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Aminoglycosides like gentamicin are among the most commonly

used antibiotics in clinical practice and are essential for treating life-

threatening tuberculosis and Gram-negative bacterial infections.

However, aminoglycosides are also nephrotoxic and ototoxic.

Although a number of mechanisms have been proposed, it is still

unclear how aminoglycosides induce cell death in auditory sensory

epithelia and subsequent deafness. Aminoglycosides bind to various

intracellular molecules, such as RNA and phosphoinositides. We

hypothesized that aminoglycosides, based on their tissue-specific

susceptibility, also bind to intracellular proteins that play a role in

drug-induced ototoxicity. By conjugating an aminoglycoside, genta-

micin, to agarose beads and conducting a gentamicin-agarose pull-

down assay, we have isolated gentamicin-binding proteins (GBPs)

from immortalized cells of mouse organ of Corti, HEI-OC1. Mass

spectrometry identified calreticulin (CRT) as a GBP. Immunofluo-

rescence revealed that CRT expression is concentrated in strial

marginal cells and hair cell stereocilia, primary locations of drug

uptake and cytotoxicity in the cochlea. InHEI-OC1 cells treatedwith

gentamicin, reduction of CRT expression using small interfering

RNA (siRNA) reduced intracellular drug levels. CRT-deficient

mouse embryonic fibroblast (MEF) cells as well as CRT siRNA-

transfected wild-type MEFs also had reduced cell viability after

gentamicin treatment. A pull-down assay using deletion mutants of

CRT determined that the carboxyl C-domain of CRT binds to

gentamicin. HeLa cells transfected with CRT C-domain deletion

mutant construct were more susceptible to gentamicin-induced

cytotoxicity compared with cells transfected with full-length CRTor

other deletion mutants. Therefore, we conclude that CRT binding to

gentamicin is protective against gentamicin-induced cytotoxicity.
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Aminoglycoside antibiotics are essential for clinical treat-

ment of bacterial sepsis and meningitis (Edson and Terrell,

1999; Forge and Schacht, 2000; Grohskopf et al., 2005).

However, these drugs also have major cytotoxic side effects,

particularly nephrotoxicity and ototoxicity. Aminoglycoside-

induced nephrotoxicity is largely reversible due to epithelial

cell regeneration, but ototoxicity is mostly permanent because

mammalian sensory hair cells cannot be regenerated (Lowenheim

et al., 1999; Tulkens, 1989).

Aminoglycosides like gentamicin bind to RNA, phosphoi-

nositides, and numerous proteins (Lesniak et al., 2005;

Moestrup et al., 1995; Prezant et al., 1993). In bacteria,

aminoglycoside binding to ribosomal RNA inhibits protein

synthesis (Moazed and Noller, 1987; Purohit and Stern, 1994).

However, mammalian ribosomal RNA has much lower

affinities for aminoglycosides, except for certain mitochondrial

mutations (Hamasaki and Rando, 1997). Furthermore, drug

interaction with ribosomal RNA does not account for the tissue

specificity of aminoglycoside cytotoxicity in the cochlea and

kidney because there is little RNA variation among tissues.

Phosphoinositides also have no known specific tissue distribu-

tion. Protein expression, on the other hand, does vary among

different tissues and cell types, and proteins that bind to

aminoglycosides are likely to contribute to drug-induced

cytotoxicity in the cochlea and kidney.

To date, proteins that bind to aminoglycosides in the inner

ear have not been reported, except for our recent identification

of CLIMP-63 as a gentamicin-binding protein (GBP) in

cochlea-derived cell lines (Karasawa et al., 2010). Identifying

GBPs in the inner ear is challenging because it is difficult to

obtain sufficient quantities of proteins or complementary DNA

(cDNA) library material to isolate or screen for GBPs. In this

study, we used a gentamicin-agarose conjugate to pull down

GBPs from the mouse cochlear cell line HEI-OC1 and

identified calreticulin (CRT). CRT is a lectin that binds to

glycoproteins in the endoplasmic reticulum (ER) and is

a molecular chaperone assisting in protein folding, subunit

assembly, and trafficking misfolded proteins or nonnative

conformers for proteasome degradation (Hebert and Molinari,

2007). The protein contains an N-terminal cleavable signal

sequence that directs it to the ER and an ER KDEL retention/

retrieval signal. CRT is composed of three distinct structural

and functional domains: a globular N-domain, an extended

P-domain, and an acidic C-domain (Michalak et al., 2009). We

show that CRT is specifically expressed in the cochlea and is

associated with intracellular retention of gentamicin. We also

show that CRT expression reduces gentamicin-induced cyto-

toxicity by binding and sequestering gentamicin via the

carboxyl C-domain of CRT.
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MATERIALS AND METHODS

Cell culture. HEI-OC1 cells (a gift of Dr Federico Kalinec, House Ear

Institute, CA) were maintained at 33�C with 10% CO2 (permissive condition)

or 39�C with 5% CO2 (nonpermissive condition). K41 and K42 (a gift from

Dr Marek Michalak, University of Alberta, Canada), HeLa, and 293T cells were

maintained at 37�C, 5% CO2. All cells were incubated in Dulbecco’s modified

Eagle medium with 10% fetal bovine serum.

Gentamicin-agarose pull-down assay. Cells were lysed in buffer contain-

ing 150mM NaCl, 50mM Tris, pH 7.5, 5mM EDTA, and 1% Triton X-100 with

protease inhibitors and centrifuged (14,000 3 g, 10 min) at 4�C to remove cell

debris. Protein concentration was adjusted to 1 mg/ml for all samples. For

gentamicin-agarose conjugation, 100 ll Affi-Gel 10 (Bio-Rad) was washed with

ice-cold water and resuspended in 1 ml 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (HEPES) buffer (pH 7.0) containing 20 mg dissolved gentamicin

overnight at 4�C. The residual reactive sites on the beads were blocked by 1M

ethanolamine (pH 8.0) for 1 h and then washed with PBS and stored at 4�C until

use. The resultant gentamicin-agarose conjugate was incubated with whole-cell

extract of HEI-OC1 cells (1.5 ml) for 1 h at 4�C. The beads with bound proteins

were spun down by brief centrifugation and washed with the same lysis buffer at

4�C. The proteins were eluted from gentamicin-agarose in SDS sample buffer,

boiled for 2 min, and separated by protein gel electrophoresis (8% gel) prior to

Coomassie blue staining. For binding to green fluorescent protein (GFP) fusion

proteins of CRT and its deletion mutants, glycerol was added to the lysis buffer at

10% final concentration, and 50 ll Affi-Gel 10 and 10 mg gentamicin were used

for each sample. After ethanolamine treatment, the beads were further blocked

with 5% bovine serum albumin (BSA)-containing PBS for 3 h at 4�C, prior to

adding cell lysate for binding.

Mass spectrometry. GBP bands were excised from a Coomassie-stained

gel, digested using trypsin, peptides analyzed by tandem mass spectrometry

using an LTQ linear ion trap mass spectrometer (Thermo Fisher, San Jose, CA),

and protein identification and verification performed as described previously

(Karasawa et al., 2010), except tandem mass spectrometry (MS/MS) data were

searched using both Mascot (Matrix Science, London, U.K.) and Sequest

(Thermo Fisher) using a mouse only protein database (SwissProt, Swiss Institute

of Bioinformatics) with no enzyme specificity. The software Scaffold (Proteome

Software, Portland, OR) was then used to validate peptide and protein identi-

fications, with minimum peptide and protein identification probabilities set at 80

and 99%, respectively. CRT was identified by 30 unique peptides, and glucose-

regulated protein-94 (GRP94) was identified by 22 unique peptides.

Western blotting. Proteins in lysis buffer were mixed with SDS sample

buffer, resolved in a SDS-polyacrylamide gel, and transferred to polyvinylidene

fluoride membrane. After blocking, CRT rabbit polyclonal antibody (Affinity

BioReagents), GRP94 rat monoclonal antibody (Stressgen), actin rabbit

polyclonal antibody (Sigma, Cat #A2103), or enhanced GFP mouse mono-

clonal antibody (Clontech) was incubated overnight at 4�C. After horseradish

peroxidase conjugated secondary antibody incubation for 1 h, chemilumines-

cence with SuperSignal West Dura Extended Duration Substrate (Pierce) was

used to detect protein expression.

Gentamicin treatment and immunofluorescence. Cells were incubated

with 1mM gentamicin in medium for 6 h and washed with PBS before fixation/

permeabilization with 4% formaldehyde plus 0.5% Triton X-100 (FATX) for

1 h. To generate organ of Corti and cochlear lateral wall whole mounts, 4- to

7-week C57BL/6 mice were fixed by transcardiac perfusion of 4% para-

formaldehyde in PBS and cochleae and kidneys excised and immersion-fixed

for 1 h at room temperature. After rinsing in PBS, the bony cochlear shell was

removed and cell membranes permeabilized in FATX for 30 min. Murine

kidneys were vibratome-sectioned at 100-lm thickness, prior to immersion in

FATX for 30 min.

For immunofluorescence, FATX-treated samples were blocked with buffer

containing 10% goat serum and 1% BSA for 1 h and incubated with antibodies

for CRT, GRP94, and/or gentamicin mouse monoclonal antibodies (Fitzgerald

Industries International) for 1 h (cultured cells) or overnight at 4�C (murine

tissues). After incubation with secondary antibodies conjugated to Alexa Fluor

488 or 568 for 1 h (and Alexa Fluor 568-conjugated phalloidin for an additional

1 h for murine tissues), samples were washed, postfixed with FATX, mounted,

and examined using a Bio-Rad 1024 ES scanning laser confocal microscope.

To quantify fluorescence intensity for each individual set of images, the same

confocal settings were used, two images per well from two wells per

experimental condition were obtained. Due to heterogeneous CRT expression

levels in K41 cells, six images (instead of four images) per experimental

condition were used for data in Figures 5 and 6. Pixel intensity values were

obtained by histogram function of the ImageJ software after removal of nuclei

and intercellular pixels using Adobe Photoshop. Student’s t-test was used for

statistical analysis.

CRT expression plasmid constructs. GFP fusion expression plasmids of the

full-length CRT and deletion mutants were constructed by sequential subcloning of

DNA fragments into pcDNA3.1 vector (Invitrogen). For all constructs, GFP with

the addition of KDEL was generated by PCR using pEGFP-N2 (Clontech) as

a template with primers 5#-TTTGCGGCCGCGTGAGCAAGGGCGAGGAG-3#
and 5#-AAATCTAGACTACAGCTCATCCTTGGCTTGCTTGTACAGCTCG-

TCCATG-3#, digested with NotI/XbaI and subcloned into pcDNA3.1 (resultant

plasmid ‘‘GFP-pcDNA3.1’’). For the full-length CRT-GFP, CRT lacking KDEL

was generated by PCR using mouse CRT cDNA from American type culture

collection (IMAGE id 2655918) and primers 5#-AAAGCTAGCCGCCATG-

CTCCTTTCGGTG-3# and 5#-TTTGCGGCCGCCAGGGGATTCTTCCTC-3#,
digested with NheI/NotI and subcloned into GFP-pcDNA3.1. The C-domain

deletion mutant as a GFP fusion was generated by a similar method with primers

5#-AAAGCTAGCCGCCATGCTCCTTTCGGTG-3# and 5#-AAAGCGGCCGC-

CCTTGTAATCTGGGTTGTCAATTTG-3#. For the N-domain deletion mutant,

two DNA fragments were amplified using the same CRT cDNA template,

digested, and sequentially subcloned into GFP-pcDNA3.1 with the primer sets 5#-
CCCAAGCTTCTATACACACTGATTGTG-3# and 5#-TTTGCGGCCGCCA-

GGGGATTCTTCCTC-3# (digested with HindIII/NotI), and 5#-AAAGCTAGC-

GACCATTAGGCCTATTTAG-3# and 5#-CCCAAGCTTGAAATAGATGG-

CAGGGTC-3# (digested with NheI/HindIII). For the P-domain deletion mutant,

two DNA fragments were similarly generated and subcloned with the primer sets

5#-CCCAAGCTTAAGGGTACCTGGATACAC-3# and 5#-TTTGCGGCCGC-

CAGGGGATTCTTCCTC-3# (digested with HindIII/NotI), and 5#-AAAGC-

TAGCCGCCATGCTCCTTTCGGTG-3# and 5#-CCCAAGCTTGTGTGTGA-

ATTCATCATCC-3# (digested with NheI/HindIII). Sequences of all the constructs

were confirmed without false mutations.

Transfection. Small interfering RNA (siRNA) and scrambled control for

CRT and GRP94 were designed and synthesized using Invitrogen’s service; for

CRT siRNA#1, 5#-GCAAGAAUGUGCUGAUCAATT-3# and control

siRNA#1, 5#-GCAGUAAUCGUUAGGACAATT-3#; for CRT siRNA#2, 5#-
GCAUGGAGACUCAGAAUAUTT-3# and control siRNA#2, 5#-GCAGAG-

UCAGACAAUGUAUTT-3#; and for GRP94 siRNA, 5#-GCAUCUGAUUA-

CCUUGAAUTT-3# and control siRNA, 5#-GCAUGAUUACCUUGUCAA-

UTT-3#. Transfection of siRNA was performed using Lipofectamine

RNAiMAX (Invitrogen), and for overexpression of CRT or its deletion

mutants as GFP fusions, transfection was performed using Lipofectamine 2000

(Invitrogen) for 293T cells or X-tremeGENE 9 (Roche Applied Science) for

HeLa cells.

Cell viability measurements. Cell viability was determined by the

reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), an indicator of mitochondrial dehydrogenase activity. K41 and K42

cells were plated at 3000 cells per well, and HeLa cells were plated at 4000

cells per well in a 96-well plate. For comparison of K41 and K42 cells, after

incubation overnight to allow cells to attach to the plate, cells were treated with

gentamicin (5 or 10mM) in culture medium for 3 days. For siRNA- or plasmid-

transfected cells, cells were incubated for 24 h after transfection, prior to 3-day

gentamicin treatment. After 3 days of gentamicin treatment, 20 ll of 5 mg/ml

MTT solution was added to each well, and cells were incubated for 4 h at

37�C, 5% CO2. Culture medium was then replaced with 200 ll dimethyl
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sulfoxide (DMSO) in each well and the optical density recorded at 540 nm

with background subtraction at 660 nm. Student’s t-test was used for statistical

analysis.

RESULTS

CRT and GRP94 Are GBPs in Cochlear Cells

For GBP identification from cochlear cells, we used HEI-OC1

(Kalinec et al., 2003), a cochlear organ of Corti cell line

developed from a transgenic mouse called Immortomouse, which

harbors temperature-sensitive large T antigen (Holley and Lawlor,

1997; Jat et al., 1991). HEI-OC1 cells proliferate normally at

33�C (permissive condition), but at 39�C (nonpermissive

condition), these cells begin to differentiate into epithelial-like

cells, although they can still grow slowly. HEI-OC1 cells induce

cochlear-specific gene expression after incubation at 39�C for

2 weeks (Kalinec et al., 2003). To identify cochlear-specific

GBPs, we conducted gentamicin-agarose pull-down assays using

HEI-OC1 cells maintained at 39�C for 2 weeks; HEI-OC1 cells

maintained at 33�C were used as a control. SDS-gel electropho-

resis followed by Coomassie blue staining revealed two bands

that were more intense in cells maintained at 39�C compared with

those at 33�C (Fig. 1A). These bands consistently appeared in

three separate pull-down experiments. Mass spectrometric

analysis on excised bands identified that these are CRT and

GRP94, both of them chaperone proteins in the ER (Ni and Lee,

2007). Western blotting on total cell lysates used for the pull-

down assay showed that CRT and GRP94 expression levels were

higher in nonpermissive cells compared with permissive cells

(Fig. 1B), indicating that expression of these proteins was

increased in HEI-OC1 cells in the differentiated state.

CRT Is Specifically Expressed in Mouse Cochlear Tissues

Although CRT expression has been well characterized in the

kidney (Horibe et al., 2004), its expression and distribution in

the cochlea has not previously been reported. Immunofluores-

cence using murine cochleae revealed that CRT is highly

expressed in hair cell stereocilia (Figs. 2A–C) and concentrated

near the lumenal membranes of marginal cells (Figs. 2D–H) in

the stria vascularis. CRT expression in the kidney was also

confirmed (Fig. 2I). There was little GRP94 expression other

than weak ubiquitous expression throughout these tissues (Figs.

2J and 2K). An apparent discrepancy between low GRP94

expression in the mouse inner ear and high expression in HEI-

OC1 cells could be attributed to differences between terminally

differentiated or quiescence cochlear cells in vivo and

immortalized cells in vitro (Figs. 1B, 2J, and 2K).

CRT siRNA Reduces Intracellular Gentamicin Levels

CRT siRNA was transfected into HEI-OC1 cells that had been

maintained at 39�C for 2 weeks and siRNA expression induced

for 3 days before treating with 1mM gentamicin for 6 h at 39�C.

After washing and fixation, intracellular gentamicin was detected

using gentamicin antibody and immunofluorescence. Although

gentamicin immunofluorescence was observed in CRT siRNA-

transfected cells, fluorescence intensities were substantially lower

compared with cells transfected with control siRNA (Fig. 3A).

More importantly, the intensity of CRT immunofluorescence

appeared to correlate with gentamicin immunofluorescence levels

in either control or CRT siRNA cells (Fig. 3A). Negligible

gentamicin immunofluorescence was observed in control siRNA-

transfected cells not treated with gentamicin, confirming the

specificity of gentamicin antibody (data not shown). Quantifica-

tion of gentamicin immunofluorescence intensities confirmed that

CRT siRNA-transfected cells contained significantly lower

fluorescence levels compared with control siRNA cells (**p <
0.01; Fig. 3B). This suggests that increased CRT expression

elevates intracellular gentamicin levels by binding to the drug.

Because siRNA transfection efficiency was not very high

(approximately 60–70%), the fluorescence intensity analysis

yielded smaller differences between control and CRT siRNA

than they would have if the transfection efficiency were 100%.

Although GRP94 siRNA transfection reduced protein expression

efficiently, there was no difference in gentamicin levels between

control and GRP94 siRNA cells (Fig. 4). This suggests that

GRP94 expression has little effect on intracellular gentamicin

levels.

CRT-Deficient Cells Are Susceptible to Gentamicin Treatment

To determine whether CRT is involved in gentamicin-

induced cytotoxicity, we took advantage of existing cell lines

K41 (wild-type) and K42 (lacking crt gene) generated from

mouse embryonic fibroblasts and used extensively to study the

physiological functions of CRT (Howe et al., 2009; Nakamura

FIG. 1. (A) CRT and GRP94 are GBPs in HEI-OC1 cells. GBPs were

pulled down from total cell lysate of HEI-OC1 cells, resolved by SDS-gel

electrophoresis, and stained by Coomassie blue. Most of the protein bands were

similar between nonpermissive cells at 39�C and permissive cells at 33�C, but

two bands were more intense in nonpermissive cells at 39�C. Mass

spectrometric analysis on these bands identified CRT and GRP94. (B) Western

blot analysis on total cell lysate showed more protein expression of CRT and

GRP94 in cells at 39�C compared with 33�C.
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et al., 2001). As a first step, we treated these cells with

gentamicin at 1mM for 6 h at 37�C and determined intracellular

gentamicin levels by immunofluorescence. As expected with

CRT expression, K41 cells showed higher levels of intra-

cellular gentamicin compared with K42 cells after gentamicin

treatment (Fig. 5A). Although CRT expression levels varied

among the K41 cell population and some of the cells expressed

CRT at low levels, overall gentamicin levels were significantly

higher than K42 (**p < 0.01; Figs. 5A and 5B). Cell viability

assessed by MTT levels revealed that gentamicin reduced the

viability of K42 cells more significantly than K41 cells after

3 days of treatment (Fig. 5C). Notably, gentamicin treatment

substantially increased CRT expression in K41 cells, confirmed

by Western blotting (Fig. 5D). This implicates a possible

cellular protection mechanism by enhancing CRT protein

expression.

CRT siRNA Reduces Resistance to Gentamicin Treatment

Although K41 and K42 cells originated from mice of similar

genetic background except for crt gene (Mesaeli et al., 1999), it

is possible that each acquired unique traits during the

immortalization and isolation processes of cell line generation

(Nakamura et al., 2000). To confirm that reduced gentamicin

levels and lowered drug resistance in K42 cells are due to lack

FIG. 2. CRT expression in the cochlea by immunofluorescence. In the organ of Corti, CRT expression was localized in sensory hair cell bundles (A and C). In

the stria vascularis, CRT expression was concentrated near the lumenal membranes of marginal cells (D–H, arrowheads). CRT expression is in green and actin in

red in (C, F, and H) in the online version. CRT expression was also present in kidney proximal (p) and distal (d) tubules (I). GRP94 expression was weak and

unremarkable in the organ of Corti (J) and stria vascularis (K).
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of CRT expression, we transfected K41 cells with CRT siRNA

or scrambled control siRNA to determine if CRT contributes

to gentamicin retention and resistance in the same cell line.

Immunofluorescence confirmed that CRT siRNA reduced CRT

protein expression as well as reduced intracellular gentamicin

levels, compared with control siRNA-transfected cells, after 6 h

of drug treatment at 37�C (Figs. 6A and 6B). Western blotting

also confirmed that both of the two CRT siRNA efficiently

reduced CRT expression in K41 cells (Fig. 6C). However, the

scrambled control siRNA for the first CRT siRNA significantly

reduced cell viability, probably by off-target knockdown (data

not shown). Therefore, we only used the second set of control and

CRT siRNA (control siRNA#2 and CRT siRNA#2) for cell

viability measurements. K41 cells were transfected with control

siRNA#2 or CRT siRNA#2, and cells were then treated with

gentamicin after 24 h. The MTT assay was performed after 3 days

of gentamicin treatment. Whereas both control and CRT siRNA-

transfected cells of set #2 showed no difference in viability

without gentamicin treatment, gentamicin significantly reduced

cell viability in CRT siRNA#2-transfected K41 cells compared

with control siRNA#2 cells (Fig. 6D). Because the effect of

CRT siRNA was apparent only after 3 days of transfection

(Supplementary figure), this suggests that gentamicin could kill

cells that lack CRT within 24–48 h. As a separate confirmation,

CRT siRNA#1-transfected K41 cells exhibited similar levels of

gentamicin susceptibility to CRT siRNA#2 cells (data not shown).

C-Domain of CRT Binds to Gentamicin and Reduces Drug
Accessibility to Other Targets

To determine the gentamicin-binding domain of CRT, we

generated CRT deletion mutants as GFP fusion proteins. GFP

was inserted in between C-domain and KDEL ER retention

FIG. 3. CRT expression knockdown decreases intracellular gentamicin levels. CRT siRNA or scrambled control siRNA-transfected HEI-OC1 cells at 39�C
were treated with gentamicin for 6 h. (A) Immunofluorescence using CRT and gentamicin antibodies (CRT Ab and GT Ab) showed that CRT siRNA reduced

cellular CRT and gentamicin immunofluorescence. (B) Intensity of gentamicin immunofluorescence was significantly lower in CRT siRNA-transfected cells

compared with control siRNA (**p < 0.01).

FIG. 4. GRP94 expression knockdown has no effect on intracellular gentamicin levels. GRP94 siRNA or scrambled control siRNA-transfected HEI-OC1

cells at 39�C were treated with gentamicin for 6 h. (A) Immunofluorescence using GRP94 and gentamicin antibodies (GRP94 Ab and GT Ab) showed that GRP4

siRNA did not significantly alter cellular gentamicin immunofluorescence, despite knocking down GRP94 expression. (B) There was no significant difference in

gentamicin immunofluorescence between GRP94 siRNA and control siRNA cells.
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signal on the C-terminus to retain ER localization of the

mutants. Transfecting each deletion mutant into HeLa cells

confirmed that these mutants have similar intracellular

localization to the GFP fusion of the full-length CRT (Fig. 7A).

To test binding to gentamicin, each deletion mutant was

transfected into 293T cells, and gentamicin-agarose pull-down

assay was performed. Western blotting revealed that the

C-domain deletion mutant was not pulled down, suggesting that

the C-domain is required for binding to gentamicin (Fig. 7B).

Cell viability of HeLa cells transfected with each deletion

mutant was also determined. HeLa cells were transfected with

empty vector or GFP expression plasmid of the full-length

CRT or deletion mutants. Transfected cells were treated with

gentamicin after 24 h. After 3 days of gentamicin treatment

(and 4 days after transfection), cell viability was measured.

MTT assay results showed that cells transfected with the

C-domain deletion mutant had the lowest viability after

gentamicin treatment (Fig. 7C; **p < 0.01 against CRT-

GFP). This suggests that the C-domain of CRT is required for

the protein to be protective against gentamicin treatment.

DISCUSSION

Gentamicin has previously been reported to bind and inhibit

the chaperone activity of CRT in cell-free systems (Horibe et al.,
2004). In this study, we showed that there is a good correlation

between CRT expression and intracellular levels of gentamicin

immunofluorescence. Although this correlation is indirect, it

suggests that CRT likely binds to gentamicin within the cell.

More importantly, we demonstrated that CRT expression

contributes to cellular resistance to gentamicin treatment using

wild-type and CRT-deficient cell lines (K41 and K42). The

FIG. 5. CRT-deficient cells are more susceptible to gentamicin treatment. (A) K41 (crtþ/þ) and K42 (crt�/�) cells were treated with gentamicin for 6 h at

37�C. Gentamicin immunofluorescence in K42 cells were lower compared with most K41 cells. (B) Gentamicin fluorescence intensities, on average, were

significantly lower in K42 cells compared with K41 cells (**p < 0.01). (C) Cell viability measured by MTT assay revealed that K42 cells were more susceptible to

gentamicin compared with K41 cells after 3 days of treatment (**p < 0.01). Cells cultured for 3 days with no gentamicin treatment had no significant difference in

viability. (D) Gentamicin (10mM) treatment for 3 days increased CRT protein expression levels in K41 cells. There was no CRT expression detected in K42 cells

as these cells are CRT deficient.
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difference in gentamicin levels and viability between CRT

siRNA-transfected K41 cells and control siRNA K41 cells was

greater than the difference between K41 and K42 cells. It is

possible that protein expression of another GBP with similar

physiological characteristics to CRT is increased in K42 cells to

compensate for the loss of CRT expression. Calnexin, the

transmembrane protein related to CRT, is a candidate for such

a protein (Williams, 2006), although we were unable to identify

it as a GBP in our pull-down assay. CRT and calnexin share

amino acid sequence identity of 30% and similarity of 40%, and

calnexin also has the N-, P-, and C-domains (Fliegel et al., 1989;

Smith and Koch, 1989; Wada et al., 1991). The C-domain of

CRT, which we identified as the gentamicin-binding domain, is

rich in negatively charged residues that can buffer Ca2þ and

binds to over 50% of Ca2þ in the ER with high capacity (Fig. 8)

(Nakamura et al., 2001). Because gentamicin is also a cationic

molecule, the large number of negatively charged residues in the

C-domain could attract and bind to the drug through electrostatic

interaction. Studies using gene knockout mice and cells

overexpressing or lacking CRT indicate that CRT functions

FIG. 6. CRT knockdown increases susceptibility to gentamicin cytotoxicity. (A) K41 cells transfected with CRT siRNA showed reduced intracellular

gentamicin levels compared with cells transfected with control siRNA, after 6 h of treatment at 37�C. (B) Quantification of fluorescence intensities showed that

intracellular gentamicin levels in CRT siRNA-transfected K41 cells were significantly lower than control siRNA cells (**p < 0.01). (C) Western blotting confirmed

that the two different siRNA for CRT reduced the protein expression efficiently in K41 cells, unlike the two scrambled control siRNA. (D) MTT assay on cells

treated with gentamicin for 3 days showed that CRT siRNA#2-transfected K41 cells had lower viability compared with control siRNA#2.
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may include Ca2þ buffering and homeostasis regulation through

the C-domain (Bastianutto et al., 1995; Mery et al., 1996;

Mesaeli et al., 1999). Normal heart development requires CRT

and is impaired in CRT-deficient mice because the cardiac cells

cannot properly regulate Ca2þ buffering and homeostasis (Guo

et al., 2002; Lynch et al., 2005). Interestingly, the C-domain in

calnexin is exposed to cytoplasm, where Ca2þ concentration is

low. Although the physiological significance of calnexin

C-domain remains unknown, calnexin could also bind to

gentamicin to prevent the drug from binding to other

cytoplasmic targets if it is indeed a GBP.

It is possible that upregulation of CRT expression by

gentamicin treatment (Fig. 5D) is induced as a cellular stress

response. Although it requires further investigation to determine

how CRT expression increases by gentamicin treatment, this

phenomenon is likely a cellular protective mechanism, and there

are two possible roles for CRT to protect the cell. First, increased

CRT expression provides greater numbers of binding sites for

sequestering gentamicin. This would limit drug access to other

ER lumenal targets like CLIMP-63, reducing cytotoxicity.

Second, CRT expression could be upregulated as a more general

stress response, as it has been reported that cisplatin, another

ototoxic agent used for chemotherapy in cancer, also increases

CRT expression (Coling et al., 2007). In order to counteract the

cellular stress, increased CRT expression could enhance Ca2þ

regulation to maintain Ca2þ buffering and homeostasis.

In this study, we also determined the cochlear distribution of

CRT, particularly in the marginal cells and the stereociliary

bundles of sensory hair cells. Detection of CRT in the

stereociliary bundles is particularly significant, as hair bundles

are a primary location of hair cell uptake of aminoglycosides

(Marcotti et al., 2005) and a site of ototoxicity (Gale et al.,
2001; Lenoir et al., 1983). However, CRT expression in this

region is unlikely to be within the ER. CRT is also expressed

on the cell surface of various cell types, and a number of

different functions have been suggested, including cellular

adhesion, immune response, and wound healing (Gold et al.,
2010). Expression of CRT in marginal cells of the stria

vascularis is also significant because several other proteins

such as NKCC1 and TRPV4 are expressed in these cells and

are also thought to be involved in aminoglycoside-induced

ototoxicity (Chu et al., 2006; Ishibashi et al., 2009; Karasawa

et al., 2008).

Based on this cochlear distribution, our original hypothesis

stated that gentamicin binding to CRT could enhance cytotox-

icity because of longer duration of drug retention in the cell.

However, our in vitro data in this study suggest that CRT could

protect cells from gentamicin-induced cytotoxicity by binding

the drug. This would reduce free gentamicin levels available for

binding to other molecules, including CLIMP-63, a GBP also

localized in the ER that promotes apoptosis upon binding to

gentamicin (Karasawa et al., 2010). It is possible that gentamicin

binding to CRT could disrupt function of this protein in vivo,

which could be a major cause of gentamicin-induced ototoxicity.

FIG. 7. CRT binds to gentamicin through the C-domain, and it contributes

to cellular resistance to gentamicin cytotoxicity. (A) HeLa cells were

transfected with GFP fusions of full-length CRT (CRT-GFP) or deletion

mutants of the N-, P-, and C-domains (DN-GFP, DP-GFP, and DC-GFP) that

retained the ER localization signal. Confocal microcopy confirmed that all the

GFP fusion proteins had similar intracellular distributions. (B) Gentamicin-

agarose pull-down assay was performed using 293T cells transfected with the

GFP fusions of full-length CRT or deletion mutants. Western blotting revealed

that the mutant lacking the C-domain was not pulled down by gentamicin-

agarose. (C) HeLa cells were transfected with the GFP fusions, and cells were

treated with gentamicin after 24 h. Cell viability was measured after 3 days of

gentamicin treatment (10mM). The bars represent the ratio to cells of the

respective transfectants not treated with gentamicin (the number is set as 1 for

cells with no gentamicin treatment). The C-domain deletion mutant showed

significantly lower viability compared with full-length CRT-GFP (**p < 0.01).

FIG. 8. Schematic diagram of CRT structure. CRT consists of a globular

N-domain, a proline-rich P-domain, and an acidic C-domain. The N-domain

includes polypeptide and carbohydrate-binding sites, and the P-domain

includes the binding site for ERp57, an oxidoreductase that forms complexes

with CRT for the chaperone function (Oliver et al., 1997). The C-domain

contains a large number of negatively charged amino acids that bind to Ca2þ.

Our pull-down assay shows that gentamicin binds to the C-domain.
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It will be difficult to test the CRT role in gentamicin-induced

ototoxicity in vivo because CRT null mutation is embryonic

lethal in mice (Mesaeli et al., 1999). Although significance of

cochlear CRT expression remains to be determined, the high

Ca2þ buffering requirement of hair cells suggests that these

cells use CRT to maintain tight ER lumenal regulation of Ca2þ

levels. It is possible that dysregulation of Ca2þ buffering and

homeostasis induced by gentamicin binding to CRT could

trigger hair cell death mechanisms. Future studies specifically

targeted at CRT function in the inner ear will likely reveal the

precise role of CRT in gentamicin-induced ototoxicity.
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