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Abstract
Amis

Long noncoding RNA has been reported to play important role in various disease. However, the function
of lncRNA in age-related hearing loss still unclear. The aim of our study is to investigate the function and
mechanism of lncRNA Gm44593 in AHL

Materials and methods

ATP content, JC-1 assay, mitochondrial content, cell death rates and dual-luciferase reporter assay were
performed to assess the function of lncRNA Gm44593 in HEI-OC1 cells and the mouse cochlea.

Results

The expression of lncRNA Gm44593 was signi�cantly upregulated upon H2O2 and starvation treatment.
Overexpression of lncRNA Gm44593 manifestly reduced the cell death rates. The ATP content, mtDNA
content and mitochondrial membrane potential were alleviated upon overexpression of lncRNA
Gm44593. We also proved that miR-29b is the direct target of lncRNA Gm44593. Overexpression of miR-
29b completely restored the effect induced by lncRNA Gm44593. In addition, we provided evidences that
WNK1 is the direct target of miR-29b.

Conclusion

our research uncovers the role of lncRNA Gm44593 in age-related hearing loss. We provide new insights
into potential therapeutic targets for the amelioration of age-related hearing loss.

Introduction
Age-related hearing loss (AHL), characterized by the irreversible loss of cochlear hair cells[1], spiral
ganglion neurons (SGNs) and stria vascularis cells (SVs), is the most common sensory disorder in old
people[2], in�uencing the life quality older people by age 65 years or more[3]. AHL increases the risk of
depression, cognitive impairment and dementia in aged adults[4, 5]. Thus, it is important to explore the
mechanism of AHL and identify new targets for clinical treatment.

Long noncoding RNA (LncRNA) is a speci�c noncoding RNA without coding potential[6]. Numerous
studies have revealed the function of lncRNA in different pathological process, such as cell apoptosis[7],
cell cycle[8], necrosis, EMT[9]. Studies of lncRNA also involved numerous mechanisms, including ceRNA
mechanism, chromosome remodeling, post-translational regulation[10, 11]. LncRNAs have been reported
to function in numerous diseases, such as diabetes, cardiovascular diseases, tumor development[12].
Recent studies have revealed that dyregulated lncRNAs may lead to a new treatment for AHL[13]. There is
no doubt that explore new lncRNA in AHL will help us to better understand the mechanism of AHL.
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Mitochondria play an important role in maintaining cellular homeostasis[14]. Accumulated evidence
demonstrated that mitochondrial dysfunction was related with aging diseases, including
neurodegenerative disease and AHL[2, 15], although whether this is causal or simply correlative has yet to
be established. Mitochondrial biogenesis is a highly regulated process to maintain normal mitochondrial
function, thus regulate different physiological process[16].

In this study, we aimed to explore the function and mechanism of lncRNA Gm44593 in AHL. LncRNA
Gm44593 was �rstly identi�ed as an upregulated lncRNA in the cochlea of aged C57BL/6 mice[2]. To
date, there is no report about the role of lncRNA Gm44593 in AHL. We performed comprehensive
functional analysis to assess the role of lncRNA Gm44593, such as cell proliferation, cell death,
mitochondrial function. Bioinformatics analysis predicted numerous miRNAs may bind with lncRNA
Gm44593, considering the location of lncRNA Gm44593. Rescue experiment further proved that miR-29b
can reverse the effect of lncRNA Gm44593. Our research uncovers the role of lncRNA Gm44593 in age-
related hearing loss. We provide new insights into potential therapeutic targets for the amelioration of
age-related hearing loss.

Materials And Methods

Cell culture and transfection
The House Ear Institute-Organ of Corti 1 (HEI-OC1) cells were cultured in high glucose Dulbecco’s
Modi�ed Eagle Medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS, Gibco, #10437028)
without antibiotics at 33 °C and 10% CO2.

LncRNA Gm44593 overexpression plasmid was purchased from Gene Pharma (Shanghai, China). Wide
type and mutant lncRNA Gm44593 vector were constructed by Gene Pharma (Shanghai, China). MiR-29b
mimics and inhibitor were purchased from Gene Pharma (Shanghai, China). All transfection experiments
were performed via lipo 3000 reagent (Invitrogen) according to the manufacturer’s protocol.

Proliferation assay
HEI-OC1 cells were transfected with lncRNA Gm44593 overexpression vector or NC vector. Cells were
seeded into 96-well plates with density of 2 × 104 cells/ml and incubated overnight at 33 °C and 10% CO2.
After 48 h transfection, CCK-8 assay was performed following the manufacturer’s protocol. The optical
density was measured at 450 nm after 2 h incubation.

Cell death rates
HEI-OC1 cells were transfected with lncRNA Gm44593 overexpression vector or NC vector. After cell
con�uence reach 90%, cells were digested and pipetted thoroughly. Trypan blue staining (Beyotime,
C0011, Shanghai, China) was used to measure the cell death rates.

TUNEL
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Terminal deoxytransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed to
detect the level of apoptosis. Brie�y, HEI-OC1 cells were transfected with lncRNA Gm44593
overexpression vector or NC vector. After H2O2 exposure, Cells were washed with PBS for twice and
immobilized by 4% paraformaldehyde. The apoptotic cells were visualized with the TUNEL staining
following the manufacturer’s instructions (Beyotime, C1090, Shanghai, China). The �uorescence density
was assessed using Image J software.

JC-1 mitochondrial membrane potential
JC-1 at a concentration of 10 µg/ml (Beyotime, C2006, Shanghai, China) was added to the medium for 10
minutes. Cells were then washed twice in PBS. Fluorescence emission was �ltered at 485 and 580 nm. All
experiments were repeated for three times.

ATP contents
ATP assay was performed using an ATP Assay Kit (Beyotime, Shanghai, China) following the

manufacturer’s protocols. Chemiluminescence of samples and standards were measured with a
SpectraMax M5 microplate reader (Molecular Devices, USA). The levels of ATP were calculated based on
the standard curve and normalized to the protein content.

Dual-luciferase reporter assay
HEK293 cells were co-transfected with target Gm44593 or mutant Gm44593 with binding sites for miR-
29b. Dual-luciferase reporter assay were conducted using Dual Luciferase Reporter Assay System
(Promega, USA) following the manufacture’s protocol. Luciferase activity was measured with Multiskan
Spectrum (Thermo Fisher, USA).

RIP
HEI-OC1 cells were transfected with lncRNA Gm44593 overexpression vector and miR-29b mimics. The
antibody against human Ago2 was used for RNA immunoprecipitation. RIP experiments were performed
using Magna RIP Kit. After Ago2 immunoprecipitation, the RNA was isolated, the expression level of
lncRNA Gm44593 and miR-29b was detected by real-time PCR.

Real-time PCR
Total RNA was extracted and lysed by TRIzol reagent (Thermo Fisher, USA). RNA reverse transcription
was performed using a PrimeScript™ RT reagent Kit with gDNA eraser (Takara, Japan) according to the
manufacturer’s instructions, and cDNA was performed by qRT-PCR using SYBR® Premix Ex Taq™ (Takara,
Japan). The data were normalized using β-actin levels and further analyzed by the 2−ΔΔCT method.

Statistical analysis
Data are presented as the mean ± sd, and statistical analyses were performed using ANOVA or unpaired
Student’s t-test with GraphPad Prism 8. P < 0.05 was considered to be signi�cant.
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Results
Biological features of lncRNA Gm44593

To study the function of lncRNA Gm44593, we analyzed the expression of lncRNA Gm44593 upon H2O2

and starvation treatment. As shown in Figure 1A-B, the expression of lncRNA Gm44593 was signi�cantly
increased upon H2O2 and starvation. Besides, we veri�ed the location of lncRNA Gm44593 through PARIS
kit. Our results showed that lncRNA Gm44593 located in cytoplasm, while GAPDH and U6 served as
positive control (Figure 1C).

Overexpression of lncRNA Gm44593 maintained cell function upon H2O2 treatment

To study the function of lncRNA Gm44593, we constructed overexpression vector. As shown in Figure 2A,
the overexpression e�ciency was con�rmed by real-time PCR. Next, we performed comprehensive
analysis to assess the function of lncRNA Gm44593 in mitochondrial. Overexpression had no effect on
cell proliferation via CCK-8 (Figure 2B). However, when we detected cell death rates, to our surprise,
overexpression of lncRNA Gm44593 signi�cantly reduced the cell death rates compared with NC group
upon H2O2 treatment (Figure 2C). Next, we analyzed cell apoptosis rates via TUNEL assay (Figure 2D).
Our results showed that overexpression of lncRNA Gm44593 remarkable reduced the cell apoptosis.
Quantitative data also showed the same effect of lncRNA Gm44593 (Figure 2E). Mitochondrial function
is the most important process in the aging. Thus, we assessed the cell mitochondrial function through
JC-1, which assessed the membrane potential, ATP and mtDNA copy number, which assessed the cell
mitochondrial function. Our results showed that lncRNA Gm44593 could maintained the cell
mitochondrial function upon H2O2 treatment (Figure 2F-H). Thus, our results demonstrated that
overexpression of lncRNA Gm44593 may exert bene�cial effects during aging process.

miR-29b is the direct target of lncRNA Gm44593

To study the mechanism of lncRNA Gm44593 in the aging, and considering that lncRNA Gm44593
located in cytoplasm, we used starbase and miRNA data base to predict the potential binding miRNAs. As
shown in Figure 3A, only miR-29b was decreased in the lncRNA Gm44593 overexpression group. Thus,
we further analyzed the binding sequence between miR-29b and lncRNA Gm44593 (Figure 3B). To
examine the target effect of miR-29b, we overexpressed miR-29b via mimics in HEI-OC1 and HEK cells.
The overexpression e�ciency was con�rmed via real-time PCR (Figure 3C). Dual-luciferase reporter assay
results showed that overexpression of miR-29b signi�cantly reduced the luciferase activity of target gene
in the wide-type group, while there is no signi�cant difference in the mutant group (Figure 3D). Next, we
performed comprehensive analysis to assess the relationship between miR-29b and lncRNA Gm44593.
Overexpression of lncRNA Gm44593 signi�cantly decreased the expression of miR-29b, while knockdown
of lncRNA Gm44593 increased the expression of miR-29b (Figure 3E). We also analyzed the expression
of miR-29b in the aging process, as indicated in Figure 3F-G, which is downregulated upon starvation and
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H2O2 treatment (Figure 3F-G). Lastly, lncRNA Gm44593 negatively regulate the expression of miR-29b
(Figure 3H).

WNK1 is the direct target of miR-29b

To further evaluate the mechanism of miR-29b, we used starbase to predict the potential downstream
target. We predicted WNK1 is the possible target, as indicated in Figure 4A. Next, we used dual-luciferase
reporter assay to assess the binding relationship in HEK cells. The relative luciferase activity was
signi�cantly downregulating in the miR-29b overexpression group, while there is no signi�cant difference
in the mutant group (Figure 4B). Next, we performed comprehensive analysis to assess the relationship
between miR-29b and WNK1. Overexpression of miR-29b signi�cantly decreased the expression of WNK1,
while knockdown of miR-29b increased the expression of WNK1 (Figure 4C). We also analyzed the
expression of WNK1 in the aging process, as indicated in Figure 4D-E, which is upregulated upon
starvation and H2O2 treatment.

lncRNA Gm44593 positively regulate WNK1

To date, there is no report about the relationship between lncRNA Gm44593 and WNK1. Firstly, when we
overexpressed lncRNA Gm44593, we found that the expression of WNK1 was upregulated in the lncRNA
Gm44593 overexpression group, while miR-29b can completely reversed the effect induced by lncRNA
Gm44593 (Figure 5A). Our results revealed that lncRNA Gm44593 positively regulate WNK1 (Figure 5B).
Lastly, we used RIP experiment to further con�rm the binding between miR-29b and lncRNA Gm44593. As
shown in Figure 5C, the expression of miR-29b and lncRNA Gm44593 was signi�cantly upregulated in
anti-Ago2 group.

Re-introduction of miR-29b reversed the effect of lncRNA Gm44593

To date, we have analyzed the function of lncRNA Gm44593 in the aging process and veri�ed the
downstream target. To con�rm our results, we performed comprehensive rescue experiment. As shown in
Figure 6A, overexpression of lncRNA Gm44593 signi�cantly reduced the cell death rates, while re-
introduction of miR-29b completely reversed such effect. Besides, miR-29b also rescued the effect
induced by lncRNA Gm44593 in mitochondrial function, as indicated by decreased mitochondrial
membrane potential, ATP contents and mtDNA copy numbers (Figure 6B-D). Thus, our results provided
evidences that lncRNA Gm44593 can protect cells against aging through regulating miR-29b and WNK1
(Figure 7).

Discussion
In this study, we aimed to explore the function and mechanism of lncRNA Gm44593 in AHL. LncRNA
Gm44593 was �rstly identi�ed as an upregulated lncRNA in the cochlea of aged C57BL/6 mice. To date,
there is no report about the role of lncRNA Gm44593 in AHL. We performed comprehensive functional
analysis to assess the role of lncRNA Gm44593, such as cell proliferation, cell death, mitochondrial
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function. Bioinformatics analysis predicted numerous miRNAs may bind with lncRNA Gm44593,
considering the location of lncRNA Gm44593. Rescue experiment further proved that miR-29b can reverse
the effect of lncRNA Gm44593. Our research uncovers the role of lncRNA Gm44593 in age-related hearing
loss. We provide new insights into potential therapeutic targets for the amelioration of age-related hearing
loss.

Several previous studies have shown that AHL is commonly associated with ROS accumulation[17],
which induces mitochondrial depolarization and initiates apoptosis ROS can induce cellular defense
pathways, including autophagy, which can recycle unnecessary or dysfunctional cellular components[18].
Mitochondria have a vital role in maintaining cellular homeostasis[19]. Growing evidence suggests that
mitochondrial dysfunction participates in aging diseases, such as diabetes, neurodegenerative
disease[20] and AHL[21]. Mitochondrial biogenesis is a tightly regulated process to generate new
mitochondria and plays an important role in maintaining normal mitochondrial function[22].
Mitochondrial biogenesis takes place under basal condition and is an adaptive response induced by cells
to maintain energy demands. Mitochondria are the cellular center for energy production as well as the
major source of ROS[23]. The accumulation of ROS could impair antioxidant functions and damage
macromolecules, such as nuclear DNA, mitochondrial DNA (mtDNA), membranes, and proteins. Moreover,
accumulation of macromolecule mutations can cause apoptosis of hair cells and thus promote the
development of AHL. In our study, we revealed that lncRNA Gm44593 reduced the ROS contents and
alleviate aging induced apoptosis.

Accumulating evidences showed that lncRNA play essential role in the regulation of gene expression and
participate in multiple biological and pathological process, including cell proliferation, cell apoptosis, cell
differentiation, EMT and m6A regulation[24]. In the inner ear, epigenetic modi�cations might also be
related to inner ear development and have a signi�cant role in hearing loss, hearing protection, and
regeneration of functional cells[25]. A recent study revealed differential lncRNA pro�le between two
developmental stages of the mouse inner ear sensory epithelium of the cochlea and vestibule, suggesting
a possible role for lncRNAs in regulating hearing and balance[26]. In our study, we used bioinformatics
method to predict the binding target of lncRNA Gm44593 and con�rmed the binding relationship between
lncRNA Gm44593 and miR-29b. Further rescue experiment proved that lncRNA Gm44593 alleviate aging
induced apoptosis through negatively regulating miR-29b.

In summary, we analyzed the function and mechanism of lncRNA Gm44593 in AHL. Our results provided
new clues about lncRNA in AHL and help understand the development of AHL. Overexpression of lncRNA
Gm44593 may provide new intervention sights for AHL.
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Figure 1

Biological features of lncRNA Gm44593. A. The expression of lncRNA Gm44593 was upregulated upon
H2O2 treatment. B. The expression of lncRNA Gm44593 was increased upon starvation treatment. C.
lncRNA Gm44593 located in cytoplasm via PARIS kit.

Figure 2
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Overexpression of lncRNA Gm44593 maintained cell function. A. The overexpression e�ciency was
con�rmed via real-time PCR. B. lncRNA Gm44593 had no effect on proliferation. C. Overexpression of
lncRNA Gm44593 signi�cantly reduced the cell death rates. D. TUNEL assay showed that overexpression
of lncRNA Gm44593 signi�cantly reduced the cell apoptosis rates. E. Quantitative data of TUNEL assay.
F. JC-1 mitochondrial membrane potential results showed that lncRNA Gm44593 can maintain the cell
membrane potential. G. lncRNA Gm44593 maintained the ATP content compared with NC group upon
H2O2 treatment. H. Upon H2O2 treatment, lncRNA Gm44593 increased the mtDNA number compared
with NC group.

Figure 3
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miR-29b is the direct target of lncRNA Gm44593. A. 5 miRNAs were predicted to work with lncRNA
Gm44593. Only miR-29b was downregulated. B. The potential binding sequence between miR-29b and
lncRNA Gm44593 were showed. C. The overexpression e�ciency was con�rmed via real-time PCR in HEI-
OC1 and HEK cells. D. Dual-luciferase reporter assay showed that the relative activity was signi�cantly
downregulated in miR-29b group. E. Overexpression of lncRNA Gm44593 reduced the expression of miR-
29b, while knockdown of lncRNA Gm44593 increased the expression of miR-29b. F. The expression of
miR-29b was signi�cantly downregulated upon starvation treatment. G. The expression of miR-29b was
signi�cantly downregulated upon H2O2 treatment. H. lncRNA Gm44593 negatively regulate the
expression of miR-29b.

Figure 4

WNK1 is the direct target of miR-29b. A. Bio-informatics analysis predicted that WNK1 was the direct
target of miR-29b. The potential binding sequence was showed. B. The dual-luciferase activity was
signi�cantly downregulated in miR-29b overexpression group in HEK cells. C. Overexpression of miR-29b
signi�cantly reduced the expression of WNK1, while miR-29b inhibitor treatment increased the expression
of WNK1. D. The expression of WNK1 was signi�cantly upregulated upon starvation treatment. E. The
expression of WNK1 was signi�cantly increased upon H2O2 treatment.
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Figure 5

lncRNA Gm44593 positively regulate WNK1. A. Overexpression of lncRNA Gm44593 increased the
expression of WNK1, and miR-29b reversed such effect. B. lncRNA Gm44593 positively regulate WNK1. C.
RIP experiment con�rmed the binding between miR-29b and lncRNA Gm44593.

Figure 6

Re-introduction of miR-29b reversed the effect of lncRNA Gm44593. A. Re-introduction of miR-29b
completely reversed the protective role of lncRNA Gm44593. B. Overexpression of miR-29b restored the
effect of lncRNA Gm44593 in mitochondrial membrane potential. C. ATP content was measured to
evaluate the restore effect of miR-29b. D. mtDNA number was assessed. Re-introduction of miR-29b
reversed the effect induced by lncRNA Gm44593.
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Figure 7

Graphical scheme of lncRNA Gm44593/miR-29b/WNK1.


