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Abstract

Aminoglycosides are broad-spectrum antibiotics that are used for the treatment of severe Gram-

negative and Gram-positive bacterial infections. While bactericidal effects of aminoglycosides are

due to binding to the 30S subunit of the bacterial ribosome, aminoglycosides can affect protein

synthesis, intracellular calcium levels and levels of reactive oxygen species (ROS) in eukaryotic

cells. While aminoglycosides can be cytotoxic at high concentrations, our results show that at

much lower doses, gentamicin can be implemented as a sensitizing agent for the NSCLC cell line

NCI-H460, increasing the efficacy of camptothecin, digitoxin and vinblastine in vitro. We have

also established that this sensitization is reliant on the ROS response generated by gentamicin.
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Drug combination therapies have greatly impacted the treatment of cancer and infectious

disease. Taking advantage of drug synergy can increase the efficacy of a treatment, reduce

side effects (by enabling lower doses) and can help elude resistance.1 Sensitizing agents are

drugs that exhibit minimal cytotoxicity at doses in which they improve the efficacy of a

chemotherapeutic agent.2,3 In our effort to identify novel sensitizing agents for cancer

chemotherapy, we envisioned aminoglycosides as having serious potential.

Aminoglycosides were appealing because of their broad therapeutic window, clinical

availability and recently validated therapeutic effects on protein synthesis. We sought to

leverage this interference with protein synthesis in a way that would stress cancer cells at a

concentration below which aminoglycosides are cytotoxic.

At high concentrations (> 5mM) aminoglycoside-induced cytotoxicity can occur and has

been attributed to the unfolded protein response/ER stress4, 5 an increase in cytosolic Ca2+,6

and generation of ROS.7 The initiation of a cascade of events to ROS accumulation is

thought to be the cause of apoptosis in kidney (nephrotoxicity) and ear hair (ototoxicity)

cells. It has been observed in vitro and in-vivo that antioxidants8,9,10 and iron chelators11,12

can be used to mitigate aminoglycoside nephro- and ototoxicity and prevent

aminoglycoside-induced lysosome permeabilization.13 In addition to interfering with protein

synthesis in mammalian cells, some aminoglycosides (e.g., gentamicin and genticin) have

been shown to correct nonsense mutations via readthrough, a placement of a random amino
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acid for premature stop codons when translating nonsense mutated genes.14,15 This

“correction process” can allow for the complete synthesis of a nonsense-mutated protein and

has been effective in the clinic. 16 This unique aminoglycoside/ribosome interaction led to

the choice of gentamicin for our study. To demonstrate the generalizability of any

sensitization effect, a series of cancer drugs that act at various cellular locations with a range

of mechanisms of action was chosen for screening: digitoxin17 and its α-L-rhamnoside

analogue18,19,20,21,22,23 (extracellular, Na/K-ATPase pump), 24 vinblastine (cytosol,

tubulin), 25 5-fluorouracil (nucleus, DNA polymerase), 26 camptothecin (nucleus, Topo I), 27

oxaliplatin (nucleus, DNA), 28 and doxorubicin (nucleus, DNA/TopoII).29

Herein, we describe our successful effort at utilizing gentamicin (GEN) in the sensitization

of non-small cell lung cancer cell lines NCI-H460 to a series of anticancer agents at

concentrations below which GEN cytotoxicity is observed. In determining the mode of

action for the sensitizing effect, H460 serves as the active cell line and A549, unaffected by

GEN, serves as a control cell line. This work demonstrates the potential therapeutic use of

GEN, which is routinely used as an antibiotic, in a dual-therapy approach to cancer.

Furthermore, given the broad acceptance of GEN as a culture medium supplement (e.g., NCI

panel of 60 cell lines) to prevent infection, this work also serves as a cautionary tale for its

use as a culture media supplement.

RESULTS

Sub-toxic concentrations of gentamicin sensitize H460 cells

Our combination assays for NSCLC cancer cell line (NCI-H460) showed that in a dose

dependent manner, gentamicin enhanced the cytotoxicity of several (but not all) anticancer

agents: digitoxin, RHA, CPT and VINB (Fig. 1). These four drugs make up three of the six

different classes of anticancer drugs evaluated. No measurable sensitization effect was seen

for the other anticancer agents: OXA, DOX and 5FU (Fig. 2). The sensitizing effect of GEN

for DIG and RHA was first observed at 1 μM GEN, and at 10 μM for CPT and VINB (Fig.

1B). For all four drugs, enhancement of cytotoxicity increased in a dose-dependent manner.

The effect of GEN on the drug treatment is synergistic, as no detectable cytotoxicity was

observed in the concentration window tested (100 nM to 1 mM). This lack of toxicity

enabled us to pretreat cells with GEN (100 nM to 1 mM) for 24 h before drug exposure.

Longer exposure times (up to 72 h) also showed no toxicity.

Selectivity for cell line and anticancer drug

H460 cells were pre-treated with GEN for 24 h and then with anticancer drugs for an

additional 48 h. Sensitization was observed for DIG, RHA, CPT and VINB. H460 cells are

sensitized to DIG analogues to the largest degree, with 75% and 85% reduction in cell

viability at 10 μM GEN for DIG (10 μM) and the α-L-rhamnoside analogue, RHA (10 μM)

respectively, compared to the native response of the anticancer drug. Cytotoxicity of CPT is

also enhanced, exhibiting a more gradual dose dependence. 100 μM GEN induces a 50%

decrease in cell viability compared to CPT alone (20 μM). An increase in cytotoxicity for

VINB with GEN treatment is also observed, though to a much lower degree. Enhancement

of 5FU, OXA and DOX was not observed after treatment with GEN. Dashed line boxes in

Figs. 1A and 2A are to indicate the representative concentration of anticancer drug used to

in the single dose data presented in Figs. 1B and 2B. Exposure of A549 to the identical

conditions showed no effect, however reducing the cancer drug treatment time to 24 h from

48 h because the inherent cytotoxicity of some anticancer drugs against A549 could mask

the effect of GEN. In contrast to H460, the data for A549, regardless of concentration and

duration, was never pronounced enough to indicate a similar sensitization effect (Fig. 3).
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This difference in response of H460 and A549 to GEN pre-treatment was utilized as a means

for determining the mode of action for GEN-induced sensitization of H460.

Gentamicin/cancer drug synergy

The degree of synergy was quantified by using the Chou-Talalay method (Fig. 4).30,31

Combination index (CI) values less than 1 were found for the three cancer drugs enhanced

by gentamicin: digitoxin (0.003), camptothecin (0.001), and vinblastine (0.056) (at 1 μM, 2

μM and 1 μM respectively), whereas CI greater than 1 were found for the non-synergizing

cancer drugs oxaliplatin (16.6), doxorubicin (2.12), and 5-fluorouracil (1486) (at 1, μM, 100

nM and 1 μM respectively) (Fig. 4A). The relative magnitudes of the effect are more easily

depicted in the dose-response-index (Fig. 4B). However, it should be noted that the absolute

values for these indices are overestimates, which result from the lack of cytotoxicity of

gentamicin at concentrations in which synergy is noted (GEN IC50 is calculated to be 5.1

mM against H460).

Apoptosis and cell cycle

The effect of GEN (alone and in combination with anticancer drugs) on apoptosis was

further explored with flow cytometry. FACS analysis following PI/annexin V co-staining

(Fig. 5, A, B) showed that GEN alone does not induce any apoptosis or necrosis across the

concentration window (10 to 100 μM). In addition, the enhancement in cytotoxicity of DIG,

was shown to occur via apoptosis as opposed to necrosis. The FACS data revealed a similar

dose dependency for GEN/DIG co-dosing as with the MTT data. Furthermore, it is

important to note that FACS analysis allowed for the detection of sensitization at much

lower cancer drug concentrations (150 nM DIG).

The effects of co-dosing on cell cycle arrest (Fig. 5C, D) were also measured by flow

cytometry. This analysis was performed on cells treated with combinations of GEN with

cancer drugs. Drugs that responded to (DIG and CPT) and did respond to (OXA and DOX)

sensitization were both used. As with apoptosis, GEN showed no effect on cell cycle.

Similarly, no significant effect on cell cycle was observed for the co-dosed cells.

In order to elucidate the mechanism of action for this sensitization effect we investigated the

effects of gentamicin on ROS production and the subsequent cellular response. At high

concentrations, aminoglycosides are known to cause apoptosis via the accumulation of ROS

in models for oto- and nephrotoxicity. To evaluate whether ROS plays a role in GEN-

induced sensitization, the antioxidant N-acetylcysteine (NAC) was supplemented into the

sensitization assay. H460 cells were treated with NAC 30 min prior to dosing with GEN (10

μM), followed by 24 h incubation. Cells were then treated with anticancer drugs for 48 h,

followed by evaluation of cell viability by MTT. At high concentrations of NAC (8 mM),

enhancement of DIG cytotoxicity was reduced (Fig. 6B.). This suggests that ROS generation

is present where sensitization is observed. However, the effect of NAC on ROS induced by

the other cancer drugs (CPT, VINB, OXA, DOX and 5FU) with GEN was inconclusive.

This analysis was further complicated by the fact that high concentrations of NAC can result

in cytotoxicity and also interferes with the MTT assay (see supplementary information).

Thus, two additional means for evaluating gentamicin-induced ROS production were

employed; a fluorescent probe for intracellular ROS and direct measurement of total

glutathione via an enzyme recycling assay.

CellROX® Green fluorescent reagent (Fig. 6A) was employed for the detection of

intracellular ROS. Fluorescence due to ROS is measured in intervals over a 6 h period

immediately after exposure to GEN and anticancer drugs. A stable increase in ROS was

observed in H460 cells treated with GEN alone and in combination with DIG and CPT.
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Despite an increase in ROS in A549 with GEN alone, a significant loss in ROS was

observed in cells treated with GEN in combination with DIG and CPT.

It has been previously established that the hydrogen peroxide detoxifying enzyme catalase

can mitigate GEN-induced toxicity13 and that H460 has very little catalase compared to

A549.32 It is therefore possible that the ROS produced by GEN is being actively detoxified

by the relatively high level of catalase in A549 cells. To supplement this, we measured the

perturbation of total glutathione levels in response to treatment with GEN in H460 and A549

cells (Fig. 6C). H460 and A549 cells were treated with 100 μM GEN and cells were

collected by scraping at 6, 12 and 24 h time points. Cells were then lysed, deproteinated and

added to a 96-well plate. Addition of a cocktail of glutathione reductase and Ellman’s

reagent produced a yellow coloration, and absorbance was read at 405 nm in a microplate

reader. A measureable increase in glutathione levels was observed in H460 cells in response

to GEN, which may be indicative of the cell’s response to an elevated level of ROS.

Although A549 cells have a lower basal level of glutathione, only a decrease in glutathione

was observed, indicating that, possibly due to its high level of catalase, A549 does not

respond to GEN with glutathione production. Thus, the cell line selectivity of the

sensitization effect can be seen in how ROS production in the two cell lines respond to

gentamicin/cancer drug exposure.

In addition, differences in ROS production in H460 cells can be seen depending on which

drug is co-dosed with gentamicin. For instance, H460 cells respond differently depending

upon whether the cells were exposed to the gentamicin sensitive drugs (camptothecin and

digitoxin, immediate ROS increase) versus a non-gentamicin sensitive drug (oxaliplatin)

(Fig. 6D). Specifically, there was a noticeable 2-hour delay in ROS production from H460

treated with the oxaliplatin/gentamicin drug combination (Fig. 6D/blue) in comparison to

gentamicin alone (Fig. 6D/green). In contrast, H460 cells treated with gentamicin and either

camptothecin or digitoxin showed an immediate increase in ROS production.

DISCUSSION

While further studies are needed, it is reasonable to imagine the use of gentamicin as a

sensitizing agent in future cancer chemotherapies. In fact, gentamicin has been used

clinically for the treatment of the infection in patients during cancer chemotherapy.33 In this

regard, the gentamicin as well as digitoxin, camptothecin and vinblastine are all approved

drugs, so it is reasonable to imagine gentamicin use in cancer therapy as a sensitizing agent.

It is also important to note that there are many examples of gentamicin use to prevent

bacterial contamination in the culturing of cancer cells.34 Given our findings of a

gentamicin/cancer drug sensitization effect, some caution should be taken before deciding to

use gentamicin as an antibiotic in the culturing of cancer cells, especially when screening for

cytotoxicity.

CONCLUSIONS

Our results show that gentamicin sensitizes NCI-H460 lung cancer cells to digitoxin,

camptothecin and vinblastine in a dose-dependent manner. The sensitization is synergetic in

that it occurs at concentrations below which cytotoxicity due to gentamicin alone is

observed. The cancer drug and cell line specificity of the effect appears to be linked to the

production of radical oxygen species (ROS) in the cell. We hypothesize that the sensitizing

effect of gentamicin can be attributed to the ROS generated by its interference with protein

synthesis. Through direct measurement of ROS as well as changes in total glutathione

content, a means by which the cytotoxic effects of certain anticancer drugs can be enhanced

by increased ROS levels is proposed.
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METHODS

Materials

CellROX™ was obtained from Life Technologies (Carlsbad, CA). Glutathione assay kit was

obtained from Cayman Chemical Company (Ann Arbor, MI). Propidium iodide/Annexin V

apoptosis assay kit was obtained from BD Biosciences (Franklin Lakes, NJ). Drugs were

obtained from commercial sources and used without purification, with the exception of

rhamno-digitoxin (RHA), which was synthesized in our labs. Gentamicin (GEN) was

obtained from Indofine Chemical Company (Hillsborough, NJ), Camptothecin (CPT) was

obtained from TCI America (Portland, OR), Vinblastine (VINB) was obtained from Eli Lilly

and Co. (Indianapolis, IN), Oxaliplatin (OXA) and Doxorubicin (DOX) were obtained from

Selleck Chemicals (Houston, TX). Digitoxin (DIG) and 5-fluorouracil (5FU) were obtained

from Sigma-Aldrich Co. (St. Louis, MO). MTT and metaphosphoric acid were obtained

from Alfa Aesar (Ward Hill, MA). N-Acetylcysteine was obtained from Avantor

Performance Materials (Center Valley, PA) and triethanolamine was obtained from Fisher

Scientific (Waltham, MA).

Cell culture and reagents

NCI-H460 and A549 cell lines were provided by the labs of Yon Rojanasakul (West

Virginia University) and cultured in RPMI-1640 media supplanted with 10% fetal bovine

serum, 1 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were

cultured in an incubator set to 37 °C and conditioned with 5% CO2.

Combination assays

H460 or A549 cells were seeded in full media in 96-well plates at a density of 5000 cells per

well. Drug dilutions were performed in serum-free RPMI-1640 (SFM). After seeding for 18

h, cells were dosed with GEN (5 concentrations, log 10) or SFM for 24 h. Cells were then

dosed with an anticancer agent (7 concentrations, log 10) across all GEN concentrations.

Plates were then incubated for 48 h (H460) or 24 h (A549) at 37 °C. All treatments were

performed in duplicate on each plate and repeated for a total of 3 independent experiments.

Cell viability was measured via MTT assay. Briefly, 10 μL of 5 mg/mL MTT solution was

added to each well. After 4 h, media was evacuated and 100 μL DMSO was added.

Absorbance was read at 570 nm in a BioTek® Synergy™ plate reader and data was

processed using Graphpad Prism. Reported data is the average of 3 independent

experiments; error bars correspond to mean ± SEM.

Apoptosis and cell cycle

Cells were seeded for 18 h in 6-well plates at a density of 200,000 cells per well. For

apoptosis/necrosis studies, cells were treated with GEN for 24 h followed by DIG for 48 h.

Detached and attached cells were collected (attached via trypsinization) and stained with

propidium iodide/annexin V. For cell cycle analysis, cells were collected by trypsinization/

centrifugation and incubated with RNAse A for 30 minutes, followed by addition of

propidium iodide. For both experiments, fluorescence was read on a BD Biosciences® flow

cytometer; data is representative of 10,000 gated events.

Measurement of reactive oxygen species

H460 and A549 cells were seeded in 96-well plates at a density of 5000 cells per well and

incubated for 24 h. Growth media was then removed and wells were washed twice with

PBS. Wells were filled with phenol red-free media (with 10% FBS) containing CellROX™

green fluorescent reagent (CRG). Plates were then incubated for 30 minutes. Drugs were

then added to the appropriate wells and fluorescence readings were immediately started.
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Fluorescence was read in 1 min 13 sec intervals a BioTek® microplate reader (485ex/

520em). Data is presented as fluorescence units with probe-only signal subtracted out.

Presented data is representative of three independent experiments.

Total glutathione quantification

Total glutathione was measured with an enzyme recycling assay.35 Concentrations of

glutathione were established from a standard assay with known GSH quantities. Briefly:

GEN (100 μM) was added at specified time points. Upon experiment completion, cells were

washed with PBS and harvested by scraping. Cells were pelleted, lysed with 300 μL RIPA

buffer and deproteinated with 300 μL of 100mg/mL metaphosphoric acid. 5 μL of 4 M

triethanolamine was added to 100 μL of deproteinated lysate. Deproteinated lysate for each

sample was added into a 96-well plate in duplicate followed by glutathione reductase

recycling assay cocktail. Samples were briefly placed on a shaker in the dark, followed by

microplate analysis for absorbance at 405 nm in 5 minute intervals. GSH measurements at

the 25 min time point are presented. Protein lysate prior to deproteination was analyzed via

Bradford36 assay to confirm that similar amounts of cell lysate were obtained from the two

cell lines (see supplementary information).

Statistical analyses

Cytotoxicity data were expressed as mean ± SEM. Comparisons were made using 2-way

ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Gentamicin sensitizes H460 lung cancer cells to certain anticancer drugs. NCI-H460 cells

were treated with GEN (0.1 μM to 1 mM) for 24 h and then cancer drugs (0.1 nM to 100

μM) for an additional 48 h (MTT assay). A Dose-response relationship for CPT at the 5

GEN concentrations (blue lines) plus control (black line). The sensitization effect is most

easily observed at 20 μM CPT (red box). B Bar graph depicting dose response relationship

for the sensitization effect of gentamicin on the cytotoxicity of the four drugs (DIG, RHA,

CPT and VINB) where sensitization would be expected. See the SI for the full dose-

response relationship for all drug combinations. (***, P < 0.0001; **, P < 0.001; *, P< .01)
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Fig. 2.
Gentamicin does not sensitize H460 to other anticancer drugs. NCI-H460 cells were treated

with GEN (0.1 μM to 1 mM) for 24 h and then cancer drugs (0.1 nM to 100 μM) for an

additional 48 h followed by MTT. A Dose-response relationship for DOX at the 5 GEN

concentrations (blue lines) plus control (black line). B Bar graph depicting dose response

relationship at a representative concentration for the three drugs (OXA, DOX and 5FU). See

the SI for the full dose-response relationship for all drug combinations.
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Fig. 3.
Gentamicin does not sensitize A549. A549 cells were treated with GEN (0.1 μM to 1 mM)

for 24 h and then cancer drugs (0.1 nM to 100 μM) for an additional 24 h (MTT assay). Bar

graph depicting dose response relationship at a representative concentration for the seven

drugs (DIG, RHA, CPT, VINB OXA, DOX and 5FU). See the SI for the full dose-response

relationship for all subset of drug combinations (DIG, CPT, VINB and OXA). (**, P <

0.001)
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Fig. 4.
Combination and dose-reduction index for GEN in combination with anticancer drugs. The

Chou-Talalay synergy formula was used to quantify synergy between gentamicin and

anticancer drugs. Data was calculated using Calcusyn (Biosoft, Cambridge, UK). A:

Combination index for gentamicin (10 μM) with anticancer drugs (DIG, VINB, OXA, 5FU

= 1 μM; CPT = 2 μM; DOX = 100 nM). Values <1 = synergy and > 1 = antagonism. Values

close to 0 for DIG, CPT, VINB indicate strong synergism. B: Dose-reduction index is the

fold-increase in dose necessary to achieve the same response without gentamicin.
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Fig. 5.
Gentamicin sensitizes cells to apoptosis at sub-toxic doses and does not affect cell cycle

progression. A and B NCI-H460 cells were seeded in 6-well plates at a density of 200,000

cells per well. Cells were treated with GEN for 24 h followed by 48 h treatment with 150

nM DIG. Cells were collected via trypsinization, washed 2x with PBS and stained with

propidium iodide and annexin V. Fluorescence was read on a flow cytometer followed by

quad analysis; data is representative of 10,000 gated events. C H460 cells were treated with

100 μM GEN alone for 24 h followed by treatment of some wells with combination with

50nM DIG or 2 μM CPT. D Cells are treated with 100 nM OXA or 100 nM DOX with and

without 24 h GEN pre-treatment. For all cycle analysis, after 4 h of incubation with the

anticancer drug, cells were treated with RNAse A and stained with propidium iodide. Cell

cycle distribution was measured by FACS.
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Fig. 6.
Gentamicin sensitizes H460 in a ROS-mediated pathway. A H460 and A549 cells were

treated with gentamicin, digitoxin and camptothecin alone and in the indicated

combinations. ROS levels were measured starting immediately after addition of the drug and

continued for 6 h. B NCI-H460 cells were plated in a 96-well format. 8 mM NAC was added

30 minutes prior to gentamicin. After 24 h, anticancer agents were added and the cells were

incubated for an additional 48 h. Viability was measured via MTT assay. C Gentamicin (100

μM) was added such that points for 6, 12 and 24 h were collected. Absorbance values were

compared to a standard GSH curve to obtain total glutathione concentration. Comparisons

between ROS curves were determined by fitting a nonlinear curve (cubic) and evaluating

significance with a Student’s t-test. NAC and GSH data was analyzed via 2-way ANOVA

(***, P < 0.0001; **, P < 0.001; *, P< .01).
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