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ABSTRACT

Lgr5+ supporting cells (SCs) are enriched hair cell (HC) progenitors in the cochlea, 
and several studies have shown a difference in the proliferation and HC regeneration 
ability of SCs between the apical and basal turns. However, the detailed differences 
between the transcriptomes of the apical and basal Lgr5+ SCs have not yet been 
investigated. We found that when isolated by FACS, Lgr5+ cells from the apex generated 
significantly more HCs and had significantly higher proliferation and mitotic HC 
regeneration ability compared to those from the base. Next, we used microarray analysis 
to determine the transcriptome expression profiles of Lgr5+ progenitors from the apex 
and the base. We first analyzed the genes that were enriched and differentially expressed 
in Lgr5+ progenitors from the apex and the base. Then we analyzed the cell cycle genes 
and the transcription factors that might regulate the proliferation and differentiation of 
Lgr5+ progenitors. Lastly, to further analyze the role of differentially expressed genes 
and to gain an overall view of the gene network in cochlear HC regeneration, we created 
a protein-protein interaction network. Our datasets suggest the possible genes that 
might regulate the proliferation and HC regeneration ability of Lgr5+ progenitors, and 
these genes might provide new therapeutic targets for HC regeneration in the future.

INTRODUCTION

Sensorineural hearing loss is the leading cause 
of deafness in humans and has been a serious concern 
globally. In non-mammalian vertebrates, degeneration 
of HCs stimulates the surrounding SCs to acquire the 
HC phenotype, and this leads to spontaneous rebuilding 
of both the auditory and vestibular systems [1-3]. In 

mammals, the cochlear SCs in newborns contain HC 
progenitors and have a limited capacity to regenerate HCs 
through both direct differentiation and mitotic regeneration 
upon damage [4-8]. After maturation, however, the loss of 
HCs tends to be permanent due to a lack of regenerative 
ability [9-11].

In the mouse inner ear, SCs have been shown to be a 
reliable source for regenerating HCs after damage. Although 
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the sensory epithelium is postmitotic, the SCs isolated from 
the postnatal cochlea possess the ability to proliferate and 
to subsequently differentiate into HCs in  vitro [12, 13]. 
Upon damage, cochlear SCs also have a limited ability to 
proliferate, which leads to the mitotic regeneration of HCs 
[14, 15]. In addition, Notch inhibition [14, 16, 17], Wnt 
overexpression [7, 15, 18, 19], or Atoh1 overexpression [20-
22] can induce SCs to generate more HCs via either direct 
differentiation or mitotic regeneration. Multiple studies 
have noted that the SCs in the apical turn have higher HC 
regeneration capacity than those in the basal turn [14, 15, 
23], and we speculate that this might be because the apex is 
more immature than the base. However, the detailed gene 
expression profile differences between SCs in the apical and 
basal turns have not been investigated yet.

Lgr5 is a stable stem cell marker that is expressed 
in a subpopulation of cochlear SCs [24]. Lgr5+ cells have 
been shown to be an enriched population of progenitors 
in the cochlea that can regenerate HCs via both direct 
differentiation and mitotic regeneration [4, 6, 15, 25]. Our 
previous studies have noted that the Lgr5+ progenitor 
cells in the apex have higher HC regeneration ability than 
those in the base [6, 15], thus it is important to understand 
the detailed mechanism regulating these progenitor cells’ 
proliferation and differentiation because these might 
provide new targets for inducing these progenitors to 
regenerate more HCs. However, there is no information 
available about the detailed differential gene expression or 
the fate of the Lgr5+ cells that are found in the apical and 
basal turns of the neonatal cochlea.

In the present study, we performed a detailed 
comparison between the Lgr5+ progenitors from the apex 
and the base. We found that Lgr5+ progenitors located 
in the apical turn of the neonatal cochlea displayed a 
significantly higher capacity to proliferate and regenerate 
HC than those in the basal turn. We further investigated the 
transcriptome expression profiles of Lgr5+ progenitors from 
the apex and the base to determine if any of the differentially 
expressed genes were involved in regulating proliferation, 
differentiation, or signaling pathways. Lastly we constructed 
a protein-protein interaction network using STRING 
(Search Tool for the Retrieval of Interacting Genes/Proteins) 
for analyzing the function of differentially expressed genes 
in inner ear HC regeneration. These datasets are expected to 
serve as a resource for determining the detailed regulatory 
mechanisms of cochlear progenitor cells.

RESULTS

Lgr5+ progenitors in the apex generate 
significantly more HCs in vivo compared with 
those in the base

Cochlear Lgr5+ progenitors can generate HCs in 
the neonatal mouse in vivo [6, 25, 26]. First we identified 
the Lgr5-EGFP expression in the apical and the basal turn 

of the postnatal day (P)2 mouse cochlea. We observed 
Lgr5-EGFP expression in the third row of Deiters’ cells, 
inner pillar cells, inner phalangeal cells, and the greater 
epithelium region (GER) in both the apex and the base. 
However, there are more Lgr5-EGFP+ cells in the GER 
in the apex than the base (Supplementary Figure 1A-
1D). Next, we performed a lineage-tracing experiment by 
crossing Lgr5-EGFP-creER with the Rosa26-tdTomato 
reporter strain [27]. Tamoxifen was administered at P1, 
and cochleae were harvested and examined at P3 and P7 
(Figure 1A). Consistent with previous reports, expression 
of the tdTomato reporter was first observed in Lgr5+ SCs 
in both the apical and basal turns at P3 [6]. When the 
period of tracing was prolonged to P7, significantly more 
tdTomato/Myo7a double-positive cells were observed in 
the apical turn than the basal turn (13.88 ± 3.27 and 0.83 
± 0.37 tdTomato/Myo7a double-positive cells per 100 μm 
length in the apex and base, respectively, p < 0.01, n = 3) 
(Figure 1B-1F), suggesting that the Lgr5+ progenitors in 
the apex generated significantly more HCs than those in 
the base in vivo.

Lgr5+ progenitors in the apex generate more 
HCs compared to those in the base in vitro

In order to investigate the HC regeneration ability 
of apical Lgr5+ progenitors (ALPs) and basal Lgr5+ 
progenitors (BLPs), we genotyped P1–P2 Lgr5-EGFP-
Cre-ER mice, isolated the cochleae, and split the cochleae 
into equal fractions of apical and basal turns before 
dissociation of the cells. We sorted out the GFP+ cells from 
each fraction via flow cytometry, and these made up 5.25 
± 0.61% of the viable cells in the apical turn and 3.21 ± 
0.35% of the viable cells in the basal fraction (Figure 2A). 
This was consistent with our immunohistochemistry data 
at P2, in which the GER in the apex contained more Lgr5-
EGFP+ cells than the base (Supplementary Figure 1A-
1D). Immunostained ALPs were 93.7 ± 1.92% GFP+, 95.6 
± 1.88% Sox2+, and 0% Myo7a+ (Figure 2C). Likewise, 
BLPs were 94.6 ± 2.28% GFP+, 94.2 ± 2.26% Sox2+, and 
0% Myo7a+ (Figure 2D). Quantitative RT-PCR showed 
higher expression levels of Lgr5 and Sox2 and lower 
levels of the HC marker Brn3.1 in Lgr5+ cells compared to 
Lgr5− cells (Figure 2E). These data showed that the flow-
sorted ALPs and BLPs were of high purity. To examine 
the HC regeneration capability of ALPs and BLPs, we 
cultured 5,000 cells in laminin-coated 4-well dishes at a 
density of 50 cells/μl for 10 days in serum-free medium 
and then immunostained them with the HC marker Myo7a. 
We found that the ALPs generated significantly more total 
colonies than the BLPs (5000 ALPs and BLPs generated 
54.66 ± 2.02 and 37.33 ± 1.45 colonies, respectively, 
p < 0.01, n = 3) (Figure 3F); moreover, the number of 
Myo7a+ colonies was significantly higher in the ALPs, 
while the number of Myo7a− colonies was significantly 
higher in the BLPs (5000 ALPs and BLPs generated 
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Figure 1: In vivo lineage tracing of Lgr5+ cells in the apical and basal turns of the postnatal cochlea. A. Tamoxifen was 
injected intraperitoneally into P1 Lgr5-EGFP-creER/Rosa26-tdTomato mice, and the apical and basal regions were examined at P3 and 
P7. B. Counting data showed significantly higher numbers of tdTomato and tdTomato/Myo7a+ cells in the apex than in the base of the 
postnatal cochlea. C and D. Low-magnification images of the apical and basal regions show the expression of tdTomato and Myo7a. E. 
Traced tdTomato/Myo7a+ cells were found in the outer hair cell subset (arrow) in the apex. F. Few traced tdTomato/Myo7a+ cells were 
observed in the base. *p < 0.01. In panel B, n is shown in parentheses. Scale bars are 20 μm in C-F.
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Figure 2: Re-sort analysis, immunostaining, and quantitative PCR of flow-sorted Lgr5+ cells from the apical and basal 
turns of the postnatal cochlea. A. Lgr5-EGFP-CreER cochleae were dissected and separated into apical and basal fractions, and GFP+ 
and GFP− cells from each fraction were sorted by flow cytometry. B. Re-sort analysis of ALPs and BLPs demonstrated >90% purity. C. 
Immediate immunostaining after sorting of Lgr5+ cells from the apex showed a high percentage of Sox2+ (95.6%) and GFP+ (93%) cells 
but no Myo7a+ cells (0.0%). D. Immunostaining of Lgr5+ cells from the base also showed a high percentage of Sox2+ (94.2%) and GFP+ 
(94.6%) cells, and no Myo7a+ (0.0%) cells were found in the sorted cells. E. Quantitative PCR results showed the relative expression of 
Lgr5, Sox2, and Brn3.1 in ALPs and BLPs.
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Figure 3: Lgr5+ SCs in the apex acted as hair cell progenitors in vitro. A. Lgr5+ cells from the apical and basal turns of the 
cochlea were sorted by flow cytometry. B. Lgr5+ cells were isolated from the apex of Lgr5-EGFP-CreER mice culture for 10 days, and the 
majority of cells generated Myo7a+ hair cells (arrows) inside the colony. DAPI was used to stain the nuclei. C. More Myo7a+ hair cells 
(arrowheads) were also observed outside the colony. D. Lgr5+ cells were isolated from the base of the cochlea of Lgr5-EGFP-CreER mice 
cultured for 10 days, and only a few cells generated Myo7a+ hair cells (arrows) inside the colony. E. Relatively fewer Myo7a+ hair cells 
(arrowhead) were observed outside the colony. F. Lgr5+ cells from the apex formed more colonies than those from the base. Ninety percent 
of the colonies from the apex contained Myo7a+ cells. G. Lgr5+ cells from the apex generated significantly more Myo7a+ cells inside the 
colony compared with the base. Data are presented as mean ± SD. *p < 0.01; **p < 0.001. In panels F and G, n is shown in parentheses. 
Scale bars are 20 μm in B-E.
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48.33 ± 1.52 and 18.33 ± 1.20 Myo7a+ colonies and 4.66 
± 0.88 and 18.33 ± 1.20 Myo7a− colonies, respectively, 
p < 0.001, n = 3) (Figure 3F). We also found that ALPs 
could generate large epithelial colonies that expressed high 
levels of Myo7a (Figure 3B), which was never observed 
in the BLPs (Figure 2D). Furthermore, we characterized 
and counted the Myo7a+ cells inside and outside of the 
epithelial colonies. Compared with the BLPs, the ALPs 
regenerated significantly more HCs inside of the colonies, 
which represent the mitotically regenerated HCs (5000 
ALPs and BLPs generated 201.66 ± 4.80 and 63.33 ± 2.72 
HCs inside of the colonies, respectively, p < 0.001, n = 3) 
(Figure 3B, 3D, 3G). ALPs also regenerated significantly 
more HCs outside of the epithelial colonies, which 
represent the directly differentiated HCs (5000 ALPs and 
BLPs generated 238 ± 6.80 and 164 ± 8.144 HCs outside 
of the colonies, respectively, p < 0.01, n = 3) (Figure 3C, 
3E, 3G). These results suggest that ALPs generate 
significantly more HCs compared with those from the 
BLPs in vitro, thus ALPs might serve as an enriched 
population of HC progenitors.

Lgr5+ progenitors in the apex have a greater 
capacity to mitotically regenerate HCs compared 
with those in the base in vitro

To determine the capacity of ALPs or BLPs to 
mitotically regenerate HCs, EdU was added to the culture 
medium from day 4 to day 7 during culture (Figure 4A). 
We counted the Myo7a+/EdU+ cells, which represent the 
mitotically regenerated HCs, and found that the majority 
of Myo7a+/EdU+ cells were inside the colonies and only 
a few of the Myo7a+/EdU+ cells were outside the colonies 
(Figure 4F). ALPs generated significantly more Myo7a+/
EdU+ cells both inside and outside of the colonies 
compared to those from the BLPs (5000 ALPs and BLPs 
generated 16.66 ± 1.45 and 2.0 ± 0.57 Myo7a+/EdU+ cells 
inside of the colonies and 4.66 ± 0.88 and 1.66 ± 0.33 
Myo7a+/EdU+ cells outside of the colonies, respectively, 
p < 0.01, n = 3) (Figure 4B-4F). Furthermore, we found 
that the total number of EdU+ cells was also noticeably 
higher in the apex than in the base (5000 ALPs and 
BLPs generated 25.0 ± 2.08 and 12.0 ± 1.52 EdU+ cells, 
respectively, p < 0.01, n = 3) (Figure 4F). These results 
indicate that ALPs have a greater capacity to mitotically 
regenerate HCs compared to BLPs.

Lgr5+ progenitors from the apex have higher 
sphere-forming ability compared to those from 
the base in vitro

Sphere-forming ability has been used in multiple 
studies as one criterion to evaluate the cells’ capacity as 
progenitors in the inner ear [6, 13, 23, 25, 26, 28]. Recent 
studies showed that Lgr5+ progenitors have higher sphere-
forming ability and can generate more Myo7a+ HCs than 

other SCs [6, 25]. In order to specifically investigate the 
sphere-forming ability of ALPs and BLPs, we performed a 
neurosphere assay. ALPs and BLPs were isolated by flow 
cytometry, and a total of 200 isolated cells were plated into 
a 96-well ultra-low attachment plate at a density of 2 cells/
μl for 5 days (Figure 5A). We measured the proliferation 
capacity by quantifying the number of spheres generated 
in each passage and found that the Lgr5+ neurospheres 
from the apex had a significantly higher rate of expansion 
than those from the base when passaging to multiple 
generations (Figure 5B-5C, p < 0.05, n = 3). Although 
fewer neurospheres were generated from progenitors in 
the base, the neurospheres were the same size as those 
generated from progenitors from the apex (Figure 5D). 
The higher sphere-forming ability of ALPs suggests that 
they possess greater proliferation ability and might have 
higher HC regeneration potential. In order to further 
evaluate the HC regeneration ability of these spheres, we 
isolated the neurospheres derived from ALPs and BLPs 
from the first generation and differentiated those spheres 
for 10 days. EdU was added from day 4 to day 7 during 
the culture (Figure 5E). We counted the Myo7a+ HCs in 
each differentiated sphere and the total Myo7a+ HCs that 
originated from the 200 isolated cells, and we found that 
the apical Lgr5+ neurospheres gave rise to significantly 
more Myo7a+ cells than the basal Lgr5+ neurospheres 
(Each neurosphere derived from the ALPs and BLPs 
generated 14.81 ± 0.98 and 4.4 ± 0.33 HCs, respectively, 
p < 0.01, n = 3, and neurospheres derived from 200 
isolated ALPs and BLPs generated 327.66 ± 4.33 and 106 
± 5.29 HCs, respectively, p < 0.01, n = 3) (Figure 5F-5I). 
We also counted the Myo7a+/EdU+ HCs and found that 
ALPs generated significantly more Myo7a+/EdU+ HCs 
than BLPs (neurospheres derived from 200 isolated ALPs 
and BLPs generated 30.33 ± 1.45 and 9.0 ± 1.15 Myo7a+/
EdU+ HCs, respectively, p < 0.01, n = 3) (Figure 5J). 
In sum, these results support the notion that ALPs have 
a greater capacity to form neurospheres and to generate 
HCs than BLPs.

Analysis of microarray results

Microarray analysis was performed to determine 
the gene expression profiles of flow cytometry-isolated 
ALPs and BLPs. The whole-transcript arrays included 
probe sets to measure the expression of mRNA and non-
coding RNA transcripts. The 41,345 transcriptional units 
had fluorescent intensity readings that varied from 2.61 to 
11,869.65 for ALPs and from 2.74 to 11,903.02 for BLPs. 
Because the expression of every transcriptional unit was 
measured by signal intensity, a cutoff baseline intensity 
level for the background was chosen as 16.3 by averaging 
the signals of antigenomic background probes from all 
six arrays. Sample clustering analysis was performed 
on genes expressed in at least one group to assess 
reproducibility. ALP and BLP groups were well clustered, 
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Figure 4: EdU labeling measures the proliferation ability of Lgr5+ cells from the apex and the base. A. Flow-sorted 
Lgr5+ cells from cultures of the apex and base for 10 days (EdU was included in the culture from day 4 to day 7). B. Lgr5+ cells from 
the apex produced more Myo7a+/Edu+ cells (arrow) inside the colony. C. Fewer Myo7a+/Edu+ cells were observed outside the colony 
(arrowhead). D and E. Lgr5+ cells from the base showed a lack of Myo7a/EdU labeling inside and outside the colony F. Graph showing 
the significantly higher number of Myo7a+/EdU+ cells inside the colonies from the apex compared to the base, and only the EdU+ cell 
number was also comparatively higher in the apex than the base. In panel F, n is shown in parentheses. Data are presented as mean ± SD. 
*p < 0.01; **p < 0.001. Scale bars are 20 μm.
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Figure 5: Neurosphere passage and differentiation assay. A. Flow-sorted apical and basal Lgr5+ cells cultured for 5 days in 
ultra-low-attachment dishes for sphere passage assay. B. Lgr5+ cells from the apex generated significantly more neurospheres than those 
from the base. C. Neurospheres from Lgr5+ cells in the apex had a significantly higher rate of expansion than those from the base. D. No 
significant difference was observed in the diameter of neurospheres generated from Lgr5+ cells from the apex as compared to the base. 
E. Neurospheres derived from ALPs and BLPs were separated from the first generation to perform the differentiation assay. F. Upon 
differentiation of Lgr5+ neurospheres from the apex, a substantial proportion of Myo7a+ cells (arrows) were observed that also incorporated 
EdU (arrowhead). G. A smaller number of Myo7a+ cells (arrow) were observed upon differentiation of basal Lgr5+ neurospheres. H. Each 
Lgr5+ differentiated neurosphere from the apex generated significantly more Myo7a+ HCs than the base. I. Graph showing the significant 
difference in HC generation between apical and basal Lgr5+ neurospheres. J. More Myo7a+/EdU+ cells were found in differentiated 
neurospheres from the apex compared to the base. Data are presented as mean ± SD. In panels C, D, and G-I, n is shown in parentheses. 
*p < 0.05; **p < 0.01. Scale bars are 50 μm in B and 20 μm in E and F.
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and no outliers were detected (Figure 9D). After excluding 
control sequences and signals below the baseline, 16,375 
and 16,125 transcripts were examined in the ALP and 
BLP groups, respectively, and 15,525 transcripts were 
expressed in both cell populations (Figure 9E).

Genes enriched in ALPs or BLPs

In order to characterize the gene-expression profiles 
in ALPs and BLPs, we first analyzed the most abundantly 
expressed genes in both populations. Figure 6A shows the 
expression levels for the top 200 most abundant transcripts 
in the apical region. For comparison, expression levels for 
the same transcripts in the basal region and abundance 
rankings for these transcripts are also illustrated. Figure 
6B similarly shows the 200 most abundant transcripts 
in BLPs compared to the same transcripts in ALPs. As 
shown in both figures, the majority of the transcripts 
that are richly expressed in one population are also 
abundantly expressed in the other. However, among the 
most abundantly expressed genes, Gm6537 and Fam70b 
were only richly expressed in ALPs, and Npy, Itm2b, 
1500015O10Rik, ENSMUST00000149515, Ptn, and 
Prss23 were only richly expressed in BLPs.

Differentially expressed genes in ALPs and BLPs

To determine which genes are differentially 
expressed in ALPs and BLPs, we compared the expression 
levels of all the transcripts in ALPs with those of BLPs and 
selected the top differentially expressed genes in ALPs and 
BLPs. Figure 7A shows an overall picture of the expressed 
transcripts in ALPS and BLPs. Differentially expressed 
genes were categorized as those whose expression levels 
were above background and at least 1.5-fold different 
between the ALPs and BLPs (p < 0.05). We found 1,157 
genes differentially highly expressed in ALPs, and 862 
genes differentially highly expressed in BLPs. Figure 7B 
and 7C show the top 150 differentially expressed genes in 
ALPs and BLPs. The function of some of the differentially 
expressed genes has been reported previously. Some of 
the genes that are highly expressed in ALPs have been 
reported to play roles in inner ear HC development, 
differentiation, and patterning during embryonic and 
postnatal stages, including Atoh1, Dll3, Jag2, Barhl1, Gfi1, 
Nr2f2, Cdh23, Frzb, Xirp2, and Srrm4, which supports our 
notion that ALPs have a much greater potential to generate 
more sensory HCs in the neonatal cochlea and might 
partially explain why ALPs could generate more HCs than 
BLPs. However, a significant number of the differentially 
expressed genes have not been characterized before and 
need to be further studied in the future.

Cell cycle analysis

The mammalian cochlea has very limited capacity 
for spontaneous HC regeneration. In order to promote 

HC regeneration, it is important to induce HC progenitor 
cells to reenter the cell cycle and mitotically generate 
HCs. In the present study, we have demonstrated that 
ALPs have much greater ability to proliferate and 
mitotically generate HCs compared to BLPs; however, 
the detailed mechanism behind this difference remains 
unclear. To identify the possible genes regulating the 
cell cycling of Lgr5+ progenitors, we took advantage of 
microarray analysis to compare the expression of genes 
regulating the cell cycle and cell proliferation in ALPs 
and BLPs. It is reported that over 1,000 cell cycle genes 
might exist in the mammalian cell [29]. We examined 
the expression of 60 genes known to be involved in the 
cell cycle and that are commonly assayed in cell cycle 
PCR arrays. We found that Ccnc, Cdk4, Cdkn2b, Mcm2, 
Nbn, Nek2, and Skp2 were significantly highly expressed 
in ALPs and that Bcl2 and Myb were significantly 
highly expressed in BLPs (Figure 8A). To confirm the 
microarray results, we further performed qRT-PCR 
to validate the expression of these nine differentially 
expressed cell cycle genes. The qPCR data were 
consistent with the microarray analysis data, which also 
further validated the expression difference of these genes 
(Figure 8C). Skp2, one of the cell cycle-regulating genes 
that are highly expressed in ALPs, has been reported 
to play a role in stimulating cell proliferation during 
early inner ear development [30], and this gene might 
be involved in regulating the increased proliferation 
efficiency of ALPs compared to BLPs. However, most 
of the cell cycle-regulating genes that we identified in 
ALPs and BLPs have not been characterized before in 
the inner ear and need to be further studied.

Transcription factors analysis

Transcription factors (TFs) are proteins that 
bind to either enhancer or promoter regions of genes 
thereby controlling the expression level of their target 
genes. TFs are involved in various processes throughout 
normal inner ear development. In the present study, we 
have demonstrated that ALPs have much higher HC 
regeneration capacity compared to BLPs; however, the 
precise roles of TFs in regulating the HC regeneration 
capacity of progenitors remain largely unknown. To 
determine which TFs might be involved in regulating HC 
differentiation from Lgr5+ progenitors, we examined the 
expression of 1,324 TFs in the mouse genome between 
the ALPs and BLPs. Figure 8B shows the 77 significantly 
differentially expressed TFs in ALPs and BLPs (p < 0.05, 
fold change > 1.5). Some of the TFs that are highly 
expressed in ALPs have been reported to play roles in 
promoting HC fate and patterning regulation during 
inner ear development, including Pou4f3, Atoh1, Nr2f2, 
Foxg1, Hmga2, and Pax2. Some of the TFs that are highly 
expressed in BLPs have been reported to be transcriptional 
repressors that inhibit the differentiation of HCs, including 
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Figure 6: Expression levels of the top 200 genes in ALPs and BLPs. A. Expression levels of the top 200 genes in ALPs in 
descending order. Numbers in blue on the right side of each panel represent the ranking of the same genes in BLPs. B. Expression levels 
of the top 200 genes in BLPs in descending order. Numbers in red on the right side of each panel represent the ranking of the same genes 
in ALPs.
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Hes1 [31], or have been reported to play critical roles in 
regulating cell survival and apoptosis in the inner ear, 
including Hif1 and Jun [32, 33]. Interestingly, we found 
that most of the reported TFs (as shown in Figure 8B) 
that promote HC regeneration are highly expressed in 
ALPs, which supports our hypothesis that these TFs 
might participate in the higher HC regeneration capacity 
of ALPs. Conversely, we observed higher expression 
of negative transcriptional regulators such as Hes1 and 
Jun in BLPs. To confirm the microarray results, we also 
performed qRT-PCR to validate the expression of these 
nine differentially expressed TFs, and the qPCR data is 
consistent with the microarray analysis data (Figure 8D). 
Furthermore, we have identified many TFs that have not 

been characterized before, and their involvement in the 
differential regeneration capacity of ALPs and BLPs 
should be investigated in the future.

Gene ontology and network analysis of the genes 
differentially expressed in ALPs and BLPs

To gain a comprehensive view of the gene network 
in inner ear HC regeneration, we combined a STRING 
protein-protein interaction analysis [34], which was used 
to assemble the predicted networks of the significantly 
altered genes (fold change > 2.0, p < 0.01) with the 
functional categories highlighted by gene ontology (GO) 
analysis (DAVID) (Figure 9C). This integrated analysis 

Figure 7: Differentially expressed genes in ALPs and BLPs. A. All differentially expressed genes in ALPs and BLPs. The red line 
represents the expression level of 16,975 transcripts from ALPs, and each blue dot represents the expression level of the same transcripts 
from BLPs. B. The 150 most differentially expressed genes in 575 ALPs. The numerical values in red on the right side of each panel 
represent the fold difference in expression for ALPs versus BLPs. C. The 150 most differentially expressed genes in BLPs. The numerical 
values in red on the right side of each panel represent the fold difference in expression for BLPs versus ALPs.
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revealed a complex network of genes that are involved 
in inner ear HC development and are predicted to 
participate in regulating HC differentiation and function. 
GO analysis was also applied to genes up-regulated in 

ALPs or BLPs (fold change > 2.0, p < 0.01) (Figure 9A, 
9B). As shown in Figure 9A, genes up-regulated in ALPs 
were highly enriched in functional categories such as HC 
differentiation and inner ear development, while the set 

Figure 8: Genes regulating the cell cycle and transcription factors. A. Expression levels of 60 genes that are important for cell 
cycle regulation. B. Expression levels of differentially expressed transcription factors. C and D. Quantitative RT-PCR analysis of the nine 
cell cycle regulatory genes and the nine transcription factors that are differentially highly expressed in ALPs and BLPs as identified by 
microarray analysis. Data are presented as the relative fold change in expression. Student’s paired t-test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 9: Gene ontology (GO) and network analysis of the genes differentially expressed in ALPs and BLPs, and PCA 
analysis. A. GO analysis of genes differentially expressed in ALPs. B. GO analysis of genes differentially expressed in BLPs. C. STRING 
protein-protein interaction analysis of genes differentially expressed in ALPs (red) and BLPs (blue). The dashed lines indicate protein-
protein interactions reported by the STRING analysis. The DAVID GO annotation was used to cluster the genes by biological function. 
D. Sample clustering analysis for all replicates of ALPs and BLPs. E. Venn diagram showing genes expressed in ALPs and BLPs.
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of genes up-regulated in BLPs were slightly enriched in 
functional categories such as signaling and extracellular 
matrix.

DISCUSSION

SCs have been demonstrated to be a reliable source 
for regenerating HCs. In the cochlea, Lgr5+ cells are the 
enriched population of HC progenitors compared to all 
SCs. Through lineage tracing, previous studies found 
that Lgr5+ progenitor cells in the apex generated more 
HCs than those in the base [6], and we speculated that 
this might be because cells in the apex are more immature 
compared to cells in the base. However, it is important 
to determine the detailed mechanisms regulating the 
proliferation and HC regeneration of Lgr5+ progenitors. 
Until now there have been no detailed comparisons 
between ALPs and BLPs, and the gene expression 
profiles in ALPs and BLPs have remained uninvestigated. 
Here, we found that the ALPs show much higher 
capacity to proliferate and regenerate HCs than BLPs. 
Furthermore, the neurospheres generated from ALPs 
showed a significantly higher rate of expansion and could 
differentiate to generate more HCs.

Recently, more and more attention has been focused 
on identifying the gene expression profiles in various 
mammalian cells. In the inner ear, several studies have 
reported the transcriptomes of HCs in mouse and zebrafish 
[35-38]. To further understand the mechanisms involved in 
the regulation of HC progenitors, it is necessary to identify 
the gene expression profiles of these cells. Here, we report 
the first genome-wide transcriptome analysis of purified 
ALPs and BLPs. First we analyzed the most abundantly 
expressed genes in ALPs and BLPs. We found that the 
majority of the top 200 richly expressed genes in ALPs and 
BLPs are similar, but two genes were significantly highly 
expressed in ALPs, and six genes were significantly highly 
expressed in BLPs. Among all the genes, only NPY, which 
is highly expressed in BLPs, was previously reported to 
participate in neuromodulation of afferent transmission in 
the inner ear [39].

Differentially expressed genes in ALPs and BLPs

We demonstrated that ALPs had higher proliferation 
and HC regeneration capacity compared to BLPs. To 
further investigate the mechanisms behind this difference, 
we compared the differential gene expression between 
ALPs and BLPs. We found 2,019 genes that were 
expressed at significantly different levels between ALPs 
and BLPs. The majority of the differentially expressed 
genes have not been reported in the inner ear before, 
while some of them have been studied in previous reports. 
Genes highly expressed in ALPs include Atoh1, Tekt2, 
Dll3, Jag2, Barhl1, Gfi, Nr2f2, and TNC. Atoh1 alone 
is sufficient for HC development, and deletion of Atoh1 
completely stops HC differentiation [40]. Barhl1 and Gfi1 

are involved in HC differentiation during development 
[41, 42]. Nr2f2 has been implicated in cochlear patterning 
and HC differentiation [43]. The Cdh23, Frzb, and 
Xirp2 genes appear to promote an abrupt transition from 
progenitor cells to HCs [44-46]. Srrm4 has been reported 
as the first known alternative splicing regulator that is 
required for HC differentiation [47]. Our analysis showed 
that the expression of all of the aforementioned genes is 
crucial for cell proliferation and HC formation during 
inner ear development and that these genes might be the 
source of the proliferative and regenerative capabilities 
of ALPs. In addition, Dll3 and Jag2 are Notch ligands 
that prevent HC differentiation through lateral inhibition 
[48]. However, their expressions are also relatively higher 
in ALPs, and we speculate that this might be because 
the ALPs need higher expression of Notch signaling to 
prevent differentiation and thus maintain their progenitor 
capacity.

The set of previously reported genes that are highly 
expressed in BLPs includes Otoa, Lgr6, Igf1, Ano1, 
and Kcnj10. Otoa promotes the attachment of inner ear 
acellular gels, and Otoa mutations cause autosomal 
recessive deafness type 2 [49]. Lgr6 has been reported 
to have higher expression in the base, but the detailed 
function remains unclear [50]. Igf1 encodes an insulin-like 
growth factor that regulates the growth and development 
of the inner ear [51]. Ano1 encodes a transmembrane 
protein that functions as a calcium-activated chloride 
channel [52]. Kcnj10 is expressed in the stria vascularis 
and Deiters’ cells and is crucial for cochlear development 
and maintaining extracellular potassium homeostasis 
[53]. Our findings suggest that the highly expressed 
genes in BLPs might be involved in the specific function 
of the basal cochlea but not in cell proliferation and HC 
regeneration.

Cell cycle analysis

We showed that ALPs have higher capacity to 
proliferate and mitotically generate HCs than BLPs. 
To further characterize the genes regulating the 
proliferation of Lgr5+ progenitors, we examined 60 cell 
cycle regulation genes and found nine genes that were 
significantly differentially expressed between ALPs and 
BLPs. Among these genes, Skp2 has been found to be 
highly expressed in ALPs and to promote cell cycling. 
Up-regulation of Skp2 triggers the G1-S phase transition 
in precursor cells by regulating p27 and thus stimulates 
quiescent cochlear precursor cells to proliferate [30], and 
this suggests a potential role in cell cycle regulation in 
ALPs. In the present investigation, we also found other 
cell cycle-promoting genes, including Ccna2, Ccnd1, and 
cell cycle-inhibiting genes, including Cdkn1b, Cdkn1a, 
Rb1, that are abundantly expressed in both ALPs and 
BLPs. The other newly explored cell cycle regulatory 
genes identified in ALPs and BLPs still need to be further 
characterized.
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Transcription factor analysis

To further identify the TFs that regulate HC 
regeneration, we examined 1,324 TFs and found that 77 
were significantly differentially expressed. Some of the 
reported TFs – including Pou4f3, Atoh1, Nr2f2, Foxg1, 
Hmga2, and Pax2 – are highly expressed in ALPs. Pou4f3 
and Atoh1 have been reported to determine HC fate [40, 
54]. The Nr2f2 gene is a downstream target of Pou4f3, 
and it is expressed most notably in the apical region 
[55]. Hmga2 is expressed along with Nr2f2 in the apical 
region [56]. Foxg1 promotes HC fate and patterning, 
and deletion of Foxg1 causes abnormal morphology and 
histology of the inner ear [57]. Similarly, Pax2 is a major 
patterning regulator during inner ear development, and its 
interaction with Eya1 decides the normal morphogenesis 
of the sensory area [58]. We found that the majority of 
the reported TFs that are highly expressed in ALPs 
are involved in HC development, differentiation, and 
patterning, and these might support the greater ability of 
ALPs to regenerate HCs.

Among the previously characterized TFs, Hes1, 
Hif1a, and Jun are highly expressed in BLPs. Hes1 is a 
transcriptional repressor that negatively regulates the 
differentiation of HCs by antagonizing Atoh1 expression 
[31], and this suggests that the higher expression of Hes1 
in BLPs might suppress HC differentiation. Hif1 is a key 
TF required for cell survival under hypoxic conditions 
[32] and Jun plays a key role in apoptosis through the JNK 
pathway [33], indicating that the higher expression of Hif1 
and Jun in BLPs might suppress the proliferation of BLPs. 
The other newly identified TFs in ALPs and BLPs still 
need to be further characterized.

STRING prediction of inner ear HC 
development

We used the STRING database to construct a 
protein-protein interaction network for the differentially 
expressed genes between ALPs and BLPs, and the 
functional categories were highlighted by GO analysis. 
This integrated analysis revealed a complex network 
of genes that are predicted to participate in regulating 
HC differentiation. Importantly, ALPs and BLPs have 
significantly different expression levels of genes involved 
in inner ear development, neuron differentiation, and 
signaling pathways. In this network, most of the genes in 
the GO categories of inner ear development and neuron 
differentiation were highly expressed in ALPs, such as 
Atoh1, Pou4f3 and Cdh23, although several genes, e.g. 
Nr4a3 and Bcl2l11, were richly expressed in BLPs. 
Nr4a3 is a member of the nuclear receptor family, and 
suppression of Nr4a3 induces the migration and neurite 
extension of neuronal cells [59], and Bcl2l11 promotes 
apoptosis via the intrinsic mitochondrial pathway [60]. 
It would be interesting to investigate the involvement of 
these genes in regulating the progenitor cells in future.

In summary, we found that ALPs have greater 
capacity to proliferate and to regenerate HCs than BLPs. 
We next investigated the transcriptome differences 
between the ALPs and BLPs. We found several 
differentially expressed genes that might regulate the 
Lgr5+ progenitors’ proliferation and HC regeneration 
capacity. Lastly, to further analyze the role of differentially 
expressed genes in HC regeneration, we constructed a 
STRING prediction map. The transcriptomes of ALPs 
and BLPs reported here establish a framework for future 
characterization of the genes that regulate the Lgr5+ 
progenitors and might provide new therapeutic targets for 
HC regeneration.

MATERIALS AND METHODS

Animals

We used Lgr5-EGFP-IRES-creERT2 mice (Stock 
#008875) [61] and Rosa26-tdTomato reporter mice of 
both sexes (Stock #007914) [27]. Both transgenic mice 
lines were acquired from The Jackson Laboratory. All 
animal procedures were performed according to protocols 
approved by the Animal Care and Use Committee of 
Southeast University and were consistent with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. All efforts were made to minimize 
the number of animals used and to prevent their suffering.

In vivo lineage tracing of Lgr5+ cells in the 
apical and basal turns of the cochlea

Lgr5-EGFP-creER mice (heterozygous) were 
crossed with Rosa26-tdTomato mice (homozygous) 
to trace the fate of Lgr5+ cells in the apical and basal 
turns of the cochlea. To activate cre, Lgr5-EGFP-creER/
Rosa26-tdTomato double-positive mice were injected 
with tamoxifen (2 mg/25 g, Sigma) intraperitoneally at 
postnatal day (P)1. Mice were sacrificed, and the cochlear 
apex and base were examined at P3 and P7.

Isolation of Lgr5+ cells via flow cytometry

Approximately 50–60 cochleae were dissected from 
Lgr5-EGFP-creER neonatal mice (P1–P2). The sensory 
epithelium was separated from the stria vascularis and spiral 
ganglion and split equally into the apex, middle, and base. 
The middle parts were removed and the apical and basal 
fragments were collected in separate tubes and trypsinized 
with prewarmed 0.125% trypsin/EDTA (Invitrogen) at 
37°C for 8 min. Soybean trypsin inhibitor (10 mg/ml, 
Worthington Biochem) was then added to terminate the 
reaction in each apical and basal fragment. Cells were 
separated by mechanical trituration with blunt tips followed 
by pipetting up and down 80–100 times. Suspended 
cells were percolated through a 40 μm cell strainer (BD 
Biosciences). Dissociated cells from the apical and basal 



Oncotarget41138www.impactjournals.com/oncotarget

turns were sorted on a BD FACS Aria III using the GFP 
channel. Re-sort analysis, immunostaining, and qPCR were 
performed to evaluate the purity of the flow-sorted cells.

Genotyping PCR and real-time qPCR

Transgenic mice were genotyped using genomic 
DNA from tail tips by adding 70 μl 50 mM NaOH, 
incubating at 98°C for 20–40min, and adding 7 μl 1M 
HCl. The genotyping primers were as follows: Lgr5: (F) 
CTG CTC TCT GCT CCC AGT CT; wild-type (R) ATA 
CCC CAT CCC TTT TGA GC; mutant (R) GAA CTT 
CAG GGT CAG CTT GC; tdTomato: wild-type (F) AAG 
GGA GCT GCA GTG GAG T; (R) CCG AAA ATC TGT 
GGG AAG TC; mutant (F) GGC ATT AAA GCA GCG 
TAT C; (R) CTG TTC CTG TAC GGC ATG G.

For quantitative polymerase chain reaction (qPCR), 
the Cells-to-cDNA II kit (Ambion; AM 1722) was used 
to extract total RNA and reverse transcribe it into cDNA 
using oligo(dT) primers. The FastStart Universal SYBR 
Green Master (ROX) kit (Roche) was used to perform 
qPCR on a BIO-RAD C1000 Touch thermal cycler. Each 
qPCR reaction was performed in triplicate with β-actin 
as the reference endogenous gene and analyzed using the 
ΔΔCT method. Primer pairs were designed using the online 
Primer3 software. Lgr5 (F) CCT ACT CGA AGA CTT 
ACC CAG T; (R) GCA TTG GGG TGA ATG ATA GCA; 
Sox2 (F) GCG GAG TGG AAA CTT TTG TCC; (R) CGG 
GAA GCG TGT ACT TAT CCT T; Brn3.1 (F) CGA CGC 
CAC CTA CCA TAC C; (R) CCC TGA TGT ACC GCG 
TGA T; β-actin (F) GGC TGT ATT CCC CTC CAT CG; 
(R) CCA GTT GGT AAC AAT GCC ATG T.

Culture of flow-sorted Lgr5+ cells from the 
apical and basal turns

Sorted apical Lgr5+ progenitors (ALPs) and basal 
Lgr5+ progenitors (BLPs) were cultured to a density 
of 50 cells/μl on laminin-coated plates using DMEM/
F12 medium supplemented with N2 (1:100 dilution, 
Invitrogen), B27 (1:50 dilution, Invitrogen), heparin 
sulfate (50 ng/ml, Sigma), and the growth factors bFGF 
(10 ng/ml, Sigma), EGF (20 ng/ml, Sigma), and IGF-1 
(50 ng/ml, Sigma) for 10 days. EdU (10 μM, Invitrogen) 
was included in the medium to measure cell proliferation 
ability.

Sphere assay and differentiation assay

Sorted ALPs and BLPs were cultured separately at a 
density of 2 cells/μl in Costar ultra-low attachment dishes 
for 5 days using DMEM/F12 medium supplemented with 
N2, B27, heparin sulfate, and the growth factors bFGF, 
EGF, and IGF-1. Spheres were quantified before passaging 
to the next generation. For differentiation, neurospheres 
were plated on laminin-coated plates in DMEM/F12 
medium for 5 days. EdU (10 μM) was used to label 

dividing cells. Differentiated neurospheres were fixed and 
analyzed by immunohistochemistry.

Immunostaining and image acquisition

Cells and differentiated neurospheres were fixed in 
4% PFA for 1 h at room temperature, followed by blocking 
with PBS (PH 7.4) containing 5% donkey serum, 0.1% 
Triton X100, 0.02% sodium azide (NaN3), and 1% bovine 
serum albumin (BSA) for 1 h at room temperature. This was 
followed by an overnight incubation with primary antibodies 
diluted in the same blocking solution at 4°C. Immunostaining 
was resumed by washing with PBS and incubating with 
secondary antibody (Invitrogen) for 1 h at room temperature. 
This was followed by washing and then mounting in antifade 
fluorescence mounting medium (DAKO). The antibodies 
used in this study were anti-Myosin7a (Proteus Bioscience) 
and anti-Sox2 (Santa Cruz Biotechnology). Cell proliferation 
was measured with the Click-it EdU imaging kit (Invitrogen). 
A Zeiss LSM 710 confocal microscope was used to capture 
images, and the images were analyzed using imageJ (NIH) 
and Photoshop CS4 (Adobe System).

RNA extraction for GeneChip microarray

Approximately 5,000 Lgr5+ cells from the apical 
region and 5,000 Lgr5+ cells from the basal region were 
separately stored in RNALater for less than 48 hours at 
4°C. Total RNA was extracted using the RNeasy micro kit 
(QIAGEN). The concentrations and purities of the RNA 
samples were analysed on a NanoDrop spectrophotometer 
(Isogen Life Science). Apical and basal RNAs were split 
into three fractions for separate replicates.

GeneChip microarray

Gene expression profiles were obtained with the 
GeneChip Mouse Gene 2.0 ST Arrays with approximately 
20–30 ng of total RNA obtained from ALPs and BLPs. 
Total RNA was amplified, labeled, and purified using the 
Encore biotin module of the NuGEN Ovation Pico WTA 
System V2 following the manufacturer’s instructions 
to obtain biotin-labeled cDNA. Array hybridization 
and washes were performed using the GeneChip 
Hybridization, Wash and Stain Kit (Affymetrix) in a 
Hybridization Oven 645 (Affymetrix) and Fluidics Station 
450 (Affymetrix). Slides were scanned by a GeneChip 
Scanner 3000 (Affymetrix) using the Command Console 
Software 3.1 (Affymetrix) with default settings. CEL files 
from the Mouse Gene 2.0 chips were normalized with the 
RMA algorithm in the Expression Console software.

Data analysis

The whole-transcript arrays included probes 
to measure the expression of mRNA and long intergenic 
non-coding RNA transcripts. A total of 41,345 mouse RefSeq 
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transcripts were included in the microarray according to 
information provided by the manufacturer. Means and 
standard deviations of normalized data were calculated. 
Paired t-tests were performed to compare average intensity 
values for each transcript from three repeated experiments. 
A value of p ≤ 0.05 was considered statistically significant. 
Annotation of the probe set was done using the file for the 
Mouse Gene 2.0 ST Array, Analyses. Because the expression 
of every transcriptional unit was measured by signal intensity, 
a cutoff level of 16.3 was chosen by averaging the signals of 
the antigenomic background probes from all six arrays.

ACKNOWLEDGMENTS

This work was supported by grants from the Major 
State Basic Research Development Program of China 
(973 Program) (2015CB965000, 2011CB504500), the 
National Natural Science Foundation of China (Nos. 
81470692, 81371094, 81230019, 81500790, 81570921, 
31500852, 31501194), the Jiangsu Province Natural Science 
Foundation ( BK20150022, BK20150598, BK20140620), 
the Fundamental Research Funds for the Central Universities 
(2242014R30022, 021414380037), the Construction 
Program of Shanghai Committee of Science and Technology 
(12DZ2251700), and the Excellent academic leader 
training program of Shanghai municipal health system 
(XBR2013085).

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interests.

Authors’ contributions

M.W, L.G, H.L and R.C designed the study. M.W, 
L.G and S.Z performed the laboratory experiments. R.C, 
M.W, L.G, H.L, Y.C, X.Z, L.W, M.T, H.S, P.B and W.X 
contributed to critical discussion and data analysis. M.W, 
R.C, H.L, P.B and L.G wrote the paper. All authors read 
and approved the final manuscript.

REFERENCES

1.	 Corwin JT and Cotanche DA. Regeneration of sensory hair 
cells after acoustic trauma. Science. 1988; 240:1772-1774.

2.	 Balak KJ, Corwin JT and Jones JE. Regenerated hair cells 
can originate from supporting cell progeny: evidence 
from phototoxicity and laser ablation experiments in the 
lateral line system. The Journal of neuroscience. 1990; 
10:2502-2512.

3.	 Ma EY, Rubel EW and Raible DW. Notch signaling 
regulates the extent of hair cell regeneration in the 
zebrafish lateral line. The Journal of neuroscience. 2008; 
28:2261-2273.

4.	 Bramhall NF, Shi F, Arnold K, Hochedlinger K and Edge 
AS. Lgr5-positive supporting cells generate new hair 
cells in the postnatal cochlea. Stem cell reports. 2014; 
2:311-322.

5.	 Cox BC, Chai R, Lenoir A, Liu Z, Zhang L, Nguyen DH, 
Chalasani K, Steigelman KA, Fang J, Rubel EW, Cheng 
AG and Zuo J. Spontaneous hair cell regeneration in the 
neonatal mouse cochlea in vivo. Development (Cambridge, 
England). 2014; 141:816-829

6.	 Chai R, Kuo B, Wang T, Liaw EJ, Xia A, Jan TA, Liu Z, 
Taketo MM, Oghalai JS, Nusse R, Zuo J and Cheng AG. 
Wnt signaling induces proliferation of sensory precursors 
in the postnatal mouse cochlea. Proceedings of the National 
Academy of Sciences of the United States of America. 
2012; 109:8167-8172.

7.	 Wang T, Chai R, Kim G, Pham X and Cheng A. Damage-
Recruited Lgr5+ Cells Regenerate Hair Cells via 
Proliferation and Direct Transdifferentiationin Neonatal 
Mouse Utricle. Nat Commun. 2015 Apr 7; 6:6613.

8.	 Shi F, Hu L and Edge AS. Generation of hair cells in neonatal 
mice by beta-catenin overexpression in Lgr5-positive cochlear 
progenitors. Proceedings of the National Academy of Sciences 
of the United States of America. 2013; 110:13851-13856.

9.	 Bermingham-McDonogh O and Reh TA. Regulated 
reprogramming in the regeneration of sensory receptor 
cells. Neuron. 2011; 71:389-405.

10.	 Warchol ME. Sensory regeneration in the vertebrate inner 
ear: differences at the levels of cells and species. Hearing 
research. 2011; 273:72-79.

11.	 Oesterle EC, Campbell S, Taylor RR, Forge A and Hume 
CR. Sox2 and JAGGED1 expression in normal and drug-
damaged adult mouse inner ear. Journal of the Association 
for Research in Otolaryngology: JARO. 2008; 9:65-89.

12.	 White PM, Doetzlhofer A, Lee YS, Groves AK and Segil N. 
Mammalian cochlear supporting cells can divide and trans-
differentiate into hair cells. Nature. 2006; 441:984-987.

13.	 Sinkkonen ST, Chai R, Jan TA, Hartman BH, Laske RD, 
Gahlen F, Sinkkonen W, Cheng AG, Oshima K and Heller 
S. Intrinsic regenerative potential of murine cochlear 
supporting cells. Sci Rep. 2011; 1:26.

14.	 Li W, Wu J, Yang J, Sun S, Chai R, Chen ZY and Li H. 
Notch inhibition induces mitotically generated hair cells 
in mammalian cochleae via activating the Wnt pathway. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2015; 112:166-171.

15.	 Cox BC, Chai R, Lenoir A, Liu Z, Zhang L, Nguyen D, 
Chalasani K, Steigelman KA, Fang J, Cheng AG and Zuo 
J. Spontaneous hair cell regeneration in the neonatal mouse 
cochlea in vivo. Development. 2014; 141:816-829.

16.	 Yamamoto N, Tanigaki K, Tsuji M, Yabe D, Ito J and 
Honjo T. Inhibition of Notch/RBP-J signaling induces 
hair cell formation in neonate mouse cochleas. Journal of 
molecular medicine (Berlin, Germany). 2006; 84:37-45.



Oncotarget41140www.impactjournals.com/oncotarget

17.	 Doetzlhofer A, Basch ML, Ohyama T, Gessler M, Groves 
AK and Segil N. Hey2 regulation by FGF provides a Notch-
independent mechanism for maintaining pillar cell fate in 
the organ of Corti. Developmental cell. 2009; 16:58-69.

18.	 Shi F, Hu L and Edge AS. Generation of hair cells in 
neonatal mice by beta-catenin overexpression in Lgr5-
positive cochlear progenitors. Proceedings of the National 
Academy of Sciences of the United States of America. 
2013; 110:13851-13856.

19.	 Liu L, Chen Y, Qi J, Zhang Y, He Y, Ni W, Li W, Zhang S, 
Sun S, Taketo MM, Wang L, Chai R and Li H. Wnt activation 
protects against neomycin-induced hair cell damage in the 
mouse cochlea. Cell Death Dis. 2016; 7:e2136.

20.	 Kelly MC, Chang Q, Pan A, Lin X and Chen P. Atoh1 
directs the formation of sensory mosaics and induces cell 
proliferation in the postnatal mammalian cochlea in vivo. 
The Journal of neuroscience. 2012; 32:6699-6710.

21.	 Zheng JL and Gao WQ. Overexpression of Math1 induces 
robust production of extra hair cells in postnatal rat inner 
ears. Nat Neurosci. 2000; 3:580-586.

22.	 Kuo BR, Baldwin EM, Layman WS, Taketo MM and Zuo 
J. In Vivo Cochlear Hair Cell Generation and Survival by 
Coactivation of beta-Catenin and Atoh1. The Journal of 
neuroscience. 2015; 35:10786-10798.

23.	 Jan TA, Chai R, Sayyid ZN, van Amerongen R, Xia A, Wang 
T, Sinkkonen ST, Zeng YA, Levin JR, Heller S, Nusse R 
and Cheng AG. Tympanic border cells are Wnt-responsive 
and can act as progenitors for postnatal mouse cochlear cells. 
Development (Cambridge, England). 2013; 140:1196-1206

24.	 Chai R, Xia A, Wang T, Jan TA, Hayashi T, Bermingham-
McDonogh O and Cheng AG. Dynamic expression of 
Lgr5, a Wnt target gene, in the developing and mature 
mouse cochlea. Journal of the Association for Research in 
Otolaryngology: JARO. 2011; 12:455-469.

25.	 Shi F, Kempfle JS and Edge AS. Wnt-responsive Lgr5-
expressing stem cells are hair cell progenitors in the 
cochlea. The Journal of neuroscience. 2012; 32:9639-9648.

26.	 Lu X, Sun S, Qi J, Li W, Liu L, Zhang Y, Chen Y, Zhang 
S, Wang L, Miao D, Chai R and Li H. Bmi1 Regulates the 
Proliferation of Cochlear Supporting Cells Via the Canonical 
Wnt Signaling Pathway. Molecular neurobiology. 2016.

27.	 Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala 
HA, Gu H, Ng LL, Palmiter RD, Hawrylycz MJ, Jones AR, 
Lein ES and Zeng H. A robust and high-throughput Cre 
reporting and characterization system for the whole mouse 
brain. Nature neuroscience. 2010; 13:133-140.

28.	 Li H, Liu H and Heller S. Pluripotent stem cells from the 
adult mouse inner ear. Nature medicine. 2003; 9:1293-1299.

29.	 Forrest AR, Taylor D, Grimmond S, Group RG and 
Members GSL. Exploration of the cell-cycle genes found 
within the RIKEN FANTOM2 data set. Genome research. 
2003; 13:1366-1375.

30.	 Minoda R, Izumikawa M, Kawamoto K, Zhang H and 
Raphael Y. Manipulating cell cycle regulation in the mature 
cochlea. Hearing research. 2007; 232:44-51.

31.	 Zine A, Aubert A, Qiu J, Therianos S, Guillemot F, Kageyama 
R and de Ribaupierre F. Hes1 and Hes5 activities are required 
for the normal development of the hair cells in the mammalian 
inner ear. The Journal of neuroscience. 2001; 21:4712-4720.

32.	 Chung JW, Kang HH, Shin JE and Kim JU. Accumulation 
of hypoxia-inducible factor-1alpha in mouse inner ear by 
noise stimulation. Neuroreport. 2004; 15:2353-2356.

33.	 Sanz C, Leon Y, Canon S, Alvarez L, Giraldez F and 
Varela-Nieto I. Pattern of expression of the jun family 
of transcription factors during the early development of 
the inner ear: implications in apoptosis. J Cell Sci. 1999; 
112 :3967-3974.

34.	 Franceschini A, Szklarczyk D, Frankild S, Kuhn M, 
Simonovic M, Roth A, Lin J, Minguez P, Bork P, von 
Mering C and Jensen LJ. STRING v9.1: protein-protein 
interaction networks, with increased coverage and 
integration. Nucleic acids research. 2013; 41:D808-815.

35.	 Hertzano R, Elkon R, Kurima K, Morrisson A, Chan 
SL, Sallin M, Biedlingmaier A, Darling DS, Griffith 
AJ, Eisenman DJ and Strome SE. Cell type-specific 
transcriptome analysis reveals a major role for Zeb1 and 
miR-200b in mouse inner ear morphogenesis. PLoS Genet. 
2011; 7:e1002309.

36.	 Cai T, Jen HI, Kang H, Klisch TJ, Zoghbi HY and Groves 
AK. Characterization of the transcriptome of nascent hair cells 
and identification of direct targets of the Atoh1 transcription 
factor. The Journal of neuroscience. 2015; 35:5870-5883.

37.	 Scheffer DI, Shen J, Corey DP and Chen ZY. Gene 
Expression by Mouse Inner Ear Hair Cells during 
Development. The Journal of neuroscience. 2015; 
35:6366-6380.

38.	 Liu H, Pecka JL, Zhang Q, Soukup GA, Beisel KW and 
He DZ. Characterization of transcriptomes of cochlear inner 
and outer hair cells. The Journal of neuroscience. 2014; 
34:11085-11095.

39.	 Gomide VC, Laureano MR, Silveira GA and Chadi G. 
Neuropeptide Y in rat spiral ganglion neurons and inner hair 
cells of organ of corti and effects of a nontraumatic acoustic 
stimulation. Int J Neurosci. 2009; 119:508-530.

40.	 Bermingham NA, Hassan BA, Price SD, Vollrath MA, Ben-
Arie N, Eatock RA, Bellen HJ, Lysakowski A and Zoghbi 
HY. Math1: an essential gene for the generation of inner ear 
hair cells. Science (New York, NY). 1999; 284:1837-1841.

41.	 Li S, Price SM, Cahill H, Ryugo DK, Shen MM and Xiang 
M. Hearing loss caused by progressive degeneration 
of cochlear hair cells in mice deficient for the Barhl1 
homeobox gene. Development (Cambridge, England). 
2002; 129:3523-3532.

42.	 Wallis D, Hamblen M, Zhou Y, Venken KJ, Schumacher 
A, Grimes HL, Zoghbi HY, Orkin SH and Bellen HJ. 



Oncotarget41141www.impactjournals.com/oncotarget

The zinc finger transcription factor Gfi1, implicated 
in lymphomagenesis, is required for inner ear hair cell 
differentiation and survival. Development (Cambridge, 
England). 2003; 130:221-232.

43.	 Tang LS, Alger HM, Lin F and Pereira FA. Dynamic 
expression of COUP-TFI and COUP-TFII during 
development and functional maturation of the mouse inner 
ear. Gene Expr Patterns. 2005; 5:587-592.

44.	 Scheffer DI, Zhang DS, Shen J, Indzhykulian A, Karavitaki 
KD, Xu YJ, Wang Q, Lin JJ, Chen ZY and Corey DP. 
XIRP2, an actin-binding protein essential for inner ear hair-
cell stereocilia. Cell Rep. 2015; 10:1811-1818.

45.	 Siemens J, Lillo C, Dumont RA, Reynolds A, Williams DS, 
Gillespie PG and Muller U. Cadherin 23 is a component of 
the tip link in hair-cell stereocilia. Nature. 2004; 428:950-955.

46.	 Qian D, Jones C, Rzadzinska A, Mark S, Zhang X, Steel 
KP, Dai X and Chen P. Wnt5a functions in planar cell 
polarity regulation in mice. Developmental biology. 2007; 
306:121-133.

47.	 Nakano Y, Jahan I, Bonde G, Sun X, Hildebrand MS, 
Engelhardt JF, Smith RJ, Cornell RA, Fritzsch B and Banfi 
B. A mutation in the Srrm4 gene causes alternative splicing 
defects and deafness in the Bronx waltzer mouse. PLoS 
Genet. 2012; 8:e1002966.

48.	 Hartman BH, Hayashi T, Nelson BR, Bermingham-
McDonogh O and Reh TA. Dll3 is expressed in developing 
hair cells in the mammalian cochlea. Dev Dyn. 2007; 
236:2875-2883.

49.	 Zwaenepoel I, Mustapha M, Leibovici M, Verpy E, 
Goodyear R, Liu XZ, Nouaille S, Nance WE, Kanaan M, 
Avraham KB, Tekaia F, Loiselet J, Lathrop M, Richardson 
G and Petit C. Otoancorin, an inner ear protein restricted to 
the interface between the apical surface of sensory epithelia 
and their overlying acellular gels, is defective in autosomal 
recessive deafness DFNB22. Proceedings of the National 
Academy of Sciences of the United States of America. 2002; 
99:6240-6245.

50.	 Zhang Y, Chen Y, Ni W, Guo L, Lu X, Liu L, Li W, Sun 
S, Wang L and Li H. Dynamic expression of Lgr6 in the 
developing and mature mouse cochlea. Front Cell Neurosci. 
2015; 9:165.

51.	 Gross J, Machulik A, Moller R, Fuchs J, Amarjargal 
N, Ungethum U, Kuban RJ, Szczepek AJ, Haupt H 
and Mazurek B. MRNA expression of members of the 

IGF system in the organ of Corti, the modiolus and the 
stria vascularis of newborn rats. Growth Factors. 2008; 
26:180-191.

52.	 Jeon JH, Park JW, Lee JW, Jeong SW, Yeo SW and Kim 
IB. Expression and immunohistochemical localization of 
TMEM16A/anoctamin 1, a calcium-activated chloride 
channel in the mouse cochlea. Cell Tissue Res. 2011; 
345:223-230.

53.	 Marcus DC, Wu T, Wangemann P and Kofuji P. 
KCNJ10 (Kir4.1) potassium channel knockout abolishes 
endocochlear potential. American journal of physiology 
Cell physiology. 2002; 282:C403-407.

54.	 Xiang M, Gao WQ, Hasson T and Shin JJ. Requirement 
for Brn-3c in maturation and survival, but not in fate 
determination of inner ear hair cells. Development 
(Cambridge, England). 1998; 125:3935-3946.

55.	 Tornari C, Towers ER, Gale JE and Dawson SJ. Regulation 
of the orphan nuclear receptor Nr2f2 by the DFNA15 
deafness gene Pou4f3. PloS one. 2014; 9:e112247.

56.	 Smeti I, Watabe I, Savary E, Fontbonne A and Zine A. 
HMGA2, the architectural transcription factor high mobility 
group, is expressed in the developing and mature mouse 
cochlea. PloS one. 2014; 9:e88757.

57.	 Pauley S, Lai E and Fritzsch B. Foxg1 is required for 
morphogenesis and histogenesis of the mammalian inner 
ear. Dev Dyn. 2006; 235:2470-2482.

58.	 Zou D, Silvius D, Rodrigo-Blomqvist S, Enerback S and 
Xu PX. Eya1 regulates the growth of otic epithelium and 
interacts with Pax2 during the development of all sensory 
areas in the inner ear. Developmental biology. 2006; 
298:430-441.

59.	 Ohkura N, Hijikuro M and Miki K. Antisense 
oligonucleotide to NOR-1, a novel orphan nuclear receptor, 
induces migration and neurite extension of cultured 
forebrain cells. Brain research Molecular brain research. 
1996; 35:309-313.

60.	 Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ and 
Green DR. The BCL-2 family reunion. Molecular cell. 
2010; 37:299-310.

61.	 Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, 
Cozijnsen M, Haegebarth A, Korving J, Begthel H, Peters 
PJ and Clevers H. Identification of stem cells in small 
intestine and colon by marker gene Lgr5. Nature. 2007; 
449:1003-1007.


