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BSTRACT 

uc lear -retained long non-coding RNAs (lncRNAs) 
ncluding MALAT1 ha ve emer ged as critical regula- 
ors of many molecular processes including tran- 
cription, alternative splicing and chromatin orga- 
ization. Here, we report the presence of three 

onserved and thermod ynamicall y stable RNA G- 
uadruplexes (rG4s) located in the 3 

′ region of 
ALAT1. Using rG4 domain-specific RNA pull-down 

 ollowed b y mass spectr ometry and RNA imm uno- 
recipitation, we demonstrated that the MALAT1 rG4 

tructures are specifically bound b y tw o nuc leolar 
r oteins, Nuc leolin (NCL) and Nucleophosmin (NPM). 
sing imaging, we found that the MALAT1 rG4s facil- 

tate the localization of both NCL and NPM to nu- 
 lear spec kles, and specific G-to-A m utations that 
isrupt the rG4 structures compromised the local- 

zation of both NCL and NPM in speckles. In vitro 

iophysical studies established that a truncated ver- 
ion of NCL ( � NCL) binds tightly to all three rG4s. 
verall, our study revealed new rG4s within MALAT1, 
stablished that they are specifically recognized by 

CL and NPM, and showed that disrupting the rG4s 

bolished localization of these proteins to nuclear 
peckles 
p
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RAPHICAL ABSTRACT 

NTRODUCTION 

ong non-coding RNAs (lncRNAs) are a class of tran- 
cripts defined by their size ( > 200 nucleotides) and the ab- 
ence of significant protein-coding potential ( 1 , 2 ). In con- 
rast to small non-coding RN As, w hich typicall y have spe- 
ific functions within cells based on their class, lncRNAs ex- 
ibit remar kab le functional v ersa tility ( 3–7 ). LncRNAs tha t
redominantly localize in the nucleus can serve as scaffolds 

or protein complexes, guiding proteins to specific genomic 
oci, or establish interactions with epigenetic regulators 
 8 ). In contrast, cytoplasmic lncRN As primaril y engage in 

r anslational and post-tr anslational activities ( 9 ). In both 

ellular compartments, lncRNAs can function as decoys for 
inding proteins, and also participate in the sequestration 

f miRNAs ( 10 ). The roles of lncRNAs at the cellular and 

hysiological le v el, include growth, de v elopment, cell-cy cle 
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progression, inflamma tion, dif ferentia tion and e v en e v ents
related to tumor f ormation, in vasion and migration. Dys-
regulation of lncRNAs is widely observed in various types
of cancers, and they can exert either oncogenic or tumor-
suppressi v e actions ( 11 , 12 ). Thus, lncRNAs are key players
in the intricate regulatory networks that govern molecular,
cellular and physiological activities. 

RNA, as a single-stranded molecule, can fold into sec-
ondary structures that play a crucial role in carrying out
its di v erse functions. Regions of RNA enriched in guanine
(G) have the propensity to adopt a unique structural motif
known as the RNA G-quadruplex (rG4). In an rG4, four
guanine bases come together to form a stable arrangement
called a G-quartet, where Hoogsteen hydrogen bonds are
formed between the guanines. This assembly, facilitated by
the presence of cations, results in a square planar struc-
ture that deviates from canonical RNA secondary struc-
tures composed of Watson-Crick pairs ( 13 , 14 ). While the
functions of G-quadruplex structures in DNA have been ex-
tensi v ely studied ( 15 ), r esear ch on their RNA counterparts,
rG4s, has been relati v el y limited ( 16 ). Importantl y, recent
studies have highlighted the critical functional roles played
by rG4 domains in both messenger RNAs (mRNAs) and
non-coding RNAs ( 17 , 18 ). These rG4 structures have been
shown to regulate various processes including transcrip-
tion and translation, 3 

′ end processing, alternati v e splicing,
mRNA localization, protein binding, telomere RNA orga-
nization, and RNA stability ( 4 , 19–27 ). These findings em-
phasize the significance of rG4s in governing key aspects of
RN A biolo gy and expand our understanding of their func-
tional relevance beyond DNA. 

Although long non-coding RNAs (lncRNAs) are gen-
erally less abundant and exhibit lower conservation com-
pared to other RNA molecules, they possess highly con-
served structural elements. These conserved structural mo-
tifs play a crucial role in determining the functional mech-
anisms of specific lncRNAs across multiple regulatory pro-
cesses. Among these structural motifs, the presence of rG4
structures has been predicted in a large number of lncR-
NAs ( 20 , 24 , 25 , 27 , 28 ). One e xtensi v ely studied lncRNA is
Metastasis Associated Lung Adenocarcinoma Transcript 1
(MALAT1), which is highly expressed and predominantly
localized within the cell nucleus. MALAT1 is widely as-
sociated with cancer and has been implicated in the reg-
ulation of alternati v e splicing and gene expression ( 6 , 29–
33 ). Its localization to nuclear speckles ( 34 ) enables its
interaction with various splicing factors such as SRSF1,
SRSF2 (SC35) and SRSF3. Depletion of MALAT1 leads
to a reduced association of these splicing factors with nu-
clear speckles, without affecting the overall formation of
these nuclear subdomains ( 29 , 35 , 36 ). As an 8.7-kilobase-
long RNA, MALAT1 can adopt various dynamic confor-
mations within cells, which may facilitate the recruitment
of different proteins within its structural scaffold. The sec-
ondary and tertiary structures of MALAT1 have been re-
ported to play a role in regulating its stability and func-
tion through di v erse molecular mechanisms. Notab ly, re-
cent studies have revealed the existence of a unique bipartite
triple-helix structure at the 3 

′ end of MALAT1, spanning a
74-nucleotide region. This triple-helix structure consists of
a U-rich stem-loop that sequesters an A-rich tail, thereby
protecting the RNA from exonucleolytic degradation ( 37–
40 ). These findings highlight the intricate structural features
of MALAT1 and their involvement in modulating its stabil-
ity and functional properties. 

RNA binding proteins (RBPs) exert significant con-
trol over various biological processes, most frequently by
sequence-specific recognition of short motifs located in
single-stranded RNA ( 41 , 42 ). Howe v er, RBPs can also rec-
o gnize RN A structures including rG4s, and these interac-
tions play key roles in multiple cellular processes. Since the
discovery of the first rG4-binding protein, FMRP, in 2001,
numer ous other pr oteins have been shown to recognize rG4
structures. These proteins can stabilize or destabilize rG4s
or interact with other molecules within a complex ( 43 , 44 ).
For example, DHX36 facilitates the maturation of human
telomerase RNA (hTR) and enhances telomerase function
by binding to an rG4 structure located at the 5 

′ end of hTR
( 45 , 46 ). hnRNP F promotes alternati v e splicing by binding
to an rG4 within the CD44 intron ( 47 ). NCL (nucleolin)
modulates MYC expression and colorectal cancer cell pro-
liferation by binding to the rG4 structure present in the LU-
CAT1 RNA ( 23 ). These examples highlight the di v erse roles
of RBPs that associate with rG4 structures. 

Her e, we r eport the presence of three stable rG4 struc-
tures within the 3 

′ region of MALAT1 lncRNA and demon-
stra te tha t they interact with n ucleolin (NCL) and n ucle-
ophosmin (NPM) proteins in HeLa cells. These rG4 struc-
tures facilitate translocation of NCL and NPM into nuclear
speckles, and disrupting them abolishes NCL and NPM
localization in speckles. The dynamic rG4-protein interac-
tions identified in our study provide a foundation for further
investigation into the multi-faceted roles of MALAT1. 

MATERIALS AND METHODS 

Bioinformatics 

To predict the putati v e rG4 forming sites in MALAT1 we
used a bioinformatics tool, QGRS mapper. It generates in-
formation on the composition and distribution of puta-
ti v e Quadruple x forming G-Rich Sequences (QGRS). The
pro gram ma ps QGRS in the entire nucleotide sequence
provided in the raw or FASTA format which in this case
we provided for MALAT1. The scoring system evaluates
QGRS for its chances to form a stable G-quadruplex.
A higher G-score for sequences indicates better candi-
dates for G-quadruplex formation. Three putati v e rG4 se-
quences were identified in MALAT1, for which the tool
showed multiple outputs, depending upon different com-
binations. Q1, Q2 and Q3 were identified based on the
highest G-score for those sequences. To observe conserva-
tion in the MALAT1 lncRNA, and especially in the Poten-
tial Quadruplex-forming Sequence (PQS), we used UCSC
Genome Browser. It uses the PhyloP base-wise conservation
scoring system which is deri v ed from the Multiz alignment
of 46 vertebrate species. 

In vitro transcription (IVT) of RNAs 

The IVT of RNAs was performed using the Megascript T7
IVT kit (Ambion ®), following the manufacturer’s instruc-
tions. Briefly, forward and reverse primers were designed for
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ach domain of MALAT1 containing G-quadruplexes (Q1, 
2 and Q3) along with their corresponding mutant coun- 

erparts (Q1M, Q2M and Q3M). These primers were heated 

nd annealed to create a partially complementary double- 
tranded DNA. Taq polymerase (Geneaid) was then used to 

xtend the partially complementary double-stranded DNA 

o produce fully complementary DNA containing a T7 pro- 
oter. The in vitro transcription was carried out overnight 

t 37 

◦C in a PCR machine. Next, template DNA was di- 
ested using TURBO DNase (Ambion ®) and the resulting 

NAs were purified using NucAway columns (Ambion ®). 
he integrity and purity of the RNAs were assessed using 

olyacrylamide gel electrophoresis (PAGE) and ethidium 

romide staining. Finall y, pure RN A species were utilized 

or further experiments. 

G4 mutant library preparation 

he plasmid containing full-length 8.7 kb MALAT1 under 
 pCMV promoter was obtained as a gift from Dr K.V. 
rasanth’s lab at the Uni v ersity of Illinois. Ov erlapping 

rimer sets were designed for the Q1, Q2 and Q3 regions 
o perform site-directed mutagenesis (SDM) (Supplemen- 
ary Table S1). G-to-A mutations were introduced in each 

rimer complementary to the rG4 forming region. Long 

CR was performed with the MALAT1 cloned pCMV plas- 
id (FL) as a template using these primers to introduce 

he mutations into the plasmid as it was amplified. High 

idelity Pfu Polymerase (Agilent) was used for the entire 
1.2 kb plasmid amplifica tion a t each cycle. To eliminate 
he parent plasmid without any mutation, Dpn I (New Eng- 
and Biolabs ® Inc.) treatment was provided post-PCR for 
0 min at 37 

◦C. The reaction was then used f or transf or-
ation of the new PCR-synthesized plasmid with proper 

ontrols. Fi v e colonies were picked from each reaction and 

mplified to test for positi v e clones having the mutations in- 
roduced. Each of them was verified by Sanger sequencing 

ith primers that could detect Q1, Q2 and Q3 separately. 
nce Q1m, Q2m and Q3m were verified by sequencing, the 

econd mutation was introduced in their backbone. Q12m, 
23m and Q13m were verified by sequencing, and the third 

utation was introduced in the backbone of the double mu- 
ant plasmid, which was then Sanger sequenced to obtain 

123m. Primers used to check for mutations in each rG4 by 

anger Sequencing are listed in Supplementary Table S2. 

hT fluorescence titration assay 

he in vitro transcription of RNAs was performed using 

orward and reverse primers containing the T7 promoter 
or each MALAT1 rG4 domain (listed in Supplementary 

able S3). Q5 High Fidelity Polymerase (New England 

iolabs ® Inc.) was used to extend the partially comple- 
entary primers spanning the rG4 regions of the plas- 
id double-stranded DNA to fully complementary DNA 

ontaining the T7 promoter. RNAs were synthesized from 

1m, Q2m, Q3m, Q12m, Q13m, Q23m, Q123m and FL 

lasmids, and then purified using PAGE. The rG4 struc- 
ur es wer e pr epar ed from these RNAs by slow cooling at
 rate of 0.2 

◦C / min after heating to 100 

◦C for 5 min in 100
M KCl and 10 mM sodium cacod yla te buf fer (pH 7.4). 
hioflavin T (ThT) compound obtained from Sigma was 
sed in a 96-well microplate from CORNING (Flat Bot- 
om Black Polystyrol). The RNAs, ranging in concentra- 
ion from 0 to 8 �M, were mixed with ThT at a final con-
entration of 2 �M, in 10 mM Sodium Cacod yla te and 100 

M KCl buffer at pH 7.0. A similar setup was carried out 
n 10 mM Sodium Cacod yla te and 100 mM LiCl buffer as 
 control. Fluorescence emission was collected at 487 nm 

ith excita tion a t 440 nm in a micropla te reader (Tecan Mi-
roplate Reader Life Sciences) at 25 

◦C. Three separate tech- 
ical replicates were conducted, and S.E.M. was plotted. 

ell culture and transfections 

ll experiments were conducted on the HeLa cervical can- 
er cell line, which was authenticated and free of my- 
oplasma. The MALAT1-null HeLa cell line, along with 

he normal HeLa control cell line, was obtained from 

r Roderic Guigo and Dr Rory Johnson’s lab at CRG 

arcelona. The MALAT1-null cells were generated by a 

ual sgRN A-based CRISPR a pproach to knockout the 
romoter region (Supplementary Figure S2A). The pro- 
oter deletion was confirmed by genotyping ( 48 , 49 ) (Sup- 

lementary Figure S2B), and qRT-PCR was used to check 

ALAT1 expression in HeLa (wt) and MALAT1 knock- 
ut (ko) cells (Supplementary Figure S2C). The cell lines 
ere maintained in DMEM with 10% FBS without antibi- 
tic or anti-mycotic and were incubated in a humidified in- 
uba tor a t 37 

◦C with 5% CO 2 . For transfection, the cells
ere seeded in 6- and 12-well plates at a density of 8 and 

 × 10 

4 cells per well, respecti v ely, and incubated for 24 h. 
he cells were then transfected with plasmid concentrations 
 �g (for 12 well plates) and 2 �g (for 6-well plates) us- 
ng Lipofectamine 3000. For siRNA transfections, 25 nM 

iRNA was transfected in cells seeded in a 12-well plate. 
he transfected cells were maintained in Opti-MEM ™, a 

educed serum media, for 4 h, after which the media was 
hanged to complete DMEM with FBS Supplement. The 
lates were then incubated for 48 h before the cells were har- 
ested for their respective experimental procedures. 

RT-PCR 

NA was isolated from HeLa cells, MALAT1-null cells (see 
bove), or HeLa cells transfected with the specified con- 
tructs for 48 h. TRIZOL ® reagent (Ambion ®) was used 

o isolate total RNA in the stepwise protocol as per the 
anufacturer’s instructions. cDNA was prepared using a 

iagen cDNA synthesis kit. After the cDNA was pr epar ed 

from 1 �g RNA for each sample), real-time qPCR was per- 
 ormed f or all the samples and controls in triplicates. The 
eaction volume for each was 10 �L which included 1 �l of 
DNA (after 1:2 dilution). The PCR conditions used were 
nitial dena tura tion a t 95 

◦C f or 3 min f ollowed by 40 cycles
f the following conditions: 

5 

◦C for 10 s 
0 

◦C for 30 s 
2 

◦C for 30 s 

qRT-PCR primers used in different experiments are listed 

n Supplementary Table S4. Transcripts were quantified 
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using a SYBR Green Master Mix: SYBR Premix Ex Taq II
(Tli RNase H Plus) (from TaKaRa) in the instrument Light
Cycler 480 (Roche). The Ct values obtained for the differ-
ent transcripts were normalized to that of Beta-Actin. The
fold change analysis in the transcript le v els for comparati v e
analysis was done using the 2- �� Ct method as described
bef ore ( 50 ). Briefly, f old changes were calculated using the
f ollowing f ormula: 

Relati v eFoldchange = 

2 

−( a vg.Ct [ GSP ] −a vg.C t [ AC T ] ) T EST 

2 

−( a vg.Ct [ GSP ] −a vg.C t [ AC T ] ) MALAT 1 + / + 

where a vg. = a v erage of Ct = Cy cle threshold [GSP] =
Gene Specific Primer [ACT] = �Actin Specific Primer
TEST = MALA T+ / +; MALA T– / –; or one of the follow-
ing: MALAT1– / – transfected with plasmids carrying full
length MALAT1 gene, or mutations as indicated 

RNA FISH 

Stellaris ® ShipReady RNA FISH probes for MALAT1
wer e order ed from Biosear ch Technolo gies (L GC) and had
Quasar ® 570 and 670 dyes. Corning ® 22 mm square
coverslips were immersed in the 6-well plates before seed-
ing the cells at a density of 8 × 104 cells per well. Trans-
fections were performed as mentioned in the protocol be-
fore. After 48 h post-transfection, cells were harvested for
RN A FISH. The RN A FISH buffers wer e pur chased from
Stellaris ® and the Stellaris RNA FISH protocol was per-
formed as prescribed by the manufacturer for adherent cells.
All steps were conducted in highly sterile and RNase-free
conditions. For immunoFISH experiments, after the entire
FISH protocol was conducted, the coverslips were fixed
again in 4% formaldehyde (ThermoFisher Scientific), and
an immunocytochemistry experiment was carried out in the
same coverslips according to the protocol detailed in the
next section. The coverslips were mounted on Corning ®
plain microscope slides, and ProLong ® Diamond Antifade
from ThermoFisher Scientific was used. The slides were im-
aged under a 60 × objecti v e in a DeltaVision Microscope
from GE Healthcare Life Sciences. Image quantification
was performed using ImageJ, and co-localization analysis
for immune-FISH was carried out with Fiji using the Col-
loq 2 plugin. 

Immunocytochemistry 

HeLa cervical cancer cells for slide preparation were seeded
at a density of 8 × 10 

4 cells in a 6-well plate that con-
tained Corning 22 mm sq. square coverslips in each well
to which cells were left for 24 h incubation at 37 

◦C with
5% CO 2 in a humidified environment. Transfections for de-
sired experiments were performed according to the proto-
col mentioned before. 48 h post-transfection, the cells were
washed with 1x PBS (Gibco) after removing DMEM. Cells
on coverslips from culture w ells w ere then fixed using a
buffer containing 4% formaldehyde, 5 �M EGTA pH 8.0
(Sigma), 1 �M MgCl 2 (Sigma), and incubated for 7 min.
Post-fixation, cells were washed twice with washing buffer
containing 30 �M glycine (Sigma) in PBS, 5 �M EGTA,
and 10 �M MgCl 2 , and then permeabilized using buffer
having 0.2% Triton X-100 (Sigma) in PBS, 5 �M EGTA,
10 �M MgCl 2 . Cells were incubated with the permeabi-
liza tion buf fer for 7 min. After permeabilization, the same
w ashing step w as perf ormed as bef ore. The wells contain-
ing the cover slip adhered cells were treated with a block-
ing buffer (0.5% BSA (HiMedia) in PBS, 5 �M EGTA,
10 �M MgCl 2 ) for 30 min. After blocking was performed
the cells were incubated overnight with primary antibody
(listed in Supplementary Table S5) at 1:500 dilution in the
blocking buffer. For co-immunocytochemistry studies, two
antibodies raised in different animals were mixed in 1:500
dilution (in blocking buffer) and incubated with the fixed,
permeabilized cells. Post-incubation with primary antibody,
cells were washed thrice for 5 min each using a block-
ing buffer followed by incubation with secondary antibody
Alexa Fluor 488 (ThermoFisher Scientific) at 1:1000 di-
lution for 2 h. For co-immunocytochemistry experiments,
Alexa Fluor 488 and Alexa fluor 647 fluorescent secondary
antibodies from ThermoFisher Scientific were used, com-
patible with the animals in which the primary antibody was
raised. After incubation with a secondary antibody, cells
were washed thrice for 5 min each using a blocking buffer.
The coverslips were then mounted on glass slides (Corn-
ing ®) with a drop of Prolong ® Gold Antifade Mountant
with DAPI (ThermoFisher) and then viewed and analyzed
with EVOS Cell Imaging System from ThermoFisher Sci-
entific and DeltaVision Micr oscope fr om GE Healthcare
Life Sciences under 60x objecti v e. Quantification of images
was performed using ImageJ. Colocalization analysis for
immunoFISH was carried out with Fiji using the Colloq 2
plugin. 

RNA pull-down 

In vitro transcribed RNAs Q1, Q2, Q3 and their mutated
counterparts were biotin-labeled using the Pierce RNA
3 

′ end biotinylation kit. The labeling efficiency was de-
termined using the manufacturer’s instructions with the
Chemiluminescent detection kit module. To quantify the to-
tal protein content of the cells, 10 × 10 

6 HeLa cells were
lysed using commercially available RIPA buffer (Thermo
Fisher Scientific). The cells were washed with filtered PBS
and then lysed in RIPA buffer on ice for 30 min. After
centrifuga tion a t 12 000 rpm for 15 min, the supernatant
was collected and stored a t –80 

◦C . The lysate was sub-
jected to BCA protein assay. For the RNA pull-down as-
say, 100 pmol of biotinylated RNAs (Q1, Q2 and Q3 and
their mutant counterparts Q1m, Q2m and Q3m) were in-
cubated with 3 mg of cell extract (treated with RNase in-
hibitor) in a rotator at 4 

◦C overnight. UV crosslinking was
performed to strengthen the protein-RNA interactions at
254 nm for 15 min. The biotinylated RNA-protein com-
plex was pulled down using magnetic Streptavidin beads
(DynaBeads ™ MyOne ™ Streptavidin from Invitrogen) as
per the manufacturer’s instructions. The beads were incu-
bated with the binding reaction for one hour at room tem-
perature , washed thrice , and boiled in SDS to break the
biotin-streptavidin interaction. Isolated proteins were iden-
tified using Mass spectrometry (QTOF 6600 (SCIEX)) or
used to perform a western blot to detect specific proteins
using their respecti v e antibodies (listed in Supplementary
Table S5). 
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ass spectrometry 

he proteins interacting with rG4s and their mutated 

ounterparts obtained from the pulldown experiment were 
oaded in 10% SDS-PAGE gel and stained with Coomassie 
lue G250 (Biorad). For each sample, bands higher than 10 

Da were excised into small pieces and placed into a 1.5 ml 
ube. Sample preparation for mass spectrometry was per- 
ormed according to the standard protocol ( 51 ). Briefly, gel 
ieces were destained and shrunk, protein reduction was 
erformed by treatment with 25 mM dithiothreitol (DTT) 
t 60 

◦C for 30 min followed by alkylation with 55 mM 

odoacetamide (IAA) by incubation in dark for 30 min at 
 oom temperature. Pr otein digestion was performed using 

rypsin (V511A, Promega) at 37 

◦C overnight and extrac- 
ion of tryptic peptides was carried out using 60% acetoni- 
rile with 1% TFA. Peptide clean-up was performed us- 
ng C18 Ziptip (Merck) as per the manufacturer’s protocol 
efore the LC–MS acquisition. Samples were acquired on 

 quadrupole-TOF hybrid mass spectrometer (TripleTOF 

600, SCIEX, USA) coupled to a nano-LC system (Ek- 
igent NanoLC-425, SCIEX, USA). Protein identification 

as performed using ProteinPilot Software 5.0.1 (SCIEX, 
SA) using the Paragon algorithm. For each sample, pep- 

ides were loaded on a trap-column (ChromXP C18CL 5 

m 120 Å , Eksigent) where desalting was performed us- 
ng 0.1% formic acid in water with a flow rate of 10 �l 
er minute for 10 min. Peptides were then separated on 

 re v erse-phase C18 analytical column (ChromXP C18, 3 

m 120 Å , Eksigent) in 57 min gradient of buffer A (0.1% 

ormic acid in water) and buffer B (0.1% formic in ace- 
onitrile) at a flow rate of 5 �l / minute with the following 

radient: 

ime (min) % A % B 

 97 3 
8 75 25 
3 68 32 
5 20 80 
5.5 10 90 
8 10 90 
9 97 3 
7 97 3 

Data acquisition was performed using Analyst TF 1.7.1 

oftware (SCIEX) using optimized source parameters. The 
on spray voltage was set to 5.5 kV, 25 psi for the curtain gas,
0 psi for the nebulizer gas, and 250 

◦C as the source temper-
ture. For DDA, a 1.8 s instrument cycle was repeated in 

igh sensitivity mode throughout the whole gradient, con- 
isting of a full scan MS spectrum (350–1250 m / z ) with an
ccumulation time of 0.25 s, followed by 30 MS / MS experi- 
ents (100–1500 m / z ) with 0.050 s accumulation time each, 

n MS precursors with charge state 2+ to 5+ exceeding a 

20 cps threshold. The rolling collision energy was used and 

ormer target ions were excluded for 10 s. Protein identifi- 
ation was performed by searching the .wiff format DDA 

ode LC–MS / MS acquisition files against UniProtKB hu- 
an FASTA database (Swissprot, 20394 proteins entries) 

sing ProteinPilot ™ Software 5.0.1 (SCIEX). The Paragon 

lgorithm was used to get pr otein gr oup identities. The 
earch parameters were set as follows: sample type- identi- 
ca tion, cysteine alkyla tion-iodoacetamide, and digestion- 
rypsin. A biological modification was enabled in ID fo- 
us. The search effort was set to ‘Thorough ID’ and the de- 
ected protein threshold [Unused ProtScore (Conf)] was set 
o > 0.05 (10.0%). False discovery rate (FDR) analysis was 
nabled. Only proteins identified with 1% global FDR were 
onsidered. 

NA immunoprecipitation 

00 × 10 

6 cells were cultured, harvested, and crosslinked us- 
ng 1% glutaraldehyde followed by quenching with the ad- 
ition of 0.125 M Glycine. The pellet was washed twice with 

old PBS and then lysed using commercially available RIPA 

uffer (Thermo Fisher Scientific) with the addition of Su- 
eraseIN (Ambion ®) to avoid RNA degradation. The cell 

ysate was quantified using the Pierce BCA protein assay 

it. The cell lysate was pr e-clear ed with 5 �g of IgG an-
ibody for 4 h at 4 

◦C on a rotator. The IgG-cleared lysate 
as incubated with Nucleolin / Nucleophosmin antibody 

vernight at 4 

◦C on a rotator. 50 �l of Protein A / G Dyn-
beads (Thermo Fisher Scientific) was used to pull down 

he antibody-RNA complex. Beads were washed twice with 

 RIPA buffer to remove non-specific binding and beads 
ere then subjected to Proteinase K treatment at 55 

◦C for 
0 min with gentle shaking. RNA was isolated using Trizol 
Ambion). qRT-PCR was carried out to detect MALAT1 

sing primers listed in Supplementary Table S4. 

rotein expression and purification 

he DelNucleolin ( � NCL) protein, which had amino acids 
–283 deleted from the the N-terminus and a 6XHis-tag at 
he C-terminus, was cloned into the pET22b (+) vector be- 
ween BamHI and XhoI sites. The plasmid was then trans- 
ormed into E. coli Rosetta cells for expression and protein 

roduction. The cells were grown in LB media containing 

mpicillin (100.0 �g / ml) and chloramphenicol (35 �g / ml) 
t 37.0 

◦C until an O .D . of 0.6 at 600 nm was reached. The
ultur es wer e induced with 0.2 mM IPTG and kept at 18 

◦C
ith shaking at 200 rpm for 16 h. The cells were harvested 

y centrifuga tion a t 6000 rpm for 15 min, and the cell pel-
et was resuspended in lysis buffer (50.0 mM sodium phos- 
hate pH 7.4, 150 mM NaCl, 10% glycerol, 0.2% Tween-20, 
 mM DTT, 4 mM PMSF) and lysed by sonication using 5 

 ‘on’ and 30 seconds ‘off ’ pulse cycle for 10 min or until 
he lysate became clear. The supernatant was r ecover ed by 

entrifuga tion a t 12 000 rpm for 40 min at 4 

◦C. C-terminal
is-tagged proteins were purified using affinity chromatog- 

aphy with Ni-NTA agarose resin, and eluted with elution 

uffer (50.0 mM sodium phosphate pH 7.4, 150 mM NaCl, 
0% glycerol, with a gradient of 250 and 500 mM imidazole) 
fter adequate washing. Eluted protein fractions were ana- 
yzed on a 12% SDS-PAGE gel. The fractions containing 

urified protein were pooled, dialyzed, and further purified 

sing size exclusion chromato gra phy (SEC), and visualized 

n a 12% SDS-PAGE gel for purity and homogeneity. 

ircular dichroism (CD) spectroscopy 

he CD spectra of all sequences were recorded using the 
asco 815 spectropolarimeter. To pr epar e the rG4s, the 
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strands were heated to 100 

◦C for 5 min in 100 mM KCl
and 10 mM sodium cacod yla te buf fer (pH 7.4) or 100 mM
LiCl and 10 mM sodium cacod yla te buf fer (pH 7.4) a t a
str and concentr ation of 5 �M, follo wed by slo w cooling at
0.2 

◦C / min. The presented spectrum is an average of three
consecuti v e scans for each sample. 

UV melting 

The UV melting experiments were performed using a Cary
100 (Varian) spectrophotometer, which was equipped with
a thermoelectrically controlled cell holder. The rG4s were
pr epar ed as mentioned previously. In addition, an RNA
duplex was also pr epar ed using two complementary se-
quences annealed to each other (Forward Oligo strand- 5 

′
UCCAAAACA UGAA UUG 3 

′ and Re v erse Oligo Strand-
5 

′ CAA UUCA UGUUUUGGA 3 

′ ). The changes in ab-
sorbance at 295 nm (and 260 nm for RNA duplex) were
monitored over a temperature range of 10 

◦C to 90 

◦C, with
a hea ting / cooling ra te of 0.2 

◦C / min. The melting and an-
nealing curves were analyzed using Origin 7.0. 

Electrophoretic mobility shift assay 

1 �M pre-formed rG4s (as described above) were taken and
incubated with increasing concentrations of purified � NCL
(0.1–20 �M) in a reaction volume of 15 �l at 37 

◦C for 30
min. Free rG4s and protein-RNA complexes were separated
by electr ophoresis thr ough 10% w / v nati v e polyacrylamide
gels in 0.5 × TBE, pH 8.0 (Tris–bora te–EDTA buf fer) for
1 hour at 200 V at room temperature ( ∼22 

◦C), well be-
low the melting temperature of the oligos used in the assay.
Free RNA and protein–RNA complex es wer e stained using
SYBR Gold stain for 30 min and detected by the Typhoon
FLA phosphorimager). 

Surface plasmon resonance (SPR) 

SPR measur ements wer e performed using the BIAcor e 3000
system with BIAcore 3000 control software version 4.1.2.
The 5 

′ -biotinylated Q1, Q2, and Q3 sequences (listed in
Supplementary Table S6) were dissolved in filtered and
degassed 10 mM HEPES buffer with 100 mM KCl and
0.005% surfactant IGEPAL, pH 7.4. Solutions were heated
to 100 

◦C and annealed by slow cooling to form a quadru-
plex. The biotinylated sequences were immobilized in flow
cells 2, 3 and 4 of streptavidin-coated sensor chips (Sen-
sor chip SA, BIAcore Inc.) until an RU change of 300
was achie v ed. After immobilization, unbound RNA was
removed by flowing an excess buffer over the chips. Flow
cell 1 was left blank as a control to account for the non-
specific background signal, which was subsequently sub-
tracted from the signal obtained in flow cells 2, 3 and 4. Fil-
tered and degassed 10 mM HEPES with 100 mM KCl and
0.005% surfactant IGEPAL, pH 7.4 was used as the run-
ning buffer. Serial dilutions of the 10 �M � NCL stock were
performed to make a concentration series in the running
buf fer. � NCL solutions of dif ferent concentra tions between
10 and 500 nM were injected at a flow rate of 20 �l / min
for 300 s. Following this, dissociation from the surface was
monitored for 300 s in the running buf fer. Regenera tion
was done for 60 s using a buffer containing 1 M NaCl and
50 mM NaOH. Analysis of the binding sensorgrams was
carried out using a two-independent-binding-site model us-
ing BIA evaluation software version 4.1.1. The experiments
were carried out in triplicates, and the standard error was
calculated. For all binding studies, the goodness of the fit-
ting was monitored by the � 2 value, which was either ≤1.
All experiments were performed at 25 

◦C using the running
buffer. 

Fluor escence titr ation f or NCL-rG4 binding 

The binding of � NCL to rG4 was monitored by mea-
suring tryptophan fluorescence of � NCL with varying
concentrations of rG4. Fluorescence spectra of trypto-
phan were recorded in a Fluoromax 4 (Spex) spectro-
fluorophotometer with a thermoelectrically temperature-
controlled cell holder (quartz cuvette, 1 cm × 1 cm). The
samples were excited at 290 nm, and emission spectra were
recorded from 320 to 500 nm. The experiments were car-
ried out at 25 

◦C in 10 mM sodium cacod yla te buf fer (pH
7.4) containing 100 mM KCl. The protein concentration
was kept fixed at 500 nM, and the concentration of pre-
formed rG4 (pr epar ed as described above) was varied from
0 to 1000 nM. The extent of fluorescence intensity change,
� F /� F max , where � F = F 0 – F and � F max = F 0 – F final ,
was plotted as a function of rG4 concentrations. As the
bound � NCL is directly proportional to the extent of flu-
orescence intensity change, � F /� F max was used to deter-
mine the binding. The observed fluorescence intensity was
considered as the sum of the weighted contributions from
an rG4-bound � NCL and an unbound � NCL form for
da ta analysis. The da ta wer e averaged from thr ee inde-
pendent experiments and analyzed using nonlinear r egr es-
sion with the ‘One Site-Specific Binding’ model ( � F /� F max
= [rG4] / ( K d + [rG4]) where [rG4] is the quadruplex concen-
tration, and K d is the dissociation constant) in Origin 7.0. 

Western blot 

The cells were lysed using Cell Lytic ™ buffer (Sigma) to pre-
pare protein lysates. To each 12-well plate, 50 �l of the ly-
sis buffer and 5 �l of Proteinase Inhibitor Cocktail (Sigma)
were added. The cells were allowed to lyse at 4 

◦C on a rocker
for 1 hour. After incubation, the protein lysate from each
sample was collected, and the protein concentration was
estimated using a Pierce ™ BCA Protein Assay Kit (Ther-
moFisher). For each sample, 40 �g of protein was loaded
into the wells of a 10% SDS gel, and PAGE was performed.
The proteins were then transferred from the gel to a PVDF
membrane (GE Healthcare Life-Science) in a Bio-Rad ver-
tical gel Tr ansfer Appar a tus a t 4 

◦C for 3 h a t 70 V. After
tr ansfer, the membr ane was cut according to the r equir ed
protein size and kept for blocking (with 5% BSA in TBST)
on a rocker at room temperature for 5–6 h. After block-
ing, the blots were incubated with primary antibody (listed
in Supplementary Table S5) at a 1:1000 dilution overnight
a t 4 

◦C . After primary antibod y incuba tion, the blots were
washed three times for 15 min each with 1X TBST. Post-
washing, they were incubated with a secondary antibody
having HRP conjugate for 3 h at room temperature. After
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ncubation, a similar washing step (as mentioned after pri- 
ary antibody incubation) was performed. The EMD Mil- 

ipore ™ Immobilon Western Chemiluminescent HRP Sub- 
trate (ECL) was used to de v elop the b lots in the Syngene
el doc instrument. The densitometry analysis of the blots 
as performed using ImageJ. 

tatistical analysis 

tatistical analysis was performed using GraphPad Prism 

.0 to evaluate the significance among experimental repli- 
a tes. All da ta wer e pr esented as mean ± S.D. of thr ee inde-
endent biological replicates except otherwise mentioned. 
 two-tailed unpaired Student’s t-test was used to ana- 

yze the experimental data. The experimental results lead- 
ng to a P -value < 0.05 were considered statistically signif- 
cant. One asterisk (*), two asterisks (**), three asterisks 
***), and four asterisks (****) denote P < 0.05, P < 0.01, 
 < 0.001 and P < 0.0001, respecti v el y. Biolo gical replicates
ere similar to those employed in the field. 

ESULTS 

ALAT1 long non-coding RNA harbors three putative rG4 

orming domains towards its 3 

′ end 

n a previous transcriptomics study conducted by our team, 
n silico analysis was used to identify a significant num- 
er of potential rG4-forming sites within human lncRNAs 
 52 ). Subsequently, a transcriptome-wide profiling method 

onfirmed the presence of putati v e rG4 structures in lncR- 
As such as MALAT1 and NEAT1 ( 53 , 54 ). Although sim- 

lar findings continue to be reported, the functional roles 
f rG4 structures in lncRNAs remain largely unknown 

 28 , 55 , 56 ). To investigate the potential functional roles of
G4 structures in MALAT1, we first employed the QGRS 

apper ( 57 ), a bioinformatic tool for G-quadruplex predic- 
ion. This analysis re v ealed three potential G-quadruple x 

otifs, designated Q1, Q2, and Q3, tha t are loca ted towards 
he 3 

′ end of the 8.7 kb MALAT1 lncRNA (Figure 1 A). Nu- 
leotide conservation analysis demonstrated that the region 

arboring the rG4s exhibited conservation across species, 
s evidenced by the phyloP scoring in the UCSC Genome 
rowser (Figure 1 B, Supplementary Figure S1A). 
To validate the formation of G-quadruplex structures, 

e performed biophysical assays using the Q1, Q2 and Q3 

N A sequences individuall y. Circular dichroism (CD) spec- 
roscop y r e v ealed the characteristic signature of stable G- 
uadruplex structur es, r epr esented by a positi v e peak at 266
m and a negati v e peak at 236 nm in the CD spectra. These
eatur es ar e indicati v e of parallel G-quadruplex formation 

n the presence of K 

+ ions (Figure 1 C). CD spectra were 
lso obtained for the three rG4 sequences in the presence 
f Li + ions (Supplementary Figure S1B). The intensity of 
oth positi v e and negati v e peaks was r educed compar ed to
he presence of K 

+ ions, which is a well-known property of 
G4 structures. Notably, Q2 displayed greater stability in the 
resence of Li + ions compared to Q1 and Q3, suggesting 

hat its stability is not solely dependent on K 

+ ions. Fur- 
her more, UV-ther mal dena tura tion studies in sodium ca- 
od yla te buf fer (pH 7.0) containing 100 mM KCl re v ealed
ypochromic sigmoidal transitions for all three oligonu- 
leotides, with T m 

values of 73 ( ±1), > 90, and 75 ( ±1) ◦C for
1, Q2 and Q3, respecti v ely (Figure 1 A, D). These results 
rovide experimental evidence supporting the formation of 
tab le G-quadruple x structures within the identified rG4 

otifs in MALAT1 lncRNA. The melting and annealing 

urves of the rG4 structures were found to overlap, indicat- 
ng the formation of thermodynamically stable intramolec- 
lar G quadruplexes. Analysis of T m 

values across a 50-fold 

oncentr ation r ange (from 1 to 50 �M) re v ealed no changes,
upporting the intramolecular nature of the rG4s (data not 
hown). For comparison, we performed a UV melting study 

or a control RNA duplex at 260 nm and 295 nm (Supple- 
entary Figure S1C). The curve at 295 nm did not show 

ny significant changes, while the melting curve at 260 nm 

ielded a T m 

of 49 ( ±1) ◦C. This control experiment con- 
rmed that the observed stabilities and melting behaviors 

or Q1, Q2 and Q3 are specific to the rG4 structures. 
Conventional in vitro studies typically focus on isolated 

utati v e rG4 sites and often overlook the possibility of alter- 
ati v e Watson-Crick base-paired secondary structures that 
ould compete with rG4 formation. To investigate this pos- 
ibility, we generated a full-length 8.7 kb MALAT1 con- 
truct in a pCMV vector plasmid (r eferr ed to as FL). Site-
irected mutagenesis was then performed by replacing G 

ith A to pre v ent rG4 formation, resulting in Q1m, Q2m, 
3m (single rG4 mutated), Q12m, Q23m, Q13m (double 

G4 mutated), and Q123m (triple rG4 mutated) constructs 
Supplementary Figure S1D, E). Thioflavin T (ThT), a dye 
hat exhibits enhanced fluorescence upon binding to rG4 

tructur es compar ed to single-stranded RNA or RNA hair- 
in structures, was employed to validate the formation of 
he rG4 structures ( 58 , 59 ). In vitro transcription (IVT) 
as performed for the 1.4 kb region containing all three 

G4 / mutant regions from the plasmid library. The resulting 

NAs were gel purified and induced to form rG4 structures 
n the long strand. Subsequently, they were titrated from 0 

o 8 �M against a fixed concentration of 2 �M ThT in a 

uffer containing 10 mM sodium cacodylate and 100 mM 

Cl (Figure 1 E). The RNA sequence with mutations in all 
hr ee G-quadruplex es (Q123m) exhibited minimal fluores- 
ence, comparable to the baseline, indicating the absence of 
G4 structures. Conversely, the presence of e v en a single rG4 

n Q12m, Q23m and Q13m led to an increase in fluorescence 
ntensity. The intensity further increased when two rG4 se- 
uences were present, as observed in Q1m, Q2m, Q3m and 

eached its maximum in the FL RNA, where all three rG4 

equences were present. These results provide evidence that 
he fluorescence signal of ThT is enhanced in the presence 
f rG4 structures and supports the formation of rG4 struc- 
ures within the identified sequences. Upon closer examina- 
ion of Figure 1 E, it becomes apparent that the fluorescence 
ntensities of ThT exhibit a significant increase up to a con- 
entration of 0.75 �M for the FL RNA, which contains all 
hree rG4 sequences. Beyond this point, the intensities show 

 tendency towards sa tura tion. Similarl y, for the RN A con- 
aining two rG4 sequences, the fluorescence intensities in- 
rease up to a concentration of 2 �M, while for the RNA 

ith one rG4 sequence, the intensities increase up to 2 �M 

efor e r eaching sa tura tion. Subsequently, the fluorescence 
ntensities of ThT continue to rise steadily throughout the 
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Figure 1. MALAT1 long non-coding RNA harbors three putati v e rG4 forming domains towards its 3 ′ end. ( A ) The schematic for long non-coding RNA 

MALAT1 harboring three putati v e G-quadruple x motifs as pr edicted by QGRS mapper, its r especti v e locus, and melting temperature ( T m 

) as observ ed in 
UV Melting studies. ( B ) MALAT1 conservation across vertebrates as depicted in UCSC. Highlighted part expanded below harbors the three rG4 domains 
and the region is conserved with high PhyloP scores. ( C ) CD spectra for Q1, Q2 and Q3 of MALAT1 depicting characteristic rG4. ( D ) UV Melting of 
Q1, Q2 and Q3 rG4 of MALAT1 to determine thermal stability. For (C) and (D), Blue, Red and Green lines denote Q1, Q2 and Q3 respecti v ely. ( E ) 
Fluorescence titration assay of long RNA sequence from MALAT1 containing Q1, Q2 and Q3 together (Q123), the single (Q23m, Q13m, Q12m), double 
(Q1m, Q2m, Q3m), and triple (Q123m) G-quadruplex mutation (0–8 �M) against ThT (2 �M). S.E.M. plotted for two consecuti v e readings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

concentr ation r ange for the FL RNA with all three rG4 se-
quences. In contrast, only minimal increases are observed
for the other RNAs with two or one rG4 sequence. The
observed increases in fluorescence intensities after the sat-
uration point, which occurs at 1 �M for the FL RNA con-
taining all three rG4 sequences and at 2 �M for the other
two RNAs (with two or one rG4 sequence) are likely at-
tributable to the formation of micro-aggregates. As the FL
RNA with all three rG4 sequences possesses the highest
propensity for micro-aggrega te forma tion, it exhibits more
pronounced increases in fluorescence intensities at higher
concentrations compared to the other RNAs. Recent stud-
ies have demonstra ted tha t RNA sequences containing ex-
tended stretches of Gs, such as in (G3A1-2)4, are particu-
larly susceptible to the formation of such aggregates under
conditions resembling those found in eukaryotic cells ( 60 ).
When Li + ions were used as a control, a comparable flu-
orescence pattern was observed for all the various combi-
nations of rG4s / mutants, albeit with slightly lower inten-
sity. This reduction in intensity can be attributed to the rel-
ati v ely low stability of the rG4 structures in the presence
of Li + ions (Supplementary Figure S1F). These findings
provide evidence that all three G-quadruplex structures can
form within the 1.4 kb region of MALAT1 RNA, effec-
ti v ely outcompeting other potential alternati v e canonical
secondary structures. 

The rG4 structures in MALAT1 do not affect its abundance
or localization within cells 

The rG4 structures found in other RNAs are known to
carry out a variety of structural and regulatory functions.
To assess the impact of the rG4 structures inMALAT1,
we transfected MALAT1– / – HeLa cells (see Methods for
MALAT1– / – cell-line creation) with plasmids containing
full-length MALAT1 (FL) or various m utants, w hich per-
turbed rG4s individually. The mutant constructs included
disruptions of all rG4s (Q123m), two rG4s (Q12m, Q13m,
Q23m), or a single rG4 (Q1m, Q2m, Q3m). We performed
qRT-PCR analysis to determine the abundance of the var-
ious MALAT1 RN As. Surprisingl y, the results indicated
that there was no discernible change in the abundance of
MALAT1 across all tested conditions (Figure 2 A). This
implies that disrupting the rG4 structures did not have
an impact on the stability of this long non-coding RNA
(lncRNA) inside cells. 

Previous studies have reported that the presence of an
rG4 consensus motif acts as a localization element for den-
dritic mRNAs in mouse cortical neurons ( 26 ). In the case of
MALAT1, a nuclear-enriched lncRNA known to localize
in nuclear speckles ( 36 ), we sought to investigate whether
the presence of rG4 structures in the lncRNA was neces-
sary for its localization. To analyze the subcellular distri-
bution of MALAT1, we performed RNA-fluorescence in
situ hybridization (FISH) assays. The r esults r e v ealed that
MALAT1 predominantly localized in the nuclear speckles
of HeLa cells harboring the MALAT1+ / + plasmid. In con-
trast, no signal for the lncRNA was observed in MALAT1–
/ – cells (Figure 2 B). Subsequently, we examined the effect
of each rG4 on the subcellular distribution of MALAT1 by
conducting RNA-FISH assays in MALAT1– / – cells trans-
fected with plasmids containing FL, Q123m, Q12m, Q13m,
Q23m, Q1m, Q2m, and Q3m. The rescue experiment with
FL MALAT1 demonstrated that it regained localization
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Figure 2. The rG4 structures in MALAT1 do not affect its abundance or localization within cells. ( A ) qRT-PCR to quantify the le v els of MALAT1 
across all the experimental conditions. Relative expression levels of MALAT1 in FL rescue, as well as Q123m, Q12m, Q13m, Q23m, Q1m, Q2m and Q3m 

by transfection 1 �g of plasmid, were comparable to that of MALAT1+ / + condition. �-Actin house-keeping gene is used as an internal normalization 
contr ol. Err or bars r epr esent ± S.D. across three independent biological replicates. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 (Student’s 
t -test). ( B ) RNA FISH to observe the localization of MALAT1 across different experimental conditions: MALA T1+ / +, MALA T1– / –, FL and Q123m. 
( C ) RNA FISH to observe the localization of MALAT1 across different experimental conditions: Q12m, Q13m and Q23m. ( D ) RNA FISH to observe the 
localization of MALAT1 across different experimental conditions: Q1m, Q2m, and Q3m, Q12m. For (B–D), Cells are counterstained with DAPI to mark 
the nucleus and the scale bar corresponds to 10 �m. ( E ) Image quantification for RNA FISH; MALAT1 foci calculated using ImageJ across different fields 
for each condition. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 (Student’s t -test). 
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n nuclear speckles (Figure 2 B). Notably, complementation 

ith different rG4 mutants did not lead to any change 
n the localization pattern of this lncRNA (Figure 2 B–E). 
hus, it can be inferred that the rG4 structures do not serve 
s a localization cue for MALAT1. Previous studies have 
ndica ted tha t MALAT1 is dispensable for the formation 

f nuclear speckles. To validate whether the knockout of 
ALAT1 or the disruption of its rG4 structures affected 

uclear speckle formation, we conducted an immunoFISH 

ssay targeting SC35, a nuclear speckle protein, along with 

ALAT1. Our findings demonstrated that the integrity of 
uclear speckles was preserved in all tested conditions, in- 
luding MALA T1+ / +, MALA T1– / –, FL and Q123m res-
ue conditions (Supplementary Figure S2D–F). Therefore, 
ased on the collecti v e observations, it can be concluded 

hat the rG4 structures present in MALAT1 do not impact 
ts expression or its localization within cells. 

ALAT1 lncRNA binds to specific proteins via its rG4 struc- 
ures 

o investigate whether the rG4s in MALAT1 RNA inter- 
ct with proteins, we performed streptavidin-based RNA 

ulldowns with biotinylated Q1, Q2 and Q3 RNAs synthe- 
ized in vitro and incubated with HeLa cell lysate, followed 

y mass spectrometry. We included rG4 mutants Q1m, 
2m and Q3m as controls (Figure 3 A). Among the enriched 

roteins identified, nucleolin (NCL) exhibited significant 
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Figure 3. MALAT1 lncRNA binds to specific proteins via its rG4 structures. ( A ) Mass spectrometry r epr esentation for RNA pulldown from HeLa cell 
lysate using Q1, Q2 and Q3 rG4 and their mutated counterparts. A list of enriched proteins is mentioned showing interaction. ( B ) RNA pulldown of Q1, 
Q2, Q3 G-quadruplex, and their mutated counterparts followed by western blot to detect NCL protein. ( C ) RNA pulldown of Q1, Q2, Q3 G-quadruplex, 
and their mutated counterparts followed by western blot to detect NPM protein. ( D ) qRT-PCR to quantify the le v els of MALAT1 enrichment in re v erse 
pulldown or RN A-imm unoprecipitation performed with NCL and NPM proteins. Enrichment of NCL is shown in comparison to IgG contr ol. Err or bars 
r epr esent ± S.D. across three independent biological replicates. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 (Student’s t -test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

binding to the rG4 motifs. Another protein, nucleophosmin
(NPM), displayed some specific binding to rG4 structures
as well. hnRNP A2 / B1, C and H were also detected in the
pulldown, but their enrichment was comparable between
wild-type and mutated rG4s. To validate the RNA-protein
interactions, we performed western blot analysis using spe-
cific antibodies against NCL and NPM. These experiments
confirmed that both proteins specifically bind Q1, Q2 and
Q3, but not the mutated G-quadruplex motifs (Figure 3 B,
C). A re v erse pulldown or RN A-imm unoprecipitation ex-
periment using NCL and NPM antibodies further con-
firmed their binding to MALAT1 lncRNA. Quantitati v e
real-time PCR analysis showed a 5- to 7-fold enrichment
of MALAT1 in both NCL and NPM samples compared to
the IgG control (Figure 3 D). 

MALAT1 rG4s aid localization of the interacting protein
partners 

The rG4 structures present in MALAT1 do not directly
contribute to its localization within the nuclear speckles. In-
stead, they bind specifically to certain nuclear proteins. We
hypothesized that the localization of these proteins might
be dependent on MALAT1. To investigate this possibil-
ity, we performed immunocytochemistry (ICC) and imag-
ing of NCL, NPM, hnRNP H, hnRNP C, and hnRNP
A2 / B1 in both MALAT1+ / + and MALAT1– / – HeLa
cells. In MALAT1+ / + cells, NCL and NPM were ob-
served in the nucleolus as well as in the nuclear speck-
les, consistent with previous reports ( 61–64 ). Howe v er, in
MALAT1– / – cells, NCL was detected only in the nucleolus,
not in nuclear speckles (Supplementary Figure S4A), sug-
gesting that the localization of NCL to speckles depends on
MALAT1. To confirm that the NCL foci were indeed part
of the nuclear speckles, we performed co-localization exper-
iments between NCL and the speckle marker SC35 in both
MALA T1+ / + and MALA T1– / – cells. In MALA T1+ / +
cells, NCL and SC35 exhibited colocalization, while in
MALAT1– / – cells, only SC35 was observed in the speck-
les, with NCL confined to the nucleolus and absent from
the speckles (Supplementary Figure S4B, C). Similar re-
sults were obtained for NPM in both conditions (Sup-
plementary Figure S4D). In contrast, hnRNP H and hn-
RNP C appeared dispersed throughout the nucleoplasm in
the MALAT1+ / + and MALAT1– / – cells, (Supplementary
Figure S4E, F). Similarly, the distribution of hnRNP A2 / B1
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uncta across the nucleus did not exhibit any difference 
n the presence or absence of MALAT1 (Supplementary 

igure S4G). 
Having shown that the localization of NCL and NPM 

o the nuclear speckles is dependent on the presence of 
ALAT1, w e w ent on to examine the dependence of NCL 

nd NPM localization on the rG4s within MALAT1. We 
erformed a plasmid-dependent rescue of MALAT1, along 

ith the expression of all three rG4-mutated versions of 
he lncRNA, in the MALAT1– / – cell line. Subsequently, 
e conducted ICC to observe the localization of these 
roteins (as depicted in the schematic in Supplementary 

igure S4H). With the plasmid carrying FL MALAT1, 
CL was observed in the nuclear speckles as well as in 

he nucleolus, as in MALAT1+ / + cells. In contrast, NCL 

id not localize to the nuclear speckles in cells carrying 

ALAT1 with mutant rG4s (Q123m), as in MALAT1– / – 

ells (Figure 4 A). These findings strongly support a cru- 
ial role for the rG4 structures within MALAT1 in local- 
zing NCL to the nuclear speckles. To further investigate 
he r equir ement of individual or combined rG4s for proper 
ocaliza tion, we conducted complementa tion experiments 
n MALAT1– / – cells using the full-length lncRNA with 

utations in two rG4s (Q12m, Q23m, Q13m) or a sin- 
le rG4 (Q1m, Q2m, Q3m). Subsequent ICC and imag- 
ng of NCL re v ealed that in all cases, NCL was exclu-
i v ely observ ed in the nucleolus and not in the speckles,
s in MALAT1– / – cells (Figure 4 B, C). Quantitati v e anal-
sis of NCL foci within the nuclear speckles further con- 
rmed their presence in MALAT1+ / + or full-length (FL) 
escue conditions, and absence in MALAT1– / – or any 

f the rG4 mutant combinations (Figure 4 D). Thus, our 
ata strongly suggest that each of the three rG4s within 

ALAT1 is essential for localizing NCL to the nuclear 
peckles. 

To assess the co-localization of NCL and MALAT1, we 
erformed immunoFISH experiments with MALAT1+ / +, 
ALAT1– / –, FL rescue and Q123m cells. These experi- 
ents re v ealed the presence of MALAT1 in all except the 
ALA T1– / – cells. Additionally, MALA T1 co-localized 

ith NCL in the nuclear speckles only in MALAT1+ / + and 

L rescue conditions and was absent from speckles in the 
ther two conditions (Figure 4 E, F). Similarly, the NPM 

rotein signal within nuclear speckles was r estor ed in the 
resence of MALAT1 but not with any of the rG4 mutants 
Figure 4 G, H). In summary, our results strongly support a 

rucial role for the rG4 structur es pr esent in the 3 

′ region of
ALAT1 in the subcellular localization of both NCL and 

PM within nuclear speckles. 

CL directly binds to G-quadruplex structures in vitro and is 
 bona fide partner 

CL, a well-known RNA-binding protein, has been pre- 
iously reported to interact with rG4 structures in vari- 
us studies ( 24 , 65 , 66 ). Gi v en its high peptide score with
he MALAT1 rG4s in the mass spectrometry analysis and 

he results of our immunoFISH experiments showing that 
CL’s subcellular localization is dependent on the G- 

uadruplex structures of MALAT1, we conducted further 
xperiments to determine whether it directly interacts with 
he rG4s of MALAT1in vitro. Since the N-terminusof NCL R
ndergoes self-cleavage ( 67 , 68 ), we purified a truncated ver- 
ion ( � NCL) that retained all four RN A Reco gnition Mo- 
ifs (RRMs) and the GAR domain (Supplementary Figure 
5A, B). Electrophoretic mobility shift assays (EMSA) were 
erformed using � NCL and pre-formed Q1, Q2 and Q3 

uadruple xes indi vidually to confirm binding of the pro- 
ein to these rG4s (Figure 5 A–C). Increasing the concen- 
ration of � NCL while keeping the pre-formed rG4 concen- 
ration constant resulted in a shift in all EMSAs performed 

or Q1, Q2 and Q3, indicating the binding of the protein to 

he rG4s. 
To analyze the binding parameters, we conducted sur- 

ace plasmon resonance (SPR) and fluorescence titration 

xperiments (Figure 5 D) to determine the binding affini- 
ies between the rG4s and � NCL. All three structures 
xhibited a high binding affinity towards � NCL, with 

2 showing the highest affinity with a Kd value of 4 

M (Table 1 ). Further more, we confir med the binding 

f NCL to the rG4 structures of MALAT1 by conduct- 
ng RN A-imm unoprecipita tion using NCL antibod y from 

eLa cell lysates of MALA T1+ / +, MALA T1– / –, FL, and
123m transfected MALAT1– / – cells. Enrichment analy- 

is by qRT-PCR re v ealed a 7-f old and 5-f old enrichment 
f MALAT1 in the MALAT1+ / + cells and cells carrying 

he MALAT1 FL plasmids, respecti v el y, w hile there was 
o enrichment in cells carrying the MALAT1 Q123m triple 
-quadruplex mutant, with a signal equivalent to that ob- 

erved in the MALAT1– / – cells (Figure 5 E). 
To validate the specificity of the NCL antibody, we per- 

ormed siRNA-media ted down-regula tion of NCL and ex- 
mined the knockdown efficiency through qRT-PCR as- 
ays and western blotting (Supplementary Figures S6A, B). 
he knockdown resulted in an a pproximatel y 50% reduc- 

ion of NCL protein le v els, and subsequent ICC in the NCL 

own-regulated cells (Supplementary Figure S6C) demon- 
trated a significant decrease in NCL signal within the nu- 
lear speckles of the siRNA-transfected cells. This finding 

onfirms the specificity of the antibody for NCL detection. 
onsequently, based on these experiments, we can confi- 
ently conclude that NCL is an authentic interacting part- 
er of the three G-quadruplex structures of MALAT1 (Q1, 
2 and Q3). NCL primarily resides in the nucleolus, where 

t plays a critical role in ribosomal biogenesis, constituting 

round 90% of the protein population. Howe v er, a minor 
ortion of NCL is capable of translocating to the nuclear 
peckles. Prior r esear ch has indicated that NCL exhibits co- 
ocalization and interacts with the pre-catalytic spliceosome 
omple x, acti v ely contributing to the alternati v e splicing of 
bronectin mRNA ( 69 ). Using R-DeeP, a tool designed for 
xploring pr otein-pr otein interactions in the presence or ab- 
ence of RNAs ( 70 , 71 ), it was observed that NCL engages
ith splicing proteins SON, SRSF2, SRSF3, SRSF5 and 

RSF11 in an RNA-dependent manner. The interaction be- 
ween NCL and these splicing proteins was disrupted when 

NA was absent, as demonstrated by the loss of interaction 

ollowing RNase treatment (Supplementary Figure S6D, 
upplementary File S1). Based on these findings, we pro- 
ose that the rG4-mediated localization of NCL to nuclear 
peckles in MALAT1 may be a dynamic and transient pro- 
ess, facilitating its participation in the splicing mechanism 

hrough interaction with SR proteins, as supported by the 
-DeeP analysis. 
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Figure 4. MALAT1 rG4s aid localization of the interacting protein partners. ( A ) ICC to observe the localization of NCL across different experimental 
conditions: MALA T1+ / +, MALA T1– / –, FL, and Q123m. ( B ) ICC to observe the localization of NCL across different experimental conditions: Q12m, 
Q13m and Q23m. ( C ) ICC to observe the localization of NCL across different experimental conditions: Q1m, Q2m and Q3m. ( D ) Image quantification 
for ICC; NCL foci calculated using ImageJ across different fields under each condition. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (Student’s 
t -test). ( E ) Co-localization experiment to confirm MALAT1 and NCL localization together in the nuclear speckles by immunoFISH. Antibody used for 
acetylated (K88) NCL to mark protein specifically in nuclear speckles and not nucleolus. Co-localization shows a yellow signal. ( F ) Quantification for 
Pearson Coefficient of Co-localization for NCL and MALAT1 performed by ImageJ. Error bars r epr esent ± S.D. across three independent biological 
replicates. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (Student’s t -test). ( G ) ICC to observe the localization of NPM across different exper- 
imental conditions: MALA T1+ / +, MALA T1– / –, FL and Q123m (where all the three G-quadruplexes are mutated). For (A–C), (E) and (G), cells are 
counterstained with DAPI to mark the nucleus, and the scale bar corresponds to 10 �M. ( H ) Image quantification for NPM foci calculated using ImageJ 
across different fields for each condition. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (Student’s t -test). 

 

 

 

 

 

 

 

 

 

DISCUSSION 

As a multi-functional lncRNA, MALAT1 is involved in
multivalent interactions with different RNA binding pro-
teins (RBPs), and structural motifs in MALAT1 may serve
as a scaffold to facilitate such interactions. In this study,

we establish for the first time that three rG4 structures are 

 

present in MALAT1, and that they provide a structural mo-
tif to interact with NCL and NPM. 

Although a previous study disputed the presence of rG4
structures in mouse Malat1 ( 28 ), multiple reports have sup-
ported the existence of rG4s in other lncRNAs and in dif-
ferent cellular contexts ( 20 , 25 , 53–56 , 72 ). rG4 structures are
highly dynamic and do not always form in living cells. Their
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Figur e 5. NCL directl y binds to G-quadruplex structures in vitro and is a bona fide partner. ( A – C ) EMSA of Q1, Q2 and Q3 MALAT1 RNA G-quadruplex 
with � NCL protein, with the RNA kept constant and protein concentrations varied from 0 to 20 �M. ( D ) Fluorescence titrations of � NCL protein in the 
presence of an increasing concentration of Q1 (blue), Q2 (magenta) and Q3 (red) rG4s. Data points are the average of three technical replications. Solid 
lines r epr esent fits of the experimental data points with the binding equation mentioned in the methods section. ( E ) RN A imm unoprecipitation of NCL 

to observe an enrichment of MALAT1 compared to IgG control. The experiment was performed across MALA T1+ / +, MALA T1– / –, FL and Q123m 

conditions. Error bars r epr esent ± S.D. across three independent biological replicates. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001 (Student’s 
t -test). 

Table 1. Binding parameters for MALAT1 rG4s and � NCL by surface 
plasmon resonance (SPR) and fluorescence titration of rG4s and � NCL 

SPR Fluorescence 

rG4 K a (M 

−1 s −1 ) k d (s −1 ) 
K d 

(nM) K d (nM) 

Q1 0.89 ( ± 0.10) ×10 4 7.01 ( ± 0.11) ×10 −4 79 103 ( ± 7.5) 
Q2 1.66 ( ± 0.13) ×10 4 0.61 ( ± 0.10) ×10 −4 4 3 ( ± 0.2) 
Q3 2.72 ( ± 0.06) ×10 4 4.07 ( ± 0.24) ×10 −4 15 10 ( ± 0.9) 
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 ormation ma y r equir e specific cues and could be resolved 

nce their biological function is fulfilled. These structures 
ight arise during specific cell cycle stages or in particu- 

ar disease conditions where the cellular environment sup- 
orts their for mation. Further more, certain RNA quadru- 
lexes may be specific to developmental stages or partic- 
lar tissues. Recent r esear ch utilizing thr ee experimental 
atasets proposed a potential secondary structural model 

or human MALAT1 spanning 8425 nucleotides ( 19 ). Ac- 
ording to this model, human MALAT1 exhibits extensive 
tructure , including 194 helices , 13 pseudoknots , fiv e struc- 
ured tetraloops, as well as numerous internal loops and 
ong-r ange intr amolecular inter actions. Some local struc- 
ures within MALAT1 have also been characterized in de- 
ail. One e xtensi v ely studied local structure is the triple helix 

nown as the 3 

′ terminal stability element for nuclear ex- 
ression (ENE), which protects MALAT1 from exonucle- 
lytic degradation ( 37 , 39 , 40 ). It has been demonstrated that
he methyltr ansfer ase-like protein 16 (METTL16), an abun- 
ant nuclear protein, interacts with the MALAT1 triple he- 

ix both in vitro and in vivo ( 73 ). Additionally, two well- 
tructured hairpins at positions 2509–2537 nucleotide and 

556–2586 nucleotide have been identified, facilitating the 
inding of heterogeneous n uclear ribon ucleoprotein G and 

ibonucleoprotein C (hnRNP G and hnRNP C), respec- 
i v ely. These proteins are involved in pre-mRNA process- 
ng ( 74 , 75 ). Bioinformatics analyses have revealed the pres- 
nce of three conserved rG4s in the 3 

′ end of MALAT1, 
nd we have experimentally confirmed that these motifs 
an individually form stable intramolecular parallel G- 
uadruplex structures in vitr o . W hen testing the longer 
ranscript of MALAT1, fluorescence emission using the 
hT rG4-sensing fluorescent molecule increased with the 

ntroduction of each additional quadruplex site, reaching 

ts maxim um w hen all three rG4 motifs were intact. Thus, 
he rG4s within this lncRNA r epr esent a novel structural 
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module that fine-tunes the biological regulation mediated
by MALAT1. 

Although MALAT1 is specifically localized in nuclear
speckles, depleting it does not affect the formation of these
structures ( 29 , 35 ). We have determined that the rG4 struc-
tures within the MALAT1 transcript do not influence its
stability, expression, or act as localization cues for the
lncRNA itself. Howe v er, we hav e discov ered that se v eral
proteins, including NCL and NPM, specifically associate
with these rG4 structur es. Pr e vious studies hav e also iden-
tified proteins interacting with MALAT1. Chen et al. iden-
tified 127 potential MALAT1-interacting proteins using an
RNA pulldo wn follo wed by quantitati v e proteomics using
the Stable Isotope Labeling of Amino acids In Cell cul-
ture (SILAC) method on a fragment of human MALAT1
( 32 ). Similarly, Scherer et al. performed mass spectrome-
try studies on 14 non-overlapping fragments of full-length
mouse MALAT1 to identify potential nuclear-interacting
proteins ( 76 ). Among the 35 binding proteins they identi-
fied, 14 overlapped with our stud y. W hile some proteins,
such as hnRNPs, were common to both studies, our work
re v ealed NCL and NPM as interacting protein partners for
MALAT1 for the first time. Differences in the observed
MALAT1 interacting protein partners could be attributed
to the use of different cell lysate sources in previous ex-
periments. We used HeLa cell l ysates, w hereas HepG2 and
NSC-34 cell lysates were used in earlier studies. Further-
mor e, RNA secondary structur es ar e highly dependent on
the cellular environment, including factors like salt and
buffer conditions. For our experiments, we employed high
monovalent salt concentrations (100 mM KCl) to pro-
mote rG4 formation, which differs from the salt concen-
trations used in previous studies (120 and 10 mM NaCl).
As a result, the RNAs used in the pull-down experiments
may adopt different structures and interact with distinct
sets of proteins. Indeed, the proteins we identified, such as
NCL, are known to specifically interact with rG4 struc-
tur es ( 23 , 24 ). Inter estingly, we observed that both NCL
and NPM bound specifically to the rG4s of MALAT1
and not to its m utant counterpart, w hile some hnRNP
proteins interacted with both structured and unstructured
RNA. We also found that the subcellular distribution of
hnRNPs remained unaffected regardless of the presence or
absence of the MALAT1 transcript. Recent studies have
highlighted that certain hnRNPs, like hnRNP H1, can in-
teract with both unstructured G-tracts and rG4 structures
in vitro , which supports our findings ( 77 ). Importantly,
we demonstra ted tha t the localiza tion of NCL and NPM
to nuclear speckles was dependent on the rG4 structures
of MALAT1. We further established that all three rG4s
wer e r esponsible for localizing these proteins to the nu-
clear speckles. To the best of our knowledge, this is the
first evidence showing that rG4 structures in a lncRNA
play a role in the subcellular localization of specific pro-
teins. In our study, we measured the in vitro binding affinity
of NCL to the three rG4s present in MALAT1 and found
that NCL strongly binds to all three structures. Our exper-
iments valida te tha t NCL can recognize and bind to each
rG4 of MALAT1. Howe v er, in HeLa cells, disruption of any
one rG4 results in the loss of NCL localization to nuclear
speckles. 
Due to their extended single-stranded nature, lncRNAs
often undergo intramolecular interactions, leading to the
formation of loops that facilitate various interactions with
other molecules or within the lncRNA molecule itself. We
propose the presence of such loops in MALAT1 where the
rG4s form, which may interconnect or depend on each
other. Consequently, disrupting one rG4 structure in the
cellular context could potentially result in the loss of the
other two, ultimately leading to the loss of NCL recognition
and re-localization. Additionally, it is possible that the NCL
protein, while interacting with each rG4, also interacts with
other proteins, particularly splicing proteins, as evidenced
by the R-DeeP analysis. It is plausible that all three rG4
structures play a crucial role in maintaining the integrity
and function of the entire complex. Therefore, the loss of
any one rG4 may destabilize the entire complex, ultimately
resulting in the removal of NCL from nuclear speckles. 

MALAT1 has been e xtensi v ely studied due to its involve-
ment in alternati v e splicing regulation in various cancer
cells ( 29 , 78 , 79 ). Conversely, NCL primarily functions in ri-
bosomal synthesis and is predominantly present in the nu-
cleolus. The smaller pool of NCL localized in nuclear speck-
les does not contribute to rRNA production, as evidenced
by rDNA ChiP studies ( 64 ). Instead, NCL is strongly impli-
cated in splicing processes. It colocalizes with SC35 in nu-
clear speckles, interacts with the pre-catalytic spliceosome
complex ( 69 ), and regula tes alterna tive splicing, particularly
of fibronectin. NCL also plays a crucial role in splice site se-
lection ( 80 ). Our study sheds light on the rG4-mediated lo-
calization of NCL and NPM in nuclear speckles within the
context of MALAT1. The R-DeeP analysis presented here
supports the hypothesis that the rG4-mediated localization
of NCL to nuclear speckles through MALAT1 may ex-
plain its role in splicing. These findings lay the groundwork
for a novel approach that targets the structural scaffold
of MALAT1 lncRNA rG4s, providing a platf orm f or de-
signing ligands that selecti v ely target specific binding part-
ners. Small molecules targeting the rG4 structure could po-
tentially disrupt interactions with trans-acting factors and
structural elements within MALAT1, opening new avenues
for therapeutic intervention. 
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