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ABSTRACT

Although more than 98% of the human genome is noncoding, nearly all drugs on the market target one of about 700 dis-
ease-related proteins. However, an increasing number of diseases are now being attributed to noncoding RNA and the
ability to target them would vastly expand the chemical space for drug development. We recently devised a screening
strategy based upon affinity-selection mass spectrometry and succeeded in identifying bioactive compounds for the non-
coding RNA prototype, Xist. One such compound, termed X1, has drug-like properties and binds specifically to the RepA
motif of Xist in vitro and in vivo. Small-angle X-ray scattering analysis reveals that X1 changes the conformation of RepA in
solution, thereby explaining the displacement of cognate interacting protein factors (PRC2 and SPEN) and inhibition of
X-chromosome inactivation. In this Perspective, we discuss lessons learned from these proof-of-concept experiments
and suggest that RNA can be systematically targeted by drug-like compounds to disrupt RNA structure and function.
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INTRODUCTION

Greater than 98%of our genome does not code for protein
and, within the remaining 2% of sequence space, no more
than 25,000 proteins are believed to be encoded (The
ENCODE Project Consortium 2007). Despite the fact that
most of the human transcriptome is noncoding (Kung
et al. 2013), nearly all commercially available drugs target
one of the ∼700 disease-related proteins (Santos et al.
2017). These proteins account for only 0.05% of the ge-
nome, but still represent the major focus of R&D efforts in
the pharmaceutical industry. However, an increasing num-
ber of diseases are now known to originate in noncoding
space (Zhang and Lupski 2015; Disney 2019). The sheer
size of the noncoding transcriptome and the growing po-
tential to encode disease variants make RNAs appealing
new targets for drug discovery. The ability to target RNA
directly would therefore vastly increase the chemical space
for drug development.
Several reasons may explain the historical reluctance to

invest in noncoding space (Connelly et al. 2016; Warner
et al. 2018; Ursu et al. 2019): First, RNAhasbeenhistorically

considered to be a passive intermediary between genome
and the proteome. More recent work has led to the realiza-
tion that RNA plays essential regulatory roles at both tran-
scriptional and translational levels, and has functions in
RNA modification, chromatin structure modification, as
well as other processes (Andergassen and Rinn 2022).
Second, until recently, there has been little progress in de-
velopment of small molecule drugs known to be targeting
RNA, and conventional high-throughput screening
strategies have proven to have low success (Aboul-ela
2010). Third, RNAs have been considered “undruggable”
because pharmacological probing of macromolecules
generally requires the drug target to adopt a stable confor-
mation (Santos et al. 2017).
With structural stability being a requirement for target

engagement, RNAs have rated poorly because of the ca-
pacity to assume many secondary and tertiary structures
of similar stabilities. In contrast, proteins are generally con-
formationally stable and therefore rate more favorably as
drug targets. RNA’s poor druggability also stems from
the fact that determination of their tridimensional structure
inside cells remains challenging (Connelly et al. 2016;
Warner et al. 2018; Ursu et al. 2019). Few RNA structures
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have been solved to date despite recent improvements in
chemical probing and imaging methods (Warner et al.
2018). Some clinical success has been achieved by target-
ing RNA with complementary nucleic acids, such as anti-
sense oligonucleotides (ASOs). However, although easier
to design and offering greater selectivity, ASOs are more
difficult to deliver than small molecules and cell penetra-
tion of these large, highly charged pharmaceuticals can
be an obstacle, whereas drug-like small molecules of
<500 daltons are generally easier to optimize for delivery
and tissue penetration. The potential for oral delivery,
greater systemic exposure, and better cell and tissue pen-
etration are among the advantages of small molecule
drugs. For these reasons, the quest to find RNA-binding
small molecules has intensified in the past several years
(Connelly et al. 2016; Rizvi and Smith 2017; Disney et al.
2018; Warner et al. 2018).

Indeed, the number of examples of RNA-binding small
molecules and approaches used to identify them have
grown in recent years (Childs-Disney et al. 2022). Initial ex-
amplesemerged fromphenotypic screens thatwere actually
not specific to RNA targets. For example, the antibacterial
Ribocil selectively targets the flavin mononucleotide ribos-
witch (Howe et al. 2015, 2016), and the SM1 splice modula-
tors, risdiplam and branaplam, are approved drugs to treat
spinal muscular atrophy. These drugs work to bind the
SMN2 pre-mRNA to bias splicing patterns (Palacino et al.
2015; Baranello et al. 2021). Both were initially progressed
for their phenotypic activity and favorable drug properties,
and only later determined to be RNA-binding compounds
(Palacino et al. 2015; Sivaramakrishnan et al. 2017).
Regardless, these advances have validated the idea that
the chemical space for small molecule drug development
can be expanded much beyond the proteome to include
RNA targets (Howe et al. 2015; Palacino et al. 2015;
Sivaramakrishnan et al. 2017; Aguilar et al. 2022).

A more direct approach has been to target structured
RNAs identified by experimental structure-based ap-
proaches such as X-ray crystallography, NMR spectro-
scopy, CryoEM, or to analyze RNA sequence. Models are
then generated using in silico computational approaches
and chemical matter extrapolated from these models to
exploit RNA features such as hairpins, pockets, and helices
(Childs-Disney et al. 2022). The ability of single-stranded
RNA to base-pair with itself and thereby fold into diverse
sets of tertiary structures may limit the reliability of such
predictive approaches. Relatively few RNAs have high-
quality experimental structural data that are useful for
drug development, and structural data may not adequate-
ly reflect the conformational dynamics of the folded
structure in solution or the effects of protein partners or
other components that may modulate actual functiona-
lity in vivo. It is anticipated that in silico predictions will re-
quire extensive follow-up experimental confirmation.
Nevertheless, although rational design is still in its early

days, the approach may become more feasible in the fu-
ture as we gain a better understanding of how RNAs fold
in vivo and better algorithms become available to predict
their folding (Fauman et al. 2011; Disney et al. 2016;
Abulwerdi et al. 2019).

A third approach toward identifying RNA-targeting com-
pounds involves affinity-based screening of RNA-binding
compounds, such as Affinity-selection mass spectrometry
(AS-MS), which could beperformedwithout detailed knowl-
edge of an RNA’s structure. In this Perspective, we discuss
our recent success in targeting a long noncoding RNAusing
such a structure-agnostic method. We then discuss lessons
learned from the proof-of-concept and how the AS-MS ap-
proach can become a generally applicable, scalable, and re-
producible method for discovering new chemical matter in
the RNA-targeting space.

TARGETING XIST RNA IN A PROOF-OF-CONCEPT

Our proof-of-concept work focused efforts around Xist, as it
is an RNA with established function and is arguably one of
the best characterized long noncoding RNAs. Xist is a 17
kb transcript produced fromone of the two X chromosomes
in female mammals to initiate dosage compensation of X-
linked genes (Brown et al. 1992; Wutz et al. 2002; Starmer
and Magnuson 2009; Disteche 2012; Lee 2012). Among
its unusual properties is the ability to spread and localize
to the inactive X chromosome (Xi) in cis to recruit repressive
complexes for XCI (Brown et al. 1992; Zhao et al. 2008). A
priori, identifying small molecules based on structure-en-
abled rational design would have required considerable
upfront work lasting (likely) years due to the large size of
Xist RNA and the suspicion that the RNA is substantially un-
structured despite the presence of conserved modular do-
mains (Smola et al. 2016). Despite its noncoding nature
and overall modest sequence conservation among mam-
malian species, Xist contains various better-conserved mo-
tifs, including “Repeat A” (RepA)—a 431-nucleotide
domain consisting of 8.5 units of a GC-rich motif (Fig. 1A;
Brown et al. 1992; Wutz et al. 2002). RepA is essential for
Xist function (Wutz et al. 2002; Hoki et al. 2009; Nesterova
et al. 2019; Colognori et al. 2020).

Because reliable assays for RepA’s silencing function are
established, we chose to screen for compounds that target
RepA. Notably, prior efforts to deduce the structure of
RepA have relied on SHAPE andDMS-seqmethodologies,
but these studies have not arrived at a consensus (Maenner
et al. 2010; Fang et al. 2015; Smola et al. 2016; Liu et al.
2017; Rivas et al. 2017; Kirk et al. 2018; Jones and
Sattler 2019). Furthermore, our recent imaging of RepA us-
ing small angle X-ray scattering (SAXS) revealed that RepA
RNA in solution can adopt at least 16 different families of
conformations in vitro (Aguilar et al. 2022), potentially ex-
plaining why methods that rely on population averaging
have yielded dramatically different results.
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These limitations accentuate the need for structure-ag-
nostic approaches to small molecule screening for RNA
targets. We therefore turned to AS-MS—specifically a
high-throughput automated ligand identification system
(ALIS)—that initially relied upon ligand binding to RNA
directly and then followed through with functional and
structural analyses to differentiate and characterize phe-
notypically relevant ligands that disrupt the silencing
function of RepA. In screening 50,000 compounds, we
identified the small molecule, X1 (Aguilar et al. 2022).
The X1 compound has drug-like properties, with a molec-
ular weight of 416 Da, four hydrogen bond donors, and
one hydrogen bond acceptor. We demonstrated that
X1 specifically binds to RepA in vitro and in vivo, alters
the conformation of RepA RNA, and displaces two known
interacting protein factors (PRC2 and SPEN). By interfer-
ing with PRC2 and SPEN interactions, X1 blocks histone
H3 lysine-27 trimethylation (H3K27me3) and abrogates
the initiation of X-chromosome inactivation (Aguilar
et al. 2022). The study thereby demonstrates that RNA
can be systematically targeted by drug-like compounds
that disrupt RNA structure and epigenetic function.
Below, we enumerate lessons learned from these proof-
of-concept experiments.

LESSONS LEARNED

Advantages of the AS-MS screening method

Affinity-selection mass spectrometry (AS-MS) is a general
term that encompasses both direct and indirect target–
ligand complex detection techniques (Annis et al. 2007).
AS-MS measures binding of small molecules using an affin-
ity-selection stage, in which a potential ligand or mixture of
ligands is equilibrated with the target macromolecule to
form a target–ligand complex which is then separated
from the nonbinding components. The binding ligands
are then identified by MS. Direct approaches use the
mass spectrometer to separate the target–ligand complex
from the unbound components in the gas phase, and
indirect techniques, such as ALIS (“automated ligand
identification system”), typically use a chromatographic or
ultrafiltration-based system to separate the target–ligand
complex away from the unbound species in solution, and
the mass spectrometer to denature the complex and iden-
tify the small molecule ligand after release from the target
(Annis et al. 2007).
Direct methods, such as DOLCE-MS (Greig and

Robinson 2000) and MASS (Hofstadler and Sannes-
Lowery 2006), have the advantage of providing direct ob-
servation of the ligand binding to the target. However,
preservation of noncovalent target–ligand binding under
gas phase conditions may require removal of excess non-
volatile salts, detergents, buffers or other solution compo-
nents andmay affect functional target folding and stability.
Generally, high-resolutionMS is necessary to detect ligand
binding, which may limit the number and type of targets
that are amenable to screening, as RNA targets that are
too largeor heterogeneousmaynotbe compatible. The re-
quirement for assay conditions that are amenable to gas-
phase detection of the native state of a target–ligand com-
plex renders direct AS-MS a more challenging and limited
screening technique (Bergsdorf andOttl 2010). As a result,
direct AS-MS methods have not been generally adopted
for high throughput screening approaches in drug
discovery.
In contrast, indirect AS-MS methods such as ALIS equili-

brate a targetmoleculewith amixture ofmolecules in a sol-
ution that is compatiblewith functional activity. The target–
ligand complexes are then rapidly separated from the pool
of nonbinding compounds using size-exclusion chroma-
tography (SEC), captured, and then transferred to re-
verse-phase chromatography to denature the complex
and remove potentially interfering salts and other buffer
components. The target–ligand complexes are denatured
during the reverse-phase step and small molecule ligands
are released and identified by mass spectrometry.
Target-compound binding is done in solution with no tag-
ging of either the target molecule or the screening collec-
tion required, and separation and capture of the target–

A

B

FIGURE 1. Selective and nonselective compounds identified in a
screen for compounds targeting noncoding RNAs of the X-inactiva-
tion center. (A) The X-inactivation center and its noncoding genes
(Tian et al. 2010). (B) Numbers of hits binding to each X-linked RNA
from the original AS-MS screen, showing the proportion of binders
that were selective to each RNA versus the total set of 41 other
RNAs that were screened (Rizvi et al. 2020).
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ligand complex is done under physiologically relevant con-
ditions using SEC. AS-MS is a binding assay and therefore
identifies ligands independently of their functional effect,
which potentially allows for ligands acting at novel sites
to be identified. There are several types of indirect ap-
proaches which have been reviewed previously (Annis
et al. 2007; Bergsdorf and Ottl 2010). The applications
and use of indirect AS-MS have now become an estab-
lished drug discovery approach with numerous applica-
tions involving a wide target and compound space
(Prudent et al. 2021). Although originally developed for
screening traditional drug target proteins, the approach
has been shown to enable screening of large collections
of drug-like small molecules against additional types of
RNA-based targets.

Initial application of the ALIS AS-MS platform to screen-
ing noncoding RNAs used the FMN bacterial riboswitch as
a model system, since this target had known drug-like ac-
tive binders (Howe et al. 2015; Rizvi et al. 2018). The ribos-
witches proved to have sufficient stability and were
generally of excellent solubility, so that no modifications
to the screening system itself and only minor precautions
(e.g., use of RNase-free buffers) were necessary to achieve
stable screening conditions (Rizvi and Nickbarg 2019).
However, screening results revealed that even a relatively
compact RNA such as a riboswitch could adopt different
conformational states causing different ligands to bind in
the same pocket but with different phenotypic conse-
quences (Rizvi et al. 2018). Indeed, recent work with the
TPP riboswitch shows that RNAs can exhibit significant
cooperativity effects upon binding of ligands, resulting in
substantial structural rearrangements (Zeller et al. 2022).
A binding-based screening method such as ALIS can sam-
ple multiple conformational states and can provide hits
across these states, whereas structure-based methods
may miss or deprioritize hits based upon such interactions.
However, the AS-MS systemmerely provides binding data
andmust be linked to appropriate functional and structural
follow-up approaches so that hits of the desired properties
can be identified. Indeed, some hits within the expanded
set also bound RepA, but had no biochemical or biological
activity asmeasured in vitro and in vivo (Aguilar et al. 2022).

Selection of RNA targets and hit rates

Target selection is a critical aspect of every drug discovery
effort. Although we succeeded in identifying small mole-
cule binders to RepA of Xist, we initially considered a
number of other possible targets, including other X-inacti-
vation-related RNA targets, for the proof-of-concept effort
(Rizvi et al. 2020). The original expanded set of 42 RNA tar-
gets were selected without knowledge of detailed RNA
structure to represent a broad range of RNA types from a
variety of disease areas. Disease-relevant noncoding RNA
(ncRNA) transcripts containing single-nucleotide polymor-

phisms (SNPs) were chosen by examination of genome-
wideassociation studies (GWAS) and literaturedata, and in-
cluded mammalian lncRNA, ncRNAs known to bind to
RNA-binding proteins, G-quadruplexes, RNA repeat ele-
ments, noncoding splice variants, segments of mammalian
mRNAcontaining structural elements in the 3′ or 5′ untrans-
lated regions, and some bacterial and viral ncRNA ele-
ments (Rizvi et al. 2020). These RNAs were each screened
against a diversity library of approximately 50,000 drug-
like small molecule compounds and a functionally annotat-
ed library of ∼5100 compounds that were drawn from the
larger Merck corporate screening collection. Screening of
the set of RNA targets gave a total of 1424 hits, of which
944 were RNA-selective (binding to only a single target
out of the 42 screened) and 545 were both RNA-selective
and not binding to any of the proteins included in the
screening comparison data set (Rizvi et al. 2020). It is impor-
tant to note that the AS-MS technique used here is de-
signed to discriminate against weakly bound ligands (Kd

approximately <10 µM) and therefore the sets of hits in-
cludedbinderswith affinities that can range fromsubmicro-
molar to lowmicromolar. The observed numbers of hits for
the various RNA targets in the AS-MS approach were also
quite variable. Twoof the 42 targets failed tobind any com-
pounds while the G-quadruplex targets exhibited hit rates
thatwere 10-fold higher thanother classes of RNAs.Wedid
not functionally characterize the hits to the 42 targets in
great detail, however, as most of these RNAs did not lend
themselves to easy characterization, due to the lack of es-
tablished biochemical and functional assays.

On the other hand, as one of the primary purposes of the
original AS-MS screening effort was to characterize the
chemical properties of the RNA binding compound set,
we confirmed hits from the screen of the RNA targets and
compared them to small molecule interactors from a com-
parative protein AS-MS screening data set. Naïve Bayesian
models for chemical properties that bias small molecules
toward RNA binding were then derived. The resulting
chemical features were used to assemble an additional
set of∼3700 compounds thatwere enriched in compounds
containing RNA-binding features, as demonstrated by ele-
vated hit rates in subsequent AS-MS screening. The hit
compound set therefore consists of compounds binding
with a range of affinities against the included RNA and pro-
tein targets. The data showed that there was considerable
overlap in the types of compounds binding between the
RNA-binding and protein-binding compound sets, but it
was possible to identify chemical features that were more
prevalent among compounds that were binding selectively
to RNA targets (Rizvi et al. 2020).

Interestingly, RepA RNA bound 19 of the compounds in
the original 1424 hit set. Of these binders, six were RNA-
selective, binding to a single RNA from the set of 42 targets
that were screened (Rizvi et al. 2020). This is similar to the av-
erage number of compounds binding (23) and average
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numberof RNA-selective binders (9) binding among the five
X-linked RNAs that were screened, including Jpx and Tsix
(Fig. 1B; Rizvi et al. 2020). Of the binders detected during
screening, only one—X22—proved tohave significant activ-
ity in the various cellular and biochemical assays used to
characterize function (Aguilar et al. 2022). X22 has a molec-
ularweight of382Daandexhibits reasonablepharmacolog-
ical properties and drug-likeness (Lipinski 2004), as well as a
reasonable affinity (Kd approximatelygreater than25µM) for
a first-pass molecule. From an expansion set around X22,
ALIS was further used to confirm binding via competition
studies and to determine binding affinities in order to rank
order and prioritize candidates among the 20 expanded
compounds. Fifteen compounds demonstrated a spectrum
of binding affinities to RepA RNA, whereas the remaining
five compounds did not bind detectably. Among the 15,
X1 emerged as the highest affinity binder for Repeat A,
with an affinity (Kd) of 0.4±0.3 µM.
Thus, although current data are limited, it appears that a

raw hit rate to a given RNA in the ALIS AS-MS system can
be estimated. The average hit rate for non-G-quadruplex
RNA targets with our 50,000 compound diversity set is cur-
rently estimated to be ∼0.01%, whereas protein targets
were 0.05% from the same compound set. Though we ob-
tained only one to two bona fide selective binders (X1,
X22) to RepA with functional activity in cells, the low hit
rate should not discourage further work on RNA targets.
Indeed, we screened only a small diversity set of 50,000
compounds. Typical drug screens cover a library of 1 mil-
lion or more compounds. The low hit frequency may also
reflect the fact that the diversity set of 50,000was originally
curated against protein targets. One approach of future re-
search should therefore be to develop diversity sets of
RNA-selective compounds.

RNA is sufficiently stable for AS-MS approaches

RNAs are notoriously prone to degradation and can be
more difficult to handle than proteins. However, we note
that, by taking proper precautionary measures, all of the
tested RNAs were of sufficient stability to withstand
short-term storage, preparatory work for the ALIS runs,
and the screening runs themselves. In the case of RepA,
RNA samples were prepared as close to the time of screen
as possible. RepA templates were in vitro transcribed plas-
mids using the T7 expression system, treated with DNase
to remove contaminating plasmid DNA, purified by size
exclusion chromatography, and resulting RNA fractions
were concentrated using Amicon 100 kDa MWCO devic-
es. Care was taken to preserve the native structure of the
freshly transcribed RNAs (Chillon et al. 2015) by storing
the RNA at 4°C and performing all screens within 24 h. It
is possible that some RNAs will be stable enough to with-
stand additional purification steps, such as rounds of dena-
turation and renaturation. The size of the pooled end-

products and their integrity were confirmed by denaturing
urea 6% polyacrylamide gel electrophoresis. It was further-
more confirmed that handling during the screen through
AS-MS did not result in loss of RNA integrity. We therefore
conclude that RNAs such as RepA are sufficiently stable for
a high-throughput automated system such as ALIS and are
viable targets for future drug discovery efforts based on
AS-MS.

Effect of RNA size on small molecule binding

Our analysis of the screening data across the set of non-G-
quadruplex RNA targets showed no relationship between
RNA target size or target type with number of binding
compounds. The number of compounds binding did not
increase with RNA target length, suggesting that com-
pounds arenotbinding in a linear RNA-sizedependent fash-
ion and binding insteadmay bemediated bymore complex
secondary and tertiary structural elements. G-quadruplex
RNAs had substantially higher hit rates, but most of these
binders couldbeeliminatedby changing screening salt con-
ditions from high [K+] to high [Na+]—conditions that desta-
bilize quadruplex structure and favor hairpin formation. It is
therefore likely that the differences in hit rates observed
across our set of RNA targets are dependent upon the over-
all folded RNA target structures for the individual targets,
rather than RNA size (Rizvi et al. 2020).

Pipeline for hit validation

The screen against the original 42 RNA targets returned a
total of 1424 hits after screening a library of 50,000 com-
pounds representing the structural diversity and bioactivity
space covered by the Merck total sample collection (Rizvi
et al. 2020). In the case of X-linked RNAs including Xist,
Tsix, and Jpx, we obtained a total of 115 hits. When faced
with so many hits, a systematic approach is needed to sep-
arate selective from non-selective binders and functional
from nonfunctional compounds in order to determine
which are worthy of further research and development,
such as depicted in Figure 2. Following up the initial hits
was somewhat challenging, as most of the RNA targets
were structurally uncharacterized and remain uncharacter-
ized with regard to protein interactors and cellular targets.
Most lacked established functional assays.
Thus, we suggest initiating screens only on RNAs with

well-characterized functions, ideally with known mecha-
nisms of action. Moreover, although the AS-MS approach
is structure-agnostic, some prior knowledge of the RNA’s
functional domains could be very helpful. In the case of
Xist, the 17-kb size precludes in vitro transcription of the
full length RNA. AS-MS also does not lend itself to screen-
ing with such large transcripts. Thus, knowledge of
conserved and functional domains was especially impor-
tant. Mutational analyses have determined how each
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domain contributes crucially to various aspects of XCI and
what protein partners may be bound to them (Wutz et al.
2002; Colognori et al. 2019; Lee et al. 2019; Colognori
et al. 2020; Dixon-McDougall and Brown 2022). RepA
was an obvious target because multiple studies have con-
firmed a requirement for initiating XCI silencing, and bio-
chemical and cellular studies have identified a large suite
of interacting protein partners, including PRC2 and SPEN
(Zhao et al. 2008; McHugh et al. 2015; Monfort et al.
2015). A number of assays are also available for testing
biological effects and confirming mechanisms of action
(Fig. 2).

After identifying X1 as a hit in the AS-MS screen (Aguilar
et al. 2022), we first ruled out X1 as a nonspecific intercalator
of nucleic acids, as evidenced by a low percent effect
of−11.7 at 40 µM in a ThiazoleOrange displacement assay.
We used mass spec to obtain a preliminary affinity for X1’s

interactionwithRepAand revealed that it hashighspecificity
for RepA relative to 40 other RNA species. We tested X1
against a panel of kinases to rule out kinaseactivity, as kinase
inhibitors are well-represented in the Merck diversity set. A
small set of analogs was synthesized to confirm activity
and establish some initial structure–activity relationships.
Inactive analogs are also critical for mechanistic studies, so
we identified both close analogs and structurally distinct
compounds to serve as inactive controls.One issuewe iden-
tified with X1 and its analogs was poor solubility above
50 µM in aqueous media, thus making the determination
of affinities somewhat challenging. For X1, we would pro-
pose futurework to include synthesizinga set of compounds
aimed at addressing the solubility challenge with predicted
solubility as a prioritizationmetric. Improved solubility could
enable additional characterization such as SPR binding
measurements.
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To determine whether X1 has biological activity related
to X-chromosome inactivation, we performed a set of bio-
chemical tests. First, we asked if X1 specifically displaces
two of Xist’s required interacting protein partners,
Polycomb repressive complex 2 (PRC2) and SPEN. RNA
electrophoretic mobility assays (EMSA) revealed that the
presence of the X1 compound substantially reduces the af-
finity of RepA for PRC2 from a Kd of 47 to 420 nM (IC50 of
30 µM) and SPEN, and for SPEN from 76 to 717 nM (IC50 of
48 µM). In vivo, RNA immunoprecipitation (RIP) using anti-
PRC2 and anti-SPEN antibodies also showed that X1
disrupts the interaction between RepA and PRC2.
Validating that X1 physically engaged RepA RNA in vivo
was naturally more difficult. We designed a proxy mea-
surement by creating a tritiated version of X1 and examin-
ing the number of H3 counts recovered in RNA pulldown
experiments from cells expressing wild-type Xist versus
cells expressing an RNA version lacking the RepA domain.
Indeed, the recovered counts were significantly reduced in
the mutant Xist RNA, strongly suggesting that the RepA
domain is the binding site for X1. These observations
raised our confidence in X1 as a compound that not only
binds Xist but also affects its biological activity inside cells.
Using small angle X-ray scattering studies, we found that

X1 binding changes RepA’s RNA conformation and pro-
posed that the conformational change explains X1’s ability
to displace PRC2 and SPEN. Consistent with this effect,
ChIP-seq demonstrated that X1 blocks histone H3 lysine-
27 trimethylation (H3K27me3) specifically on the inactive
X chromosome (Xi), and RNA-seq revealed that drug treat-
ment inhibits the initiation of whole-chromosome gene si-
lencing. The epigenomic analyses showed that the effects
were specific to the Xi and that the active X (Xa) was not af-
fected. We also applied cellular studies and found that re-
tardation of growth and differentiation are female-specific,
as would be expected if X1 targeted Xist to block a phe-
nomenon that only occurs in females. Importantly, X1
did not inhibit the histone methyltransferase activity of
PRC2 directly; rather it bound RepA and prevented the ac-
tion of RepA in recruiting SPEN and PRC2. Thus, the pan-
oply of available functional tests in the RepA study enabled
us to determine that X1 was a selective inhibitor of Xist
function.

CONCLUSIONS

The RepA study provided proof-of-concept that RNA can
be drugged by a small molecule for epigenetic effects.
Our experience with screening a much larger set of
RNAs led us to conclude that drug discovery efforts best
focus on RNA targets with known functions and a well-es-
tablished set of downstream functional readouts. Once
such targets are identified, we believe that RNA-binding
compounds can be discovered for them using a generally
applicable, scalable, and reproduciblemethod to find nov-

el chemical matter in the RNA-targeting space. For X1, fur-
ther modifications of the tool compound through
medicinal chemistry could increase potency and specific-
ity, possibly leading to clinical candidates for treatment
of X-linked diseases. Xist RNA has emerged as a key ther-
apeutic target for Rett syndrome and other X-linked dis-
eases through an X-reactivation strategy that would
unsilence the wild-type allele of the causal gene on the
Xi (Bhatnagar et al. 2014; Carrette et al. 2017; Sripathy
et al. 2017; Grimm and Lee 2022), although such an ap-
proach would not beMECP2-specific (X-reactivation could
affect other genes on the inactive X chromosome [Xi]).
However, only a small fraction of Xi genes is increased in
expression and the relative contribution of reactivation to
the overall expression of other X-linked genes would be
small in comparison to that of MECP2. Mouse experiments
have also demonstrated the safety of X-reactivation in the
brain (Carrette et al. 2017). With regard to developing X1
as a possible therapeutic, we emphasize that the same
molecule may not work on human XIST RNA and X-chro-
mosome inactivation, as mouse Xist and human XIST are
only partially conserved in the RepA domain. Developing
X1 would require synthesizing additional derivatives to ex-
plore structure–activity relationships in human cells and to
improve compound solubility without impairing potency.
Additional screening would also be advisable to identify
new leads with better profiles.
Finally, unlike previously reported RNA-binding drugs,

our hits did not arise from phenotypic screens (and retro-
spectively shown to bind RNA) (Howe et al. 2015;
Sivaramakrishnan et al. 2017), but from a direct RNA-bind-
ing screen. A major advantage of ALIS is that it is agnostic
to mechanism of action and function, and is therefore po-
tentially applicable to any RNA, including those for which
detailed structural knowledge is missing or where rational
design proves challenging. Even as interest in identifying
RNA-targeting compounds has increased over time,
most efforts still focus on sequence- or structure-based de-
sign (Park et al. 2011; Stelzer et al. 2011; Nguyen et al.
2015; Barros et al. 2016; Disney et al. 2016; Luu et al.
2016; Abulwerdi et al. 2019). However, drug-binding
pockets or tridimensional features are not available for
the vast majority of transcripts, including Xist. In the case
of Xist, the large size, the unstructured regions, and the
many coexisting structural subpopulations have precluded
derivation of a consensus structure (Maenner et al. 2010;
Fang et al. 2015; Smola et al. 2016; Liu et al. 2017; Rivas
et al. 2017; Kirk et al. 2018; Jones and Sattler 2019;
Aguilar et al. 2022), rendering Xist an overall unfavorable
candidate for rational design of small molecules. The
ALIS method circumvented these prerequisites. Using
ALIS, the overall number of hits to RNAwas lower than typ-
ically observed for protein targets (Rizvi et al. 2020), but
nevertheless resulted in a tool compound after conducting
a hit expansion screen. The reduced hit frequency may
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reflect the fact that the diversity set of 50,000 compounds
was originally designed to hit protein targets. Additional
future research will expand upon the diversity of com-
pounds with RNA-binding properties and enhance the
identification of RNA-targeting drugs. Indeed, recent re-
ports from other laboratories have already begun to ex-
pand the knowledge base of properties of RNA-binding
small molecules (Donlic et al. 2022).
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