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Abstract

Development of precision therapeutics is of immense interest, particularly as applied to the
treatment of cancer. By analyzing the preferred cellular RNA targets of small molecules, we
discovered that 5”-azido neomycin B binds the Drosha processing site in the microRNA
(miR)-525 precursor. MiR-525 confers invasive properties to hepatocellular carcinoma (HCC)
cells. Although HCC is one of the most common cancers, treatment options are limited, making
the disease often fatal. Herein, we find that addition of 5”-azido neomycin B and its FDA-
approved precursor, neomycin B, to an HCC cell line selectively inhibits production of the mature
miRNA, boosts a downstream protein, and inhibits invasion. Interestingly, neomycin B is a
second-line agent for hepatic encephalopathy (HE) and bacterial infections due to cirrhosis. Our
results provocatively suggest that neomycin B, or second-generation derivatives, may be dual
functioning molecules to treat both HE and HCC. Collectively, these studies show that rational
design approaches can be tailored to disease-associated RNAs to afford potential lead therapeutics.
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MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression by binding
to the 3’ untranslated regions (UTRs) of mMRNAs.(1) Although miRNAs comprise only ~1%
of the human genome, they regulate expression of up to 50% of all genes.(2) Not
surprisingly, miRNA expression is tightly controlled,(3, 4) and dysregulation of miRNA
abundance has been associated with many diseases including cancers,(4, 5) Alzheimer’s
disease,(6) and cardiovascular disease,(7) among others.(8) Indeed, many diseases and their
prognoses have signature miRNA profiles.(9)
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Like many cellular RNAs, miRNAs are synthesized as precursors, often as clusters of
multiple miRNAs.(10) They are processed in two steps, the first in the nucleus by the
nuclease Drosha.(11) After Drosha cleavage, the pre-miRNA is ~70 nucleotides and is
exported to the cytoplasm where final processing is completed by the nuclease Dicer.(12)
The mature miRNA is 21-23 nucleotide dsRNA and binds to the 3’ untranslated regions
(UTRs) of mRNA to either repress its translation or induce its degradation.(1, 13)

MiRNAs are perhaps an ideal class for the development of precision therapeutics as
aberrantly expressed miRNAs in disease-affected cells, especially various cancers, have been
widely reported. One manner to selectivity drug miRNAs is to identify compounds that bind
specifically to Drosha or Dicer sites in a miRNA hairpin precursor, thereby inhibiting
production of the mature miRNA. In our previous study, we identified lead small molecules
that bind to Drosha and Dicer processing sites of human miRNAs that are disease-associated
using a computational approach developed in our lab named Inforna.(14) Inforna compares
the secondary structural elements (motifs) that comprise a target RNA’s structure to known
interactions between small molecules and RNA maotifs. Our hypothesis was that Drosha and
Dicer processing sites represent functional sites; thus, small molecule binding to these sites
could inhibit miRNA biogenesis. Indeed, 44% of our lead small molecules decreased levels
of the desired miRNA target in cells.(14)

One of the lead RNA-small molecule interactions identified in those studies was between
the Drosha site of microRNA (miR)-525 and the aminoglycoside derivative 5”-azido-
neomycin B (Neo-Ns; Figure 1).(14) Indeed, Neo-N3 decreases levels of the mature miRNA
by ~50% when MCF7 (breast cancer) cells were treated with 10 uM compound.
Interestingly, miR-525 is overexpressed in ~60% of liver cancer tissues and indicates poor
prognosis.(15) Overexpression of miR-525 enhances migratory and invasive properties via
down-regulation of zinc finger protein 395 (ZNF395; also known as HDBP2).(15) Herein,
we report that Neo-N3 decreases levels of mature miR-525, up-regulates ZNF395, and
inhibits the invasive properties of a hepatocellular carcinoma cell line. Interestingly, other
miRNAs predicted to bind the ZNF395 UTR are not affected by Neo-N3, showing that the
compound’s effect can be traced to inhibition of miR-525. Importantly, the functional
outcomes of inhibiting miR-525 biogenesis are reversed upon forced expression of pri-
miR-525. Collectively, these results demonstrate that the compound is pathway-selective.

Results and Discussion

Neo-N3 Inhibits miR-525 Biogenesis in HepG2 Cells

We first confirmed that Neo-N3 inhibits miR-525 biogenesis in the hepatocellular carcinoma
(HCC) cell line HepG2 by using gRT-PCR. In agreement with our previous studies in MCF7
cells,(14) Neo-N3 decreases levels of miR-525-3p by ~40% when HepG2 cells are treated
with 6.25 pM or 25 pM compound as compared to untreated cells (Figure 2A, black bars).
To gain insight into if the observed decrease in miR-525-3p levels were due to inhibition of
biogenesis and not transcriptional inhibition, we also determined how Neo-N3 affected levels
of pri- and pre-miR-525. If Neo-N3 binds to the Drosha site and inhibits processing, an
increase of pri-miR-525 levels and a decrease in pre-miR-525 levels are expected. Indeed,
pri-miR-525 levels increase by ~2-fold upon treatment with 25 uM Neo-N3 (Figure 2A, dark
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gray bars), while pre-miR-525 levels were decreased by ~40% (Figure 2A, light gray bars);
more modest effects were observed with treatment of 6.25 uM compound. Interestingly,
Neo-N3’s, parent compound neomycin B, inhibits levels of mature miR-525, but kanamycin
A, tobramycin, and streptomycin do not (Figure 2B). In good agreement with our gRT-PCR
studies, Neo-N3 inhibits Drosha processing of pri-miR-525 in vitro in a dose-dependent
manner, inhibiting ~40% of processing at 25 uM (Figure 3). As we previously defined the
preferred motifs that bind Neo-N3 and showed that it inhibited processing of miRNAs with
those motifs, we focused the remainder of our studies on characterizing Neo-N3 rather than
neocymin B.

Next, we measured the affinity of Neo-N3 for the miR-525 precursor hairpin using a
previously described in solution binding assay using a fluorescently labeled derivative of
Neo-Ng, or Neo-FL. Neo-FL binds the miRNA hairpin with a Kj of 355 + 13 nM (Figure
2C). The difference between the measured Ky and the ability to inhibit processing /n vitro
and in cells could be due to several factors. For example, there could be additional binding
sites for Neo-N3 in other cellular RNAs (also present in cell lysate used for /n vitro Drosha
processing studies), although they may not be functional sites that elicit a downstream effect.
Alternatively, the relative association and dissociation rates of Neo-N3 and Drosha as they
compete for binding to pri-miR-525 could affect potency. Of note, neomycin does not bind
to human serum proteins.(16)

Since aminoglycosides, such as neomycin B, target the bacterial and human ribosome and
affect translation, we tested if Neo-N3 affects translation in mammalian cells. Studies were
completed by transfecting HepG2 cells with a luciferase reporter plasmid followed by
compound treatment. No effect on translation was observed at the concentrations of Neo-N3
that inhibit miR-525 biogenesis (Supporting Information Figure 1). Thus, the translational
machinery is not a significant off-target. Although it is widely accepted that
aminoglycosides used as antibacterials also bind the human A-site, it should be noted that
kasugamycin and streptomycin (up to 1.6 mM, the highest concentration tested) do not
affect mitochondrial translation in liver or heart cells.(17)

Neo-N3 Upregulates ZNF395 and Inhibits Invasion

One of miR-525’s downstream targets is ZNVF395. ZNF395 protein functions as a
transcription factor and was originally identified in a yeast one-hybrid system for regulating
transcription of the /77 gene in Huntington’s disease (HD).(18) Importantly, Pang et al.
discovered that miR-525 is up-regulated in ~60% of liver cancer tissues and that these
increased levels promote migration and invasion via down-regulation of ZNVF395.(15)
Because of the urgent need for compounds to treat HCC, we studied if inhibition of miR-525
biogenesis by Neo-Nj3 is sufficient to up-regulate ZNF395 levels. Indeed, Western blotting
revealed a dose-dependent increase in ZNF-395 levels, with an ~1.7- and ~2-fold increase
observed when cells were treated with 6.25 or 25 pM compound, respectively (Figure 4A).
We next determined if up-regulation of ZNF395 was sufficient to inhibit the invasive
properties of HepG2 cells using a Boyden chamber assay.(19) Neo-N3 decreases invasion by
~40% and ~80% when cells are treated with 6.25 and 25 uM compound, respectively
(Figure 4B).
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Effect of Neo-N3 on Levels of Other miRNAs

Our previous studies showed that treatment of MCF7 cells with 100 uM Neo-N3 decreased
levels of miR-517¢ (~20% reduction), miR-518e (~50% reduction), miR-519-d (~50%
reduction), and miR-525 (~60% reduction).(14) In HepG2 cells, miR-517c, miR-518e, and
miR-519d are all expressed at low levels and could not be assayed (G values >35). We
therefore profiled the effect of Neo-N3 on conserved miRNAs that are predicted by both
TargetScan(13) and miRanda(2, 20, 21) to bind ZNF395 3’ UTR (G values < 30; n=19).
No statistically significant changes were observed (Figure 5). Notably, miR-126, which is
significantly down-regulated in hepatocellular carcinoma as compared to healthy
hepatocytes,(22—24) was unaffected by compound treatment.

Although Neo-N3 could bind to various RNAS, binding events likely occur in nonfunctional
sites; that is, binding to these sites has no downstream effect. For example, a recent report
screened the binding of various aminoglycosides, anticancer therapeutics, and RNA
intercalators to pre-miR-155.(25) Although neomycin B binds with moderate affinity to pre-
miR-155 (11 pM), it only inhibits /n vitro Dicer processing by ~10% at 1 mM concentration.
(25) Not surprisingly, miR-155 abundance levels were unaffected by treatment with Neo-Ns.

Pri-miR-525 Overexpression Decreases Potency

To further probe the selectivity of Neo-N3 on the miR-525- ZNF395 circuit, we studied if
overexpression of pri-miR-525 attenuates compound potency. Indeed, increased levels of
pri-miR-525 attenuate derepression of ZNF395 as assessed by Western blotting and
decreases Neo-N3’s anti-invasion effect (Figure 6). Thus, Neo-N3 is a selective modulator of
important downstream processes by targeting miR-525.

Potential Therapeutic Use of Neo-N3

Neomycin B is used clinically to treat hepatic encephalopathy (by reducing ammonium
levels in the gut) and enteropathogenic Escherichia coli infections.(26) Dosage for the latter
in adults is 6 g per day spread out over four doses. For a 100 kg adult, assuming an 8 L
blood volume and 3% absorption,(27) this correlates to a potential blood concentration of
7.5 uM. It should be noted, however, that systemic absorption and tissue accumulation
increases cumulatively with each dose.(28, 29) Although neomycin B can cause nephro- and
ototoxicity,(30) it is possible that Neo-N3 could be administered at low doses to work
synergistically with HCC therapeutics. Interestingly, neomycin B decreases mature miR-525
abundance to a similar extent as Neo-N3 in HepG2 cells (Figures 2A,B).

Conclusions

Using the privileged RNA targets of small molecules, Inforna, our lead identification
strategy,(14) identified that a derivative of the well-studied RNA-binding compound
neomycin B binds the Drosha site in miR-525. Fortuitously, this drug has been used to treat
bacterial infections that occur during cirrhosis and HE, which are underlying conditions
associated with HCC. Further, our approach could enable precision therapeutics once a
tumor is known to overexpress miR-525. Although there may be many cellular RNAs to
which this compound binds, only binding to functional sites, such as the miR-525’s Drosha
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Methods

site, elicited a biological response. Thus, perhaps one advantage that RNA may have as a
drug target is that functional responses are less sensitive to simple binding that plagues
targeting of DNA. RNA may therefore be a more attractive drug target than DNA. These
studies also suggest that identification of the privileged targets of known drugs may inform
off-label uses in a predictable way.

Synthesis of Neo-N3 and Neo-FL

Neo-N3 and Neo-FL were synthesized as previously described.(31)

RNA Constructs and in Vitro Transcription

A DNA template encoding the miR-525 hairpin precursor was purchased from Integrated
DNA Technologies, Inc. (IDT) and amplified using the following primers to install a T7
promoter (underlined): forward, 5’-
GGCCGGATCCTAATACGACTCACTATACTCAAGCTGTGACTCTCC,; reverse, 5
CCCAAACCGTAACGCTC. The template for pri-miR-525 was produced from the miR-525
hairpin precursor PCR product in two steps. First, 25 nucleotides upstream and downstream
of the miR-525 precursor hairpin were added: forward, 5'-
ACCCACGGTGCTGGAGCAAGAAGATCTCAAGCTGTGACTCTCC, and reverse, 5
CAGCATCAACTTCAACGTTGCTTTACCCAAACCGTAACGCTC. The resulting PCR
product was then amplified to install a T7 promoter (underlined): forward, 5’-
GGCCGGATCCTAATACGACTCACTATAGGACCCACGGTGCTGGAGC, and reverse, 5
CAGCATCAACTTCAACGTTGCTTTACCCAAACCGTAACGCTC.

PCR amplification was carried out in 1x PCR Buffer (10 mM Tris, pH 9, 50 mM KClI, and
0.1% (v/v) Triton X-100), 1 uM forward primer, 1 uM reverse primer, 4.25 mM MgCl,0.33
mM each dNTP, and 1 puL of Tag DNA polymerase. PCR cycling conditions were 95 °C for
305,50 °C for 30 s, and 72 °C for 1 min.

Run-off transcription of the miR-525 hairpin precursor was completed using the PCR-
amplified DNA template (600 pL) in 1x Transcription Buffer (40 mM Tris HCI, pH 8.1, 1
mM spermidine, 0.001% (v/v) Triton X-100 and 10 mM DTT(32)) containing 2.25 mM each
NTP, 10 mM MgCl,, and 40 pL of T7 RNA polymerase in a total volume of 2 mL. The RNA
was purified on a denaturing 10% (w/v) polyacrylamide gel and extracted into 300 mM

NaCl by tumbling overnight at 4 °C. After concentrating with 2-butanol and precipitating
with ethanol, the concentration of RNA was determined by UV absorbance at 80 °C and the
corresponding extinction coefficient.(33-35)

Radioactively labeled pri-miR-525 was produced by /n vitro transcription using an
RNAMaxx transcription Kit (Stratagene) per the manufacturer’s recommended protocol
except that the concentration of ATP was reduced by half and supplemented with 4 L of
a-32P-ATP (3000 Ci mmol~1; 10 mCi mL™1). The RNA was purified by gel electrophoresis
as described above.
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Binding Assays

Cell Culture

The affinity of Neo-N3 for the miR-525 hairpin precursor was completed as previously
described.(31) Briefly, the RNA was folded in 1x Binding Buffer (20 mM A-(2-
hydroxyethyl)piperazine- VV-2-ethanesulfonic acid (Hepes), pH 7.5, 140 mM NaCl, and 5
mM KCI, 1 mM MgCl,, and 40 ug mL~1 BSA) lacking MgCl, by heating to 60 °C for 5
min. After slowly cooling to RT on the benchtop, MgCl, and Neo-FL were added to final
concentrations of 1 mM and 10 nM, respectively. Serial dilutions were then completed with
1x Binding Buffer containing 10 nM Neo-FL. Samples were incubated for 1 h at RT, after
which fluorescence intensity was measured using a Molecular Devices SpectraMax M5 plate
reader. Dissociation constants were determined by fitting curves of fluorescence intensity as
a function of RNA concentration to eq 1:(36)

=1y +0.5A¢ {([FL]0+[RNA1U+Kd> ~ (([FL]y+[RNAJ +Ka)* — 4[FL10+[RNA]U>1/2} @

where /is the observed fluorescence intensity, / is the fluorescence intensity in the absence
of RNA, Ag is the difference between the fluorescence intensity in the absence of RNA and
in the presence of infinite RNA concentration, [FL]g is the concentration of fluorescently
labeled Neo-FL, [RNA]g is the concentration of the RNA, and Kj is the dissociation
constant. The reported Kj is the average of three measurements + standard deviation.

The HepG2 cell line was maintained as monolayers in growth medium (1x DMEM
supplemented with 10% (v/v) FBS, 2 mM Glutagro (Corning)) containing 10 1U mL™1
penicillin, and 10 pg mL™1 streptomycin (MP Biomedical). Cells were plated in six-well
plates to assess levels of MiRNAs and ZNF395 protein. Total RNA was harvested using a
Zymo Quick-RNA MiniPrep kit, including an on-column DNase treatment, per the
manufacturer’s recommended protocol. Total protein was isolated by adding 100 pL of M-
PER Mammalian Protein Extraction Reagent (Pierce Biotechnology/ThermoFisher) to the
cells after washing with 1x DPBS.

Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Levels of pri-, pre-, and mature miR-525 were measured by gRT-PCR. Reverse transcription
was completed by using a miScript 11 kit (Qiagen) per the manufacturer’s standard protocol
(2 pg of total RNA in a 20 pL reaction). gRT-PCR samples (10 pL) were prepared in 1x
Power SYBR Green Master Mix (Life Technologies) containing ~50 ng of cDNA, and 500
nM of each primer. qRT-PCR was completed using an ABI 7900 HT Real-Time PCR
System (Applied Biosystems). Data were analyzed using the AAG method and normalized
to RNUG. Please see Supporting Information Table 1 for a list of primers and cycling
conditions.

Inhibition of Drosha Processing in Vitro

Drosha was overexpressed in HEK293 cells as previously described.(14) Radioactively
labeled pri-miR-525 was folded by heating at 70 °C for 5 min followed by slowly cooling to
RT on the benchtop. MgCl, was then added to a final concentration of 6.5 mM, followed by
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various concentrations of Neo-N3. After incubation at RT for 15 min, 1 uL of cell extract
containing overexpressed Drosha was added to each sample (25 pL total volume), and the
sample was incubated at RT for an additional 30 min. The reaction was quenched by the
addition of an equal volume of 2x Loading Buffer (8 M urea, 2 mM Tris, pH 7.5, and 20
mM EDTA). Reaction products were separated on a denaturing 10% (w/v) polyacrylamide
gel. Following exposure to a phosphorimager plate, the gel was imaged using a Molecular
Dynamics Typhoon phosphorimager and quantified using QuantityOne software (Bio-Rad).

Effect of Neo-N3 on Translation

HepG2 cells were plated into 96-well plates and transfected with a plasmid encoding firefly
luciferase with jetPRIME transfection reagent per the manufacturer’s standard protocol. The
transfection cocktail was removed and replaced with growth medium with or without Neo-
N3. After 24 h, cell viability was measured using WST-1 reagent (used for normalizing
luciferase activity). The cells were then lysed, and luciferase activity was measured using a
luciferase assay system (Promega).

Prediction of MiRNAs that Regulate ZNF395

The miRNAs that bind ZNF395's 3’ UTR were predicted using miRanda(2, 20, 21) and
TargetScan.(13) The effect of Neo-N3 on other miRNAs was assessed by qRT-PCR as
described above using SNORD44, SNORD47, SNORDA48, and RNUG6 for normalization.
Supporting Information Table 2 provides a list of all miRNASs profiled and the corresponding
gPCR primers. Cycling conditions were 95 °C for 15 s and 60 °C for 60 s.

Overexpression of pri-miR-525

A plasmid that allows for the overexpression of pri-miR-525 via a CMV promoter was
purchased from Genecopoeia. HepG2 cells were plated in six-well plates and grown to
~70% confluency. They were then transfected with 1 g of plasmid using Lipofectamine
2000 per the manufacturer’s recommended protocol. After 5 h, the transfection cocktail was
removed and replaced with growth medium (no antibiotics). The cells were grown for 48 h
to allow for miR-525 overexpression before treatment with Neo-N3. For Western blotting,
cells were then treated with various concentrations of Neo-N3 for 18 h followed by
harvesting of total protein.

Western Blotting

Total protein (~15 pg) was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by transfer to a PVDF membrane. The membrane
was blocked with 5% (w/v) bovine serum albumin (BSA) in 1x Tris-buffered saline (TBS)
containing 0.05% (v/v) Tween-20 (1x TBST). ZNF395 was detected by using a 1:1000
dilution of anti-HDBP2 (Thermo Fisher) and a 1:2000 dilution of rabbit anti-lgG-HRP
conjugate, both diluted in 1x TBST containing 3% (w/v) BSA. SuperSignal West Pico
chemiluminescent substrate (Pierce Biotechnology) was used for imaging. After detection of
ZNF395 levels, the blot was stripped and reprobed to measure levels of $-actin, which were
used for normalization of Western blot signals (1:2000 dilution of anti-p-actin (Cell
Signaling) and 1:2000 dilution of rabbit anti-lgG-HRP conjugate in 1x TBST containing 5%
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(w/v) milk). A luminescent signal was generated using SuperSignal West Pico
Chemiluminscent Substrate (Thermo), imaged with film, and quantified with ImageJ
software.

Invasion assays were completed using the Boyden (chamber assay) method.(19) Briefly,
~100 pL of diluted Matrigel (Corning) was added to a Millicell hanging insert (Millipore)
containing a polyethylene terephthalate membrane with 8 pm pores. The inserts were
incubated at 37 °C for 2 h and then placed at 4 °C overnight. Prior to adding cells, growth
medium (no penicillin/streptomycin) was added to the wells of the plate, and the Matrigel
and medium were prewarmed to 37 °C. HepG2 cells were harvested from a 75 cm? plate
using accutase and resuspended in 1x DMEM supplemented with 1% (v/v) FBS and 2 mM
Glutagro (no penicillin/streptomycin) containing various concentrations of Neo-Ns.

To assess the effect of miR-525 overexpression on the potency of Neo-Ngs, cells were
transfected with plasmid that encodes pri-miR-525 (described above). Approximately 5 h
post-transfection, the transfection cocktail was replaced with growth medium. After 48 h,
the cells were removed from the surface with accutase and resuspended in 1x DMEM
supplemented with 1% (v/v) FBS and 2 mM Glutagro (no penicillin/streptomycin)
containing various concentrations of Neo-Ns.

Approximately 50 000 cells (treated or untreated) were then applied to the top of the
Matrigel. After 48 h, cells were fixed with 1% (w/v) paraformaldehyde in 1x DPBS and
stained with 0.5% (w/v) crystal violet in water. Noninvasive cells were removed with a
cotton swab, and invasive cells were imaged by microscopy and counted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Secondary structure of the miR-525 hairpin precursor and structures of the compounds used
in these studies. Drosha and Dicer processing sites are indicated with arrows. The mature
miRNA sequences, miR-525-3p and miR-525-5p, are indicated with red lettering. The azide
functional group in Neo-Nj3 is boxed in red.
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Effect of Neo-N3 and other aminoglycosides on pri-, pre-, and mature miR-525 expression
levels in HepG2 cells and binding affinity of Neo-N3 for miR-525 hairpin precursor. (a)
Quantification of the effect of Neo-N3 on pri-miR-525, pre-miR-525, and mature
miR-525-3p expression levels in HepG2 cells as determined by gRT-PCR. (b) Quantification
of the effects of neomycin B, kanamycin A, tobramycin, and streptomycin on mature
miR-525 levels in HepG2 as determined by gRT-PCR. (c) Representative binding curve for
Neo-N3 and the miR-525 hairpin precursor. The Kj, 355 + 13 nM, is the average of
individual curve fits + standard deviation. *p < 0.05 and **p < 0.01, as determined by a

Student ¢test.
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gel image of pri-miR-525 processing in the presence and absence of Neo-N3. Right,
quantification of processing as a function of Neo-N3 concentration. Data were normalized
for the number of A residues in each product, as the substrate was internally labeled.
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Figure 4.
Treatment with Neo-N3 derepresses inhibition of ZNF395 expression by miR-525 and

attenuates invasion of HepG2 cells. (a) Representative Western blot of ZNF395 expression
and quantification as normalized to -actin. (b) Top, representative microscopic images of
invasive cells as a function of Neo-N3 concentration. Bottom, quantification of the number
of invasive cells as a function of Neo-N3 concentration. ***p < 0.001; *p < 0.05 as
determined by a Student #test.
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bind ZNF395 3’ UTR when HepG2 cells were treated with 25 pM compound. **p < 0.01, as
determined by a Student #test.
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Figure 6.
Forced overexpression of pri-miR-525 decreases the potency of Neo-N3, as assessed by

derepression of ZNF395 and invasion of HepG2 cells. Top, representative Western blot
showing the reduced effect of Neo-N3 on ZNF395 levels when miR-525 is overexpressed.
Middle, quantification of ZNF395 levels as determined by Western blotting. Bottom,
overexpression of miR-525 also decreases the potency of Neo-N3 to attenuate invasion of
HepG2 cells.
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