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ABSTRACT: In a high-throughput screening campaign, we recently
discovered the rRNA-binding tetracyclines, methacycline and meclocy-
cline, as inhibitors of Dicer-mediated processing of microRNAs. Herein,
we describe our biophysical and biochemical characterization of these
compounds. Interestingly, although direct, albeit weak, binding to the pre-
microRNA hairpins was observed, the inhibitory activity of these
compounds was not due to RNA binding. Through additional biochemical
and chemical studies, we revealed that metal chelation likely plays a
principle role in their mechanism of inhibition. By exploring the activity of
other known RNA-binding scaffolds, we identified additional disconnec-
tions between direct RNA interaction and inhibition of Dicer processing.
Thus, the results presented within provide a valuable case study in the
complexities of targeting RNA with small molecules, particularly with weak
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RNA-targeted probe and drug discovery have become
important areas of chemical biology and medicinal chemistry
research.”” From the promise of personalized medicine to the
hugely significant, yet largely understudied role of RNA in
human biology and disease, targeting RNA with small
molecules has emerged as a sought-after approach in
biomedical research. While the complexities of RNA,
particularly its net electronegative charge and high degree of
structural plasticity, coupled with a lack of high-resolution
structural information,® have historically made such efforts
difficult; a rarely discussed challenge associated with targeting
RNA are the often-discovered disconnections between RNA
binding and inhibition of biological function.

MicroRNAs (miRNAs or miRs) are a family of small
noncoding RNAs that play critical roles in the fine-tuning of
gene expression.4 Dicer-mediated processing of pre-micro-
RNAs (pre-miRNA or pre-miR) is the penultimate step of
miRNA maturation, which occurs prior to loading of the
mature miRNA into the RNA-induced silencing complex
(RISC).> As many miRNAs become aberrantly regulated in
disease,”"® we became interested in developing a strategy by
which to discover small molecule modulators of this process,
with the goal of identifying those that could do so in a RNA-
selective manner. Using our catalytic enzyme-linked click
chemistry assay (cat-ELCCA) for Dicer,” "' we performed a
high-throughput screen (HTS) targeting pre-miR-21,'* an
oncogenic miRNA overexpressed in the majority of human
tumors,'® and a target of interest in the field."**” Herein, we
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disclose the hits from our prior HTS'> and reveal tetracyclines
as the only RNA-binding hits from our small molecule screen.
Interestingly, through additional studies, we have revealed that
RNA binding is not required for this activity, highlighting the
necessity for careful analysis when characterizing inhibitors of
RNA biology.

As reported previously, our screening campaign using
commercial small molecule libraries resulted in very few hit
compounds with demonstrated selectivity for pre-miR-21 over
pre-let-7d, which was used in our counterscreen.'” To
determine if this apparent selectivity was due to RNA binding
properties, six compounds that showed modest, yet specific
inhibition of pre-miR-21 processing were purchased and
analyzed (Figure 1A). Methacycline and meclocycline,
members of the tetracycline family of antibiotics,”**” which
were also identified from the screen and showed nonspecific
inhibition of Dicer processing, were also examined (Figure
1A).

Direct binding to pre-miR-21 and pre-let-7d was measured
via surface plasmon resonance spectroscopy (SPR) using
biotinylated pre-miRs immobilized to streptavidin chips. From
this analysis, only methacycline and meclocycline were found
to exhibit affinity for the pre-miRNA hairpins. Measured Ky
values for methacycline were 9.9 and 17 uM, and those for
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Figure 1. HTS results. (A) Structures of hit compounds from the
primary screen that showed selectivity for pre-miR-21 and identified
tetracyclines, methacycline, and meclocycline. (B) Table of measured
ICy, values (NI = no inhibition).

meclocycline were 2.1 and 5.8 uM, for pre-miR-21 and pre-let-
7d, respectively (sensorgrams can be found in Figure SI;
Figure 2B), which are similar to the reported affinities for
ribosomal RNA (rRNA).”” The IC, values for these
compounds from fresh powders were subsequently measured
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Figure 2. Inhibition of Dicer processing using freshly dissolved
methacycline and meclocycline. (A) Dose-dependent inhibition as
measured via cat-ELCCA. (B) Table of binding affinities and
inhibition constants. ICs, values are represented as 95% confidence
intervals.
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as 383 and 189 uM against pre-miR-21 and 800 and 225 uM
against pre-let-7d (Figure 2). We attribute the observed
differences in potency from our HTS results (Figure 1B)"” to
tetracychne instability during long-term storage in DMSO (see
below).*” In sum, these results indicate that the identification
of low molecular weight small molecules that target RNA
hairpins is difficult, likely due to a bias in the chemical space of
these collections toward protein binders.

The tetracyclines are natural product antibiotics that inhibit
bacterial translation by binding to 16S rRNA and blocking
amino acyl-tRNA delivery.”' However, this class of molecules
has been linked to a number of other RNA- and protein-related
biolo§1cal processes, including inhibition of the mitochon-
drial” and human®® ribosomes, promotion of SMN2
splicing,”* and inhibition of matrix metalloproteinases.”> To
determine if this scaffold generally inhibits Dicer processing of
pre-miRNAs, we screened a collection of tetracyclines (Figure

3).
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Figure 3. Structures of select tetracyclines analyzed in cat-ELCCA.

As shown in Figure 4A, inhibition ranged from 40—100%
after testing at a single concentration of 1.0 mM. We then
profiled the dose-responsive inhibition of select tetracyclines,
and ICg, values were measured as 194—558 uM against pre-
miR-21 and 265—664 uM against pre-let-7d (Figures 4B—D).
From these analyses, it was noted that the presence of a
chlorine substituent, as found in meclocycline and chlorte-
tracycline, was important for potent inhibition of Dicer-
mediated maturation, and 2—4-fold improvements were
observed for each over the parent scaffolds of methacycline
and tetracycline, respectively (Figures 2 and 4B—D). Addi-
tionally, upon analysis of the two most common tetracycline
degradation 6products, epitetracycline and anhydrotetracycline
(Figure 3),’® we found that the anhydro product boosted the
inhibitory activity of the tetracycline scaffold (Figure 4A).
Thus, this or other degradation products could have
contributed to our conflicting results between the HTS stocks
and fresh powders. It is important to note that although
tetracyclines are not potent inhibitors of pre-miRNA
maturation by Dicer, inhibition of this process has historically
been a challenge due to the compleXJty of the Dicer enzyme
and its interaction with a pre- mlRNA 7 In fact, even RNA-
binding proteins,””*” RNA aptamers,”’ and peptldes]826 that
are known to inhibit Dicer processing in cells, exhibit high ICy,
values relative to their binding affinities in in vitro assays.
Because of the poor catalytic properties of Dicer in vitro, our
assay uses excess enzyme to ensure sufficient signal-to-
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Figure 4. Tetracyclines as inhibitors of Dicer-mediated pre-miRNA
maturation. (A) Tetracycline library screening at 1.0 mM. (B,C) Plot
of dose-dependent inhibition by select tetracyclines against pre-miR-
21 and pre-let-7d processing, respectively, in cat-ELCCA. (D) Table
of ICs, values represented as 95% confidence intervals.

background for accurate and reproducible detection; and thus,
antagonism of processing with a nonoptimized small molecule
is a challenge.

Prior to our work, other researchers have investigated the
tetracyclines as inhibitors of Dicer-mediated pre-miRNA
maturation;*"** however, conflicting results were reported.
Using a fluorescent intercalator displacement (FID) assay,
Herdewijn and co-workers observed no inhibition with select
family members.*’ This finding is not surprising, as
tetracyclines are not known to participate in this type of
interaction with nucleic acids. Similar to our results, but using a
FRET assay, Duca and colleagues observed inhibition in the
presence of doxycycline, oxytetracycline, and minocycline, with
ICs, values of 129—380 uM."” While RNA binding was
hypothesized to play a significant role in the mechanism-of-
action,”” this was not definitively proven. To probe this
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possibility, we utilized the chemically modified tetracycline
(CMT) derivative, CMT-3, which lacks antibacterial properties
and was designed as a metalloproteinase inhibitor.*>**
Although this compound has been recently shown to bind to
human 808 ribosome,> because it lacks the dimethylamino
group (Figures SA), we suspected that its general RNA binding
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Figure 5. CMT-3. (A) Structure of CMT-3 in comparison to the
tetracycline scaffold. (B) Plot of dose-dependent inhibition by CMT-
3. (C) Table of binding affinities and inhibition constants (NB = no
binding). The ICs, values are represented as 95% confidence intervals.

affinity would be weakened due to its absence of a basic amine.
Indeed, we observed no binding of CMT-3 to either pre-miR-
21 or pre-let-7d via SPR (sensorgrams can be found in Figure
S2). Despite this, inhibition, with measured ICy, values very
similar to that of methacycline (Figures 2 and SB,C), was
observed, indicating that RNA binding is likely not important
for the mechanism of inhibition by the tetracyclines.

Aside from rRNA binding, another important activity of the
tetracyclines is their ability to coordinate metal ions.*® In fact,
the pharmacological actions of the tetracyclines are dependent
upon metal complexes, most notably with Ca?* and Mg**.*®
Because Dicer is a Mg?*-dependent RNase III enzyme,” we
first investigated whether the tetracyclines were scavenging this
metal ion from the buffer, thereby preventing formation of an
active Dicer enzyme. Even in the presence of lower or higher
concentrations of MgCl, (1—3 mM), methacycline was still
able to inhibit Dicer activity (Figure S3A,B). Thus, these
results demonstrate that the tetracyclines are not sequestering
Mg**. As many studies have found that Mg** and Ca®* can
form differential complexes with the tetracyclines,”>*® we next
examined the effect of Ca** on methacycline inhibition. While
testing in the presence of excess CaCl, (2:1 CaCl,/M Clz) was
impossible due to the abolishment of Dicer function,””** Dicer
activity and inhibition by methacycline in a 1:1 mixture of
CaCl, and MgCl, was retained potentially indicating that both
metal complexes are active (Figure S3C,D). Based on the
inconclusive nature of these results, we prepared an acetyl
protected tetracycline (Figure 6A) to more thoroughly probe
the requirement of metal binding for tetracycline inhibitory
activity. Using this analogue, Dicer inhibition was weakened
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Figure 6. Acetyl-protected oxytetracycline. (A) Structure. (B)
Inhibitory activity in an in-solution Dicer assay. Lane 1 = pre-miR-
21 (500 nM); Lane 2 = pre-miR-21 + Dicer; Lane 3 = pre-miR-21 +
Dicer and oxytetracycline (1.0 mM); Lane 4 = pre-miR-21 + Dicer
and the aceylated oxytetracycline (1.0 mM). Two miRNA bands are
observed due to the use of a modified pre-miR-21 substrate
containing a 5’ biotin connected to the RNA via a PEG linker.'°

(Figures 6B), providing some evidence for the role of metal
chelation in tetracycline activity, although hydrogen-bonding
interactions could also be disrupted with this analogue. Of
note, this is not the first instance of a metal chelating group
showing inhibition of Dicer.*®

Human Dicer contains multiple domains outside of its
double-stranded RNA-binding domain (dsRBD) and RNase
III domains to ensure proper miRNA processing; however, E.
coli RNase III functions as a homodimer with only RNase III
and dsRBD subunits.*® Thus, to determine which of Dicer’s
domains may be the target of the tetracyclines, we tested the
activity of methacycline against this homologue. As shown in
Figure S4, this enzyme was inhibited by the tetracycline,
indicating that the RNase III and dsRBD domains may be the
target of these molecules. As the large size of Dicer (200 kDa)
and its domains (>100 kDa), which also function as
homodimers,*’ preclude direct binding studies, future efforts
will focus on employing structural biology strategies to
decipher the mechanism-of-action of the tetracyclines in
inhibiting human Dicer activity. However, because we
consistently observed lower ICs, values for pre-miR-21 over
pre-let-7d, we are excited about the possibility that the
tetracyclines may be functionally inactivating the catalytic
activity of the RNase III domains. Previous studies have found
that the terminal loop region of a pre-miRNA controls the
kinetics of Dicer processing, where hairpins of larger loop size
(e.g, pre-let-7) are matured more ra}gldly than those with
smaller loop sizes (e.g, pre-miR-21).""" Thus, using this
model, inhibition of pre-miR-21 should be observed at lower
concentrations due to its slower rate of processing, particularly
for weakly potent inhibitors like the tetracyclines. Future
explorations in this area will be reported in due course.

Finally, because tetracyclines are members of known RNA-
targeted chemical space, we were eager to investigate how their
activity compared to other well-established RNA-binding small
molecules.’” The aminoglycoside antibiotics, streptomycin,
kanamycin, and neomycin, and groove-binding bis-benzimida-
zole, Hoechst 33258 (Figure 7A), were examined at a single
concentration using cat-ELCCA. Interestingly, despite the fact
that these molecules displayed nanomolar binding affinity for
both pre-miRNAs (Ky values of 100—700 nM; sensorgrams
can be found in Figure SS), no inhibition of Dicer maturation
was observed (Figure 7B). Thus, we hypothesize that these
molecules either do not bind to the competitive Dicer cleavage
site or do not induce a structural change in the hairpin
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Figure 7. Comparison of the inhibitory activity of methacycline and
other known RNA binders (1.0 mM) against Dicer-mediated
processing of pre-miR-21 and pre-let-7d. (A) Structures. (B) Activity
in cat-ELCCA.

structure by which to inhibit Dicer processing. These results,
however, should provide caution to those researchers engaged
in using binding only assays for targeting RNA with small
molecules, and highlight the need for functional assays
immediately downstream of such approaches, particularly
prior to medicinal chemistry optimization of potency and
specificity.

In conclusion, we have characterized tetracycline-based
antibiotics as inhibitors of Dicer-mediated pre-miRNA
processing. Unexpectedly, despite their ability to directly
bind to the RNA hairpins, the inhibitory activity of these
compounds was not due to RNA binding capacity. By
comparing tetracyclines to other members of known RNA-
targeted chemical space, we discovered additional discrep-
ancies between RNA binding and functional inhibitory
properties. These combined findings highlight the complexity
of targeting RNA with small molecules and the need for
thorough characterization, both biochemical and biophysical,
of such compounds to provide detailed mechanisms-of-action,
particularly with weak binding ligands or potentially pro-
miscuous scaffolds. Although our hit tetracyclines, methacy-
cline and meclocycline, were not active in a cellular miRNA
activity assay (Figure S6), further synthetlc derivatizations
could be carried out to improve activity.’> As tetracychnes
have been recently shown to target human rRNA,> which is
much more abundant than miRNAs in a cell, compnsmg 80—
85% and <1% of total cellular RNA, respectively,” this may
provide an explanation for this observation. Accordingly, the
biological activities of the tetracyclines are likely not due to
inhibition of miRNA maturation. Such optimized compounds
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could be useful probes to interrogate the basic biology of Dicer
and its implications in human disease,”™** in addition to aiding
structural biology studies of human Dicer.
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