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Abstract

Cisplatin, a potent chemotherapeutic drug, induces ototoxicity, which limits its clinical utility. 

Cisplatin-induced oxidative stress plays a causal role in cochlear apoptosis while the consequent 

nitrative stress leads to the nitration of LIM domain only-4 (LMO4), a transcriptional regulator, 

and decreases its cochlear expression levels. Here, we show a direct link between cochlear LMO4 

and cisplatin-induced hearing loss by employing a Lmo4 conditional knockout mouse model 

(Lmo4lox/lox; Gfi1Cre/+). Hair cell-specific deletion of Lmo4 did not alter cochlear morphology or 

affect hearing thresholds and otoacoustic emissions, in the absence of apoptotic stimuli. Cisplatin 

treatment significantly elevated the auditory brainstem response thresholds of conditional 

knockouts, across all frequencies. Moreover, deletion of Lmo4 compromised the activation of 

STAT3, a downstream target that regulates anti-apoptotic machinery. Immunostaining indicated 

that the expression of phosphorylated STAT3 was significantly decreased while the expression of 

activated caspase 3 was significantly increased in Lmo4 deficient hair cells, post cisplatin 

treatment. These findings suggest an otoprotective role of LMO4 as cisplatin-induced decrease in 

cochlear LMO4 could compromise the LMO4/STAT3 cellular defense mechanism to induce 

ototoxicity.
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Introduction

Cisplatin, a first-generation platinum-based drug, is the backbone of combination therapies 

employed to treat cancers of the bladder, cervix, lung, ovary, head and neck, testicle, 

mesothelium, and other solid tumors. Cisplatin and its analogs are prescribed to 10–20% of 

all cancer patients (NCI report, 2014). However, ototoxicity remains a serious dose-limiting 

adverse effect of this highly effective anticancer drug. Cisplatin-induced hearing loss has 

been detected in 19% to 77% of patients, depending on the criteria used in different 

studies[1]. Cisplatin arrests cell division to prevent tumor growth and induces apoptosis to 

reduce tumor size. However, cisplatin-induced apoptosis is not restricted to tumor cells but, 

instead, extends to susceptible cells, such as cochlear outer hair cells and stria vascularis. 

Because cisplatin accumulates in the stria and is retained indefinitely[2] its ability to induce 

cochlear damage persists even after treatment. Therefore, ototoxicity is a major side-effect, 

which significantly affects the quality of life in cancer survivors and has devastating 

consequences in children as it affects their speech and language development, education, and 

social integration[3,4].

The mechanism responsible for cisplatin-induced ototoxicity involves oxidative stress and 

consequent apoptosis of cochlear hair cells[5,6]. Protein nitration is an important sequela of 

oxidative stress and cisplatin treatment leads to nitration of LIM Domain Only 4 (LMO4), a 

transcriptional regulator involved in cellular apoptosis. Decreased protein levels of cochlear 

LMO4 and its downstream target STAT3, a promoter of cell-survival[7–9], has been detected 

after cisplatin treatment. A significant and dose-dependent decrease in the protein levels of 

LMO4 has also been detected in the renal and neuronal cells, which are susceptible to toxic 

side-effects of cisplatin[10]. LMO4 plays an important role in the development of the inner 

ear[11] and repression of LMO4 has been reported to promote cellular apoptosis[12,13]. 

Recent studies provided evidence supporting a critical role of LMO4 in cisplatin ototoxicity 

as LMO4 overexpression prevented cisplatin-induced cytotoxicity[14] while CRISPR/Cas9-

mediated knockout of Lmo4 enhanced cytotoxicity in auditory sensory epithelial cell 

cultures[15]. However, a causal link between cisplatin-induced changes in LMO4 levels and 

hearing loss was not established in these in vitro studies.

As a molecular adaptor for protein-protein interactions, LMO4 forms transcriptional 

complexes and regulates cell survival and cell death[16–19]. Particularly, it associates with 

IL-6 receptor glycoprotein 130 (GP130) and stabilizes this protein complex, which, in turn, 

enables the activation of JAK1, TYK2, and STAT3[16]. Cisplatin-induced decrease in 

LMO4 could affect the binding and/or activation of proteins in this protein complex. 

Analysis of the growth and migration of auditory sensory epithelial cells suggested that 

although LMO4 is not essential for cell survival under physiological conditions, it is 

required for defending the cells against adverse apoptotic stimuli[15], most likely, via the 

regulation of STAT3-mediated transcription of anti-apoptotic genes[9]. JAK/STAT signaling 
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appears to play a crucial role in cisplatin-induced cochlear apoptosis because cisplatin 

treatment decreased the expression, phosphorylation and nuclear localization of 

STAT3[7,20,9], a downstream target of LMO4 and a mediator of cell survival[12]. A critical 

role of STAT proteins in cisplatin ototoxicity was also reported by Schmitt et al.,[21] and 

Kaur et al.,[22] as repression of STAT1, which is cross-regulated by STAT3[23,24], 

attenuated cisplatin-induced hearing loss. The objective of this study is to define the direct 

link between cochlear LMO4 and cisplatin-induced hearing loss by testing the hypothesis 

that deficiency of Lmo4 in hair cells exacerbates cisplatin-induced cochlear apoptosis and 

hearing loss by compromising STAT3-mediated anti-apoptotic machinery.

Materials and Methods

Generation of Lmo4 conditional knockout mice.

Lmo4 conditional knockouts (Lmo4lox/lox; Gfi1Cre/+) were generated by breeding Lmo4lox 

mice with tissue specific Gfi1Cre deleter mice (see Fig. 1A) to remove Lmo4 specifically in 

the hair cells. Heterozygous Lmo4lox and Gfi1Cre mice, derived from a mixed C57BL/6J and 

129S6 background, were obtained from Dr. Lin Gan, University of Rochester, NY[11,25]. 

The heterozygous Lmo4lox mice were interbred to generate homozygous Lmo4lox mice, 

which was then mated with Gfi1Cre/+ mice to generate Lmo4lox/+; Gfi1Cre/+ mice. Then the 

Lmo4lox/+; Gfi1Cre/+ mice were mated with Lmo4lox/lox mice to generate the Lmo4 
conditional knockouts. Both male and female mice were used in this study and littermates of 

Lmo4 conditional knockout mice were used as wild-type controls. All animal studies were 

approved by Wayne State University’s IACUC (animal protocol # 17–02-214) and were 

performed in accordance with the National Institutes of Health’s animal user guidelines.

Genotyping.

DNA extracted from tissue obtained by ear punch was used to genotype mice. Lmo4 null 

allele was identified using the following primers: 5’-TGAGACCTAGTGGTAGTG-3’ and 

5’-CCTAGAATTCAAGTGCG-3’. PCR was performed in Step One RT-PCR system 

(Applied Biosystems, Foster City, CA), programmed to include initial denaturation at 94°C 

for 3 min followed by 35 cycles of 1 min denaturation at 94°C, 1 min annealing at 58°C, 1 

min extension at 72°C, and a final extension at 72°C for 10 min. GfiCre was identified using 

the following primers: 5’-GCATTACCGGTCGATGCAACGAGTGATGAG-3’ and 5’-

GAGTGAACGAACCTGGTCGAAATCGCGT-3’ and the amplification was done under the 

following condition: initial denaturation at 94°C for 3 min followed by 35 cycles of 1 min 

denaturation at 94°C, 1 min annealing at 69°C, 1 min extension at 72°C, and a final 

extension at 72°C for 10 min. The PCR products were separated on a 2% agarose gel and the 

genotype of mice were determined based on the size of detected bands. Accordingly, 456 bp 

band indicated the presence of Lmo4lox allele, 418 bp band indicated the presence of wild-

type Lmo4, and 408 bp band indicated the presence of GfiCre (see Fig 1B).

Cisplatin treatment.

Six-week old Lmo4 conditional knockout mice or wild-type littermates that had normal 

hearing were treated with cisplatin. Veterinary-grade cisplatin (# NDC 68001–283-27, Blue 

Point Laboratories, Dublin, Leinster, Ireland) was administered at the dose of 3 mg/kg body 
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weight for 5 days[26] by slow intraperitoneal infusion at the concentration of 1 mg/ml in 

sterile saline (0.9%). Controls were infused with an equal volume of saline. All animals 

were hydrated with 10 ml/kg of saline until they were euthanized on day 8.

Microdissection and immunohistochemistry.

Cochlea was dissected out in ice-cold phosphate-buffered saline (PBS) and immediately 

perfused with 10% phosphate-buffered formalin (4% formaldehyde) by slow injection via 

the round window. The cochlea was fixed in formalin and then decalcified with 100 mM 

EDTA for at least 3 days. Sensory epithelia were micro-dissected from the cochleae and the 

tissue was permeabilized and blocked in a solution containing PBS, 1% v/v Triton X-100, 

2% w/v bovine serum albumin, and 10% v/v goat serum (# S26–100ML, Millipore Sigma, 

St. Louis, MO) for 1 h at room temperature. The tissue was then incubated overnight at 4°C 

with primary antibodies (mouse monoclonal anti-LMO4, # sc-293440, Santa Cruz 

Biotechnology Inc., Santa Cruz, CA; rabbit monoclonal anti-pSTAT3, # 9145S, Cell 

Signaling Technology, Danvers, MA; rabbit polyclonal anti-Caspase-3, # ab13847, Abcam, 

Cambridge, MA). The specificity of anti-LMO4 and anti-pSTAT3 was tested in previous 

studies by western blotting[10,9]. After three 5-min washes in PBS, tissue was incubated 

with Alexa Fluor 568 donkey anti-mouse (# A10037) or Alexa Fluor 647 goat anti-rabbit (# 

A21244) IgG secondary antibody (Invitrogen/Molecular Probes, Carlsbad, CA) in blocking 

solution at room temperature for 1 h. F-actin was labeled with fluorescein-conjugated 

phalloidin (# F432, Life Technologies, Carlsbad, CA). Stained specimens were mounted on 

slides with ProLong Gold antifade reagent containing DAPI nuclear stain ((# P36935, 

Invitrogen/Molecular Probes) and Carl Zeiss Laser Scanning Systems (Zeiss LSM 780, Jena, 

Germany) was used to capture the images. The intensity of the immune-staining was 

quantified by measuring the pixel values using ImageJ/Fiji software (version IJ 1.46r).

Auditory brainstem responses (ABR).

Hearing thresholds were measured after anesthetizing the animals with isoflurane (4% 

induction, 1.5% maintenance with 1 L/min O2). ABR was recorded using subcutaneous 

differential active needle electrodes with sound stimuli of 1-ms tone bursts (4, 8, 16, 24, or 

32 kHz) generated using Tucker-Davis Technologies BioSigRZ software and TDT System3 

hardware (TDT, Alachua, FL). The stimuli were presented to the external auditory meatus 

and the sound intensity varied in 5 dB intervals. Two hundred stimulus presentations, 

delivered at 21/s, was averaged to obtain the waveform of the brainstem response. The 

lowest intensity of stimulation at which a waveform with an identifiable peak was detected 

was considered as the hearing threshold. ABR amplitudes and latencies were measured for 

wave I generated by 8 and 16 kHz acoustic stimuli at 90 dB SPL. The difference in the 

voltage levels of the peak and the trough of the first wave was measured to determine the 

amplitude while the amount of time elapsed from the onset of the stimulus to the peak of the 

first wave was measured to determine the latency.

Distortion product otoacoustic emissions (DPOAE).

Otoacoustic emissions were measured after anesthetizing the animals with isoflurane (4% 

induction, 1.5% maintenance with 1 L/min O2). DPOAEs were elicited with two primary 

tones, f1 and f2 at an f2/f1 ratio of 1.2, holding L2 - L1 + 10 dB, for L1 levels from 80 to 20 
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dB SPL in 10-dB increments. TDT’s RZ6 system was used to generate the stimulus and 

Multi-Field Magnetic Speakers (TDT, Alachua, FL) were used to deliver f1 and f2. 

Frequency f2 varied from 4 to 32 kHz. Sound pressure levels was measured at the cubic 

difference frequency (2f1-f2) using a ER10B_ probe microphone (Etymotic Research, Inc., 

Elk Grove Village, IL) and hardware-software from Tucker-Davis Technologies. Distortion-

product data was collected every 20.971 milliseconds and averaged 512 times. The noise 

floor was measured in a 100 kHz band surrounding 2f1-f2.

Statistical analysis.

All statistical analyses were performed using GraphPad Prism 6 software (GraphPad, La 

Jolla, CA). ANOVA followed by Holm-Sidak’s multiple comparisons test was used to 

analyze ABR and DPOAE thresholds. Unpaired two-tailed t tests were used to analyze 

cochlear length, wave I amplitude, wave I latency, STAT3 expression, and caspase 3 

expression. All results are expressed as mean ± standard deviation/standard error mean, and 

P value of < 0.05 was considered significant. Each replicate represent data derived from an 

individual animal.

Results

Hair cell-specific deletion of Lmo4 does not alter cochlear morphology.

To evaluate the suitability of the conditional knockout mouse model for investigating the 

critical role of Lmo4 in cisplatin ototoxicity, the impact of deletion of Lmo4 on the 

morphometric characteristics of the cochlea was assessed. Lmo4 conditional knockout mice 

with targeted deletion of Lmo4 in the hair cells were identified by PCR analysis of DNA 

extracted from pinna. The presence of Lmo4lox allele (456 bp band) as well as GfiCre allele 

(408 bp band) along with the absence of wild-type Lmo4 allele (418 bp band) indicated the 

hair cell specific deletion of Lmo4 (Fig 1a & b). Unlike the Lmo4 conditional knockouts 

generated using Foxg1Cre deleter mice, which have a shortened cochlea[25], the 

morphometric assessment of the knockouts generated using Gfi1Cre indicated that the typical 

two and a half turns were present in the cochlea (see Fig 1c). Moreover, the length of the 

cochlea was also similar to that of the wild-type controls (see Fig 1d). This suggested that 

the hair cell specific deletion of Lmo4 did not alter the general morphology of the cochlea. 

Confocal microscopy images of surface preparations of organ of Corti stained with 

fluorescein-conjugated phalloidin indicated that the structure and organization of the hair 

cells in the knockouts were not altered and appeared similar to that of wild-type controls 

(see Fig 1e).

Knockout of Lmo4 does not induce apoptosis or affect hearing thresholds under 
physiological conditions.

The deletion of Lmo4 in the hair cells of conditional knockout mice was verified by the 

absence of immuno-staining of hair cells in the surface preparations of organ of Corti that 

were immuno-reacted with anti-LMO4 (see Fig 2a). The effect of deletion of Lmo4 on 

cochlear apoptosis was analyzed by evaluating the expression of activated caspase 3 in 

Lmo4 conditional knockout mice. In the absence of apoptotic stimuli, the expression of 

activated caspase 3 in the knockouts was very low and was similar to that of the wild-type 
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littermates. This suggested that the deficiency of Lmo4 did not induce the expression of 

activated caspase 3 in the hair cells under physiological conditions (see Fig 2b). Moreover, 

the weight gain of the knockouts was similar to that of the wild-type controls (see Fig 2c) 

although the body weight of the conditional knockout mice was slightly lower than that of 

the wild-type littermates.

To assess the potential influence of Lmo4 deletion on auditory function, Auditory brainstem 

responses (ABR) and distortion product otoacoustic emissions (DPOAE) were analyzed in 

conditional knockouts. ABRs for pure-tone stimuli at 4, 8, 16, 24, and 32 kHz indicated that 

the hearing thresholds of 6-week old Lmo4 conditional knockout mice were at the same 

level as that of the wild-type littermates (see Fig 3a). The ABR thresholds ranged from 39 to 

60 dB for knockouts and 39 to 53 dB for wild-type controls suggesting that although the 

thresholds were slightly elevated they were similar in both groups. The analysis of wave I 

amplitude and latency indicated that the signal transmission characteristics of the auditory 

nerve are similar in both the knockouts and the wild-type controls (see Fig 3b & c). 

DPOAEs elicited by 8 and 16 kHz f2 primary tones indicated that the distortion product 

amplitudes were largely similar in both knockouts and the wild-type controls (see Fig 3d–g). 

The 2f1-f2 amplitudes elicited by L1 levels from 20 to 80 dB SPL ranged from −18 to 32 dB 

for knockouts and −30 to 32 dB for wild-type controls for 8 kHz f2 primary tone and from 

−17 to 26 dB for knockouts and −18 to 24 dB for wild-type controls for 16 kHz f2 primary 

tone. Collectively, these results indicate that, in the absence of apoptotic stimuli, Lmo4 
deficiency did not affect the auditory signal transmission as well as outer hair cell activity.

Lmo4 deficiency enhances the susceptibility to cisplatin-induced hearing loss.

The Lmo4 conditional knockouts were treated with cisplatin to test the hypothesis that Lmo4 
plays a protective role and absence of Lmo4 would enhance the vulnerability of the 

knockouts to cisplatin-induced ototoxicity. Both conditional knockouts and wild-type 

littermates were treated with 3 mg/kg dose of cisplatin daily for five consecutive days and 

hearing was assessed on the eighth day by recording ABRs (see Fig 4a). Cisplatin treatment 

increased the hearing thresholds in both wild-type and knockout mice, however, the shift in 

the ABR thresholds was significantly higher in the knockouts when compared to wild-type 

controls (see Fig 4b). The cisplatin-induced shift was 10–13 dB higher in the knockout mice. 

Moreover, the 2f1-f2 amplitudes elicited by 8 and 16 kHz f2 primary tones were 

significantly lower in cisplatin-treated knockouts when compared to cisplatin-treated wild-

type controls (see Fig 4c). Together, these results suggest that the deficiency of Lmo4 in the 

hair cells enhances the susceptibility to cisplatin-induced hearing loss. These results suggest 

that the deficiency of Lmo4 in the hair cells enhances the susceptibility to cisplatin-induced 

hearing loss.

Lmo4 deficiency augments cisplatin-induced inactivation of STAT3 and cochlear 
apoptosis.

To assess the effect of deletion of Lmo4 on STAT3 mediated signaling, the expression of 

phosphorylated STAT3 was evaluated in Lmo4 conditional knockout mice after cisplatin 

treatment. (see Fig 5a & b). The expression of pSTAT3 was significantly lower in the hair 

cells of the knockouts when compared to wild-type littermates. This suggested that when 
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challenged with an apoptotic stimulus such as cisplatin, the absence of Lmo4 compromises 

the activation of STAT3. This in turn is likely to affect the transcription of anti-apoptotic 

genes and facilitate cochlear apoptosis.

The role of Lmo4 in regulating cisplatin-induced cochlear apoptosis was analyzed by 

measuring the expression of activated caspase 3 in Lmo4 conditional knockout mice (see Fig 

5c & d). Cisplatin treatment increased the expression of activated caspase 3 in both the 

knockouts and wild-type mice. However, the cisplatin-induced increase in the expression of 

activated caspase 3 in knockouts was significantly higher than that of the wild-type 

littermates suggesting that the deficiency of Lmo4 amplifies the cisplatin-induced apoptosis 

in the hair cells.

Discussion

Among the cochlear cell death mechanisms reported to date[5,27,28,8,29–31], oxidative 

stress is considered to play a causal role in cisplatin ototoxicity; it activates the enzyme 

NOX3, which increases the production of superoxide radicals in the inner ear[32]. In 

addition, the activation of the iNOS pathway and the generation of nitric oxide have been 

detected in cisplatin ototoxicity[33,34]. Superoxide and nitric oxide radicals react to form 

peroxynitrite, which can lead to the nitration of susceptible proteins. In agreement, cisplatin 

treatment increased the nitration of cochlear proteins[35] and LMO4 was identified as the 

most abundantly nitrated cochlear protein[8]. Furthermore, cisplatin treatment decreased the 

levels of cochlear LMO4 as well as the phosphorylation of its downstream target 

STAT3[8,9]. These observations were consistent with reports that indicate protein nitration 

can modulate phosphorylation cascades, alter protein function, and facilitate proteolytic 

degradation of nitrated proteins[36–41]. Thus, previous studies implicate a critical role for 

LMO4 in cisplatin-induced ototoxicity as it can regulate the induction of cochlear apoptosis 

via JAK/STAT signaling.

In this study, an Lmo4 conditional knockout mouse model was developed and employed to 

test the hypothesis that a decrease in the levels of cochlear LMO4 compromises STAT3-

mediated anti-apoptotic machinery to facilitate ototoxicity in cisplatin-induced hearing loss 

(see Fig 6a & b). Lmo4 was deleted specifically in the hair cells, using Gfi1Cre, because the 

Lmo4 conditional knockouts generated previously, using Foxg1Cre, targeted the otocyst, 

which resulted in a shortened cochlea[25]. In the new model, targeted deletion of Lmo4 in 

hair cells did not alter the cochlear morphology, induce apoptosis in hair cells, or affect 

hearing under physiological conditions. This suggested that Lmo4 is a nonfactor for the 

survival and function of hair cells in the absence of apoptotic stimuli and that this 

conditional knockout mouse would be a good model to study the role of Lmo4 signaling in 

cisplatin ototoxicity.

LMO4 acts as a scaffold for protein complexes and binds with several transcription factors 

and co-regulators that promote the transcription of anti-apoptotic genes[42,16,43,44,18,19]. 

Therefore, deficiency of LMO4 in the hair cells is expected to compromise the anti-

apoptotic machinery and promote cell death when challenged with an apoptotic stimulus 

such as cisplatin. Conversely, interventions that prevent the decrease in cochlear LMO4 are 
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likely to have therapeutic value because blocking cochlear apoptotic pathways that lead to 

cell death is a promising strategy for mitigating cisplatin ototoxicity[6]. Evaluation of 

cisplatin ototoxicity in an Lmo4 conditional knockout mouse model provides an opportunity 

to gain critical insights on the potential therapeutic value of this pathway in preventing 

cochlear apoptosis and hearing loss. The findings of this study indicate that deficiency of 

Lmo4 in the hair cells of mice significantly exacerbated the hearing loss induced by cisplatin 

treatment. In the conditional knockouts, the ABR thresholds were significantly elevated and 

DPOAE amplitudes were significantly depressed relative to wild-type littermates, after 

cisplatin treatment. This indicated that the absence of Lmo4 in the hair cells enhances the 

susceptibility to cisplatin-induced hearing loss suggesting an otoprotective role of LMO4.

STAT3, a major downstream target of LMO4, plays an important role in regulating the anti-

apoptotic signaling in cisplatin ototoxicity[9]. The potential regulation of STAT3 activity by 

cisplatin-induced changes in LMO4 is supported by many studies. Generally, LMO4 binds 

to ESR1, which has a protective role in the auditory system[45], and represses its 

transactivation activities[44]. Because LMO4 negatively regulates ESR1, which can 

negatively modulate STAT3 by direct physical interaction[46], cisplatin-induced decrease in 

LMO4, as well as increase in ESR1[7], could inhibit STAT3 activity. LMO4 also mediates 

ATP signaling, which leads to the phosphorylation of STAT3[12]. Since cisplatin has been 

reported to decrease cochlear ATP[47] as well as LMO4 levels[8], it could eventually 

decrease STAT3 activity through this pathway[16]. Therefore, the absence of Lmo4 is likely 

to compromise the activation of STAT3 and exacerbate the toxic effects of cisplatin. 

Consistent with this notion, Lmo4 deficiency in the hair cells of conditional knockout mice 

significantly augmented the cisplatin-induced decrease in the phosphorylation of cochlear 

STAT3 and apoptotic responses in the organ of Corti. Relative to wild-type littermates, the 

expression of phosphorylated STAT3 was lower and the expression of activated caspase 3 

was higher in the hair cells of conditional knockout mice after cisplatin-treatment. Together, 

these findings suggest that LMO4 is a critical regulator of cochlear anti-apoptotic responses 

and the deficiency of Lmo4 compromises its otoprotective signaling and thereby facilitates 

cochlear apoptosis in cisplatin-induced ototoxicity.

Overall, the findings of this study demonstrated a direct link between LMO4 protein levels 

and cisplatin-induced ototoxicity because hair cell-specific deletion of Lmo4 in mice 

enhanced their vulnerability to cisplatin-induced hearing loss. Though LMO4 is not essential 

for the survival of hair cells under optimal physiological conditions, it is required for 

defending the cells against adverse apoptotic stimuli via the regulation of STAT3-mediated 

anti-apoptotic machinery. Thus, the complexity of LMO4 signaling in cisplatin-induced 

hearing loss is characterized by its critical role as a protector against cellular apoptosis, 

which when compromised by cisplatin results in ototoxicity. This, in turn, implies that 

LMO4 signaling molecules, particularly, those that facilitate its degradation or those that 

mediate its anti-apoptotic signaling, are plausible targets for mitigating cisplatin-induced 

ototoxicity.
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Fig. 1. 
Lmo4 conditional knockout scheme and cochlear morphology of knockout mice. a) 

Genomic organization of wild-type Lmo4 gene, Lmo4lox allele, and Lmo4null allele are 

illustrated. In the Lmo4lox allele the loxP sites flank exon 2, which was cleaved by using 

Gfi1Cre to generate Lmo4null allele in the hair cells of Lmo4 conditional knockout mice. b) 

Targeted deletion of Lmo4 was verified by genomic PCR. c) Microscopic observation of 

cochlea dissected from 6-week old mice indicated that the appearance of Lmo4 conditional 

knockout mouse cochlea is similar to that of wild-type cochlea. Two and a half turns were 

observed in both groups. Images are representative of three replicates. d) Measurement of 

the length of the cochlea indicated that both the knockout and wild-type cochlea were of 

similar length. The results are expressed as mean ± standard deviation, n = 3. e) 

Visualization of hair cells stained with phalloidin indicated that the structure and 

organization of the outer hair cells (OHC) are similar in both the knockout and wild-type 

mice. Images are representative of three replicates. Scale bar = 20 μm.
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Fig. 2. 
Deletion of LMO4 and apoptosis in the hair cells of knockout mice. a) Immunolocalization 

with anti-LMO4 indicated the expression of LMO4 (red stain) in the outer hair cells of wild-

type mice. However, the expression of LMO4 was not detected in the outer hair cells of 

knockout mice. Green indicates staining of actin with phalloidin while blue indicates 

staining of the nucleus with DAPI. Images are representative of three replicates. Scale bar = 

20 μm. b) Immunolocalization with anti-Caspase 3 indicated that the expression of activated 

caspase 3 (red stain) in the outer hair cells of wild-type and knockout mice was very low. 
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Green indicates staining of actin with phalloidin while blue indicates staining of the nucleus 

with DAPI. Images are representative of three replicates. Scale bar = 20 μm. c) Measurement 

of the body weight at 6, 7 and 8 weeks indicated that the weight gain of knockout mice was 

similar to that of the wild-type. The results are expressed as mean ± standard deviation, n = 

6.
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Fig. 3. 
Auditory brainstem responses and distortion product otoacoustic emissions of Lmo4 
conditional knockout mice. a) ABR thresholds of 6-week old mice, measured at 4, 8, 16, 24, 

and 32 kHz, indicated that the hearing thresholds of knockout mice are similar to that of 

wild-type mice across all the frequencies. The results are expressed as mean ± standard 

deviation, n = 5–6. b) Representative ABR waveform in response to stimuli at 8, 16, and 32 

kHz is illustrated. c) Measurement of the amplitudes and latencies of wave I for 90 dB 

stimuli at 8, 16 and 32 kHz indicated that the ABR wave pattern is also similar in both 
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knockout and wild-type mi,ce. The results are expressed as mean ± standard error mean, n = 

6–12. d) DPOAE amplitudes of 6-week old mice, measured at 8 kHz, indicated that the 

otoacoustic emissions of knockout mice are largely similar to that of wild-type mice except 

for the DPOAEs recorded with 40 and 20 dB L1, which were below the noise floor. The 

results are expressed as mean ± standard deviation, n = 6–7 (*p<0.05, **p<0.01). e) 

Representative DPOAE waveform in response to stimuli at 8 kHz is illustrated. f) DPOAE 

amplitudes measured at 16 kHz also indicated that the otoacoustic emissions of knockout 

mice are similar to that of wild-type mice. The results are expressed as mean ± standard 

deviation, n = 6–7. g) Representative DPOAE waveform in response to stimuli at 16 kHz is 

illustrated.
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Fig. 4. 
Cisplatin-induced hearing loss in Lmo4 conditional knockout mice. a) Schematic illustration 

of the experimental design to analyze cisplatin-induced hearing loss. b) Assessment of 

ABRs indicated that cisplatin treatment induced a significantly higher shift in the hearing 

thresholds of Lmo4 conditional knockout mice when compared to that of wild-type 

littermates that express LMO4 in hair cells. ABRs recorded from the left ear of 5 mice are 

illustrated. The results are expressed as mean ± standard deviation, (**p<0.01). c) 

Assessment of DPOAEs indicated that cisplatin treatment significantly decreased the 

DPOAE amplitudes in Lmo4 conditional knockout mice when compared to that of wild-type 

littermates that express LMO4 in hair cells. DPOAEs recorded from the left ear of 3 mice 

are illustrated. The results are expressed as mean ± standard deviation (*p<0.05, **p<0.01, 

***p<0.001).
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Fig. 5. 
Effect of Lmo4 deletion on cisplatin-induced inactivation of STAT3 and apoptosis in the hair 

cells. a) Immunolocalization with anti-pSTAT3 indicated that cisplatin-induced decrease in 

the expression levels of phosphorylated STAT3 (magenta stain) in the knockout mice was 

greater than that observed in the wild-type littermates. Green indicates staining of actin with 

phalloidin while blue indicates staining of the nucleus with DAPI. Images are representative 

of five replicates. Scale bar = 20 μm. b) Quantification of the immunostaining indicated that 

the cisplatin-induced decrease in the expression of pSTAT3 in the knockouts was 

significantly lower than that of wild-type littermates. The results are expressed as mean ± 

standard error mean, n = 5 (*p = 0.0395). c) Immunolocalization with anti-Caspase 3 

indicated that cisplatin treatment induced the expression of activated caspase 3 (red stain) in 

the outer hair cells of wild-type and knockout mice. However, cisplatin-induced increase in 

the expression levels of activated caspase 3 in the knockout mice was much higher than that 

observed in the wild-type littermates. Green indicates staining of actin with phalloidin while 

blue indicates staining of the nucleus with DAPI. Images are representative of five 

replicates. Scale bar = 20 μm. d) Quantification of the immunostaining indicated that the 

cisplatin-induced increase in the expression of activated caspase 3 in the knockouts was 

significantly higher than that of wild-type littermates. The results are expressed as mean ± 

standard error mean, n = 5 (**p = 0.0026).
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Fig. 6. 
Schematic of putative role of LMO4 in cisplatin ototoxicity. The schematic illustrates the 

collective findings of current as well as prior studies. a) Under physiological conditions 

LMO4 defends the cells from apoptotic stimuli via JAK/STAT mediated activation of anti-

apoptotic genes thereby facilitating cell survival. b) Cisplatin treatment induces oxidative 

stress by activating NOX3, which eventually leads to the nitration of LMO4 and decreases 

its level in the cochlea. Because LMO4 acts as a scaffold for protein complexes (e.g., 

glycoprotein 130), the cisplatin-induced decrease in LMO4 probably destabilizes such 

protein complexes, which in turn compromises the STAT3-regulated anti-apoptotic 

machinery. The numbers in parenthesis refer to cited publications containing corresponding 

data that support the link between LMO4 and other signaling molecules/pathways 

represented in the schematic.
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