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ABSTRACT

miRNAs are key non-protein coding regulators of gene expression in various
pathophysiological conditions. Targeting miRNA with small molecules offer an
unconventional approach, where clinically active compounds with RNA binding activity can
be tested for their ability to modulate miRNA levels and thus for drug repositioning.
Aminoglycoside antibiotics are highly effective microbicidal RNA binding molecules that bind
to prokaryotic rRNA secondary structures. Here, we report that specific subsets of miRNA can
be modulated by aminoglycosides. However, ototoxicity (cochlear and vestibular) and
nephrotoxicity of multiple origins resulting from prolonged use are a well-known disadvantage
of aminoglycosides. Mature non-coding RNAs and their precursors can present off-target sites,
by forming secondary structures that resemble ribosomal RNA, thus providing an additional
molecular basis for the toxicity of aminoglycosides. Using in vitro, in cellulae and
physiological responses, we provide evidence for the direct functional perturbation of the miR-
96 cluster leading to selective cell death in neuromasts- the zebrafish equivalent of cochlear
hair cells, by Streptomycin, a prototype aminoglycoside antibiotic, thus contributing to the
observed ototoxicity. Our observations, collectively underscore the importance of re-
evaluating RNA binding drugs for their off-targeting effects in the context of miRNA and other

functional non-coding RNA.
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INTRODUCTION

The knowledge that drugs prescribed as medicines, can cause adverse side effects due to
various reasons is not new and has been explored in past extensively . Avoiding drug induced
side effects/toxicities has emerged as the prime criteria in careful and meticulous evaluation of
new drugs which are designed and tested for therapeutic interventions. Although most
mechanisms of drug induced toxicities have been explained and categorized on the basis of the
drug-target relationships, several caveats exist which prevents a comprehensive understanding
of these adverse side effects. Drugs targeting proteins have been explored to a great extent and
their side effects well studied. This, however, is not true for drugs which target RNA.
Historically, the drugability of RNA has been demonstrated using well studied aminoglycoside
antibiotics which have been an integral class of antibacterial agents for the past half a century.
However, knowledge about aminoglycoside drug-target RNA interactions has been limited
owing to their apparent specificity to prokaryotic systems which now have been questioned
due to their adverse side effects(Begg and Barclay, 1995). It is also evident that most of the
RNA binding, candidate drugs were tested for their efficacy and their side effects recorded
without the knowledge of the full spectrum of the transcriptome which was earlier thought to
only consist of mRNA, tRNA and rRNA. Extensive technological advances like next
generation sequencing have uncovered the functionality of the human genome with
unprecedented resolution, where now it is known that most of it is transcribed as functional
non-coding RNA(Jacquier, 2009). microRNAs are one such class which serve to function as
modulators of mammalian gene expression and have been extensively characterized as an
indispensable layer of cellular regulatory molecules(Bartel, 2009). miRNAs form a complex
network of gene regulators with a single miRNA estimated to control hundreds of
MRNAs(Krol, et al, 2010). Their causal roles in disease pathology are well
understood(Mendell and Olson, 2012) leading to the understanding that expression imbalance
of mIRNA are associated with a perturbation of cellular homeostasis. mMiIRNA biogenesis
involves the processing of longer precursor molecules which are enrich in secondary structures.
Conventional methods of mMIRNA knockdown using chemically modified antisense-
oligonucleotides have been explored extensively but face the challenges of modes of delivery,
biostability and biodistribution. This calls for the development of more alternative and non-
conventional methods to target miRNA. Small molecules targeting RNA chemical and
structural space provide one such timely opportunity (Jayaraj, et al., 2015). We here explore

the potential of well characterized RNA binding drugs (using aminoglycoside antibiotics as an
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example) to cross react with miRNA and characterize in detail the effects of Streptomycin
which we previously showed to be a potential inhibitor of miR-21 function (Bose, et al., 2012).

Streptomycin functions as an effective antibiotic via binding to the stem-loop structure (Hong,
et al., 2014; Leclerc, et al., 1991) of the 16S rRNA of prokaryotic 30S ribosome resulting in
inhibition of protein synthesis and mistranslation (Kohanski, et al., 2008), ultimately leading
to the death of the microbial cells. Classically Streptomycin has been used to treat tuberculosis,
although its widespread usage is limited due to its associated side effect, hearing loss or
ototoxicity and to a lesser extent nephrotoxicity (Begg and Barclay, 1995). Ototoxicity of
Streptomycin (and aminoglycosides in general) has been explored over four decades and
ascribed many different mechanisms of which disruption of mitochondrial ribosome function
(owing to the similarities to prokaryotic ribosome) has been explored in detail (Hobbie, et al.,
2008; Prezant, et al., 1993). Other studies indicate that aminoglycosides can disrupt ER
homeostasis by direct binding to proteins (Karasawa, et al., 2010). They also cause ototoxicity
by inhibiting chaperoning activity of HSP73 and Calreticulin (Horibe, et al., 2004; Miyazaki,
et al., 2004). However subsequent studies showed that calreticulin binding is rather protective
than toxic (Karasawa, et al., 2011). Aminoglycosides have also been shown to inhibit cytosolic
ribosomal activity and protein synthesis (Francis, et al., 2013), whereas attempts to reduce
mitochondrial binding yielded designer aminoglycosides which selectively inhibit cytoplasmic
protein synthesis contradicting the previous finding (Shulman, et al., 2014). A more detailed
review of the various intracellular mechanisms of aminoglycoside toxicity reported so far has
been discussed elsewhere (Karasawa and Steyger, 2011). Since the primary target of
aminoglycosides are stem-loop structures, we hypothesized that aminoglycosides can bind to

and disrupt function of physiologically relevant miRNA.

MicroRNA were recently shown to be important for the development of hearing, when the
evolutionarily conserved role of miR-96 cluster was delineated (Mencia, et al., 2009). It was
observed that loss of miR-96 function leads to progressive hearing loss (Lewis, et al., 2009;
Mencia, et al., 2009). More recently, thorough surveys revealed expression of several other
miRNA in the mammalian inner ear (Rudnicki and Avraham, 2012; Ushakov, et al., 2013).
However it remains that the function of miR-96 cluster is evolutionarily conserved prompting
our examination of this cluster in particular. We show that Streptomycin induced ototoxicity
could be a result of perturbation of miRNA-96 cluster function (amongst other miRNA)
amongst other known factors. Zebrafish has been established and used a model organism to

screen for potential chemical agents which can protect against drug induced hearing loss
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(Bowman and Zon, 2010). This is due to the fact that the lateral lining of the developing
zebrafish show extensive functional and molecular similarities (Whitfield, 2002) to the
mammalian inner organs. Using a series of cellular transcriptional responses complemented by
biophysical and biochemical validation, we uncover a hitherto unknown mode of
aminoglycoside action by global perturbation of microRNA levels which may result in new
indications for aminoglycosides. We extend our analyses to an in vivo scenario using zebrafish
as a model system and explain alternate modes of Streptomycin induced ototoxicity as an

example.

RESULTS

Aminoglycosides induce differential expression of miRNA

To systematically deconvolute the effects of aminoglycosides, we initially used a prototypic
aminoglycoside, Streptomycin, to screen for global effects of mMiRNA perturbation. When such
small molecules are tested, with a view of inhibiting miRNA function, the question of
specificity always takes prime importance. To address this, we performed a cell based assay,
where we quantified levels of 380 miRNA (of which are at least 100 are present in functional
abundance in MCF-7). We isolated total RNA from cells treated with Streptomycin at a
concentration of 10 uM for 24 hours. Relative RT-PCR quantification of miRNA levels
revealed that many miRNA showed differential expression. We observed a non-uniform
distribution of fold change (for top 50 miRNA expressed) indicating miRNA specific responses
upon treatment with Streptomycin. (See Fig S1a). Although we observe that Streptomycin
downregulates a number of miRNA (of which miR-21 is significantly downregulated), upon
applying an arbitrary cutoff of 2 fold (log. transformed) we obtain 13 miRNA (hereafter
referred to as hits). We repeated these analyses using a panel of 5 other related (natural and
semisynthetic) aminoglycosides- Dihydrostreptomycin, Gentamycin, Neomycin, Amikacin
and Tobramycin. All the drugs were treated at the same dosage (10 uM) to MCF7- cells and
the miRnome wide transcriptional response recorded (See Fig S1b). For the ease of analysis,
we restricted our analysis to functionally relevant miRNA (See Fig S2 and Supplementary note
1) and obtained an expression atlas across 6 drugs (Fig 1a). We observed that for most miRNA,
there is a differential response depending on the aminoglycoside drug administered.
Correspondingly, each drug generated a global but differential response across the functional
miRnome (Fig 1b). We then filtered the dataset to obtain hits above the 2 fold cutoff for each
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small molecule drug treatment. We then constructed a network of small molecule drug and
miRNA transcriptional responses, based on the lists of downregulated miRNA generated (Fig
1b and 1c). From the network properties we note that, Streptomycin, Gentamycin, and
Dihydrostreptomycin have the least degrees (i.e. connected nodes). Streptomycin, Gentamycin,
and Dihydrostreptomycin cause fewer global effects (Fig 1a and 1b), suggestive of a better
starting point as a scaffold for modification to improve specificity and selectivity. Further these
molecules may serve as valid predecessors of potential small molecule modulators of miRNA

function.

It is usually impossible to distinguish the direct and indirect effects of miRNA expression
changes upon small molecule treatment, however we rationalized that these hits may harbor
similar secondary structure attributes. Therefore, we analyzed the local structural
similarity(Will, et al., 2012) of the precursor miRNA between these hits for all the drugs and
gauged that indeed these miRNA have elements of structural similarity as compared to
randomly selected miRNA (Fig 1d, Fig S3a-S3f) . We gauged that there is a partial dependence
on structure and a more thorough investigation would be essential to separate out the observed

effects.

These results led to two major implications, Firstly, that there are specific miRNA subsets in
the miRnome which can respond to specific aminoglycoside treatment and it is imperative that
these small molecules are to be further scrutinized to increase specificity and selectivity.
Secondly, the clinical aminoglycoside antibiotic administration could modify the expressed
miRnome thereby contributing to their associated toxicities. We also noted that almost all the
drugs cause an increase in expression in a subset of mMiRNA when compared with the untreated
cells. Notably for Streptomycin alone, some of the miRNA (Fig S1a) are up regulated (24 hits,
2 fold cutoff, see Supplementary Table S1) which may be due to the differential effects of the
Streptomycin binding and increased dicing efficiency (See supplementary note 2) among other

reasons.
mMiRNA dysregulation is not due to a generic perturbation of miRNA biogenesis pathway

It is know that aminoglycoside administration induces mitochondrial stress, disruption of ER
homeostasis amongst other effects on mammalian cells (Kalghatgi, et al., 2013; Karasawa and
Steyger, 2011; Oishi, et al., 2015). Such a stressed state is typically known to have a very strong
effect on miRNA regulation (Emde and Hornstein, 2014; Leung and Sharp, 2010). We sought

to understand if the observed effect is due to a general failure of the miRNA biogenesis
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machinery. To this end, we treated MCF7 cells at 2X and 20X (where X=10uM) streptomycin
and measured the levels of key miRNA pathway genes Dicer, AGO1, AGO2, AGO3 by
quantitative RT-PCR. We observed no significant changes in expression levels at 2X
concentration (Fig 2a). This held true even at 20X concentration of Streptomycin.
Independently we examined a recently published data (Oishi, et al., 2015), where HEK293
cells were treated with Geneticin (a derivative of Gentamicin) and measured the response using
microarrays. Meta-analysis of the data revealed that most of the miRNA biogenesis pathway
genes were not significantly perturbed (Fig 2b). Taken together, miRNA dysregulation appears
to be independent of any perturbation of a global factor governing miRNA biogenesis.

Functional studies hint at miRNA perturbation as a potent contributor to side-effects of

aminoglycosides

To systematically analyze the effects of each drug molecule, we prepared response sets for
each treatment with a reduced stringency to capture more biologically relevant information.
We started with Streptomycin, and a detailed analysis of function revealed an unexpected
possibility of miRNA perturbation related to the side-effects of the drug. We observed the two
mMiRNAs - miR-96 and miR-182 are downregulated by approximately 1.5 fold. Interestingly,
these MIRNA belong to a cluster (miR-96, miR-182 and miR-183) whose functions are
indispensable for the development and maintenance of hearing function(Rudnicki and
Avraham, 2012). Other studies in mice implied that loss of function of miR-96 and cluster
members resulted in abnormal development of the inner ear leading to hearing loss (Lewis, et
al., 2009). miRNA are known to have multiple roles based on the tissue of expression and
functionally diverse repertoire of their target mMRNA(Sood, et al., 2006). miR-96 is also known
to function by promoting cellular proliferation and is expressed significantly enough in MCF7
(Guittilla and White, 2009). We rationalized that, if Streptomycin lowers expression of miR-96
and other relevant miRNA in the cellular model, it is possible that they may be downregulated
in the case of systemic administration of Streptomycin, due to its continued usage for the
treatment of Tuberculosis despite its extensively documented ototoxicity leading to hearing
loss (Mitnick, et al., 2008). Although, previous reports converge on the mitochondrial damage
- induced cell death as the major contributor (among other possibilities) to hearing loss, based
on the observations, we asked if the clinical manifestation of drug's side-effect can also funnel

via functional perturbation of miR-96 cluster.
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mMiR-96 cluster members are perturbed in a whole animal physiological model by
Streptomycin administration

We sought to test if miR-96 downregulation occurred in a physiological model. We chose
zebrafish as a model system to test our hypothesis. As mentioned before zebrafish lateral line
neuromasts share extensive similarity in function and structure to the mammalian inner ear and
have been used for chemical screens for compounds which can protect against ototoxic drugs
(Owens, et al., 2008). Additionally, the roles of miR-96 and other cluster members have been
shown to regulate the levels of hair cells in developing zebrafish and regulate sensorineural
fates (Li, et al., 2010) in a manner similar to mammalian systems. Knockdown of these miRNA
led to loss of hair cells and other phenotypic abnormalities associated with underdeveloped
hearing capacity (LI, et al., 2010). We also noted that miR-96, miR-182 and miR-183 were
conserved across species (Rudnicki and Avraham, 2012). A conservation plot based on the

precursor miIRNA (Fig. 3a), shows the extensive similarity of the cluster members.

To begin with, we assayed for the loss of hair cells on aminoglycoside treatment to confirm the
viability of the model system. The hair cells of the neuromasts can be easily stained with vital
dyes like DASPEI (a mitochondrial potentiometric dye) and thus visualized making the system
amenable for testing the effects of aminoglycosides on the viability of the hair cells as
previously described (Owens, et al., 2008). We observed a substantial loss of signal from the
lateral line neuromast hair cells in 5dpf embryos treated with 200uM Streptomycin for 1 hour
compared to the non-treated control set. This provided a starting platform to derive phenotypic
readouts to compare miR-96 cluster knockdown and aminoglycoside treatment. To assess if
the cluster miRNA levels are perturbed due to Streptomycin treatment, we quantified their
levels through g-RT-PCR. We noted that miR-96 cluster members and other miRNA reported
to be associated with hair cell development, were appreciably downregulated (Fig 3b). We then
quantified global miRnome changes using a customized miRnome (248 miRNA) readout assay
(Methods). Concordant to our results obtained in the cellular model, we observed a very
asymmetric change in expression levels with many miRNA being downregulated while others

being upregulated (Fig S4).
Streptomycin binds directly to pre-miR-96 thereby reducing its dicing efficiency

To establish that aminoglycoside induced ototoxicity could channel via miR-96 cluster
perturbation, we performed a series of in-vitro experiments. First, we addressed the question

of whether Streptomycin actually binds to any of the members of the miR-96 cluster. To this
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end we performed S1 nuclease footprinting to determine if Streptomycin and other
aminoglycosides confer any protection. Streptomycin showed protection for miR-96 cluster
(Fig S6abc) whereas other aminoglycosides show no or negligible protection to this cluster
(data not shown). Presence of Streptomycin in increasing concentrations reduced the cleavage
of the RNA by S1 nuclease (Fig S6abc) indicating the binding of Streptomycin close to the
stem loop junction (protected residues are highlighted in red in Fig S6). We note that this
protection was most substantial for miR-183, followed by miR-96 and miR-182 suggesting that

all 3 miRNAs are affected to varying degrees.

Detailed investigation of the binding affinity and kinetic parameters were done using Surface
Plasmon Resonance (SPR) experiments. The binding affinities of pre-miR-96 and pre-miR-
182 (human and zebrafish) to Streptomycin were comparable and were in the ranges of values
reported in literature for aminoglycoside binding (Fig S5 and Supplementary Table S2). In
particular the binding affinity of Streptomycin to human pre-miR-96 was 6.50E+07 M.

Having established that Streptomycin can bind to pre-miR-96, we probed for its potential to
perturb the maturation process by blocking the dicing reaction. We observed that for the
aminoglycosides and miRNA tested, Streptomycin was able to prevent dicing to the maximum
extent (Fig S6d).

Streptomycin treatment produces a phenocopy of miRNA knockdown

Next we asked if the effects of Streptomycin treatment are similar to those of miRNA
knockdown. To this end, we phenotypically profiled zebrafish embryos upon treatment with
different aminoglycosides including Streptomycin. As mentioned before, the hair cells of the
lateral line neuromasts can be visualized with DASPEI. We treated 5 dpf embryos with
Streptomycin and other aminoglycosides at a concentration of 200uM. Fluorescence
microscopy revealed a uniform loss of signal from the hair cells concentrated at the neuromasts
(Fig 4a). For a more clear visualization of the hair cell bundles, we imaged embryos using
confocal microscopy (Fig 4a inset). The treatment of each of the aminoglycosides except for
Ampicillin (a non- aminoglycoside antibiotic) caused a considerable loss of signal (Fig S7a).
We investigated if there is a corresponding decrease in miRNA levels. In situ hybridization
using probes against miR-96, miR-182 and miR-183 showed a complete loss in signal in
embryos treated with Streptomycin (Fig 4a inset and Fig S7b). Collectively, these results

suggest a functional connection between loss of hair cells and reduction in miRNA levels.
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Further, we scored for similarities in developmental defects between morpholino based
mIRNA knockdown and Streptomycin treatment. It is well understood, that the anatomical
features of mammalian and the zebrafish inner ears have a high degree of similarity(Whitfield,
2002). Particularly, the otic development programs and features of the otocysts have been
earlier used to estimate the roles of specific miRNA in inner ear development. Otocyst
formation is completed at the time window of 48hpf -52hpf(Haddon and Lewis, 1996) through
the morphogenesis and formation of the otoliths and semicircular canals. In a normal
developmental scenario, the superior semicircular canals (referred to SSC) (Fig 4a, last panel)
develop at this stage and appear as craters in the otherwise smooth otocyst. Knockdown of
miRNA from this cluster has been shown to deregulate this developmental process, giving a
smooth appearance to the otocyst (Li, et al., 2010). We scored for the parallel effects of
morpholino knockdown and aminoglycoside treatment. Morpholino based knockdown and
aminoglycoside treatment at the single cell stage, both gave a drastic change in the ratio of fully
developed and underdeveloped SSCs (Fig 4b). These results collectively indicate a profound
phenotypic similarity between MO based knockdown and Streptomycin treatment in
developing zebrafish embryos, suggesting that Streptomycin acts to decrease levels of this miR

cluster and thus lead to observed hearing/balance defects.

Our data cumulatively suggest that ototoxicity of Streptomycin may funnel through
physical interaction and subsequent reduction of miR-96 cluster levels. However, it is well
documented that Streptomycin induced mitochondrial damage and subsequent apoptosis of hair
cells explains the observed ototoxicity. This may occur due to the genetic predisposition of the
patient due to certain mitochondrial mutation (Prezant, et al., 1993) among other factors. It is
quite possible that our earlier results showing a signal loss of miR-96 in our transcriptional
profiling and whole mount in-situ hybridization, may originate by complete loss of the hair cell
as a whole due to mitochondrial damage and apoptotic cell death. To distinguish these effects,
we rationalized that at low concentrations where hair cell viability (as a function of DASPEI
based mitochondrial uptake) is preserved, if miR-96 and cluster miRNA levels are reduced, it
would indicate a mitochondria-independent pathway of progressive ototoxicity of the drug. We
thus, reduced the treatment concentrations progressively until, we reached an optimal
concentration of 20uM where we did not observe an noticeable change in viability of hair cells
(Fig 5a, b). In-situ hybridization showed signal of miRNA cluster members (Fig 5a, b). We
then quantified miRNA levels with gRT-PCR at this concentration range. Indeed levels of miR-
96, miR-182 and miR-183 were reduced (Fig 5c).
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Discussion

Drug toxicities until now were explained in the context of drugs causing side effects by
mechanisms which generally involve mistargeting in the proteome. Several such examples
have been documented in the past which have also given insight into the so called
‘polypharmacological’ potential to these drugs(Ashburn and Thor, 2004). Recent studies on
'drug repositioning' also have given opportunities to explore existing drug usage in the context
of different diseases beyond what they were intended for. Aminoglycosides have already been
used for promoting read through of premature termination codons in various conditions (Heier
and DiDonato, 2009). Mirroring these efforts, and owing to the growing body of literature of
druggable RNA we sought to explore the potential of well characterized aminoglycosides to
modulate miRNA. Our results indicate that although aminoglycosides have a potential to
modulate miRNA levels, their usage as direct candidates are limited owing to their miRnome
wide perturbation. As indicated before, of the 6 aminoglycosides tested, Streptomycin,
Gentamycin and Dihydrostreptomycin show a promising potential as starting scaffolds due to
their relatively specific and minimal global perturbation. It is also evident, that not all
perturbations may be a result of structural similarity calling for further intense scrutiny of
potential secondary effects. Nevertheless, the extent of cross talk of a simple aminoglycoside
antibiotic like Streptomycin is significant in the context of increasing ascription of function to

the non-coding transcriptome which serves as a rich sink of secondary structures (Fig S8).

We further demonstrate this cross talk and the emergent explanation of drug toxicity of well
characterized aminoglycoside antibiotics, funneling via perturbation of miRNA function.
Using zebrafish as a model system, we show that ototoxicity of Streptomycin can channel by
decreasing miR-96 and other cluster members. Here, we show that miR-96, miR-182 and miR-
183 (amongst other hearing related miRNA) decrease in expression due to Streptomycin
administration. We also provide evidence that this decrease is due to the binding of the drug to
the precursor miRNA, and subsequent perturbation of maturation by Dicer. Recently, a genetic
study involving patients with non-syndromic inherited hearing loss showed that a novel
mutation outside of the seed region of miR-96 (in the terminal loop) is strongly associated with
the disease outcome. This mutation causes an altered stability of pre-miRNA causing a lowered
maturation (Solda, et al., 2012) thus functionally causing the observed phenotype. This

observation lends credible support to the results obtained in our study.

Although, mechanisms of ototoxicity of aminoglycosides have been previously described to

stem from the interactions of aminoglycosides with various intracellular molecules like ferric
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ions, phoshoinositides, mammalian mitochondrial RNA, and proteins (Karasawa and Steyger,
2011), it remains unclear to what degree to these individual components contribute to the
toxicity observed. Recent evidences also point out that, even antibacterial effects of
aminoglycosides can assume different trajectories (Foti, et al., 2012; Kohanski, et al., 2007,
Kohanski, et al., 2008) involving various different pathways in a chronological manner, giving

impetus to ask if aminoglycosides can perturb mammalian cell function in a similar fashion.

The severity of ototoxicity of Streptomycin differs with treatment dosages. Clinically,
till date, only administration and dosage regimes have been modified without a clinically
relevant remedial counter measure (Begg and Barclay, 1995; Mitnick, et al., 2008). Most of
the interactions of aminoglycosides result in the generation of ROS and subsequent
mitochondrial destabilization and apoptosis (Karasawa and Steyger, 2011). We here suggest,
in the myriad complexities of overlapping pathways of ototoxicity, perturbation of miRNA
function may be one of the important contributory factors, considering the fact that previous
attempts of otoprotectant strategies (Huth, et al., 2011) did not completely ameliorate the
ototoxicity of aminoglycosides. According to a recent report (Kalghatgi, et al., 2013)
aminoglycosides induce mitochondrial dysfunction and damage. However in that study, ROS
is claimed to be a contributor, but not the sole contributor of the resulting cellular damage, thus

aligning well with the non-uniformity of the clinical success of anti-oxidants.

Although, the downstream effects of miRNA perturbation in this case is not clear yet, we
suggest, that residual, local cytosolic concentrations of Streptomycin, may be enough to cause
miRNA decrease and subsequently reduce efficacy of any otoprotectant. Our results thus
indicate that although ROS induced damage may explain most cases of drug induced toxicity,
it may not be the only determinant. This is evident from the fact that, all the drugs do not give
the same expression change pattern (Fig 1a). In another example, the cardiotoxicity induced
by administration of chemotherapy agent doxorubicin, was explained to be driven by a
topoisomerase isoform Top2B(Zhang, et al., 2012), and not solely because of redox cycling.
The primary killing mechanisms of bactericidal antibiotics involving ROS production were
also put to debate (Keren, et al., 2013; Liu and Imlay, 2013), suggesting that the situation may
not be so different for observed effects of aminoglycosides in eukaryotic systems. However
follow up studies in prokaryotes (Belenky, et al., 2015; Dwyer, et al., 2014; Dwyer, et al., 2015)
indicate that redox (ROS) related physiological alterations form a part of drug lethality,

however it is not the sole contributor.
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In summary this report suggests that RNA binding drugs need to be re-evaluated for the off
targeting effects in backdrop of non-coding RNA. These results also imply that drug side effect
evaluation should include a screen for such possibilities. Our results have exemplified that even
classical antibiotics like Streptomycin have significant off targeting effects in the context of
miRNA perturbation which can be used for potential drug repositioning upon further
characterization and modifications. Our results also uncover a previously unanticipated
mechanism of ototoxicity by an RNA binding drug which has been in use for over half a

century.
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EXPERIMENTAL PROCEDURES
Cell culture, miRNome expression profiling, gRT-PCR.

The MCF-7 cells were passaged in 24-well plate (5x10* cells/well), grown to 70% confluency
and treated with different aminoglycosides at a concentration of 10 uM. Cells were then
incubated at 37 °C for 24 h (DMEM, 5% CO,). The media was removed, and cells were washed
with PBS buffer and total RNA was isolated using TRizol® Reagent (Invitrogen). Expressions
of mature microRNAs (380, plate 1) were determined by Human miRNome profiler Kit. (SBI,
catalog number RAG660A-1). Primer sequences are available on request.The microRNA

expression levels were detected using SYBR- fast 2X mastermix (KAPA Biosystems,
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KM4101) on Roche Lightcycler LC 480. All experiments were repeated twice and Ct values
differing beyond a range of + 0.5 were discarded. All the data were then analyzed using the AA
Ct method (Schmittgen and Livak, 2008). For the RNA samples isolated from zebrafish
embryos, an in house custom array in a 384 well format was created in the same format,

allowing global quantification of miRnome (248 miRNA, mirbase V15) in D.rerio.
Undirected Network Construction

For ease of interpretation and visualization of the transcriptional response data, the dataset after
applying a cutoff of 2 fold for downregulation was converted into an adjacency matrix. The
interactions of each small molecule drug with given miRNA were computed using a custom in

house script. The network was then visualized using Gephi (version 0.8.2 beta).
Footprinting and Dicer Cleavage Assay

P3-5'end labeled in-vitro transcribed pre-miRNA was subjected to a denaturation and
renaturation procedure before structure probing. The P32-5"end-labeled RNA (60000 cpm) was
incubated in 50 mMTris-HCI (pH 7.5), 50 mMNaCl, 5mM MgCI2 in a total volume of 8 pL.
The sample was heated at 90°C for 1 min and left in a thermal block for slow (~10 min) cooling
to 37°C. 1 pL Streptomycin was added to a final concentration of 10 uM and incubated at 37°C
for 10 minutes. For S1 nuclease probing 1pl of S1 nuclease was added (total amount of enzyme
is each reaction is 47.5 U) and incubated at 37°C for 1 min. The reaction was stopped by adding
10 pL 0f 95% formamide with dyes. 10 pL was loaded in 15% denaturing gel. For T1 nuclease
probing 1uL of T1 nuclease was added (total amount of enzyme is each reaction is 0.05 U) and
incubated at 37°C for 1.5 minute. The reaction was stopped by adding 10 pL 0f95% formamide
with dyes. Alkaline digestion ladder and RNase T1 digestion ladder was generated as described
earlier. Samples were run in 15% denaturing PAGE and exposed to phosphor screen overnight.

Cleavage profiles were generated using Multi Gauge software (version 2.3).

The Dicer cleavage assay was performed at 37 °C for 4 h using Dicer buffer (Invitrogen). Each
reaction mixture contained 3 pL of P*2-5’end labeled pre-miR (~20 ng), and 0.01 U of Dicer
(Invitrogen). We have used 10puM aminoglycoside in a final volume of 10 pL. The reaction
was stopped by Dicer stop buffer (Invitrogen). Equal volume of 95% formamide with dyes was

added, loaded in 15% denaturing gel.

Surface Plasmon Resonance


https://doi.org/10.1101/137935

bioRxiv preprint doi: https://doi.org/10.1101/137935; this version posted May 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

All kinetic parameters of binding of the peptides to RNA were calculated from SPR
experiments performed on BlAcore 3000 system running with BIAcore 3000 control software
version 4.1.2. The pre-miRNA were biotinylated at the 5" end of the RNA. The 100 nM stock
solution of RNA was used for immobilization on the flow cell 2 of streptavidin coated SA chip
until an RU change of 500-600 was achieved. After immobilization the buffer was allowed to
flow on the sensor chip surface to remove any unbound RNA. Flow cell 1 was left blank to
account for nonspecific background signal, and was subtracted from the signal in flow cell 2.
All the RNA Streptomycin solutions were prepared in 10 mM HEPES (pH 7.5) buffer with 10
mM NaCl and 1 mM MgClz. Serial dilutions of the 10 uM stock were done to make their
concentration series. The binding and dissociation were monitored for 300 s, followed by 60 s
regeneration using buffer. The sensograms were analysed with BlAevaluation software version

4.1.1 using 1:1 Langmuir model and the goodness of the fitting was monitored by x2 value.
Zebrafish Husbandry and Treatment with Aminoglycosides

Zebrafish used in this study were housed at the CSIR-Institute of Genomics and Integrative
Biology following standard husbandry practices. Zebrafish embryos were obtained by pair-
wise mating of adult fish. Zebrafish experiments were performed in strict accordance with the
recommendations and guidelines laid down by the CSIR-Institute of Genomics and Integrative
Biology, India. The protocol was approved by the Institutional Animal Ethics Committee
(IAEC) of the CSIR Institute of Genomics and Integrative Biology, India (Proposal No 45a).
Aminoglycosides were diluted in defined E2 embryo medium. Animals were treated with drug
or embryo media (mock-treated controls) for times indicated, subsequently washed rapidly

three times in fresh embryo medium and allowed to recover for one hour.
Microinjections

Morpholino injections were performed following a published protocols. Glass capillary (World
Precision) micropipettes were pulled using Sutter Instrument (USA) and clipped appropriately
for microinjection into one cell stage zebrafish embryos. Morpholinos (MO) were administered
as 2-3 nanoliter (nl) injections containing 10 mM MO was injected at one cell stage zebrafish

embryos.

Whole mount in-situ hybridization and imaging
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Whole-mount in-situ hybridiza-tion (WMISH) was performed as described previously
(Kloosterman et al., 2006) 44. Embryos older than 22 hpf were treated with phenylthiourea
(0.2mM) to inhibit pigmentation. Embryos were fixed in 4% paraformaldehyde in PBS at 4°C
overnight or at room temperature for 2 h, followed by dehydration in methanol at 20°C for at
least 2 h. After rehydration through graded methanols and treatment with proteinase K
(2.8-22pg/ml), embryos were preincubated in hybridization buffer for 2-3 h and then were
hybridized with antisense RNA probes (1 pg /ml) at 65°C or lockednucleic acid (LNA)-
modified DNA probes for miRNAs (20 nM; Exigon) at 51°C overnight. The 3" ends of LNA-
modified probes were labeled with digoxygenin (DIG; Roche Applied Science) according to
the manufacturer’s recommendation before hybridization. After hybridization and high-
stringency washes, embryos were blocked in 2% goat serum and 2 mg/ml BSA in 0.1% Tween
20 in PBS at roomtemperature for 1 h and incubated in anti-DIG conjugated to alkaline
phosphatase antibody (Roche Applied Science) at 4°Covernight. Embryos were incubated in
BCIP (5-bromo-4-chloro-3"-indolyl phosphate p-toluidine salt; 175ug/ml) and NBT (nitro-
blue tetrazolium chloride; 225 pg/ml) (Roche Applied Science) at room temperature for2h or

at 4°C overnight for purple colour reaction.
Hair cell imaging

Post dye staining, whole animal embryos were imaged using an upright Zeiss Axioscope 40
microscope (Carl Zeiss, Germany) using 2.5X and 5X magnification and 0.075 numerical
aperture. To visualize the hair cell bundles specifically, confocal microscopy using a Zeiss
LSM 510 Meta system at 40X magnification with the appropriate filter sets and uniform

settings for all animals imaged per set. All images were processed using Adobe software.
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TABLE AND FIGURES LEGENDS

Table 1.

Table summarizes binding of aminoglycosides to the pre-miRNA which were synthesized by
in vitro transcription as per manufacturer's instructions (Ambion. ,Inc). The summary is a result
of two independent observations for each aminoglycoside to determine their physical binding
to the respective precursor miRNA. Here only Streptomycin showed significant protection and
thus binding to pre-mir-182 and pre-mir-96.

Figure 1.

a) Expression changes of the functional 85 mIRNA expressed in MCF7 in response to
Streptomycin (10 uM, 24h). All the values represented are average of 2 biological replicates
corrected for error (see Methods).

b) Global distribution plot showing effect of each aminoglycoside drug. The dotted lines
indicate the 2 fold cut-off applied to identify the hits.

c) The complete MCF7 miRNA response network of all six small molecule aminoglycoside
drugs. The coloured circular nodes represent the aminoglycosides, while the empty circular
nodes represent MiRNA. The number of edges connecting the coloured nodes form the number
miRNA shared or unique and indicate the degree of each node. Dihydrostreptomycin,
Streptomycin and Gentamycin have the least degree, making them suitable starting scaffolds.
d) Plot to show the structural similarity score computed by the LocaRNA server. Higher the
score (y-axis), indicates a more conserved structure between the miRNA (Random set 1 =5
miRNA, Random set 2 = 31 miRNA - minimum and maximum number of miRNA hits

obtained). In all cases, DHS=Dihydrostreptomycin.

Figure 2.
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a) qRT-PCR showing the levels of key miRNA biogenesis pathway genes in response to
Streptomycin treatment. Even at 200UM concentration, there seems to be no significant change
in their levels.

b) Volcano plot of data from GSE57198 showing the global gene expression profile of HEK293
cells in response to Geneticin (a derivative of Gentamicin). Most of the miRNA biogenesis

pathways genes are not significantly altered.

Figure 3.

a) Conservation plot to show sequence and structural conservation of miR-96 cluster members
across species. ZebrafishmiRNA shows a 75% structural and sequence similarity to human
miRNA making it amenable to experimentation.

b) gRT-PCR (average of 2 replicates from total profile) showing the decrease in levels of the
miR-96 cluster members (and other conserved hearing miRNA reported in literature) in

zebrafish embryos treated with Streptomycin.

Figure 4.

Hair cell bundle (Neuromast) status by DASPEI staining and whole mount in-situ hybridization
of miR-96.

a) Panel 1 -A fluorescence image overlaid with bright field of wildtypezebrafish embryos
(5dpf) showing distribution of the hair cell bundles (neuromasts) along the lateral line. Side
panel shows single neuromast stained with DASPEI. Panel 2 Whole mount in-situ
hybridization of probes against miR-96 showing strong and specific expression in the
neuromasts. Inset shows single neuromast stained with DASPEI.Panel 3 Upon treatment with
200uM, loss of signal of miR-96 is observed. Arrows indicate neuromasts of the lateral
line.Panel 4- Indication of otolith location.

b) Phenotypic profiling of zebrafish comparing Streptomycin treatment and miRNA
knockdown. Upper panel - Representative bright field images showing differences in the
otolith upon treatment. Streptomycin treatment at 100 uM mirrors the effect produced by

double morphants (MO-96) created by knockdown of miR-96. Lower panel - The plot (left)
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shows observe a clear difference (*** - P<0.05, t-test) between the developmental pattern of
the semicircular canals when animals are treated with the aminoglycosides when compared to
the non-treated control sets, but similar to the morphants created by morpholino injection. The
plot (left) are ratios (D/U) derived from the average of the absolute numbers for clarity of
difference.

Figure 5.

Hair cell bundle (neuromast) status reflecting mitochondrial health (DASPEI uptake) at lower

optimal concentrations.

a)Whole mount in-situ hybridization of probes to miR-96 showing localized expression to
neuromasts. Right panel shows single neuromast stained with DASPEI.

b) Subsequent treatment at a lower optimal concentration prevents signal loss from the
neuromasts. Right panel shows comparable mitochondrial health to control non-treated
mbryos. Increasing the concentration to 20uM does not decrease mitochondrial heath

drastically (lower panel).

¢) qRT-PCR of miR-96 cluster members shows persistent decrease in levels of miRNA even

at low optimal concentration of Streptomycin where mitochondrial health is preserved.
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