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The triple-helix structure at the 30 end of metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1), a long non-cod-
ing RNA, has been considered to be a target for modulating the
oncogenic functions of MALAT1. This study examines the
binding of quercetin—a known triplex binding molecule—to
the MALAT1 triplex. By employing UV-visible spectroscopy,
circular dichroism spectroscopy, and isothermal titration calo-
rimetry, we observed that quercetin binds to the MALAT1
triplex with a stoichiometry of 1:1 andKd of 495 ± 61 nM, along
with a negative change in free energy, indicating a spontaneous
interaction. Employing real-time PCR measurements, we
observed around 50% downregulation of MALAT1 transcript
levels in MCF7 cells, and fluorescence in situ hybridization
(FISH) experiments showed concomitantly reduced levels of
MALAT1 in nuclear speckles. This interaction is likely a result
of a direct interaction between the molecule and the RNA, as
indicated by a transcription-stop experiment. Further, tran-
scriptome-wide analysis of alternative splicing changes induced
by quercetin revealed modulation of MALAT1 downstream
genes. Collectively, our study shows that quercetin strongly
binds to the MALAT1 triplex and modulates its functions. It
can thus be used as a scaffold for further development of ther-
apeutics or as a chemical tool to understand MALAT1 func-
tions.

INTRODUCTION
Less than 2% of the human genome codes for proteins.1 However, we
now know that transcription is pervasive across the genome and leads
to a wide array of functional coding and non-coding transcripts regu-
lated by cellular states.2 In the class of non-protein-coding RNA tran-
scripts, long non-coding RNAs (lncRNAs) comprise the largest subset
and are characterized by having a length of 200 nucleotides or more.
Although there are close to 100,000 lncRNA transcripts encoded by
the human genome, only a few have been functionally characterized.3

lncRNAs are generally poorly conserved among species at the
sequence level, are expressed at low levels in cells, and are heteroge-
neous in function and expression pattern.4 They may be encoded in
gene bodies or gene deserts and be transcribed from intergenic loca-
tions such as introns, exons, or enhancer regions.5–7 This variability
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and lack of sequence conservation seen among lncRNAs suggests a
role for lncRNAs that may be sequence independent.4 From the
ones already annotated, many lncRNAs are reported to undergo
mRNA-like processing, in that they are transcribed by RNA polymer-
ase II (Pol II), undergo 50 end capping, are polyadenylated, and are
even spliced. Several lncRNAs are known to play important roles in
functions like regulation of RNA and proteins, transcriptional mod-
ulation, modification of chromatin structure, epigenetic regulation,
organization of nuclear domains, gene imprinting, dosage compensa-
tion, and splicing regulation.8–14 However, despite the large number
of lncRNAs that have been reported in the literature, very little is
known so far about their structure-function relationships and their ef-
fects in modulating cellular states. lncRNAs interact with proteins not
just through their primary sequence, but also through secondary and
tertiary structural motifs. An increasing number of studies point to-
ward the importance of RNA structure as a critical regulator of func-
tion, and such structures might be formed both locally (within the
RNA) and with other intracellular molecules.15–18

One such lncRNA,MALAT1 (metastasis-associated lung adenocarci-
noma transcript 1), has an expression that is dysregulated in many
cancers.19–21 High MALAT1 levels in patients also confer resistance
to chemotherapy and radiotherapy.22,23 Among certain cancers,
such as human breast cancer, it is upregulated and its expression leads
to poor relapse-free survival.24 A role for MALAT1 has also been
shown in pancreatic cancer, where high MALAT1 levels are found
in metastasized cells compared with localized tumors. Similarly,
highMALAT1 levels in human pancreatic ductal adenocarcinoma tis-
sues are correlated with low patient survival.25 In gall bladder cancer,
high levels ofMALAT1 are shown to be correlated with larger tumor
size, lymphatic metastasis, and poor patient survival rate.26 Similar as-
sociations have been reported for MALAT1 in renal cell carcinomas,
bladder cancer, ovarian cancer, and a number of other cancer
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types.27–29 Furthermore, it has also been shown that targeting MA-
LAT1 using antisense oligonucleotides (ASOs) leads to reduced
metastasis in mouse lung cancer and the development of fewer tumor
nodules after primary tumor implantation. This indicates that the tar-
geting of MALAT1 can have potential therapeutic aspects.30 Among
its other functions,MALAT1 in nuclear speckles alters the phosphor-
ylation of SR (serine/ arginine-rich) proteins and modulates the
cellular distribution and activity of SR splicing factors, thereby influ-
encing alternative splicing of pre-mRNAs.31

MALAT1 is not polyadenylated, yet is transcribed at very high levels
inside the nucleus by RNA Pol II.1MALAT1 owes its nuclear stability
to the triple-helix motif at its 30 end, which sequesters the end from
recognition and degradation by 30–50 exonucleases, which in turn
leads to a higher half-life of the lncRNA.32,33 A U-rich hairpin motif
termed element for nuclear expression (ENE) (which was later
deemed a misnomer), was reported to modulate the stability of the
lncRNA. The ENE, in reality, sequesters a genomically encoded
A-rich tract (from the 30 end of the lncRNA) to form the triple helix,
which in turn protects the lncRNA from degradation.34,35 This triple
helix is flanked on both ends by stem-loop structures named the P1
helix and the P2 apical helix.

Targeting lncRNAs and modulating their function with small mol-
ecules has not been well studied, primarily because of limited under-
standing of lncRNA structures. Interestingly, for MALAT1, the
blunt-ended triplex structure formed at its 30 end is well character-
ized. Brown et al. deciphered the structure of the MALAT1 triplex
region of the MALAT1 30 end at a 3.1 Å resolution and implicated
it in counteracting the rapid phase of RNA decay.36 The structure
was described as an ENE (U-rich hairpin) structure, with an
A-rich tract sequestered within (ENE + A). The MALAT1 transcript
is not polyadenylated; rather, its A-rich tract is genomically en-
coded. A bipartite triple helix (that is, two shorter U,A-U triple he-
lices) is formed with U,A-U triplets separated by an intervening
C+,G-C triplet and a C-G doublet. The C-G doublet maintains
the alignment between the Hoogsteen and the Watson-Crick strand.
Similar triple-helical regions have also been observed in some viral
RNAs, but with a lower number of triples and an absence of the
intervening doublet in their triple-helical region. Despite these dif-
ferences, there also exist structural similarities in the triplex between
viral and vertebrate RNA. Up to six consecutive base triplets have
been observed in nature, in contrast to 11 base triplets when chem-
ically synthesized.37 The MALAT1 triplex has recently been charac-
terized using several biophysical techniques.38,39 It is proposed that,
since the triplex structure formed in MALAT1 provides stability to
the RNA, selective inhibition of this triple helix may lead to a reduc-
tion in MALAT1 levels for better prognosis in cancer. A small mole-
cule binding stably to a triplex may also preclude binding of other
factors that stabilize the triple helix, leading to its opening up and
affecting the degradation of the lncRNA.

The triple helix is a structural motif that is susceptible to targeting
with small molecules. A recent report published by Abulwerdi et al.
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shows the use of a small-molecule microarray of more than 26,000
molecules to identify twomolecules that cause a decrease inMALAT1
RNA levels.40 The identified molecules were shown to physically bind
with theMALAT1 triplex with unique modes of interaction. Two re-
ports by Donlic et al. also demonstrated the screening of small mol-
ecules based on the diphenylfuran scaffold by using molecular dock-
ing to determine selectivity toward the triple helix.41,42 These studies
revealed that rod-shaped ligands have the maximum specificity for
the triplex structure. Using RNaseR exonuclease assays, they also
showed that these molecules protect MALAT1 from exonucleolytic
degradation.41

However, detailed understanding of the interaction of small mole-
cules with the MALAT1 triplex has been lacking, particularly with
respect to the complete biophysical characterization of such interac-
tions. In this study, we have characterized a known triplex-binding
small molecule, quercetin, for its ability to bind to the MALAT1 tri-
ple-helix structure. Quercetin is a flavonoid (subgroup flavonol)
that occurs naturally in plants, many of which form a part of our
diet. It is reported to be an antioxidant,43 with anti-inflammatory
and anticarcinogenic properties.44 It has a generally recognized as
safe (GRAS) status and is safe for animal and human consumption
in low doses when taken in purified form.45 Further, quercetin has
been reported to bind the RNA U-A-U triplex.46 However, there is
no report that describes the binding of quercetin to a naturally exist-
ing triplex that is biologically relevant, like that ofMALAT1. We have
studied the interaction between quercetin and the MALAT1 triplex
using different biophysical experiments. We have also checked the
levels of MALAT1 upon treatment with quercetin in cells and in nu-
clear speckles by quantitative real-time PCR and small-molecule fluo-
rescence in situ hybridization (FISH) techniques, respectively.
Further, we have studied the effect on the splicing of genes uponMA-
LAT1 perturbation by quercetin. Taken together, our study reveals
that quercetin binds the MALAT1 triplex selectively and modulates
its biological functions.
RESULTS
CD spectroscopy and UV melting studies on theMALAT1 triplex

motif

We employed circular dichroism (CD) to assess the structural aspect
of triplex formation using the full-length 94-nt wild-type sequence.
We also used a truncated 73-nt sequence as a control in our study,
where 21 nt of the A-rich strand at the 30 end of the sequence have
been omitted so that the canonical triplex structure cannot form
(Figures 1A and 1B). CD spectra of both oligonucleotides were
measured at 25�C at pH 7. The 94-nt as well as the control 73-nt
structures exhibit the typical spectra of a nucleic acid duplex in the
“A” conformation; that is, the positive band at around �260 nm
has a magnitude similar to that of the negative band at �210 nm.
In addition to these peaks, a weak positive peak at around 219 nm
and a negative peak at �243 nm were seen for the 94-nt sequence,
whereas a weak negative peak at �243 nm was observed for the
73-nt sequence. The 94-nt sequence showed a larger magnitude



Figure 1. MALAT1 triplex sequence and control

sequence along with the chemical structure of

quercetin

(A) Structure of the last 94 bp at the 30 end of theMALAT1

RNA (complete triplex region). Nucleotide base numbers

are marked. (B) The 73-nt control sequence with missing

second strand, which does not form the triple helix. (C)

The chemical structure of quercetin.
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band at 210 nm compared with the 73-nt, which may be characteristic
of triple-helix formation (Figure 2A).

UV melting experiments were conducted at pH 7.0 and were used to
characterize the helix-coil transition of the structured RNAs under
these conditions. Figure 2B shows typical melting curves for both ol-
igonucleotides. Melting curves for both follow the characteristic
sigmoidal behavior for the unfolding of a nucleic acid helix. Reversible
melting and refolding profiles were obtained for both oligonucleo-
tides without any hysteresis. UV melting profiles for both oligonucle-
otides show two transitions, a broad transition at lower temperature
and a sharp transition at higher temperature. Plots of the first deriv-
ative of the absorbance at 260 nmwith respect to temperature are pre-
sented in Figure 2C. The derivative curve for the 94-nt oligonucleo-
tide indicated that there were two resolved transitions with peaks at
58�C and a high-temperature transition at 78�C (Figure 2C). The de-
rivative curve for the 73-nt sequence showed similar behavior, with
two resolved transitions with peaks at 45�C and a high-temperature
transition at 76�C. The high melting temperatures for the 94-nt as
well as the 73-nt sequence (76�C and 78�C, respectively) correspond
to the denaturation of the Watson-Crick base-paired duplex from the
P2 region into single strands. This is consistent with the observation
made earlier under similar conditions.33 The transition at 58�C for
the 94-nt oligonucleotide structure is due to the displacement of the
Hoogsteen base-paired strand, as was reported earlier.33 Transition
at 45�C for the 73-nt oligonucleotide is due to the 5-bp P1 helix.
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Ageeli et al.38 have reported similar melting
behavior in that melting of the P1 helix occurs
together with the triplex. Taken together, from
these observations it may be concluded that
the 94-nt sequence forms a stable triplex (here-
after termed the MALAT1 triplex) flanked by
two duplexes, P1 and P2, and the 73-nt oligonu-
cleotide, which lacks the A-rich tail, forms a sta-
ble duplex (hereafter termed the control duplex)
under the conditions used in this study.

Quercetin binds the MALAT1 triplex motif

in vitro

UV-visible (UV-vis) absorption spectroscopy is
routinely used to gain insight into the interac-
tion between a ligand and a nucleic acid struc-
ture. To understand the binding behavior be-
tween quercetin (Figure 1C) and the MALAT1
triplex, UV spectra of this ligand in the absence and presence of the
MALAT1 triplex and the control duplex were obtained at 25�C. Fig-
ure 3 shows the changes in the absorption spectrum of 2.5 M quer-
cetin when titrated against increasing amounts of triplex up to 1 M.
Quercetin shows an absorbance spectrum with a positive peak at
369 nm. Upon addition of the MALAT1 triple-helix structure, a
23% hypochromic shift (Figure 3C) was observed along with a red
shift of 9 nm from 369 to 378 nm (Figure 3A). In contrast, only a
10% hypochromic shift (Figure 3C) along with a red shift of 3 nm
from 369 to 372 nm (Figure 3B) was observed when the control
duplex was added. A higher change in hypochromicity and red shift
in the absorption spectrum of quercetin in the presence of the MA-
LAT1 triplex, in comparison with the changes in the presence of
the control duplex, indicate that quercetin binds to the MALAT1
triplex stronger than to the control duplex. Hence, quercetin shows
binding to the MALAT1 triplex, demonstrated by the appearance of
isosbestic points in the UV spectra. Similar observations in the bind-
ing of flavonoids to an RNA triplex were also made by others.46,47

Quercetin binds the MALAT1 triplex motif with favorable

enthalpy and entropy

Advances in the sensitivity of isothermal titration calorimetry allow
for more accurate determination of thermodynamic parameters
such as the binding enthalpy change (DH), Gibbs free energy change
(DG), entropy change (DS), and number of binding sites (n). There-
fore, this technique was used to characterize the thermodynamic
y: Nucleic Acids Vol. 30 December 2022 243
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Figure 2. CD signatures between MALAT1 triplex and control non-triplex-

containing sequences are different

(A) CD spectra of MALAT1 triplex (blue) and control duplex (red), both at 2 mM,

shows a pronounced triplex-forming signature in the case of the 94-nt triplex.

(B) Thermal melting profiles of MALAT1 triplex (blue) and control duplex (red)

show characteristic melting temperatures of the MALAT1 triplex. (C) First de-

rivative curves of the raw absorbance signal of MALAT1 triplex (blue) and

control duplex (red) along with fitted curves depict different melting tempera-

tures of the respective structural components. Experiments were performed
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profiles of the MALAT1 triplex and quercetin complex formation.
Preformed triple helix and control duplex were titrated with quercetin
at 25�C (Figure 4), and an isothermal titration calorimetry (ITC)
binding isotherm was generated. ITC was also performed to deter-
mine heat of dilution of quercetin, where identical amounts of quer-
cetin were injected into the buffer alone (Figure 4A).

The representative raw ITC profiles resulting from the titrations of
triplex and control duplex with quercetin are shown in Figures 4B
and 4C, respectively. Each of the injections of quercetin intoMALAT1
triplex solution produced a large exothermic heat signal (Figure 4B),
which continued to decrease until the 12th injection and then became
similar to the titration of quercetin into buffer (Figure 4A). In
contrast, when quercetin was injected into the control duplex solu-
tion, exothermic heat signals for each and every injection were
more or less the same and also were similar to the heat of dilution
(Figure 4C). The resulting corrected injection heats plotted against
the respective molar ratios are shown in Figure 4D. In Figure 4D,
the data points reflect the experimental injection heats, while the solid
line reflects the calculated fit of data using a single site binding model.
We observed that quercetin binds to MALAT1 triplex with a stoichi-
ometry of 1:1 with the Kd in the range of 495 ± 61.6 nM, accompanied
by negative changes in free energy (�8.61 kcal mol�1), indicating that
the interaction was spontaneous. Further investigation showed that
the negative free energy results from a net balance of favorable en-
tropy (+7.08 cal mol�1 K�1) and favorable enthalpy contributions
(�6.5 ± 0.184 kcal mol�1). A favorable binding enthalpy is associated
with the presence of strong hydrogen bonds and van der Waals inter-
actions between quercetin and triplex. A favorable binding entropy is
usually associated with the release of bound water molecules upon
complex formation.

Quercetin binds the MALAT1 triplex motif through the major

groove

The interaction of the quercetin molecule with the core ENE hairpin
and A-rich tract from MALAT1 (PDB: 4PLX) was studied using in
silico docking. The search-space encompassing the complete structure
revealed that the ligand predominantly binds to major grooves (Fig-
ure 5A). The most efficient binding pose of quercetin was found to
interact with the binding energy of �5.98 kcal mol-1 (Figure 5B).
Atomistic detail of the docked conformation revealed six non-cova-
lent electrostatic interactions between the ligand and the nucleotides
of the MALAT1 triplex helix crystal structure (Figure 5C), where the
O5 and O7 atoms of quercetin participated in two electrostatic bonds
each, while atoms O1 and O6 participated in one bond each. The six
non-covalent bonds can be further categorized as five of them being
“moderate, mostly electrostatic,” while one is “weak, electrostatic.”48

The nucleotides involved are U58, U59, G61, C62, and A86 (Fig-
ure 5B). The nucleotides U59 and A84 and A85 participated also in
the hydrophobic interaction, as depicted in Figure 5C (with red
three times in 10 mM sodium cacodylate buffer (pH 7) in the presence of

100 mM NaCl and 0.5 mM MgCl2. The plotted curves are representative of the

same.



Figure 3. UV titration of quercetin with triplex and control sequences

Absorbance spectra of 0.5 mM quercetin with successive additions of (A) MALAT1

triplex and (B) control duplex in 10mM sodium cacodylate (pH 7), 0.5 mMMgCl2, and

150mMNaCl at 25�C. (C) Variation in absorbance at 372 nmas a function of quercetin

concentration for the triplex (,) and the control (B) structures shows a sharper rate of

decline inabsorbance for the triplex-formingsequencecomparedwith the73-nt control

sequence, indicatinga stronger interactionofquercetinwith the94-nt triplex sequence.
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sun-flared semicircle). There were four oxygen-oxygen interacting
pairs and two oxygen-nitrogen non-covalent interaction pairs found
in the quercetin-MALAT1 triplex complex.

As shown in Figure S1, there was a mismatch between the 76-nt
sequence of the crystal structure (4PLX, used for docking) and the
94-nt MALAT1 triplex sequence. The alignment shown highlights
the missing regions in the PDB structure. All the nucleotide positions
mentioned above for docking reflect the numbering of the 94-nt
MALAT1 triplex sequence. To assess the effect of quercetin binding
on the MALAT1 triplex, we used temperature-scanning UV experi-
ments to measure the melting temperatures of the MALAT1 triplex
bound to quercetin. As is shown in Figure S2, quercetin binding
does not appreciably influence the melting temperature of the MA-
LAT1 triplex.

Quercetin binding to the MALAT1 triplex motif causes a

decrease in MALAT1 levels

Recently, utilizing a novel small-molecule microarray strategy, Abul-
werdi et al. identified two small molecules that bind very selectively to
MALAT1 triplex.40 They observed reduced MALAT1 expression in
HEK293 T cells on treatment with these compounds. As observed
from our study, quercetin also binds strongly to theMALAT1 triplex,
so we investigated theMALAT1 expression level in MCF7 cells upon
treatment with quercetin. After treatment of cells with quercetin at
concentrations ranging from 10 nM to 16 mM for 24 h, the total
RNA was isolated (TRIzol, Invitrogen) and qRT-PCR was carried
out for MALAT1 (Figure 6A). The U6 snRNA level was used to
normalize the expression levels of MALAT1. Indeed, a significant
and sustained decrease in MALAT1 levels was observed in cells
treated with quercetin compared with the cells treated with 1%
DMSO that served as controls. A 50% decrease in MALAT1 RNA
levels was observed when cells were treated with 1 mM quercetin.
As a comparison, we tested for the levels of NEAT1, which is another
lncRNA and is encoded by the same chromosome as MALAT1 and
also forms a triple helix similar to the one found at the 30 end ofMA-
LAT1. Using the same protocol of qRT-PCR (and normalization), we
observed no change in the levels of NEAT1 lncRNA, indicating that
the effect of quercetin on MALAT1 is specific (Figure 6B). Further,
to query whether the difference inMALAT1 was the result of a phys-
ical interaction between the small molecule and the RNA or a result of
transcription level alteration, a transcription-stop assay was per-
formed using a-amanitin. After 12 h of treatment with the transcrip-
tion inhibitor, when MCF7 cells were exposed to quercetin, a chase
experiment for MALAT1 levels using RT-PCR revealed that at
20 min post-quercetin treatment,MALAT1 RNA levels were brought
down to half of the initial amount (Figure 6C). This indicated that the
reduction inMALAT1 level was not a result of an effect on transcrip-
tion; rather, it was due to a physical interaction between the molecule
and the RNA.

Quercetin suppresses MALAT1 in nuclear speckles

Subcellular localization determination via qRT-PCR and FISH
demonstrated that MALAT1 localizes to both the nucleus and the
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 245
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Figure 4. Binding parameters of quercetin to the MALAT1 triplex indicate

clear binding to the MALAT1 triplex sequence

Thermograms for the calorimetric titration of 100 mM quercetin in 10 mM sodium

cacodylate (pH 7), 0.5mMMgCl2, and 150mMNaCl into (A) buffer or (B) 6 mM94-nt

complete triplex or (C) 73-nt control structure at 25�C indicate binding of quercetin
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cytoplasm. However, it is more abundant in the nucleus and forms a
characteristic speckled pattern.49 From the qRT-PCR studies, we
observed that MALAT1 levels in cells are suppressed by quercetin
treatment. However, it was not indicated whetherMALAT1 suppres-
sion by quercetin affects MALAT1 located in both the nucleus and the
cytoplasm or whether suppression occurs only in the nucleus or in the
cytoplasm. AsMALAT1 is mostly expressed in the nucleus, quercetin
requires entry into the nucleus to suppressMALAT1 expression effec-
tively. However, in drug-resistant cancer cells, only a small percentage
of drugs finally reach the nucleus, as cancer cells develop intracellular
resistance mechanisms to limit the access of cytosolic drugs to the nu-
cleus.50 To determine if quercetin is able to reach the nucleus and sup-
press MALAT1 effectively, we examined the abundance of MALAT1
using single-molecule RNA FISH, along with co-immunostaining us-
ing an antibody specific for the SR splicing factor SC35. In line with
the previous reports, our FISH experiments along with co-immuno-
staining showed that MALAT1 is located in the nuclear speckles (Fig-
ure 7D). However, upon treatment with quercetin, the FISH signals
decrease, indicating a decrease in MALAT1 concentration in the nu-
clear speckles (Figures 7A and 7B). These experiments clearly demon-
strate that quercetin is able to localize in the nucleus and target MA-
LAT1, thus reducing the MALAT1 concentration in speckles. The
number of MALAT1 puncta reduces by �50% on treatment of cells
with 1 mM quercetin (Figure 7C), which is in line with what was
observed by qRT-PCR.

Quercetin treatment causes global splicing alteration

One of the major roles of MALAT1 in regulating cell fate has been
through its modulation of RNA splicing through SR protein phos-
phorylation.31 The control of alternative splicing has been studied
extensively, and large ongoing efforts have been made to develop syn-
thetic modulators of alternative splicing that can control cellular
function, resulting in potential novel therapeutics. Since the treatment
with quercetin reducedMALAT1 expression levels, we asked whether
the altered expression of MALAT1 in the presence of quercetin may
affect the alternative splicing scenario that is under the control ofMA-
LAT1 coordination.

In previous studies,MALAT1 perturbation has been performed using
sequence-specific knockdown approaches leading to discovery of
diverse molecular pathways regulated byMALAT1. To explore the ef-
fect of small-molecule-induced MALAT1 changes on the transcrip-
tome, we treated MCF7 cells with 1 mM quercetin and performed
whole-RNA sequencing on two biological replicates. We were able
to obtain only 168 transcripts (Table S1) that were significantly differ-
entially regulated between 1% DMSO (control)- and quercetin-
treated samples (Figure 8A). Surprisingly, we found that MALAT1
perturbation through quercetin, too, recapitulated major RNA regu-
latory pathways (ribosome biogenesis, RNA transport, etc.) at the
with the triplex. (D) Plot of integrated heats versus quercetin to triplex (,) molar ratio

and duplex (B) molar ratio indicates no binding to quercetin in the case of control

duplex and clear binding in the case of triplex. The first data point was eliminated in

the data fit.



Figure 5. In silico docking of quercetin against the MALAT1 triplex

(A) Docking of quercetin to theMALAT1 triple-helix crystal structure. The flanking strands are colored in sea green (49–59) and golden yellow (7–16), while themiddle strand is

colored in purple (83–93). The interacting nucleotides are colored in pink. (B) The lowest-energy docking pose of the ligand (represented in red). (C) Atomistic representation of

the ligand bound to the MALAT1 triplex. The ligand is depicted in yellow bonds, while the bonds of the lncRNA are shown in brown. Carbon, oxygen, nitrogen, and

(legend continued on next page)
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level of transcript expression (Figure S3).51 This indicates that the
pattern of gene expression in quercetin-treatedMALAT1 knockdown
cells is similar to that in cells where MALAT1 is specifically downre-
gulated using siRNA.

Alternative splicing being a significant outcome of MALAT1-medi-
ated SR protein phosphorylation, we investigated if quercetin treat-
ment recapitulated a similar regulation at the transcript level. We
observed more than 100,000 alternative splicing local events each
in the control and the quercetin-treated samples (Figure 8B), which
were classified as events on mapping to Gencode data. This high
number of events come up due to the specific annotation used for
exon, intron boundaries, etc., in Gencode. However, 669 events
were observed when we looked at only the significantly differential
alternative splicing events between control and quercetin-treated
cells. These may be classified into six different categories based on
the type of event (Figure 8B) (Table S2). Pathway analysis for this
set of alternatively spliced genes showed a prominent association
with RNA-regulatory pathways (spliceosome, spliceosomal complex,
mRNA splicing, etc.) and mitochondrial pathways (Figures S4A and
S4B). This indicates that quercetin treatment-led MALAT1 downre-
gulation affects the splicing of genes involved in RNA regulation as
well as mitochondrial processes. Sashimi plots of a few obtained
transcripts showing their differently spliced events are shown in
Figure S5.

There were some splicing events obtained that appeared exclusively
in the control condition, and not in the treatment, and vice versa.
We understood these events to appear as a result of quercetin-
induced MALAT1 downregulation. Closer inspection of these mutu-
ally exclusive splicing events between the two conditions revealed an
enrichment of exon-skipping events, alternative first exon usage,
and alternative 50 exon events in the quercetin-treated samples (Fig-
ure S6). These lead to a decrease in alternative 30 exon usage, intron
retention, and alternative last exon usage. Overall, we can conclude
that quercetin treatment in MCF7 led to gross changes in alternative
splicing, possibly acting through the MALAT1 splicing axis.
In vivo quercetin effect is MALAT1 specific

We asked whether quercetin treatment causes any global change in
the lncRNA transcriptome. Our RNA-sequencing data analysis iden-
tified 168 transcripts (Table S1) that were significantly differentially
regulated (Figure 8A), of which only 6 were lncRNAs (RP5-837J1.3,
MIR181A1HG, FAM225B, AC138035.2, RP11-497H16.9, RP11-
15L13.5). We checked the sequences of these lncRNAs for putative
U-A-U triplex-forming motifs and found that no such motifs were
present in any of these six lncRNA transcripts, suggesting that these
lncRNAs (unlike MALAT1) are probably not targets of quercetin-
phosphorus atoms are depicted in black, red, blue, and purple, respectively. The hydrog

the distance marked in angstroms. The nucleotides involved in the hydrophobic interact

images correspond to the numbering of the 94-nt MALAT1 triplex as shown in Figure 1
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triplex interaction and may be an outcome of other non-specific
effects.

DISCUSSION
lncRNAs have recently been well studied and have emerged as impor-
tant regulators of gene expression. They can fold into complex struc-
tures and interact with proteins, thus modulating biological activity
inside a cell. Generally, lncRNAs are structurally conserved, and these
structural motifs are crucial for maintaining their function.MALAT1
is an extensively characterized multifunctional lncRNA that is
involved in transcriptional regulation, alternative splicing, microRNA
sponging, and many more functions. Recent studies indicate that
elevated MALAT1 expression levels promote cell proliferation and
are correlated with poor overall survival in various cancer types. It
has also been shown that an elevated MALAT1 level correlates with
larger tumor size, advanced tumor stage, and overall poor prognosis.
Thus, selective inhibition of MALAT1 can be a strategy to halt its
oncogenic activity from a therapeutic perspective. The 3.1-Å-resolu-
tion crystal structural study has recently identified a triple helix at the
30 end of MALAT1 containing stacks of five and four U,A-U triples
separated by a C+,G-C triplet and C-G doublet, extended by two
A-minor interactions and a 30-terminal A-rich tract. Similar triple-
helix-forming structural elements were also observed in other non-
coding and genomic RNAs of diverse viruses.52 Targeting these intra-
molecular triple-helical structures with small molecules could thus
provide valuable insights into the roles of these structures in lncRNA
functions and will consequently help to establish these structures as
small-molecule-druggable targets. It also offers opportunities to ther-
apeutically modulate numerous cellular processes.

UV melting studies showed that the MALAT1 triplex melts in two
sequential well-resolved steps. The high-temperature transition is
due to the melting of the apical P2 stem and the low-temperature
transition to the thermally induced release of the third strand from
the triplex to form the core duplex and the free single strand. These
observations are consistent with the recent data reported by Ageeli
et al.38 The U-rich third strand separation from the triplex occurs
at 59�C ± 1.0�C, while the duplex strand denaturation occurs at
78�C ± 1.0�C in 10 mM sodium cacodylate (pH 7.0), 150 mM Na+,
and 0.5 mM MgCl2. We also observed two melting transitions for
the control duplex. The high-temperature transition for the control
duplex occurred within the same temperature range as observed in
the case of theMALAT1 triplex, confirming that the transition corre-
sponds to apical P2 stem melting. However, low-temperature transi-
tion for the control duplex happened at 45�C ± 1.0�C, which is 14�C
lower than the triplex melting. The amplitude of this transition is
around 40% lower than the triplex transition, confirming that the
transition is due to melting of the short P1 helix. Melting of the P1
helix at lower temperature was also noticed by Ageeli et al.38
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Figure 6. Change in transcript levels upon quercetin treatment

Quantitative real-time PCR showing (A)MALAT1 expression levels inMCF7 cells upon treatment with the indicated concentrations of the small molecule quercetin for 24 h. (B)

Fold change in NEAT1 levels relative to control upon 1 mM quercetin treatment for 24 h in MCF7 cells. (C) Transcription-stop assay using a-amanitin. Bars depict fold change

in levels of MALAT1 lncRNA after treatment with quercetin. The x axis shows time following quercetin treatment. All results presented are an average of three biological

replicates (n = 3). Error bars represent SEM; asterisks denote Student’s two-tailed t test p values (*p < 0.05, **p < 0.01, ***p < 0.001). n.s. refers to non-significant.
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There are a considerable number of small molecules known in the liter-
ature that specifically bind to triplex structures. We chose quercetin to
determine biophysical insights into the interaction between quercetin
and MALAT1 triplex because quercetin is known to bind specifically
to RNA triplexes and is known for its potential pharmacological rele-
vance.46,53 The results presented above clearly indicate that quercetin
binds to theMALAT1 triplex. The binding of quercetin to theMALAT1
triplex resulted in a modest red shift (9 nm) as well as a modest hypo-
chromicity (23%) at l366nm. In general, small molecules binding to nu-
cleic acid structures through an intercalation mode are generally
accompanied by large red shifts and high hypochromicities.54 On the
other hand, in the case of minor groove binding, a hypochromic effect
can be observed, but the lmax absorption band virtually does not
change.55–57 In the present study, since we observed modest shifts in
the UV spectra of quercetin upon binding with the MALAT1 triplex,
it can be argued that the binding mode is different from intercalation
orminor groove binding. Currently, there are no high-resolution struc-
tures of a triple helix in complex with the aforementioned compounds,
although various binding modes are predicted, such as intercalation
and minor groove binding. The perturbation in the UV spectrum
with hypochromic effect and red shifts upon increase in triplex concen-
tration can be interpreted as an indication that the bound ligand is in a
less polar environment. Our computational study supports the obser-
vation that the ligand predominantly binds to major grooves. This
was further confirmed by the UV melting study, where we observed
that the Tm of the triplex motif does not change in the presence of
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 249
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Figure 7. MALAT1 RNA puncta inside cells are reduced upon quercetin treatment

Representative images showing (A) untreated vs. (B) 1 mM quercetin-treated cells. The left showsMALAT1 puncta (green) alone and the right showsMALAT1 puncta along

with DAPI (blue). Scale bars, 10 mm. (C) Quantification of MALAT1 puncta (of size 1–1,000 pixels) per cell per field, counted for at least 100 cells per treatment; Error bar

represents SEM from n=10 replicate fields; asterisk denotes Student’s two-tailed t test p value (*p < 0.05). (D) Representative images showing the colocalization ofMALAT1

and SC35 in MCF7 cells. DNA is stained with DAPI and represented in blue. Scale bar, 5 mm.
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quercetin. Although not many small molecules are known that bind to
RNA tertiary structures through a major groove, there are many natu-
ral products, such as pluramycins, aflatoxins, azinomycins, leinamy-
cins, amino sugars, and neocarzinostatins, that are known to bind to
DNA tertiary structures through the major groove.58 It has been shown
that major groove binders do not stabilize nucleic acid tertiary struc-
tures, corroborating our observation.59 ITC experiments showed that,
while quercetin binds to the MALAT1 triplex with a Kd of 495 ±

61.6 nM, it does not bind to the control duplex, hence confirming
the selectivity of quercetin toward the MALAT1 triplex. Quercetin
binding toMALAT1 triplex at 25�C yielded a negative enthalpy change
(DH) of�6.5 ± 0.184 kcal mol�1 and an entropy change (DS) of +7.08
cal mol�1 with an overall favorable free energy (DGobs) of �8.61 kcal
mol�1. The favorable binding of quercetin comes from a combination
of enthalpy and entropy terms. The negative values of DH and positive
values of DS are consistent with the characteristics of a combination of
van derWaals, hydrophobic, and electrostatic interactions in the bind-
250 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
ing process. However, a large amount of entropy gain (TDS = 2.11 kcal
mol�1) was observed. Upon analysis of large scale data from existing
experimental observations on thermodynamic features of drug-DNA
interactions, Chaires et al. in previous reports have found that interca-
lation is primarily enthalpy driven, whereas groove binding is entropy
driven.60 Correlating with this observation, the large entropy gain in
the binding process indicates that quercetin interacts with MALAT1
triplex through the major groove binding mode. We observed an over-
all favorable free energy (DGobs) of�8.61 kcal mol�1 upon interaction,
which is also more favorable than that obtained in the case of interca-
lation. For example, binding free energies (DGobs) of �6.7 and
�7.49 kcal mol�1 were determined for ethidium and propidium,
respectively, at 25�C in a buffer containing 0.2 M NaCl.61,62 Therefore,
an additional contribution to the favorable binding free energy could
indicate the formation of H bonds, in addition to the hydrophobic
and van der Waals interactions, which generally happen in cases of
interaction binding for ethidium and propidium. All these findings



Figure 8. Differentially expressed transcripts and distribution of splicing events between DMSO-treated (control) and quercetin-treated MCF7 cells

(A) Volcano plot to show differentially expressed transcripts. Dashed lines represent –log10 P and log2 FC cutoff of ±1. (B) Pie chart to show differentially spliced events. Events

are denoted as A3, alternative 30 usage; A5, alternative 50 end of transcript; AF, alternative first exon; AL, alternative last exon; MX, mutually exclusive usage; RI, intron

retention event; SE, exon skipping event.
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are also largely consistent with our computational observation. We
found that a large network of hydrophobic and electrostatic interac-
tions stabilize the quercetin-MALAT1 complex.

Our real-timeqPCRdata clearly indicate that quercetin is capable of tar-
geting the triplex and bringing pharmacological perturbation to MA-
LAT1 expression levels. We observed almost 50% downregulation in
the MALAT1 levels in MCF7 cells upon treatment of 1 mM or higher
quercetin without affecting the expression of NEAT1, which contains
a structurally similar ENE triplex compared with MALAT1, thereby
confirming the structural selectivity of quercetin toward the MALAT1
triplex. Further, by transcription-stop assay, a physical interaction be-
tween the smallmolecule and the RNA is indicated (over a perturbation
in transcription) as a probable cause of MALAT1 RNA level decrease.
Decreased levels ofMALAT1were further supported by the observation
of depletion ofMALAT1 in nuclear speckles in MCF7 cells upon treat-
ment with quercetin. AsMALAT1’s role in alternative splicing has been
discussed,31 any perturbation in the levels ofMALAT1 by such targeting
of the triplex by small molecules could be expected to manifest into
visible effects in alternative splicing. Indeed, we observed successful
splicing perturbation events in more than 600 cases due to quercetin
treatment (leading toMALAT1 level downregulation).Moreover, quer-
cetin exhibits minimal effects on the lncRNA transcriptome.

The role of small-molecule-mediated targeting of triple helixes is
gaining momentum with the recent focus on identification of highly
specific lead molecules.41,42 A few comprehensive studies have re-
ported the development of novel tools for targeting the triple helix
in the lncRNAMALAT1.40 These studies have largely relied upon un-
biased screening of large libraries of compounds using the MALAT1
triple helix as a target. Although these lead molecules are expected to
bind to theMALAT1 triple helix with high specificity, detailed studies
under complex intracellular conditions will further ascertain the util-
ity of these compounds, but these are going to be restricted due to
their lack of commercial availability. Quercetin binds to theMALAT1
triplex with dissociation constants in the nanomolar range and is as
strong as the newly discoveredMALAT1 triplex binders. Commercial
availability of quercetin may help to overcome such restrictions.

To sum up, this study entails an integrative approach wherein we
combine both biophysical methods and molecular assays to demon-
strate quercetin as a scaffold to target a triplex that is present at the
30 end of the MALAT1 lncRNA. The spectroscopic and calorimetric
studies have unanimously shown efficient and selective binding of
quercetin toMALAT1 triplex. Upon binding to the triplex ofMALAT1,
quercetin decreasesMALAT1 levels, which in turn modulates alterna-
tive splicing for certain genes. Overall, our study helps to establish the
triplex that is present in the 30 end ofMALAT1 as a druggable target.

MATERIALS AND METHODS
Procurement of oligos and quercetin

Quercetin (3,30,40,5,7-pentahydroxyflavone, 2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxy-4H-1-benzopyran-4-one, C15H10O7) was obtained
from Sigma (Q4951, purity R95%, solid) and used without any
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further purification. All other reagents were of analytical grade. MilliQ
water was used throughout all the experiments. The concentration of
quercetin was determined by measuring the absorbance at 370 nm us-
ing themolar extinction coefficient of 1.4� 104M�1 cm�1. The lyoph-
ilized and HPLC-purified 94-nt (sequence: 50-GGAAGGUUUUU
CUUUUCCUGAGAAAACAACACGUAUUGUUUUCUCAGGUU
UUGCUUUUUGGCCUUUUUCUAGCUUAAAAAAAAAAAAAG
CAAAA-30) and 73-nt control ENE (sequence: 50-GGAAGGUUUUU
CUUUUCCUGAGAAAACAACACGUAUUGUUUUCUCAGGUU
UUGCUUUUUGGCCUUUUUCUAGC-30) unmodified RNA oligo-
nucleotides were obtained from Genscript (Biotech Desk, India) and
dissolved in nuclease-free water. The solution concentrations of each
of the oligonucleotides were determined optically at 260 nm and
25�C using the molar extinction coefficients (M�1 cm�1 of strands)
of 955,700 for the 94-nt oligonucleotide and 713,000 for the 73-nt
oligonucleotide. The folded triplex was obtained by heating the solu-
tions to 100�C for 5 min and then keeping on ice for 5 min, followed
by a slow return to room temperature. All biophysical experiments
were performed in a 10 mM sodium cacodylate buffer (pH 7.0) con-
taining 150 mM NaCl and 0.5 mM MgCl2 at 25�C, unless otherwise
specified. All experiments were replicated three times.

UV titration spectroscopy

Absorption spectra weremeasured on a Cary 100UV-vis double-beam
spectrophotometer with a 1-cm path length quartz cell. UV-vis ab-
sorption titrations were carried out by the stepwise addition of triplex
and control duplex solutions to a quartz cuvette of 1-cm path length
containing 700 mL of 0.5 mM quercetin. The triplex was titrated into
the cuvette from an initial concentration of 0.025 mM up to a concen-
tration of 1.0 mM. The absorbance spectra were recorded from 300 to
500 nm at 25�C. Experiments were replicated thrice.

Temperature-dependent UV spectroscopy (UV melting)

Absorbance vs. temperature profiles (melting curves) for triplex (1 mM)
and control duplex (1mM)weremeasured at 260 nmwith a thermoelec-
trically controlledCary100 (Varian) spectrophotometer.A temperature
range of 25�C–95�Cwas used tomonitor the absorbance at 260 nm at a
heating/cooling rate of 0.25�C min�1. First derivatives of the melting
profiles were then computed using Origin 7.5 software (OriginLab).
The melting temperatures, Tms, were determined by fitting the deriva-
tive plots using multiple peak Gaussian fitting algorithms within the
software. All reported Tms are the average of at least three independent
measurements and within ±1�C. Experiments were replicated thrice.

Circular dichroism

CD spectra were recorded in a JASCO 815 spectropolarimeter equip-
ped with a thermoelectrically controlled cell holder and a cuvette with
a path length of 1 cm. CD spectra for the triplex and control duplex
(both 2 mM) were recorded between 220 and 350 nm at 25�C, and the
spectrum obtained was the average of three scans.

Isothermal titration calorimetry

ITC measurements were performed using a Microcal PEAQ-ITC
(Malvern Panalytical) instrument. The triplex (6 mM) was kept in
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the sample cell, and quercetin (100 mM) in the same buffer (with 2%
final DMSO concentration) was placed in a syringe of volume 40 mL.
Quercetin was added sequentially in 2-mL aliquots (for a total of 16
injections, 4 s duration) into the cell with 150 s of spacing time. All
experiments were performed at 25�C. The injections were done
from a stirring syringe rotating at 750 rpm, with detection on high
feedback. The heat of dilution was determined in parallel experiments
by titrating a quercetin solution of the same concentration into the
same buffer in the cell. The generated heat burst curve (microwatts
per second) was integrated with respect to time to give total heat
per injection. The data were fit according to one set of site parameters
using MicroCal PEAQ ITC Analysis software.

In silico docking against MALAT1 triplex

Virtual docking of quercetin was performed against the core ENE
hairpin and A-rich tract fromMALAT1 (PDB: 4PLX) using Autodock
4.63 The ligand was drawn using Marvin Sketch (https://www.
chemaxon.com), a computational tool for drawing three- and two-
dimensional chemical structures. The ligand’s structure was random-
ized and minimized prior to docking. A blind docking study was per-
formed for the ligand wherein the complete receptor lncRNA was
considered for search-space. Two hundred GA (genetic algorithm)
runs were performed and the conformations with the 2.0 cluster toler-
ance from the 200 independent runs were selected for the cluster anal-
ysis. The best-docked position was further minimized using
GROMACS 5.14 with 50,000 minimization steps and 0.01 step
size.64 The analysis was performed using Autodock ADT and UCSF
Chimera and LigPlot+.65–67

Maintenance of cells in culture and treatment with small

molecules

In cellulo experiments were performed in the MCF7 breast cancer cell
line (procured from the European Collection of Authenticated Cell
Cultures [ECACC]). MCF7 was maintained in DMEM (GIBCO)
with 10% FBS (GIBCO) at 37�C with 5% CO2. Quercetin in solid
(powder) form was procured from SIGMA (Q4951; HPLC purified
with >95% purity) and reconstituted in 100%DMSO. All experiments
had volume-equivalent vehicle (DMSO)-treated cells as controls. The
final concentration of DMSO was kept at 1% or below in all cell cul-
ture experiments (referred to as 1% DMSO). Fresh quercetin solution
was prepared for each experiment.

RNA isolation and quantitative polymerase chain reaction

Total RNA was isolated from approximately 500,000 cells using Am-
bion TRIzol (cat. no. 15596018) reagent. RNA was quantified using
the Nanodrop spectrophotometer. Only RNA with ideal ratios
(A260nm/A280nm > 1.8 and A260nm/A230nm > 2.0) were processed for
qPCR. DNase digestion and cDNA preparation were performed using
the Qiagen Quantitect reverse transcription kit for 1 mg of RNA in a
20-mL reaction volume. Gene-specific reverse primers were used
instead of the random reverse primers provided in the kit. RNA
was diluted two times in nuclease-free water (AMBION) before use
(to get 25 ng per reaction) in qRT-PCR. cDNA was amplified using
the SYBR Green master mix (TaKaRa Tli RNase H PLus) in a Roche
LightCycler 480 instrument with compatible reaction plates. Cycling
conditions for qRT-PCR were as follows: 95�C for 3 min followed by
40 cycles of 95�C for 10 s, 60�C for 30 s, and 72�C for 30 s. Three tech-
nical replicates were set on the qPCR plate. Amplification ofMALAT1
lncRNA (NR_002819.4) was done to produce a 217-bp amplicon
from the 30 end of MALAT1, and U6 snRNA (NR_004394.1) was
amplified to give a 93-bp amplicon under the same conditions, as a
control. A no-RT control was used to check for any residual DNA
contamination, which may contribute toward amplification. A high
Ct value (different by >10 Ct) was obtained each time to indicate
no residual DNA in the sample. A PCR negative control (with no
cDNA) was also used to check for any contamination of reagents or
during setting up the reaction. A single melting curve was observed
at the end of 40 cycles, which indicated the generation of a single spe-
cies of product. Fold change for the analysis was performed using
the 2�DDCt method. Three biological replicates were used to calculate
average fold change.

a-amanitin transcription-stop assay

Sixty percent confluent MCF7 cells (maintained as described above)
were treated with 10 mg/mL a-amanitin (A2263, Sigma Aldrich) for
12 h in a 12-well plate format. Following this, the cells were treated
with 1 mM quercetin or volume-equivalent DMSO (as vehicle con-
trol). At fixed time points post-treatment, quercetin-treated as well
as DMSO-treated cells were washed with PBS and harvested in Am-
bion TRIzol for RNA isolation, followed by qPCR using protocols as
described above. Results presented are an average of three biological
replicates.

RNA sequencing

Total RNA was isolated from MCF7 cells using Ambion TRIzol re-
agent. RNA was quantified using the Qubit RNA BR Assay. RNA pu-
rity was checked using QIAxpert, and RNA integrity was assessed on
TapeStation using RNA ScreenTapes. The NEB Ultra II Directional
RNA-Seq Library Prep kit protocol was used to prepare the libraries
for total RNA sequencing (NEB cat. no. E7760L). Ribosomal RNA
(which constitutes approximately 95% of the total RNA population)
was first removed from 200 ng of total RNA by using biotinylated,
target-specific oligos combined with Ribo-Cop rRNA removal beads.
Following purification, the ribo-depleted RNA was fragmented using
divalent cations under elevated temperatures. The cleaved RNA frag-
ments were copied into first-strand cDNA using reverse transcriptase.
Second-strand cDNA synthesis was performed using DNA Pol I and
RNase H enzyme. The cDNA fragments were then subjected to a se-
ries of enzymatic steps that repair the ends and tail the 30 end with a
single A base, followed by ligation of the adapters. The adapter-ligated
products were then purified and enriched using the following thermal
conditions: initial denaturation at 98�C for 30 s; 13 cycles of denatur-
ation at 98�C for 10 s, annealing at 65�C for 75 s; final extension at
65�C for 5 min. PCR products were then purified and checked for
fragment size distribution on TapeStation using the High Sensitivity
D1000 ScreenTape assay (Agilent, cat. no. 5067-5584). Prepared li-
braries were quantified using the Qubit High Sensitivity Assay (Invi-
trogen, cat. no. Q32854) and were pooled and diluted to the final
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optimal loading concentration before cluster amplification. The clus-
tered flow cell was loaded on the Illumina NovaSeq 6000 instrument
to generate 150-bp paired-end reads.
Immuno-FISH for MALAT1 and SC35

MCF7 cells were seeded onto coverslips introduced into a six-well
plate. One day post-seeding, the cells were treated with quercetin.
Twenty-four hours after treatment, the cells were washed with PBS
and then fixed and permeabilized for immunofluorescence staining
with SC35 antibody (Abcam Ab11826) in a humid chamber over-
night. The next day, the cells were washed and incubated with a
secondary antibody labeled with Alexa Fluor having an excitation
wavelength of 488 nm (Thermo Fisher A11011). To probe for MA-
LAT1, these cells were further fixed and permeabilized according to
the Stellaris FISH protocol (LGC Bioresearch Technologies) and
then hybridized with the stellaris MALAT1 probe, which was conju-
gated with Quasar 570 dye (cat. no. VSMF-2210-5), in a humidified
chamber overnight. The next day, the coverslip was washed and
then briefly stained with DAPI before fixing onto a slide for visualiza-
tion. The images were captured at 60� in three channels using the
z-stacks option in the DeltaVision microscope. Images were projected
for maximum intensity and then analyzed in ImageJ. The far-red
channel (for MALAT1 intensity) was processed by converting to 8
bits and then subjected to auto-thresholding. Particles in the size
range of 0–1,000 pixels were counted and compared between treated
and untreated samples. The results presented are averaged over 100
cells per sample.
Gene expression analysis

Libraries were generated using the TruSeq Stranded Total RNA Sam-
ple Prep Kit (Illumina) followed by sequencing on the Illumina
NovaSeq 6000 platform (>45 million reads per condition).

Raw reads were checked for quality using FastQC (v.0.11.5).68 Trim-
momatic (v.0.39) was used to trim adaptor sequences and filter low-
quality reads.69 High-quality reads were mapped to the Human Gen-
code (GRCh38.p13)80 reference genome and transcriptome using
STAR (v.2.7.9a) aligner with RSEM (v.1.3.1) to estimate gene expres-
sion.70,71 Gene read counts from RSEM were normalized using TMM
(weighted trimmed mean of M values). This was followed by differen-
tial expression analysis using quasi-likelihood methods in edgeR
(v.3.30.3).72,73 Genes showing differential expression compared with
the control condition were plotted using EnhancedVolcano
(v.1.6.0).74 Gene enrichment and pathway analysis were done using
the R interface of Enrichr.75–77
Bioinformatics analysis of alternatively spliced transcripts

Reads were aligned against the Human Gencode80 (GRCh38.p13)
transcriptome by Salmon (v.1.4.0)78 in quasi-mapping-based mode.
Following this, SUPPA2 was used to generate, calculate, and compare
the alternative splicing events (SE, A3, A5, MX, RI, AF, AL) between
the quercetin-treated and the DMSO control samples.79,81 Splicing
events with delta percentage or proportion spliced-in (DPSI) R |
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0.10| and p < 0.05 were considered significant differential events.
Pie charts were generated using the ggpubr and ggplot2 R package.
Statistical analysis

Data were expressed as the mean ± SEM for control and experiment
cases for three biological replicates. Statistical analysis was performed
by two-tailed Student’s t test using MS Excel. Experimental results
leading to p < 0.05 were considered statistically significant. Asterisks
denote p values in the figures as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001, respectively. Biological replicates were similar to those
employed in the field.

Primer sequences used in this study were as follows:

MALAT1 forward primer, CTTCCTGTGGCAGGAGAGAC;

MALAT1 reverse primer, CGCTTGAGATTTGGGCTTTA;

NEAT1 forward primer, TCTCCTGGCTATTCCAGGCT;

NEAT1 reverse primer, TAGCCACACAGTGGCAGAAG;

U6 forward primer, CTCGCTTCGGCAGCACATATACT;

U6 reverse primer, ACGCTTCACGAATTTGCGTGTC.
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