

haracteristics of MSCs, including specific cell surface markers 

nd differentiation capacity, and the results were obtained as fol- 

ows: 99.6% CD73( + ), 99.3% CD90( + ), and 98.8% CD105( + ). Fur-

hermore, CD34, CD45, and CD11b expression was not detected in 

MSCs ( Fig. 1 A). Additionally, SMSCs could be differentiated into 

dipocytes, osteoblasts, and chondrocytes ( Fig. 1 B), indicating a dif- 

erentiation capacity for cells of mesenchymal origins similar to 

hose of MSCs. During development, skin tissues form first in the 

ctoderm. We thus examined the neural differentiation capacity of 

MSCs and demonstrated that they could be further differentiated 

nto NeuN( + ) and MAP2( + ) neurons ( Fig. 1 C), indicating the differ-

ntiation capacity of SMSCs into ectodermal neuronal lineages. 

https://www.nanostring.com/products/analysis-software/advanced-analysis
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Fig. 1. Isolation and characterization of human skin-derived mesenchymal stem cells (SMSCs). (A) Human SMSCs have morphology similar to that of fibroblast cells, 

and analyses of the cell surface markers showed that SMSCs were CD73( + ), CD90( + ), and CD105( + ), indicating that they expressed the definitive markers of MSCs. Scale 

bar = 100 μm. (B) The multipotent differentiation capacity of SMSCs was demonstrated for osteogenesis, adipogenesis, and chondrogenesis. Alizarin Red, Oil Red O, and 

Alcian Blue stainings were used to characterize osteoblasts, adipocytes, and chondrocytes, respectively. Scale bar = 50 μm. (C) The neuronal differentiation capacity of SMSCs 

was demonstrated for NeuN( + ) and MAP2( + ) neurons. Scale bar = 100 μm. 
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.2. Whole transcriptome analyses of SMSCs 

To examine the properties of SMSCs, we used RNA-seq tech- 

ology to analyze the transcriptome of SMSCs. A real fold change 

omparison of the transcriptome of SMSCs with that of iPSC- 

erived NPCs after RNA-seq analyses revealed the top 20 upreg- 

lated and downregulated gene transcripts ( Tables 1 and 2 ), up- 

egulated stem cell marker and growth factor–related gene tran- 

cripts ( Table 3 ), and downregulated stem cell marker and growth 
4 
actor–related gene transcripts ( Table 4 ) of SMSCs. The real fold 

hange data of SMSCs and iPSC-derived NPCs revealed that com- 

ared with iPSC-derived NPCs, SMSCs had a higher expression level 

f mRNA encoding SOX15 gene ( Table 3 ) and higher expression 

evels of mRNAs encoding PAX8 , WNT5A , WNT5B , WNT11 , VEGFB , 

DGFD , FGF1 , FGF5 , FGF7 and NGF genes ( Table 3 ). Additionally, SM-

Cs had lower expression levels of mRNAs encoding SOX1 , SOX2 , 

OX3 , SOX5 , SOX6 , SOX10 , SOX11 , SOX13 , SOX21 , PAX2 , PAX3 , PAX6 ,

AX7 , and IGF2 genes ( Table 4 ). Supplementary Fig. 1 provides fur- 
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Table 1 

Top 20 up-regulated genes in SMSCs versus iPSC-derived 

NPCs (iNPCs). 

Top 20 up-regulated genes (SMSCs v. iNPCs) 

Gene Symbol Real Fold Changes PPEE 

WISP2 1541476.609 1.11022E-16 

ACKR4 936505.7028 2.22045E-15 

NBL1 802878.6809 4.996E-15 

DPT 473703.5398 7.67164E-14 

CEMIP 6781.037087 1.66533E-14 

NUPR1 6589.852647 1.92069E-14 

NFIX 8060.83347 6.37268E-14 

ANPEP 4218.259928 1.78746E-14 

PSG5 354611.1265 3.4206E-13 

PODN 5008.235917 7.93809E-14 

ITGBL1 254304.4687 1.89981E-12 

AKR1C3 4891.185613 7.31082E-13 

MEG3 4579.419744 1.18117E-12 

ANGPTL4 3358.434527 6.25722E-13 

MSC 208090.3504 5.34039E-12 

TMEM119 2160.255275 2.77334E-13 

MKX 188322.4014 8.92952E-12 

MMP19 184843.5577 9.82947E-12 

SQRDL 3900.151926 2.70362E-12 

GBP1 180205.0996 1.12035E-11 

Table 2 

Top 20 down-regulated genes in SMSCs versus iPSC- 

derived NPCs (iNPCs). 

Top 20 down-regulated genes (SMSCs vs. iNPCs) 

Gene Symbol RealFC PPEE 

SMA5 0.079 0.049 

SLC37A1 0.076 0.049 

STRIP2 0.078 0.048 

PBK 0.078 0.049 

SYT1 0.077 0.045 

GDPD1 0.074 0.044 

ZNF749 0.071 0.048 

MEGF10 0.075 0.043 

PLCG2 0.074 0.043 

WDR17 0.076 0.044 

FAM72B 0.074 0.041 

ADGRB3 0.069 0.044 

PRSS35 0.073 0.040 

FAM65B 0.073 0.039 

ZNF467 0.072 0.039 

ATP2A1-AS1 0.068 0.042 

ELMO1 0.069 0.041 

LOC400927-CSNK1E 0.071 0.038 

GINS2 0.074 0.041 

PLCXD1 0.074 0.043 

t

g

t

N

3

l
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i  
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i  

t
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S

Table 3 

Up-regulated expression of stem cell marker genes or growth factor related 

genes in SMSCs versus iPSC-derived NPCs (iNPCs). 

Up-regulated expression of stem cel marker genes or growth 

factor-related genes (SMSCs vs. iNPCs) 

Gene Symbol Real Fold Change PPEE 

KLF4 13.729 0.015216344 

SOX15 18.723 0.048270199 

PAX8 16.618 0.011496776 

WNT5A 35.681 0.000212488 

WNT5B 51.417 3.04272E-05 

WNT11 46.129 5.58332E-05 

SLIT3 12.735 0.037484942 

FGF1 239.284 3.96326E-06 

FGF5 175.530 2.58546E-07 

FGF7 2311.665 3.55815E-12 

VEGFB 46.076 5.48468E-05 

PTGS2 85.571 7.25815E-05 

PDGFRA 63.356 1.16726E-05 

PDGFRB 19.720 0.00458922 

PDGFRL 33.725 0.000238301 

PDGFD 75.188 4.72274E-06 

NGF 102.814 1.97815E-06 

Table 4 

Down-regulated expression of stem cell marker genes or growth factor- 

related genes in SMSCs versus iPSC-derived NPCs (iNPCs). 

Down-regulated expression of stem cell marker gene or growth 

factor-related genes (SMSCs vs. iNPCs) 

Gene Symbol Real Fold Change PPEE 

SOX1 2.647E-05 2.5969E-06 

SOX2 9.775E-04 1.80173E-08 

SOX3 1.895E-05 7.31342E-07 

SOX5 3.361E-05 6.38521E-06 

SOX6 1.288E-02 0.000309006 

SOX10 2.441E-05 1.91117E-06 

SOX11 1.294E-03 3.56945E-08 

SOX13 2.867E-02 0.001658553 

SOX21 2.467E-04 0.008124711 

PAX2 7.339E-05 0.000116396 

PAX3 5.175E-02 0.015637796 

PAX6 2.661E-02 0.001217488 

PAX7 1.559E-05 3.48063E-07 

WNT7A 1.999E-04 0.004040937 

SLIT1 1.049E-06 1.12377E-11 

FGF9 8.282E-05 0.000181031 

FGF11 4.821E-03 5.37502E-06 

FGF13 7.346E-02 0.04137858 

FGFR2 1.243E-03 2.37516E-08 

FGFR3 5.519E-03 3.98064E-06 

FGFR4 4.709E-02 0.009708168 

KDR 9.216E-03 8.96683E-05 

FLT4 4.171E-05 1.43503E-05 

IGF2 1.165E-02 6.40126E-05 
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a

M

her details of the results of the comparison of the differential 

ene expression involved in biological processes, molecular func- 

ion, and cellular components between SMSCs and iPSC-derived 

PCs. 

.3. Effects of SMSCs on chronic cisplatin treatment–induced hearing 

oss in mice 

In this study, we investigated the effects of SMSCs on cisplatin- 

nduced SHL in mice. To investigate the effects of cisplatin chronic 

oxicity in mice, we administered 4 mg/kg of cisplatin through IP 

njection once per day for 5 consecutive days ( Fig. 3 A). Chronic in-

ection of cisplatin significantly reduced the body weight of mice 

n the treatment group ( P = 0.005, Figs. 3 B and 3 C) compared with

hat of mice in the control group. Mice were treated 3 days after 

P cisplatin injections with 1 × 10 6 or 3 × 10 6 SMSCs through tail 

ein injection. Our data suggested that treatment with 3 × 10 6 SM- 

Cs increased the body weight of cisplatin-injected mice ( P = 0.04, 
5 
igs. 3 B and 3 C). Furthermore, the cisplatin-injected mice exhib- 

ted greater increases in their hearing threshold (8 kHz, P = 0.005; 

2 kHz, P = 0.0 0 01) compared with the control mice ( Fig. 3 D). Af-

er tail vein injection of 3 × 10 6 SMSCs, cisplatin-injected mice had 

 hearing threshold of 23.33 ± 2.36 dB at 12 kHz, reflecting a re- 

uction of approximately 10 dB ( Figs. 3 D and 3 E). Moreover, we 

nvestigated the loss of HCs in the cochlear tissues of each group 

f mice through immunohistochemistry analysis. Anti-Myo7A an- 

ibody was used for immunofluorescence staining to examine the 

ocations and numbers of OHCs and IHCs in the cochlear tissues 

f mice. Anti-phalloidin was used to stain the cytoskeleton and 

ctin filaments of cochlear cells. Notably, as illustrated in Figs. 3 F–

 I, we observed a significant loss of Myo7A( + ) OHCs in the middle

nd base regions of the cochlear tissues of cisplatin-injected mice. 

oreover, in cisplatin-injected mice, injection of 1 × 10 6 or 3 × 10 6 
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Fig. 2. Whole transcriptome analyses of human SMSCs using RNA sequencing technology. (A) Scatter plot of the results from RNA-seq analyses of SMSCs and human 

iPSC-derived NPCs (iPSC-derived NPCs). (B) Top 20 upregulated and downregulated genes in SMSCs versus in iPSC-derived NPCs. EBseq analysis was used for the RNAseq 

differential expression. PPEE is the posterior probability of equal expression, indicating that a gene/transcript is equally expressed. (C) Representative upregulated genes of 

stem cell markers or growth factors in SMSCs compared with in iPSC-derived NPCs. (D) Representative downregulated genes of stem cell markers or growth factors in SMSCs 

compared with in iPSC-derived NPCs. 
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MSCs significantly mitigated the loss of Myo7A( + ) OHCs in the 

iddle and base regions of the cochlear tissues ( Figs. 3 F–3 I). 

.4. Effects of SMSCs on acute-cisplatin treatment–induced hearing 

oss in mice 

For the cisplatin acute toxicity experiment, we used a 25 mg/kg 

ose for the IP injection on day 1 ( Fig. 4 A). Mice were then

reated with 1 × 10 6 or 3 × 10 6 SMSCs through tail vein injection 

 days after cisplatin injections. Our data indicated no difference 

n body weight among mice in the control, acute-cisplatin injec- 

ion, and SMSC treatment groups ( Fig. 4 B). Furthermore, an in- 

rease in the hearing threshold was observed in mice that received 

cute-cisplatin injection compared with the control mice ( Fig. 4 C). 

n mice exposed to cisplatin, injection of 3 × 10 6 SMSCs resulted 

n about 10 dB reduction of the hearing thresholds measured at 

2 kHz ( Figs. 4 C and 4 D). Additionally, as displayed in Figs. 4 E–

 H, cisplatin-injected mice exhibited a significant loss of Myo7A( + ) 

HCs in the length of 300 μm of apex, middle, and base regions in

he cochlear tissues. In cisplatin-injected mice, injection of 3 × 10 6 

MSCs moderately mitigated the loss of Myo7A( + ) OHCs in the 

iddle and base regions of the cochlear tissues ( Figs. 4 E–4 H). 

.5. Neuropathological gene expression analysis revealed 

ysregulation in the mouse cochlear tissues after acute-cisplatin and 

MSC treatments 

We selected three representative samples from our ABR exper- 

ments for NanoString gene expression analyses in each group, as 

ollows: control (n = 3, hearing threshold of 10 dB for all three at 

2 kHz), cisplatin (n = 3, hearing thresholds of 50, 50, and 70 dB 

t 12 kHz), and cisplatin + 3 × 10 6 SMSCs (n = 3, hearing thresh-

ld of 20 dB for all three at 12 kHz). A NanoString neuropathology 
6 
anel was used to analyze the relative RNA abundance of the three 

epresentative cochlear samples in each group. The analysis iden- 

ified many genes involved in important neuropathological path- 

ays that were clustered, which enabled evaluation of the dam- 

ging effects of cisplatin on cochlear tissues and the beneficial ef- 

ects of SMSCs on the damaged cochlea ( Figs. 5 A–5 C). Data of the

ene scores for the cochlear tissue of cisplatin-injected mice indi- 

ated upregulation of genes involved in apoptosis, autophagy, chro- 

atin modification, disease association, matrix remodeling, oxida- 

ive stress, tissue integrity, transcription, splicing, and unfolded 

rotein responses. Notably, in cisplatin-injected mice, the abnor- 

al transcriptional pattern could be reversed by treatment with 

 × 10 6 SMSCs ( Figs. 5 A–5 C). Furthermore, the gene scores for the 

ochlear tissues of cisplatin-injected mice revealed the downregu- 

ation of genes affecting the axon and dendrite structure, cytokines, 

he neuronal skeleton, and trophic factors and those involved 

n carbohydrate metabolism, growth factor signaling, myelination, 

eural connectivity, neural transmitter release, neural transmit- 

er response and reuptake, neural transmitter synthesis and stor- 

ge, and vesicle trafficking. Notably, the abnormally downregu- 

ated gene scores in cisplatin-injected mice could be effectively re- 

ersed by treatment with 3 × 10 6 SMSCs ( Fig. 5 C). To investigate 

hether SMSCs could reduce cell apoptosis in the cochlear tissues 

f cisplatin-injected mice, we analyzed apoptosis by TUNEL and 

leaved caspase-3 stainings. Increased TUNEL-positive cells were 

bserved is the apex, middle and base region of cochlear tis- 

ues of cisplatin-injected mice. Notably, SMSCs treatment could 

educe the TUNEL-positive cells in apex, middle and base region 

f cochlear tissues, indicating that SMSCs treatment could reduce 

isplatin-induced apoptosis in cochlear tissues ( Fig. 5 D). Further- 

ore, our results showed that number of cleaved caspase-3/Myo7a 

ouble-positive cells was significantly increased base region of 

ochlear tissues from cisplatin-injected mice ( Fig. 5 G). Interest- 
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Fig. 3. Effects of SMSCs on the chronic cisplatin–induced hearing loss in mice. (A) Schematic of the experimental design of chronic cisplatin administration for inducing 

hearing loss in mice. Mice received intraperitoneal injection of cisplatin (4 mg/kg) once per day for 5 consecutive days. 1xSMSCs (1 × 10 6 ) and 3xSMSCs (3 × 10 6 ) were 

administered through tail vein injection 3 days later. One week later, the hearing threshold of all groups of mice was measured using an auditory brain response (ABR) 

instrument. After ABR measurement, mice were sacrificed to obtain cochlear tissues for immunohistochemical staining. (B) Results of analysis of the body weights of all 

mice groups. (C) The cisplatin-injected mice that received 3 × 10 6 SMSC treatment had higher median body weight compared with the cisplatin-injected mice without SMSC 

treatment; P = 0.04, n = 6–9 in each group. (D) The results of ABR measurements showed that cisplatin-injected mice had significantly impaired hearing function at the 

frequencies of 8 and 12 kHz compared with the control group. After 3 × 10 6 SMSC treatment, the hearing threshold of the cisplatin-injected mice at 8 and 12 kHz was 

reduced by 30% (approximately 10 dB) compared with that of cisplatin-injected mice that did not receive SMSC treatment; n = 6–9 in each group. (E) Representative results 

of ABR at the frequency of 12 kHz in each group. (F) The results for the outer hair cell (OHC) loss of cochlear tissues showed that cisplatin-injected mice had a significant 

loss of OHCs in the apex, middle, and base regions compared with the control group. After 1 × 10 6 or 3 × 10 6 SMSC treatment in cisplatin-injected mice, the loss of OHCs 

in the middle and base regions was significantly reduced compared with that of the cisplatin-injected mice that received no SMSC treatment; n = 6–9 in each group. (G) 

Representative results of immunohistochemical staining of the nucleus (DAPI, blue), hair cells (HCs, Myo7A, red), and cytoskeleton (phalloidin staining, green) in the apex 

region of the cochlear tissues in each group of mice. Scale bar = 25 μm. Arrows indicate the loss of OHCs in the cochlear tissues. (H) Representative results of immuno- 

histochemical staining in the middle region of the cochlear tissues in each group of mice. Scale bar = 25 μm. (J) Representative results of immunohistochemical staining at 

the base region of the cochlear tissues in each group of mice. Scale bar = 25 μm. Abbreviations: Con + 3xSMSCs = Control + 3 × 10 6 SMSCs; Cis + med = Cisplatin + medium; 

Cis + 1xSMSCs = Cisplatin + 1 × 10 6 SMSCs; Cis + 3xSMSCs = Cisplatin + 3 × 10 6 SMSCs. Bonferroni correction was used for multiple analysis. Statistical significance was defined 

as P < 0.005 in the experiments of Figure 3 . 
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Fig. 3. Continued 
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ngly, we observed that cleaved caspase-3 was expressed more in 

upporting cells than Myo7a( + ) cells in apex and middle regions 

f cochlear tissues from cisplatin-injected mice ( Figs. 5 E and 5 F). 

oreover, SMSCs treatments could reduce the cleaved caspase- 

/Myo7a double-positive cells in the base regions ( Fig. 5 G) and 

leaved caspase-3-positive cells in middle and apex regions ( Figs. 

 E and 5 F) of cochlear tissues from cisplatin-injected mice. The 

ata from TUNEL and the cleaved caspase-3 stainings are consis- 

ent with the findings of apoptosis gene score suggested by NanoS- 

ring neuropathological gene panel ( Fig. 5 A). 

.6. Cell-type specific gene expression analysis revealed the relative 

bundance of different cell types in mouse cochlear tissues after 

cute-cisplatin and SMSC treatments 

Typical cell marker genes of neurons, astrocytes, Schwann cells, 

ndothelial cells (ECs), and microglial cells were clustered; neu- 

opathological gene expression panel analyses were performed 
8 
o evaluate the damaging effects of cisplatin on the cochlear 

issues and the beneficial effects of SMSCs on the damaged 

ochlea ( Fig. 6 A). Our data revealed that astrocytes and ECs 

n the cochlear tissues of cisplatin-injected mice had increased 

arker gene expression levels. SMSC treatment could mitigate 

he increase in marker gene expression levels in astrocytes, mi- 

roglial cells, and ECs in the cochlear tissues of cisplatin-injected 

ice ( Fig. 6 B-i). By contrast, decreased marker gene expres- 

ion levels were observed in the neurons and oligodendrocytes 

n the cochlear tissues of cisplatin-injected mice. SMSC treat- 

ent could increase the mRNA expression levels of neurons and 

ligodendrocytes in the cochlear tissues of cisplatin-injected mice 

 Fig. 6 B-ii). 

. Discussion 

The present study investigated the SMSC transcriptome and 

emonstrated the protective effects of the IV administration of SM- 
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Cs on cisplatin-induced ototoxicity in mice. According to our data, 

MSCs could be differentiated not only into adipocytes, osteoblasts, 

hondrocytes ( Fig. 1 B), but also into NeuN( + ) and Map2( + ) neu-

ons ( Fig. 1 C), indicating that SMSCs possess not only MSC dif- 

erentiation capacity but also possess similar differentiation ca- 

acity to that of neural precursor cells (NPCs). Moreover, SMSCs 

sed in this study were positive for the cell surface markers of 

D73, CD90, and CD105 ( Fig. 1 B), which have been demonstrated 

o be definitive markers of MSCs ( Nold et al., 2019 ). Notably, 

D73( + )/CD90( + )/CD105( + ) MSCs from adipose tissues ( Jahanbazi 

ahan-Abad et al., 2017 ) or BM ( Singh et al., 2013 ) can be differen-
9 
iated into neurons. These adipose MSCs can further form neuro- 

pheres that also express NESTIN , SOX2 , GFAP , and MAP2 ( Jahanbazi

ahan-Abad et al., 2017 ). Since SMSCs possess the differentiation 

apacity to NeuN( + ) and Map2( + ) neurons in vitro. Therefore, it is

f great interests to compare the transcriptomes between SMSCs 

nd NPCs. Since human primary NPCs is very difficult to obtain, 

e chose to make use of human iPSCs-derived NPCs. As displayed 

n Table 3 , transcriptome analyses revealed that the mRNA expres- 

ion profile of SMSCs included the embryonic stem cell marker 

enes KLF4 ( Aksoy et al., 2014 ) and SOX15 ( Maruyama et al., 2005 )

nd the NPC marker gene PAX8 ( Ahn et al., 2004 ). Furthermore, 
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Fig. 4. Effects of SMSCs on acute-cisplatin–induced hearing loss in mice. (A) Schematic of the experimental design of chronic administration of cisplatin for inducing 

hearing loss in mice. Cisplatin (25 mg/kg) was injected intraperitoneally once on the first day. SMSCs (1 × 10 6 and 3 × 10 6 ) were administered through tail vein injection 

3 days later. After 3 weeks, the hearing threshold of all groups of mice was measured using an ABR instrument. After ABR measurement, mice were sacrificed to obtain 

cochlear tissues for immunohistochemical staining. (B) No significant difference in body weight was observed among the mice groups; n = 7–10 in each group. (C) The results 

of ABR measurement showed that cisplatin-injected mice had significantly impaired hearing function at the frequency of 12 kHz compared with mice in the control group 

( P = 0.01). After 3 × 10 6 SMSC treatment in cisplatin-injected mice, the hearing threshold at 12 kHz was significantly reduced compared with that of the cisplatin-injected 

mice without SMSC treatment, P = 0.026. (D) Representative results of ABR at the frequency of 12 kHz for each group of mice. (E) The results for OHC loss of cochlear 

tissues indicated that cisplatin-injected mice had a significant loss of OHCs in the middle and base regions compared with the control group; P = 0.038 and P = 0.038, 

respectively. After 1 × 10 6 and 3 × 10 6 SMSC treatment in cisplatin-injected mice, the loss of OHCs in the middle and base regions was moderately reduced compared with 

that of the cisplatin-injected mice without SMSC treatment. (F) Representative results of immunohistochemical staining of the nucleus (DAPI, blue), hair cells (HCs, Myo7A, 

red), and cytoskeleton (phalloidin staining, green) in the apex region of the cochlear tissues in each group of mice. Scale bar = 25 μm. Arrows indicate the loss of OHCs 

in the cochlear tissues. (G) Representative results of immunohistochemical staining in the middle region of the cochlear tissues in each group of mice. Scale bar = 25 μm. 

(H) Representative results of immunohistochemical staining in the base region of the cochlear tissues in each group of mice. Abbreviations: Cis + med = Cisplatin + medium; 

Cis + 1xSMSCs = Cisplatin + 1 × 10 6 SMSCs; Cis + 3xSMSCs = Cisplatin + 3 × 10 6 SMSCs. Bonferroni correction was used for multiple analysis. Statistical significance was defined 

as P < 0.008 in the experiments of Figure 4 . 
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igs. 2 B and 2 C show that SMSCs could express the mRNAs of

ultiple growth factor genes, including VEGFB ( Monastero et al., 

017 ; Sun et al., 2006 ), FGF2 ( Kleiderman et al., 2016 ), PDGFD

 Uutela et al., 2001 ), and NGF ( Wang et al., 2019 ). Evidence sug-

ests that different types of stem and progenitor cells, such as 

SCs ( Ahn et al., 2004 ), NPCs ( Andsberg et al., 1998 ), and otic

rogenitor cells (OPCs) ( Vemaraju et al., 2012 ), can secrete mul- 
10 
iple growth factors for the repair of different tissues in various 

rgan systems. The growth factor expression profile may account 

or the effects of SMSCs on cochlear tissue repair ( Figs. 2 C). No-

ably, Wnt signaling is crucial for Lgr5( + ) to support cell main- 

enance in the cochlea, which is responsible for the regeneration 

f cochlear HCs ( Li et al., 2015b ). In this study, SMSCs expressed

NT5A , WNT5B , and WNT11 mRNAs ( Figs. 2 C), indicating that the 
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Fig. 5. Neuropathological gene panel analyses of the protective effects of SMSCs against cisplatin-induced hearing loss in mice. (A) Increases in the gene scores of 

biological pathways in the mRNA expression profiles of the cochlear tissues in three representative mice that received acute-cisplatin injection. SMSC treatment reduced the 

gene scores of biological pathways. (B) Decreases in the gene scores of biological pathways in the mRNA expression profiles of the cochlear tissues in three representative 

mice that received acute-cisplatin injection. SMSC treatment increased the gene scores of biological pathways. (C) Heat map of the gene expression profiles for each biological 

pathway after normalization with the control group: cisplatin vs. control (ctrl) and 3 × SMSCs (cisplatin mice treated with 3 × 10 6 SMSCs) vs. ctrl. (D) Immunofluorescence 

staining with TUNEL in the apex, middle and base regions of the cochlear tissues from different groups. Immunofluorescence staining results with cleaved caspase-3 in the 

apex (E), middle (F) and base (G) regions of the cochlear tissues from different groups are shown. 
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roperties of stem and progenitor cells are preserved during WNT 

ignaling. 

In the present study, we described SMSCs’ transcriptome and 

howed protective effects of systemic administration of SMSCs on 

isplatin-induced ototoxicity in mice. Other researchers have also 

sed cisplatin (25 mg/kg) to induce acute nephrotoxicity within 3 

ays ( Yang et al., 2020 ; Zhang et al., 2020 ; Zhou et al., 2020 ). To

larify whether the effects of SMSCs are exerted through protec- 

ion against nephrotoxicity, we also evaluated the effects of SMSCs 

n nephrotoxicity. An acute dose of cisplatin (25 mg/kg) did not 

ppar to affect the kidney weight of the cisplatin-treated mice, ac- 
13 
ording to measurements taken after they were sacrificed. Further- 

ore, neither cisplatin nor SMSC treatment affected the levels of 

erum biochemical markers, such as aspartate transaminase, ala- 

ine aminotransferase, creatinine, and total bilirubin (Supplemen- 

ary Fig. 2). We also evaluated the pathological scores for kidney 

ections of mice in all groups and did not observe any significant 

ifferences (data not shown). Therefore, our results suggest that 

he effects of SMSCs may be exerted not only through protection 

gainst nephrotoxicity, but also through protection against hearing 

oss; specifically, SMSCs may have reduced nephrotoxicity in mice 
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ithin the first week and may then exert protective effects against 

earing loss on day 25. 

Through bioinformatics analyses, we further compared the tran- 

criptomes between SMSCs and iPSC-derived NPCs. Compared with 

PSC-derived NPCs, SMSCs expressed higher expression levels of 

enes involved in enhancing biological processes, such as blood 

essel morphogenesis, extracellular matrix and structure organi- 

ation, angiogenesis, epithelial cell proliferation, and axon devel- 

pment (Supplementary Fig. 1A). At the molecular level, com- 

ared with iPSC-derived NPCs, SMSCs had higher expression levels 

f genes involved in glycosaminoglycan binding, heparin binding, 

ransmembrane ion transport, and ion channel activities (Supple- 

entary Fig. 1B). At the cellular level, compared with iPSC-derived 

PCs, SMSCs had higher expression levels of genes affecting ax- 

ns, neuronal cell bodies, and dendrites (Supplementary Fig. 1C). 

verall, the characteristics of SMSCs differ from those of NPCs 

 Andsberg et al., 1998 ) and OPCs ( Shi et al., 2012 ). 

The results of the two independent experiments conducted in 

his study provide consistent evidence of the protective effects of 

MSCs. SMSCs could improve hearing function and rescue the loss 

f OHCs ( Figs. 3 and 4 ). Choi et al. reported that engrafting hu-

an MSCs to cochlear regions induced the expression of brain- 

erived neurotrophic factor; MSCs were located near degenerated 

HCs and SGNs after intravenous injection into rats with noise- and 

rug-induced hearing loss ( Choi et al., 2012 ; Kasagi et al., 2013 ).

M-derived MSCs can be successfully transplanted into the cochlea 

f young mice but spontaneously differentiated into fibrocyte-like 
14 
ells with Cx26 expression and did not affect the auditory func- 

ion of mice. ( Kil et al., 2016 ) further demonstrated that placenta- 

erived MSCs could significantly improve hearing function in deaf 

nimals, measured according to ABR and distortion-product otoa- 

oustic emissions, and reported an increased number of SGNs in 

he cochlea and no apparent adverse effects or immunological re- 

ection. 

Data from the neuropathological gene expression panel pro- 

ide valuable insight into the effects of SMSCs on cisplatin-induced 

earing loss in mice ( Figs. 5 and 6 ). For example, gene scores 

ndicated the upregulation of genes involved in apoptosis, au- 

ophagy, and oxidative stress and the downregulation of genes af- 

ecting axon and dendrite structure, myelination, neural connec- 

ivity, and neural transmitters in the cochlear tissues of cisplatin- 

reated mice. Thus, the results of all of the gene expression anal- 

ses indicate favorable mRNA changes in the cochlear tissues of 

ll groups. However, further immunohistochemistry examination is 

ecessary for determining the cell types involved in cochlear in- 

ury. Notably, the expression of genes encoding proteins involved 

n oxidative stress, apoptosis, autophagy, chromatin modification, 

atrix remodeling, tissue integrity, transcription and splicing, and 

nfolded protein responses was upregulated in the cochlear tis- 

ues of cisplatin-injected mice ( Fig. 5 A). Cisplatin has been demon- 

trated to induce apoptosis in cochlear HCs through oxidative 

tress ( Kikkawa et al., 2009 ), but PINK1-induced autophagy and 

ownregulation of the JNK pathway can protect HCs from apop- 

osis ( Yang et al., 2015 ). In the present study, our analyses revealed
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hat the regulation of chromatin modification, matrix remodeling, 

issue integrity, transcription, and splicing and unfolded protein re- 

ponses might also contribute to the ototoxicity of cisplatin. Fig. 5 B 

hows the downregulated expression of genes in the cochlear tis- 

ue of cisplatin-injected mice. These genes include those encod- 

ng proteins that affect the axon and dendrite structure, trophic 

actors, the neuronal skeleton, and cytokines and those involved 

n carbohydrate metabolism, growth factor signaling, myelination, 

eural connectivity, neural transmitter release, neural transmitter 

esponse and reuptake, neural transmitter synthesis and storage, 

nd vesicle trafficking. Cisplatin treatment has been demonstrated 

o induce SGN damage ( Bowers et al., 2002 ) and the dysfunction 

f auditory nerves ( Meen et al., 2010 ). This is consistent with our

ndings that cisplatin treatment can damage the axon and den- 

rite structure, cytokines, trophic factors, and the neuronal skele- 

on and impair carbohydrate metabolism, growth factor signaling, 

yelination, neural connectivity, neural transmitter release, neu- 

al transmitter response and reuptake, neural transmitter synthesis 

nd storage, and vesicle trafficking ( Figs. 5 B and 5 C). After normal-

zation with the control group, our data suggest that SMSC treat- 

ent could reverse abnormalities induced by cisplatin in cochlear 

issues ( Figs. 5 A- 5 C). The results of all of the gene expression anal-

ses indicate possible mRNA changes in the cochlear tissues of all 

roups, and further immunohistochemistry examination is neces- 

ary for confirmation. 

Our RNA-seq data indicate that SMSCs have mRNA expression 

atterns distinct from those of iPSC-derived NPCs for SOX , PAX , 

NT , VEGF , PDGF , FGFs and NGF genes ( Table 3 ) and that SMSCs

nd iPSC-derived NPCs have different characteristics of stem and 
15 
rogenitor cells ( Fig. 2 and Supplementary Fig. 1). Regarding the in 

ivo efficacy of SMSCs, our data suggest that SMSCs have beneficial 

ffects in terms of improved gene score for various genes, speci- 

ed as follows. Firstly, affecting genes involved in oxidative stress, 

poptosis, autophagy, chromatin modification, matrix remodeling, 

issue integrity, transcription and splicing, and unfolded protein 

esponses ( Fig. 5 A). Secondly, affecting genes involved in axon 

nd dendrite structure, cytokines, trophic factors, and the neu- 

onal skeleton and involved in carbohydrate metabolism, growth 

actor signaling, myelination, neural connectivity, neural trans- 

itter release, neural transmitter response and reuptake, neural 

ransmitter synthesis and storage, and vesicle trafficking ( Fig. 5 B). 

hirdly, affecting genes involved in axon and dendrite structure, 

ytokines, the neuronal skeleton, and trophic factors and affect- 

ng genes involved in carbohydrate metabolism, growth factor sig- 

aling, myelination, neural connectivity, neural transmitter release, 

eural transmitter response and reuptake, neural transmitter syn- 

hesis and storage, and vesicle trafficking ( Fig. 5 C). These findings 

ay be highly correlated with gene expression profile of SMSCs 

 Fig. 2 and Supplementary Fig. 1). 

Furthermore, the results of our data in cell type-specific gene 

core analysis suggest that astrocytes and ECs are upregulated in 

he cochlear tissues of cisplatin-injected mice ( Fig. 6 ). Notably, 

FAP-positive astrocytes can migrate, and their processes can ex- 

end across the central nervous system transitional zone along the 

ochlear nerves following neomycin-induced SHL in mice, suggest- 

ng that GFAP-expressing astrocytes migrate across from central 

ervous system to the peripheral nervous system ( Hu et al., 2014 ). 

urthermore, it has been reported microglial activation and prolif- 
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ration in the cochlear nucleus, indicating that microglial cells play 

ole in noise-induced hearing loss ( Noda et al., 2019 ). Additionally, 

n mice with noise-induced hearing loss, the number of circulat- 

ng endothelial progenitor cells and expression level of VEGF are 

ncreased, exerting a neoangiogenic effect ( Yang et al., 2015 ). Cis- 

latin treatment can downregulate neurons and Schwann cells ( Fig. 

 ), which may account for the neuronal and myelination abnormal- 

ties apparent in Fig. 5 B. Consequently, SMSC treatment could re- 

erse abnormal changes in different types of cells in the cochlear 

issues of cisplatin-injected mice ( Fig. 6 ). Taken together, our find- 

ngs suggest that SMSCs exert protective effects against cisplatin- 

nduced hearing loss in mice. 
16 
The present study had some limitations, such as (i) limited au- 

iometric data; (ii) pathway or cell type specific scores should be 

nterpreted with caution. The scores may be confounded by biolog- 

cal effects (i.e., prolif eration or immune cell abundance) or techni- 

al effects (i.e., sam ple input or preparation) unrelated to the path- 

ay activity. Further immunohistochemistry examination is neces- 

ary for confirmation; (iii) the RNA-seq comparison data of SM- 

Cs and iPSC-derived NPCs were not further validated by another 

ethod; (iv) the lack of a clearer explanation of the mechanism: 

 deeper histologic study tracking labeled SMSC in the cochlea 

ould show migration to the cochlea and support a direct effect 

s a potential mechanism. 
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Fig. 5. Continued 

17 
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Fig. 6. Neuropathological gene panel analyses of the cell types in the cochlear tissues from mice with cisplatin-induced hearing loss. (A) Summary of the scores of 

cell types in the mRNA expression profiles of the cochlear tissues of three representative mice in each group. (B) Increases and decreases in the scores of cell types in the 

mRNA expression profiles of the cochlear tissues in three representative mice. 
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. Conclusion 

Although SMSCs express the NPC marker gene PAX8 ( Ahn et 

l., 2004 ) ( Table 3 ), our whole transcriptome data suggest that 

MSCs and iPSC-derived NPCs have different transcriptome pro- 

le ( Fig. 2 and Supplementary Fig. 1). SMSCs expressed multiple 

rowth factors for cochlear tissue repair and exerted beneficial ef- 

ects for ameliorating cisplatin-induced hearing loss in vivo. Our 

ata suggest that SMSCs can significantly ameliorate hearing loss 

nd decrease the loss of cochlear HCs in cisplatin-injected mice. 

he characteristics of SMSCs are both different and similar to those 

f NSPCs and OPCs. The findings of this study suggest that SMSCs 

an exert protective effects against ototoxic drug–induced SHL and 

ave value for future clinical application. 
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