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RNAs have important functions that are dictated by their structure.
Indeed, small molecules that interact with RNA structures can
perturb function, serving as chemical probes and lead medicines.
Here we describe the development of a fragment-based approach
to discover and optimize bioactive small molecules targeting RNA.
We extended the target validation method chemical cross-linking
and isolation by pull-down (Chem-CLIP) to identify and map the
binding sites of low molecular weight fragments that engage RNA
or Chem-CLIP fragment mapping (Chem-CLIP-Frag-Map). Using
Chem-CLIP-Frag-Map, we identified several fragments that bind
the precursor to oncogenic microRNA-21 (pre-miR-21). Assembly
of these fragments provided a specific bioactive compound with
improved potency that inhibits pre-miR-21 processing, reducing
mature miR-21 levels. The compound exerted selective effects on
the transcriptome and selectively mitigated a miR-21–associated
invasive phenotype in triple-negative breast cancer cells. The
Chem-CLIP-Frag-Map approach should prove general to expedite
the identification and optimization of small molecules that bind
RNA targets.
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The Encyclopedia of DNA Elements (ENCODE) project has
shown that 1 to 2% of the human genome encodes for pro-

tein; yet 75% is transcribed into RNA (1). Functional studies
have elucidated that noncoding (nc) RNAs exhibit regulatory
functions that can be subdivided into multiples classes (e.g., long
noncoding [lnc] RNAs, micro [mi] RNAs, small nuclear [sn]
RNAs), and their dysregulation is associated with a variety of
diseases (2, 3). The functions of many ncRNAs are directly
correlated to their structure (4, 5). Thus, although the develop-
ment of chemical probes that bind to structured regions in RNAs
is a considerable challenge, these probes have the potential to
elucidate biological function.
Indeed, our lead identification strategy, named Inforna, has

designed many bioactive compounds by identifying small mole-
cules that bind structured regions (6–8). Inforna has also been
used to identify RNA-binding modules that bind different sites in
the same RNA that are then assembled into a single ligand, in-
creasing both affinity and selectivity (9–12). However, to aug-
ment the identification of novel small molecules that bind RNA,
we sought to develop a new and synergistic approach to assemble
fragments onto RNA targets as well as optimize ligands that
emerge from Inforna. Fortuitously, photoaffinity fragments allow
for the efficient exploration of low molecular weight chemical
space and, via covalent cross-linking, allow identification of
fragments with modest affinity.
Compared with conventional ligand discovery screens that use

libraries of higher molecular weight compounds, fragment-based
ligand discovery (FBLD) uses libraries of lower molecular weight
compounds to more efficiently explore chemical space (13–15).
However, a major challenge of FBLD is the development of
assays that detect low-affinity binding or short residence times of

fragments (14, 16–20). Recent work has demonstrated that this
obstacle can be overcome through the installation of photoaffinity
groups onto small molecule fragments to capture and identify
bound protein targets in cells directly via mass spectrometry-based
proteomics (21, 22). Thus, these fully functionalized fragments
(FFFs) can be used to provide binding site information and broadly
assess proteome-wide “ligandability,” and can even be advanced to
compounds that selectively modulate protein function.
In the present work, we integrated FFFs with tools for

studying transcriptome-wide RNA ligandability—specifically,
chemical cross-linking and isolation by pull-down (Chem-CLIP),
which enables the identification of RNA targets and corre-
sponding binding sites (23, 24). This integrated approach, dub-
bed Chem-CLIP fragment mapping (Chem-CLIP-Frag-Map),
uses libraries of FFFs (21) to identify small molecules that en-
gage specific RNA targets and maps their binding sites using
Chem-CLIP-Map (23). We applied this strategy to develop a
potent and selective bioactive ligand targeting the precursor to
microRNA-21 (pre-miR-21), a ncRNA linked to cancers (25)
and other indications (26–28) (Fig. 1A).
Like all miRNAs, miR-21 is transcribed in a nucleus as a

primary miRNA (pri-miR-21) that is processed by the nuclease
Drosha to afford the pre-miRNA (pre-miR-21) (29, 30). The
pre-miRNA is then translocated to the cytoplasm and processed
by Dicer to liberate the mature, functional miRNA that trans-
lationally represses mRNAs by binding complementary regions
in their 3′ untranslated regions (UTRs). Chem-CLIP-Frag-Map
was used to define ligands that bind to the Dicer processing site
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of pre-miR-21 to selectively reduce the levels of mature miR-21
both in vitro and in cells.

Results and Discussion
Profiling Fragments that Bind RNA. Compound 1 (Fig. 1B) is a
small molecule designed by Inforna that binds to the Dicer site in
pre-miR-21 with a Kd value of 18 μM and modestly inhibits Dicer
processing in the triple-negative breast cancer (TNBC) cell line
MDA-MB-231 (9). We rationalized that compound 1 might be
suitable for establishing a protocol to identify fragments that

bind to RNA and also to read out their binding sites. To ac-
complish this goal, we synthesized compound 2, which contains
1) an RNA-binding module based on compound 1, 2) a diazirine
group for the photoactivated capture of bound RNA targets
(31–34), and 3) a terminal alkyne handle that can be bio-
orthogonally coupled to an azide-containing purification tag
through click chemistry (35).
Compound 2 and the corresponding control compound 3,

which contains the diazirine and alkyne but lacks the RNA-
binding module, were examined for their ability to bind and

Fig. 1. The biogenesis of miR-21, its oncogenic function, and structures of lead molecules. (A) Scheme for miR-21 processing and its oncogenic function taken
from ref. 9. Arrows in pri-miR-21 and pre-miR-21 point to Drosha and Dicer processing sites, respectively. The sequences and secondary structures of
pri-miR-21, pre-miR-21, and mature miR-21 are from miRBase (55). The three-dimensional structures of the RNAs have been reported previously (9). (B)
Chemical structures of 1 and its derivatives, 1a and 2, and control compound 3. Compound 2 is a diazirine-functionalized version of 1 used to identify
fragments that bind to pre-miR-21, while compound 3 is a control compound lacking the RNA-binding module. Compound 1a was used in a competitive
binding experiment to identify fragments that bind a different site than 1 in pre-miR-21 (Fig. 2).

Fig. 2. A screening platform to identify binders of pre-miR-21 via Chem-CLIP and mapping of binding site via Chem-CLIP-Frag-Map. (A) Scheme for the Chem-
CLIP assay using diazirine fragment reactivity to identify binders followed by mapping of the binding site. (B) The ability of each FFF to react with pre-miR-21
in presence of unreactive parent 1a was measured. Compound 1a (chemical structure in Fig. 1B) was unable to reduce the reaction of FFF-3, FFF-9, or FFF-15
with pre-miR-21, suggesting that they bind to different binding sites (n = 2). Error bars represent SD. *P < 0.05, one-way ANOVA compared with the reaction
in which 1a is absent. (C) Design of fragment assembly with varying linker lengths with glycine spacing modules.
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cross-link to pre-miR-21 using the Chem-CLIP approach (SI Ap-
pendix, Fig. S1). A reaction containing 5′-32P–labeled pre-miR-21
and 2 was irradiated with UV light and then subjected to a click
reaction with biotin azide (biotin-N3). The subsequent cross-linked
adducts were pulled down and purified with streptavidin beads.
We observed dose-dependent enrichment of pre-miR-21 with 2
but not with control compound 3 (SI Appendix, Fig. S1A). We
further confirmed that coincubation with 1 competed with the
cross-linking of 2 to pre-miR-21 in dose-dependent fashion (SI
Appendix, Fig. S1B). As a secondary validation of this method, we
fluorescently labeled the cross-linked RNA by substituting tetra-
methylrhodamine azide (TAMRA-N3) for biotin-N3. Analysis by
fluorescence gel imaging confirmed the dose-dependent labeling
of pre-miR-21, and coincubation with 1 reduced labeling of the
RNA by 2 (SI Appendix, Fig. S1 C and D). Thus, pre-miR-21 la-
beling requires the RNA-binding module, and 2 binds the same
site as the parent compound from which it was derived, as was
previously observed with a similar Chem-CLIP probe in which the
cross-linking moiety was an alkylating derivative (9).
Next, we determined whether we could map the binding site(s)

of 2 using Chem-CLIP-Map (9, 23). In this approach, the RNA is
cross-linked to the Chem-CLIP probe, followed by analysis by
primer extension, or a reverse-transcription (RT) reaction. Re-
verse transcriptase is unable to proceed through the cross-linked
sites, resulting in an “RT stop,” the position of which can sub-
sequently be determined from dideoxy sequencing. Indeed, three
RT stops were observed upon cross-linking of 2 to pre-miR-21,
at nucleotides G28, G37, and G38, near the A and U bulges that
1 bind (Fig. 1B and SI Appendix, Fig. S2). Collectively, this series
of experiments verifies that diazirines cross-link to RNA and can
be used to study compound binding and identify binding sites.

Fragment-Based Screening and Binding Site Mapping by
Chem-CLIP-Frag-Map. As we have confirmed that diazirines cou-
pled to RNA-binding ligands can map binding sites, we sought to
determine whether this approach can be used to identify new
RNA-binding ligands as well as map their sites of binding
(Fig. 2A). A structurally diverse library of ∼450 FFF probes with

photoactivable diazirine and alkyne moieties has been generated
previously (21). Compounds in this FFF library were screened at
100 μM for binding of 5′-32P–labeled pre-miR-21 in a 384-well
format as described above in our validation studies. Following
photocross-linking and conjugation of biotin-N3, streptavidin-
coated magnetic beads were used to separate and quantify the
amount of cross-linked RNA. Of the 460 FFFs screened, 21 (a
hit rate of 4.5%) cross-linked to pre-miR-21 to an extent ex-
ceeding three times the SD (3σ) from the mean for all com-
pounds, a common metric for scoring hits in screening assays
(36); 15 FFFs (indicated in red) showed greater enrichment of
pre-miR-21 than 2 (SI Appendix, Fig. S3 A and B). Of the 21 hit
FFF fragments, the majority had nitrogen-containing heterocy-
cles, and 12 had nitrogen-containing aromatic heterocycles,
structures commonly found in RNA binders (7).
A common strategy used to improve the affinity and potency

of fragments for protein targets is to tether fragments together
that engage neighboring binding sites (37, 38). Thus, we sought to
demonstrate that this strategy can also be applied to RNA targets.
We have previously shown that multivalency (i.e., tethering of
RNA-binding modules) is a powerful approach for RNA targeting
in general (10, 11, 39–41), and that a homodimer of 1 (TGP-21)
targets the Dicer site in pre-miR-21 and inhibits its processing (9).
Here we explored the tethering of low molecular weight fragments
to 1, each engaging a different structure within the RNA. A hybrid
compound that emerges from such a strategy would provide li-
gands of lower molecular weight than TGP-21 and might bind and
recognize different features of the RNA’s structure. TGP-21 se-
lectively recognizes the A and U bulges in pre-miR-21 (Fig. 1A)
(9). An ideal fragment coupled to 1 would target the Dicer pro-
cessing site and an adjacent structure but not necessarily the ad-
jacent U bulge bound by the 1 dimer.
Therefore, we determined the binding sites of hit FFFs first

through competitive (C-)Chem-CLIP to eliminate compounds
that bind to the same site as 1. Increasing reactivity of the FFF
with the addition of 1 suggests that the two molecules bind co-
operatively. Most of the FFFs (87%) either did not enrich RNA
at the 10-fold lower concentration of 10 μM (vs. 100 μM in the

Fig. 3. RNase L cleavage assay to screen for binding of assembled fragments to pre-miR-21 and binding studies of hit compounds. (A) Scheme for the
competitive RNase L cleavage assay. TGP-21-C1-3 recruits RNase L to cleave the target RNA. Binding compounds compete with TGP-21-C1-3 and prevent
pre-miR-21 cleavage. (B) The assembled fragments protect pre-miR-21 from cleavage by RNase L. FAM fluorescence was measured 30 min after the addition of
RNase L (n = 2); *P < 0.05; **P < 0.01 compared with TGP-21-C1-3 alone, Student’s t test. (C) A model of the structure of the pre-miR-21 Dicer site bound to 9
as determined by molecular modeling. (D) Interactions between 9 and the pre-miR-21 Dicer site. (E) Binding studies of 9 and pre-miR-21’s Dicer site (miR-21
WT) and other mutated RNAs (n = 2). The affinity of 9 (Kd values) for miR-21 WT, miR-21 BP, miR-21 A bulge, miR-21 U bulge, and miR-21 G-A were 0.336 ± 0.1
μM, >10 μM, 0.23 ± 0.1 μM, >10 μM, and 3.3 ± 0.6 μM, respectively. Error bars represent SD for all panels.
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primary screening assay) or had reduced reactivity in the pres-
ence of 1, suggesting that the A and U bulges are particularly
ligandable. In both instances, these fragments are not suitable for
constructing a hybrid compound with 1 and thus were eliminated
from further consideration. Two hits, FFF-3 and FFF-9, showed
no competition even upon addition of a 10-fold excess of 1, while
one hit, FFF-15, showed an increase in reactivity suggestive of
cooperative binding (Fig. 2B).
Akin to the studies described to map the binding sites of 2, we

determined the binding sites of the three lead FFFs from com-
petitive Chem-CLIP (C-Chem-CLIP) studies, FFF-3, FFF-9, and
FFF-15. FFF-3 and FFF-9 were found to react with nucleotides
G28 and C34, respectively, on opposite sides of the U bulge, and
FFF-15 was found to react primarily with nt G28, with minor
reactivities also observed at nt U33, G38, and C39 (SI Appendix,
Fig. S2). Thus, using Chem-CLIP-Frag-Map, we have shown that
fragment-based probes can recognize different structural pat-
terns in the RNA target.

Design of a Bivalent Ligand Library to Provide Improved Compounds
Targeting pre-miR-21. We next used these molecular recognition
fingerprints to design a bivalent RNA binder by tethering FFF-3,
FFF-9, and FFF-15 to Inforna-derived 1, which should garner
enhanced selectivity and potency compared with 1 alone by
binding two sites in the RNA simultaneously. Varying the dis-
tances between binding modules influences both the affinity and
selectivity of modularly assembled ligands (40, 42, 43). Indeed,
the ideal dimer positions the RNA-binding modules such that
they mimic the distance between the RNA structures that they
bind. Therefore, we synthesized three libraries of heterodimers
in which the fragment 4 (derived from FFF-3), 5 (derived from
FFF-9), or 6 (derived from FFF-15) (SI Appendix, Fig. S4) was
separated from 1 by different distances, afforded by linkers
composed of glycine amino acids (n = 0, 1, 2, 3) (Fig. 2C).
To identify the best dimer from the three series, we used a

previously developed assay that uses a dually labeled pre-miR-21
and a small molecule that recruits an RNase that cleaves the
RNA dubbed TGP-21-C1-3, a ribonuclease targeting chimera
(RIBOTAC) (9). TGP-21-C1-3 comprises a 1-dimer (TGP-21)
coupled to a heterocyclic compound that recruits RNase L (C1-
3) to cleave pre-miR-21. The RIBOTAC selectively cleaves
pre-miR-21 in cells and in an in vivo model of metastatic breast
cancer (9).
In brief, pre-miR-21 was labeled with a 5′-fluorescein (FAM)

and a 3′-black hole quencher. Binding of TGP-21-C1-3 recruits
RNase L to cleave the RNA, increasing the fluorescence signal.
If a fragment-1 dimer competes with the RIBOTAC, then the
observed fluorescence signal will be reduced (Fig. 3A). To vali-
date the assay, 1 and TGP-21 (9) were studied, both of which
protected pre-miR-21 from RNase L-mediated cleavage. Im-
portantly, the IC50 for each compound in this assay is consistent
with its binding affinity: 1 has an IC50 >50 μM and a Kd = 18 ±
4 μM, while TGP-21 has an IC50 = 1.2 ± 0.8 μM and a Kd = 1 ±
0.1 μM (9) (SI Appendix, Fig. S5A).
We next assessed 4–1, 5–1, and 6–1 heterodimers at a single

dose (25 μM) in this assay. The assembled fragments protected
the RNA from cleavage to differing extents, and the most potent
were carried forward to measure IC50 values (Fig. 3B and SI
Appendix, Fig. S5B). Interestingly, the assembled fragments with
the shortest linker lengths were the most potent compounds with
IC50 values of 21 ± 3 μM for 7 (a 4–1 dimer), 12 ± 1 μM for 8 (a
5–1 dimer), and 13 ± 2 μM for 9 (a 6–1 dimer) (SI Appendix, Fig.
S5 C and D). Thus, fragment assembly gives rise to novel binders,
likely with increased binding affinity (studied below), as the IC50
for 1 in this assay is >50 μM.
Next, microscale thermophoresis was used to measure the

binding affinity and selectivity of 7, 8, and 9 for pre-miR-21 (SI
Appendix, Fig. S6A). All three compounds were more avid than

1, with Kd values of 1,280 ± 50 nM (similar to 1-dimer TGP-21
and 18-fold more avid than 1), 2,690 ± 120 nM, and 352 ± 30 nM
(threefold more avid than TGP-21 and 60-fold more avid than 1),
respectively. None of the compounds had measurable binding to
a control RNA in which the ligand-binding site was mutated (SI
Appendix, Fig. S6 B and C). Interestingly, the highest-affinity
dimer, 9, was derived from FFF-15 whose reactivity with
pre-miR-21 increased in the presence of 1 (Fig. 2B), bolstering
the notion of positive cooperativity between the two RNA-
binding modules. Furthermore, 9 binds with 60-fold greater af-
finity than 1, with only a modest increase in molecular weight
(673 g/mol for 9 vs. 552 g/mol for 1).
To better understand the interactions leading to this increased

affinity, a model of pre-miR-21 bound to 9 was generated using
molecular dynamics simulations (Fig. 3C). In this model, the
interaction is stabilized by 1 forming interactions with the A
bulge (stacking and hydrogen bonding), while the fragment
forms a bifurcated hydrogen bond with an adjacent G-U base
pair, providing an explanation for the dramatic enhancements in
affinity and selectivity.
We next performed mutational studies to validate the inter-

actions identified from the molecular dynamics simulations (SI
Appendix, Fig. S7A). Compound 9 retained its affinity upon
mutation of the U bulge to a U-A base pair (i.e., miR-21 A
bulge) (SI Appendix, Fig. S7B), whereas the affinity was abol-
ished on mutation of the A bulge at the Dicer processing site to
an A-U base pair (SI Appendix, Fig. S7C). When the G-U base
pair, predicted to hydrogen-bond to the fragment, was mutated
to A-U, the affinity of 9 decreased by 10-fold (SI Appendix, Fig.
S7D), confirming the importance of these interactions for the
assembled compound.
C-Chem-CLIP-Map was used to map the binding sites of 9

in vitro. Reactions at A35 and G38 of compound 2 (10 μM) were
decreased on addition of 9 (10 μM) confirming that 9 binds to
the predicted reactive sites of the A and U bulges (SI Appendix,
Fig. S8 A and B). As expected, 9 inhibited Dicer processing of
pre-miR-21 in vitro dose-dependently (SI Appendix, Fig. S9A).
Importantly, this inhibition can be traced to the selective binding
of the RNA as it was unable to inhibit the Dicer processing of a
pre-miR-21 mutant in which the A and U bulges were mutated to
base pairs (SI Appendix, Fig. S9B).

Cellular Assessment of the Effect Lead Optimized Compounds on
miR-21 and Downstream Protein Targets. MDA-MB-231 TNBC
cells highly express miR-21, causing an invasive phenotype (9,
44). This invasive character can be traced to the translational
repression of the phosphatase and tensin homolog (PTEN) and
programmed cell death 4 protein (PDCD4) by miR-21 (45–47).
As 9 was both more avid and potent in vitro than 1, 7, and 8, it
was assessed for it ability to inhibit the biogenesis of miR-21 and
subsequent deactivation of its downstream oncogenic pathway in
MDA-MB-231 cells.
We first screened dimers 7, 8, and 9 for activity in

MDA-MB-231 cells using a facile reporter system in which the 3′
UTR of PTEN is fused to luciferase. Notably, the 3′ UTR har-
bors a mutation such that it is responsive only to miR-21 levels
(48) (SI Appendix, Fig. S10A). All three dimers increased lucif-
erase activity to varying extents, indicating inhibition of miR-21,
although the effect of 7 was not statistically significant at the
concentrations tested (0.1, 1, and 10 μM) (Fig. 4A). A dose-
dependent increase in luciferase activity was observed for 8
and 9, with statistically significant increases observed at 10 μM of
8 and at all three concentrations of 9 tested (0.1, 1, and 10 μΜ).
For comparison, treatment with 20 μM of 1 increased luciferase
activity by approximately twofold, roughly the same increase
observed with 10 μM of 8 (twofold more potent) and 1 μM of 9
(20-fold more potent) (Fig. 4A).
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Considering the potency of 9 in this assay, we next assessed its
ability to inhibit miR-21 biogenesis by measuring the levels of
pre-miR-21 and mature miR-21 by RT-qPCR. If 9’s mode of
action is indeed inhibition of Dicer processing, then an increase

in pre-miR-21 levels and reduction of mature miR-21 levels
would be expected. Indeed, a dose-dependent decrease in ma-
ture miR-21 level was observed with an IC50 of ∼1 μM (Fig. 4B),
and pre-miR-21 levels increased by ∼1.8-fold on treatment with

Fig. 4. Activity of fragment-based heterodimers in MDA-MB-231 TNBC cells. (A) Compounds 7–9 inhibit miR-21 functional activity, as assessed by a reporter
assay in which the 3′ UTR of PTEN is fused to luciferase (n = 5). (B) Levels of mature miR-21 upon treatment with 9, as measured by RT-qPCR (n = 3). (C) Levels
of pre-miR-21 upon treatment with 9 (2 μM), as measured by RT-qPCR (n = 3). (D) Derepression of miR-21’s downstream target PDCD4 upon treatment with 9
(1 μM), as measured by Western blot analysis (n = 4). (E) miRNA profiling of MDA-MB-231 cells treated with 9 (1 μM; n = 3). Dotted lines represent a false
discovery rate (FDR) of 1% and variance of S0 (0.1). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, compared with untreated samples by a Student’s
t test. Error bars represent SD for all panels.
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2 μM of 9 (Fig. 4C). Notably, 9 is 10-fold more potent than 1 and
as potent as TGP-21 (9), but with a lower molecular weight. [As a
positive control for these studies, a locked nucleic acid (LNA)
oligonucleotide, or antagomir, targeting miR-21 was used. As
expected, the LNA (100 nM) reduced miR-21 levels and dere-
pressed PTEN, while an LNA oligonucleotide with a scrambled
sequence had no effect (Fig. 4).] This 9-mediated inhibition of
miR-21 biogenesis derepressed its endogenous target PDCD4 (46)
by ∼40% at a dose of 1 μM (Fig. 4D), a 10-fold improvement over
1, similar to the effects seen on mature miR-21 levels (9). Direct
target engagement of pre-miR-21 by 9 was studied using C-Chem-
CLIP. We first measured target engagement with 2 (1 μM), which
provided a 2.8-fold enrichment in the amount of pre-miR-21; this
enrichment was abolished upon the addition of 9 (1 μM), con-
firming direct target engagement (SI Appendix, Fig. S10B).

Compound 9 Is Selective miRNome-Wide. We next studied the se-
lectivity of 9 (1 μM) across the miRNome by measuring its effect
on the 379 miRNAs expressed in MDA-MB-231 cells. Only miR-
21 levels were statistically significantly affected (P < 0.01)
(Fig. 4E), whereas 1 (10 μM) affected the levels of 17 miRNAs
(9). Thus, the addition of a fragment increased the potency and
selectivity of an RNA binder in cells. Furthermore, these studies
indicate that 9 is selective across the miRNome.

Fragment-Based Dimer 9 Reduces the Invasive Nature of MDA-MB-231
TNBC Cells. We next examined the effect of 9 on the miR-
21–mediated invasive phenotype in MDA-MB-231 cells. Treat-
ment of MDA-MB-231 cells with 1 μM of 9 (its approximate IC50
for inhibition of miR-21 biogenesis) reduced the number of in-
vasive cells by ∼70% (Fig. 5 A and B). MCF-10A cells are a
commonly used model of healthy human mammary epithelium
that do not express miR-21 and thus have no invasive nature.
Transfection of a plasmid expressing pre-miR-21 or a
pre-miR-21 mutant (9-binding site ablated; SI Appendix, Fig. S5)
caused MCF-10A cells to become invasive, as expected
(Fig. 5 C–E). Importantly, the invasive nature of MCF-10A cells
transfected with a plasmid encoding pre-miR-21, but not the
mutant, was reduced on treatment with 9 (Fig. 5 D and E). Taken
together, these experiments demonstrate that 9 has a specific
effect on the invasive phenotype of TNBC by inhibiting miR-21
biogenesis.

Conclusion and Broader Impacts. In summary, we have described a
fragment-based screening strategy to identify compounds that bind
pre-miR-21 and map their sites of engagement, via Chem-CLIP-Frag-
Map. Furthermore, we have provided a workflow for the assembly of
fragments to develop high-affinity and selective bioactive compounds.
The biological activity of the optimal designer compound 9 was
demonstrated in MDA-MB-231, a TNBC cell line. Indeed, the
fragment-based dimer was more potent and selective than the starting

Fig. 5. Fragment-based dimer 9 inhibits miR-21–mediated invasion. (A) Representative images of MDA-MB-231 invasion assays on treatment with LNA
targeting miR-21 or 9 (1 μM). (B) Quantification of the number of invasive MDA-MB-231 cells on treatment with LNA targeting miR-21 or 9 (n = 4). (C) MCF-
10A cells, a model of healthy breast epithelium, do not expression miR-21 and thus have no invasive character or are affected on 9 treatment (n = 2). (D)
Transfection of a plasmid encoding pre-miR-21 (miR-21 WT; secondary structure shown to the right) induces invasion in MCF-10A cells, which is abolished on 9
treatment (n = 3). (E) Transfection of a plasmid encoding a pre-miR-21 mutant in which the 9-binding site is removed (miR-21 mutant; secondary structure
shown at the right) also induces invasion in MCF-10A cells, but cannot be reversed by 9 treatment. **P < 0.01 compared with untreated, as determined by a
Student’s t test. Error bars represent SD for all panels.
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parent compound 1, and, importantly, these enhancements were
afforded by a very modest increase in molecular weight.
This ligand identification strategy likely can be widely applied to

other disease relevant RNAs in vitro or in cells. Additional ad-
vancements in this area could include leveraging the foundation
established here to study ligandability transcriptome-wide, followed
by assembling bound fragments to afford potent and selective low
molecular weight compounds. Despite the skepticism surrounding
RNA as a drug target, these studies and others (49–54) suggest that
chemical and chemical biology approaches can provide selective
modulators of RNA (dys)function. Thus, it may be time to describe
biomolecules that are perceived to be challenging small molecule
targets as “not yet drugged” rather than “undruggable.” As the

science of chemical biology advances, it is becoming clear that more
and more biomolecules are indeed targetable.

Data Availability. The atomic coordinates for compound 9 bound
to pre-miR-21 have been deposited in ModelArchive at https://
www.modelarchive.org/doi/10.5452/ma-izwdb (56). All other
study data are provided in the main text and SI Appendix.
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