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LINCO1116-dependent upregulation of RNA B

polymerase | transcription drives oncogenic
phenotypes in lung adenocarcinoma

Shashanka Shekhar Sarkar', Mansi Sharma'", Sheetanshu Saproo'" and Srivatsava Naidu'"

Abstract

Background Hyperactive RNA Polymerase | (Pol I) transcription is canonical in cancer, associated with malignant pro-
liferation, poor prognosis, epithelial-mesenchymal transition, and chemotherapy resistance. Despite its significance,
the molecular mechanisms underlying Pol | hyperactivity remain unclear. This study aims to elucidate the role of long
noncoding RNAs (IncRNAs) in regulating Pol | transcription in lung adenocarcinoma (LUAD).

Methods Bioinformatics analyses were applied to identify INcRNAs interacting with Pol | transcriptional machinery.
Fluorescence in situ hybridization was employed to examine the nucleolar localization of candidate IncRNA in LUAD
cells. RNA immunoprecipitation assay validated the interaction between candidate IncRNA and Pol | components.
Chromatin isolation by RNA purification and Chromatin Immunoprecipitation (ChIP) were utilized to confirm the inter-
actions of candidate IncRNA with Pol | transcriptional machinery and the rDNA core promoter. Functional analyses,
including IncRNA knock-in and knockdown, inhibition of Pol | transcription, quantitative PCR, cell proliferation, clono-
genicity, apoptosis, cell cycle, wound-healing, and invasion assays, were performed to determine the effect of candi-
date IncRNA on Pol | transcription and associated malignant phenotypes in LUAD cells. ChIP assays and luminometry
were used to investigate the transcriptional regulation of the candidate IncRNA.

Results We demonstrate that oncogenic LINCO1116 scaffolds essential Pol | transcription factors TAF1A and TAF1D,

to the ribosomal DNA promoter, and upregulate Pol | transcription. Crucially, LINCO1116-driven Pol | transcription acti-
vation is essential for its oncogenic activities. Inhibition of Pol | transcription abrogated LINCO1116-induced oncogenic
phenotypes, including increased proliferation, cell cycle progression, clonogenicity, reduced apoptosis, increased
migration and invasion, and drug sensitivity. Conversely, LINCO1116 knockdown reversed these effects. Additionally,
we show that LINCO1116 upregulation in LUAD is driven by the oncogene c-Myc, a known Pol | transcription activator,
indicating a functional regulatory feedback loop within the c-Myc-LINCO1116-Pol | transcription axis.

Conclusion Collectively, our findings reveal, for the first time, that LINCO1116 enhances Pol | transcription by scaffold-
ing essential transcription factors to the ribosomal DNA promoter, thereby driving oncogenic activities in LUAD. We
propose the c-Myc-LINCO1116-Pol | axis as a critical oncogenic pathway and a potential therapeutic target for modu-
lating Pol | transcription in LUAD.

Keywords RNA polymerase | transcription, SL1, Pol | transcription in cancer, Transcriptional regulation in cancer, Long
non-coding RNAs, Lung adenocarcinoma, LINCO1116, EMT, Chemoresistance
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Introduction

The transcription of ribosomal DNA (rDNA) into riboso-
mal RNA (rRNA) by RNA Polymerase I (Pol I) is a rate-
limiting step in ribosome biogenesis, directly affecting
cellular translational capacity, thus influencing growth,
proliferation, differentiation, and apoptosis [1]. Hyperac-
tive Pol I transcription, often accompanied by upregula-
tion of its core transcriptional machinery, is a molecular
anomaly frequently observed in diverse cancer types [2].
Moreover, a multitude of epigenetic alterations within the
rDNA loci have been implicated in oncogenic processes
[3]. Recently, a specific N6-methyladenosine modifica-
tion in 18S rRNA has shown to promote tumorigenesis

rDNA promoter

and chemoresistance [4]. Notably, heightened Pol I tran-
scription has been associated with adverse prognosis [5,
6], therapeutic resistance [7], and epithelial-mesenchy-
mal transition (EMT) [8]. These findings underscore the
indispensable role of hyperactive Pol I transcription in
driving oncogenic processes.

The initiation of Pol I transcription is orchestrated
by class-specific machinery, including Selectivity Fac-
tor 1 (SL1), a complex of TATA-binding protein (TBP)
and four TBP-associated factors (TAFs—TAFIA,
TAF1B, TAF1C, and TAF1D), Upstream Binding Factor
(UBF), RRN3, and Pol I enzyme [9]. These core com-
ponents assemble at the rDNA promoter to form the
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pre-initiation complex (PIC), a crucial step for initiat-
ing transcription. Remarkably, these protein—protein
and protein-rDNA interactions are direct targets of
signaling circuitry governing cell growth and prolif-
eration [10]. Oncoprotein c-Myc stimulates PIC-rDNA
promoter interactions primarily through Ras/MAPK,
PI3K, and mTOR pathways [11]. Meanwhile, tumor
suppressors such as pRb and p53 restrain PIC activity
[11-13]. Oncogenic aberrations disrupting this balance
amplify PIC activity on the rDNA promoter, result-
ing in unrestrained rRNA synthesis critical for malig-
nant proliferation [14]. Recently, we reported a novel
microRNA-circularRNA-mediated post-transcriptional
mechanism contributing to the upregulation of Pol I
transcription in lung adenocarcinoma (LUAD) [15].
However, the intricate molecular mechanisms, par-
ticularly those involving regulatory RNAs, contributing
to the hyperactivation of Pol I transcription in cancer,
remain largely elusive.

Long noncoding RNAs (IncRNAs), a class of regulatory
RNAs, are integral to modulating gene expression pro-
grams. LncRNAs exert their functions through diverse
interactive mechanisms, including molecular scaffolding,
decoying, competitive binding, and epigenetic modula-
tion [16]. These multifaceted interactions of IncRNAs
with cellular proteins and nucleic acids profoundly influ-
ence crucial cellular processes, including growth, prolif-
eration, apoptosis, and cell fate determination in health
and disease. Accumulating evidence revealed that IncR-
NAs exhibit dual roles as drivers of both tumor sup-
pression and oncogenesis across various cancer types,
underscoring their intricate role in the regulatory land-
scape of cancer [17].

Recent studies have identified LINC01116 as signifi-
cantly upregulated in various cancers, playing an onco-
genic role in several cancer hallmarks and contributes to
therapeutic resistance [18—-20]. However, the underlying
mechanisms through which LINC01116 exerts its onco-
genic effects remain largely unclear. This study unveils
a novel oncogenic mechanism of LINCO01116 through
Pol I transcription. We demonstrated that LINC01116
enhances Pol I transcription by directly binding to the
rDNA promoter and promoting PIC assembly in LUAD
cell lines. Notably, LINCO01116-dependent activation
of Pol I transcription is vital for its oncogenic function.
Inhibition of Pol I transcription mitigated LINC01116-
induced tumor promoting processes. Furthermore, we
identified c-Myc as a driver of LINC01116 upregula-
tion in LUAD. These findings underscore the c-Myc-
LINCO01116-Pol I axis as a novel oncogenic pathway and
propose LINC01116 as a potential therapeutic target for
modulating Pol I transcription-mediated oncogenic phe-
notypes in LUAD.
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Materials and methods
All the primers, probes, and antibodies used in the study
are listed in Additional file 1: Table S1.

In-silico analysis

Interactions between IncRNAs and Pol I transcriptional
machinery were predicted using RNAct [21], SFPEL-LPI
[22], and catRAPIDomics [23]. The Cancer Genome Atlas
(TCGA) LUAD RNA-sequencing data was analyzed using
RNAInter (www.rnainter.org) to predict LINCO01116
interactors, which were then subjected to Gene Set
Enrichment Analysis (GSEA) using GSEA v4.2.3 applica-
tion available on molecular signatures database MSigDB
(www.gsea-msigdb.org/gsea/index.jsp). RNA-sequencing
data for LINCO01116 and c-Myc in LUAD were retrieved
from TCGA and Clinical Proteomic Tumor Analysis
Consortium (CPTAC) using cBioPortal (https://www.
cbioportal.org/) and analysed for correlation. Putative
¢-Myc binding sites on the LINC01116 promoter were
predicted using the LASAGNA application (https://biogr
id-lasagna.engr.uconn.edu).

Molecular cloning

The full-length transcript of LINC01116 was PCR ampli-
fied using gene-specific cloning primers and cloned into
Mlul and BamHI restriction sites of pPCMV6 expression
vector (Origene, Rockville, Maryland, USA). Sense and
anti-sense shRNA oligos targeting nucleotides 201-221
of LINCO01116 were synthesized (Eurofins, Bangalore,
India), and oligo ends were phosphorylated using T4 pol-
ynucleotide kinase (Invitrogen), annealed and cloned into
Agel and EcoRI restriction sites of pLKO.1 puro expres-
sion vector (#8453 Addgene, Watertown, MA, USA) as
per Addgene protocol. LINCO01116 promoter region was
PCR-amplified from human genomic DNA (Promega)
and cloned into Mlul and Kpnl restriction sites of pGL3-
basic vector (Promega). Insert sequences were confirmed
by Sanger sequencing.

Cell culture and transfections

A549, H23, and HEK293T cells were purchased from
the National Centre for Cell Science, Pune, India. Cells
were authenticated at source by short tandem repeat
analysis and monitored for Mycoplasma contamination.
Cells were maintained in RPMI 1640 medium (A549 and
H23) or DMEM (HEK293T) (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA), supplemented with 10%
fetal bovine serum (FBS) (Gibco) and 100 U/mL peni-
cillin-streptomycin (Gibco, Thermo Fisher Scientific)
at 37 °C and 5% CO, in a humidified incubator (Forma
Steri-Cycle i60, Thermo Fisher Scientific). Cells were
transfected with pCMV6 empty vector (eV) or pCMV6-
LINCO01116 expression vector using Lipofectamine 2000
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(Invitrogen). To generate LINCO01116-overexpressing
stable cell lines, A549 and H23 cells were transfected
with 1 pg of pCMV6-eV or pCMV6-LINC01116 using
Lipofectamine 2000. After 48 h, cells were cultured in
selection media containing 1000 pg/ml G418 (Roche,
Sigma-Aldrich, St. Louis, MO, USA) until individual
colonies formed. For stable LINC01116-shRNA transfec-
tion, A549 and H23 cells were transfected with 1 pg of
pLKO.1-eV or LINCO01116-shRNA, followed by clone
selection using media containing 1 pg/mL Puromycin
(Roche). For reconstitution of LINC01116 expression,
LINCO01116 stable knockdown cells were transiently
transfected with pCMV6-LINCO01116 expression vector
using Lipofectamine 2000.

RNA isolation and quantitative real-time PCR

Total RNA from cells was isolated using TRIzol (Ambion,
Thermo Fisher Scientific) according to the manufactur-
er’s protocol, and reverse transcribed using High-Capac-
ity cDNA reverse transcription kit (Applied Biosystems,
Thermo Fisher Scientific). The quantitative real-time
PCR (qPCR) was performed using SYBR green chemistry
(Applied Biosystems) on Quant Studio 5 qPCR system
(Applied Biosystems, Thermo Fisher Scientific). For gene
expression analysis, Gamma-Actin, or small nuclear RNA
U6 were used as internal controls.

LUAD RNA samples

RNA isolated from LUAD or adjacent normal samples
were purchased from the National Cancer Tissue Bank
at the Indian Institute of Technology Madras, Chennai,
India.

RNA Immunoprecipitation

RNA immunoprecipitation (RIP) was performed as pre-
viously [24]. Briefly, 1x10° A549 cells or A549 or H23
cells stably overexpressing LINC01116 or LINCO01116-
shRNA were cultured in a 10 cm dish for 24 h and cross-
linked using 1% formaldehyde (Sigma-Aldrich), and the
cross-linking was quenched using glycine (final concen-
tration of 0.25 M). Next, cells were washed twice with
1X DPBS and, resuspended in lysis buffer, and sonicated
at 32% amplitude and 15 cycles with 30 s on/off using
Sinaptec ultrasonicator (Lezennes, France) and subjected
to DNase (Invitrogen) treatment (250 U/mL) for 30 min
at 37 °C. For immunoprecipitation, Protein A beads
(Invitrogen) were bound to either IgG isotype control
or TAF1A or TAF1D antibodies, followed by incubation
with DNase-treated cell lysate supernatant. Next, the
antibody-bound RNA and 1% Input samples were sub-
jected to 18 pL Proteinase K (Invitrogen) treatment for
30 min at 55 °C. Total RNA was isolated using the TRIzol
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method, and LINC01116 association with TAF1A and
TAF1D was validated using qPCR.

Fluorescence in-situ hybridization

Fluorescence in-situ hybridization (FISH) was performed
as previously [25]. Briefly, 1x 10* A549 cells stably over-
expressing LINC01116 or LINC01116-shRNA were cul-
tured overnight on coverslips in a 12 well plate. Cells were
fixed with 3.7% formaldehyde for 10 min at room temper-
ature (RT) and permeabilized with 70% ethanol for 1 h at
RT. The fixed cells were probed with LINC01116-specific
6-FAM-tagged probe (Merck) at 8 nM concentration and
incubated with NPM1/TAF1A/TAF1D primary antibody
in hybridization buffer (20% formamide (Sigma-Aldrich),
0.02% RNAse-free BSA (Himedia Laboratories, India),
50 pg salmon sperm DNA (Sigma-Aldrich), 2X SSC in a
humidified chamber at 37 °C and then incubated over-
night in a dark chamber. Then, the cells were washed
thrice with wash buffer and incubated with hybridization
solution containing fluorescence-tagged secondary anti-
body in dark for 1 h at 37 °C. The cells were then coun-
terstained with Hoechst 33342 (Invitrogen) and imaged
using a fluorescence microscope (DMi8, Leica Microsys-
tems, Wetzlar, Germany).

Nucleolar SL1 pulldown

Nucleolar SL1 pull-down was performed as previously
[26], with minor modifications. Briefly, 1x10° A549
cells were cultured overnight in a 10 cm dish. Cells were
cross-linked with 1% formaldehyde and quenched with
0.125 M Glycine for 10 min at RT. The cross-linked cells
were lysed and sonicated (SinapTec Lab 120, France) to
generate 100—600 bp DNA fragments. Sheared chro-
matin was immunoprecipitated with TAF1B antibody.
Immunoprecipitated (IP) samples were aliquoted for Pro-
tein, Chromatin, and RNA isolation. The IP samples were
eluted with 4X LDS sample buffer (Invitrogen) for pro-
tein isolation and proceeded for immunoblot. Sonicated
chromatin was treated with RNase and Proteinase K, and
subsequently, chromatin DNA was eluted using the QIA-
GEN PCR purification kit (QIAGEN). RNA was isolated
using the Trizol method.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were
performed as described previously [27]. Briefly, 1x10°
A549 cells stably expressing pCMV6-eV or pCMV6-
LINCO01116 or pLKO.1-eV or LINCO01116-shRNA were
cultured until 70% confluency in a 10 cm dish. Cells
were cross-linked with 1% formaldehyde, and subse-
quently reaction was quenched using 0.125 M Glycine
for 10 min at RT. The cross-linked cells were lysed and
sonicated (32% amplitude for 15 cycles with 30 s on/off)
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(SinapTec Lab 120, France) to generate 200—-500 bp DNA
fragments. For immunoprecipitation, IgG or, TAF1A or
TAF1D or TAF1B or POLR1B antibodies were bound to
Protein A magnetic beads for 3 h at RT, followed by incu-
bation with sonicated chromatin. Bead-bound DNA-
protein complexes were extracted using an extraction
buffer (1% SDS, 0.1 M NaHCO3 and Protease inhibi-
tor). The extracts were RNAse and Proteinase K treated
sequentially, and ChIP DNA was eluted using QIAGEN
PCR purification kit (QIAGEN). The relative enrichment
of TAF1A, TAF1D, TAF1B, and POLR1B on the rDNA
promoter was analyzed using qPCR.

Chromatin isolation by RNA purification

Chromatin isolation by RNA purification (ChIRP) was
performed as described previously [28]. Briefly, 1x10°
cells with stable overexpression of LINC01116 or A549
cells with stable knockdown of LINC01116 were cultured
in 10 cm dish up to 70% confluency and cross-linked with
1% formaldehyde, and the cross-linking was quenched
using 0.125 M glycine. Next, cells were lysed and soni-
cated at 32% amplitude for 15 cycles with 30 s on/off.
The sonicated cell lysate was hybridized with biotinylated
LINCO01116 probe (Merck) in hybridization buffer for
4 h at RT. Next, the biotin probe-bound complexes were
captured by streptavidin-conjugated magnetic beads
(Biobharathi Life Sciences, India) and separated into two
fractions. Each fraction was subjected to DNA elution
or RNA elution with respective elution buffers, and the
elutes were then treated with 5 pL Proteinase K (20 mg/
mL) (Invitrogen) for 45 min at 50 °C. RNA was reverse
transcribed and analyzed for LINC01116, and DNA was
analyzed for rDNA using primers specific to the rDNA
core promoter on qPCR. Further, the eluted DNA was
PCR amplified and subjected to Sanger sequencing.

Ethynyl uridine incorporation assay

A549 or H23 cells stably overexpressing LINC01116
or LINC01116-shRNA were seeded in a 6-well plate at
1.5%10° cells/ well. After 48 h, the cells were incubated
with 100 uM of ethynyl uridine (EU) (Sigma-Aldrich)
for 1 h at 37 °C the dark. Next, the EU-labeled cells were
cross-linked using 3.7% formaldehyde and permeabilized
using 0.01% Triton-X 100. Next, the permeabilized cells
were stained with 15 uM Azide fluor (Sigma-Aldrich).
Stained cells were washed thrice with 1X phosphate-
buffered saline, counterstained with Hoechst 33342 (Inv-
itrogen), and imaged using a fluorescence microscope
(Leica).

Cell proliferation assay
A549 or H23 cells stably overexpressing LINC01116 or
LINCO01116-shRNA were seeded at a density of 3000
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cells/well in a 96-well plate. After overnight incubation,
cells were then treated with 1 pM BMH-21 (Sigma-
Aldrich), and control cells received DMSO. After 24 h,
cells were incubated with the Alamar Blue Cell Viability
Reagent (Invitrogen), and the absorbance was measured
at 570 nm using a Clariostar plate reader (BMG Labtech,
Ortenberg, Germany).

Cell cycle and apoptosis assays

A549 or H23 cells stably overexpressing LINC01116 or
with stable knockdown of LINC01116 were cultured in
a 6-well plate (1.5x10°/well) and treated with BMH-21
(1 uM) for 24 h. Subsequently, cells were trypsinized and
utilized for cell cycle and apoptosis assays. For cell cycle
analysis, cells were fixed in 66.6% ice-cold ethanol at 4
C for 2 h and then stained using the propidium iodide
(PI) Flow Cytometry Kit (Abcam). For apoptosis analy-
sis, cells were stained with the Annexin-V-PI Apoptosis
Detection Kit I from BD Biosciences. Cells were analyzed
on a BD C6 Plus flow cytometer (BD Biosciences, New
Jersey, USA) and quantified using FlowJo software (BD
Biosciences).

Scratch assay

A549 cells stably overexpressing LINC01116 or
LINCO01116-shRNA were seeded in a 6-well plate
(1.5x 10°/well). Cells were treated with BMH-21 (1 pM).
After 24 h, a scratch was made on the monolayer of cells
and imaged at an interval of 24 h for a total of 72 h using
an EVOS XL core light microscope (Invitrogen, Waltham,
Massachusetts, USA).

Invasion assay

Matrigel (Corning, USA) was mixed at a 1:5 ratio with
ice-cold serum-free media, 500 pL of this diluted Matrigel
was applied to the upper section of a Transwell chamber
and incubated at 37 °C for 2 h. Subsequently, BMH-21
treated A549 cells (1.5x10°/well) stably overexpressing
pCMV6-eV or pCMV6-LINCO01116 or shRNA against
LINCO01116 introduced into the Matrigel-coated invasion
chamber. Lower chamber of the well was filled with cul-
ture media containing 10% FBS, and incubated for 24 h.
Later, the chambers were fixed using 100% ice-cold meth-
anol for 15 min and stained with a 0.01% solution of crys-
tal violet (Sigma-Aldrich) for 20 min at RT. Cells located
on the upper side of the membrane were gently wiped off
with a sterile cotton swab, and the remaining cells were
visualized using a light microscope (Evos).

Clonogenicity assay

A549 or H23 cells stably overexpressing LINC01116 or
with stable knockdown of LINC01116 were seeded in a
six-well plate (10% cells/plate). The cells were treated with
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BMH-21 and incubated in the humidified CO, incuba-
tor at 37 °C until the appearance of isolated colonies. The
colonies were then fixed with 100% ice-cold methanol
for 5 min and stained using 0.01% crystal violet (Sigma-
Aldrich) solution for 20 min at RT. Colony images were
manually captured and counted using Image] software.

Generation of A549 and H23 spheroids

Tumor cell spheroids were generated as previously
[29]. Briefly, A549 or H23 cells stably overexpressing
LINCO01116 or LINCO01116-shRNA were seeded in a
1x10%/ well in agarose-coated 96-well plates cultured till
the formation of visible spheroids. Spheroids were treated
with 1 uM BMH-21 for 24 h. Next, the spheroids were
analyzed for EU incorporation assay using the previously
discussed protocol or processed for Ki-67 — immunofluo-
rescence assay. Briefly, spheroids were fixed with 3.7%
formaldehyde, blocked with 5% BSA for 1 h, and incu-
bated with Ki67 primary antibody overnight, followed
by fluorescence-tagged secondary antibody, and further
counterstained with Hoechst 33342. The spheroids were
imaged using a DMi8 fluorescence microscope (Leica).

Generation of cisplatin and doxorubicin resistant A549
cells

Cisplatin (Cis) and Doxorubicin (Dox) resistant A549
cells were generated by dose-escalation method. Drug
treatment was initiated by culturing A549 cells with 1 uM
Cis (Sigma-Aldrich) or 0.2 uM Dox (Sigma-Aldrich) for
48 h. Every month, apoptosis measurement was per-
formed to assess the resistance development, and sub-
sequently, the drug treatment was gradually increased to
a final concentration of 10 pM Cis and 1 pM Dox. After
six months of continuous exposure to Cis and Dox, drug
resistance was validated by relative resistance to cell
death compared with parental A549 cells.

Luciferase reporter assays

The dual luciferase assay was performed as previously
[27]. Briefly, 1x10° HEK293T cells were seeded onto
a 12-well plate and incubated overnight. Next, cells
were co-transfected with 0.5 pug of pGL3 basic plasmid
containing LINC01116-promoter construct, 0.5 pg of
c-Myc (#16,011 Addgene), or 0.5 pg of eV and 50 ng of
pRL-CMYV (Promega) as an internal control using Lipo-
fectamine 2000 (Invitrogen). 48 h post-transfection, cells
were processed using Dual-Luciferase® Reporter Assay
kit (Promega), and the luciferase activities were meas-
ured using GloMax® Navigator (Promega). The results
were calculated by normalizing firefly luciferase to that of
Renilla luciferase.
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Statistics

All experiments were conducted with a minimum of
three independent biological replicates. Results are
depicted as the mean + standard error of the mean (SEM).
Statistical analysis was performed using GraphPad Prism
(v. 8.2). Pearson analysis was employed for correlation
assessment. A two-tailed Student’s t-test was employed
to compare the means between the two groups, multiple
group comparisons were performed using one-way anal-
ysis of variance (ANOVA), followed by Tukey’s post-hoc
test. Results were considered statistically significant for
p-values <0.05.

Results

LINCO1116 directly interacts with transcriptionally active
SL1 subunits TAF1A and TAF1D in the nucleolus

LncRNAs can regulate gene transcription by modulat-
ing the activity and recruitment of transcription factors
[30, 31]. Since SL1 functions as an essential transcrip-
tion factor and regulatory hub for Pol I transcription,
we focused on identifying IncRNAs interacting with SL1
components. Utilizing multiple IncRNA-protein inter-
action tools, we identified LINC01116 as a high-confi-
dence interactor with SL1 subunits TAF1A and TAF1D.
LINC01116 demonstrated optimal binding affinity evi-
denced by catRAPIDomics star rating system, which
integrates normalized interaction propensity, RNA/DNA
binding domains, and known RNA binding motifs. Fur-
thermore, LINC01116 was significantly upregulated in
LUAD tissues, with elevated expression correlating with
poor overall survival. This unique profile distinguished
LINCO01116 from other predicted IncRNAs, prioritiz-
ing it for functional characterization (Fig. 1A and Addi-
tional file 2, Figure S1). Strikingly, GSEA revealed a
significant enrichment of LINCO01116 target genes in
pathways related to ribosome biogenesis (Fig. 1B, Addi-
tional file 3, Table S2) and rRNA metabolic processes
(Fig. 1C, Additional file 4, Table S3). Further, using
catRAPID fragments and graphic modules, we identi-
fied a specific binding region between TAF1A/TAF1D
and LINCO01116, spanning nucleotides 201-360 (Addi-
tional File 5, Figure S2). In addition, a significant posi-
tive correlation was observed between the expression of
LINCO01116 and 47S rRNA in LUAD tumors compared to
adjacent normal tissues (Fig. 1D), suggesting a potential
role of LINC01116 in Pol I transcription. LINC01116 and
Pol I transcription are highly upregulated and associated
with oncogenic roles in LUAD [15, 32]. Thus, we sought
to investigate the regulatory link between LINCO01116
and Pol I transcription in LUAD cell lines. To investi-
gate the endogenous interaction between LINCO01116
and TAF1A and TAF1D, we performed RIP assays in
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A549 and H23 cells stably overexpressing LINC01116
(Fig. 1E) or LINCO01116-shRNA (Fig. 1F). Remarkably,
LINCO01116 overexpression resulted in a substantial
increase in TAF1A and TAF1D enrichment compared to
controls. Conversely, knockdown of LINC01116 mark-
edly diminished this enrichment, confirming the inter-
action between LINCO01116 and, TAF1A and TAF1D
(Fig. 1G and H). Pol I transcription is confined to the
nucleolus [9]. We examined nucleolar localization of
LINC01116 by immunofluorescence microscopy. Cells
overexpressing LINC01116 exhibited a notable co-local-
ization of LINCO01116 along with TAF1A, TAF1D and the
nucleolar marker NPM1 (Fig. 1I), which was diminished
in LINC01116 knockdown cells (Fig. 1]J). Transcription-
ally competent TAF1A and TAF1D are integral compo-
nents of the SL1 complex bound to rDNA promoter [33].
To test whether the interaction of LINCO01116 is specific
to the TAF1A/TAF1D subunits within the SL1 complex
or free forms, we immunoprecipitated the SL1 complex
bound to the rDNA-promoter and assessed the pres-
ence of SL1 components, LINC01116 and rDNA (scheme
Fig. 1K). Immunoblotting analysis confirmed the pres-
ence of TAF1A-D, indicating successful isolation of the
SL1 complex (Fig. 1L). Subsequent qPCR analysis of the
Immunoprecipitated chromatin and RNA revealed signif-
icant enrichment of the rDNA core promoter (Fig. 1M)
and LINCO01116 (Fig. 1N). These findings strongly indi-
cate the interaction between LINCO01116 and TAF1A/
TAF1D with transcriptionally competent SL1 complex
bound to the rDNA promoter, suggesting a potential reg-
ulatory role for LINCO01116 in Pol I transcription.

LINCO1116 upregulates Pol | transcription by promoting

pre-initiation complex formation at the rDNA promoter

To investigate whether LINC01116 affects PIC formation
on the rDNA promoter, we performed ChIP assays with
antibodies against PIC components. ChIP-qPCR analysis
revealed a significant increase in SL1 components and
POLR1B at the rDNA promoter upon LINCO01116 over-
expression (Fig. 2A). Conversely, LINC01116 knockdown
significantly reduced this enrichment, indicating its

(See figure on next page.)
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critical role in recruiting PIC components to the rDNA
promoter via TAF1A and TAF1D (Fig. 2B). LncRNAs
can recruit transcription factors to regulatory sequences
through direct DNA interactions [34]. Strikingly, align-
ment of the LINC01116 sequence with rDNA regulatory
loci revealed a remarkable sequence complementarity
between LINCO01116 and the rDNA core promoter (+20
to -45) and the upstream control element (UCE) (-107
to -177) (Fig. 2C). To validate this, we conducted ChIRP
assays. qPCR analysis of ChIRP-derived RNA and DNA
fractions revealed a significant enrichment of both
LINCO01116 (Fig. 2D) and the rDNA core promoter
(Fig. 2E) in LINCO1116-overexpressing cells compared
to controls. In contrast, stable knockdown of LINC01116
reversed the enrichment of both LINCO01116 (Fig. 2F)
and the rDNA core promoter (Fig. 2G). To further vali-
date the sequence complementarity between LINC01116
and the rDNA promoter/UCE, we performed ChIRP-
qPCR assays scanning the entire rDNA repeat. Notably,
LINCO01116 overexpression led to significant enrich-
ment of core promoter and UCE, whereas LINC01116
knockdown resulted in reduced signals. In contrast,
other regions of the rDNA repeat remained unaffected,
highlighting the specificity of this interaction (Additional
file 6, Figure S3). Sanger sequencing of the ChIRP DNA
fraction confirmed the direct binding of LINC01116 to
the rDNA core promoter (Fig. 2H). Next, we investigated
the impact of LINC01116 on Pol I transcription by ana-
lyzing both steady-state levels and de novo synthesis of
47S pre-rRNA in cells with stable LINC01116 overex-
pression, knockdown, and reconstituted expression in
knockdown cells (Fig. 2I). qPCR analysis revealed that
LINCO01116 overexpression elevated steady-state 47S
rRNA levels, whereas knockdown resulted in decreased
levels, notably, reconstitution of LINC01116 in knock-
down cells significantly rescued 47S rRNA (Fig. 2J). Fur-
thermore, EU incorporation assays demonstrated that
LINCO01116 overexpression enhanced de novo rRNA
transcription, while knockdown reduced synthesis.
Remarkably, reconstitution of LINC01116 in knockdown
cells also restored de novo rRNA transcription (Fig. 2K).

Fig. 1 LINCO1116 interacts with the SL1 components. A Computational prediction indicating LINCO1116 interaction with SLT components TAFTA
and TAF1D. B and C Gene Set Enrichment Analysis showing enrichment of LINCO1116 expression in ribosome biogenesis and rRNA metabolic
processes in LUAD. D gPCR analysis reveals a significant positive correlation (Pearson) between LINCO1116 and 47S rRNA expression, n=6). E

and F gPCR data demonstrating the stable overexpression of LINCO1116 or stable knockdown of LINCO1116 in A549 and H23 cells. G and H gPCR
demonstrating relative enrichment of TAF1A or TAF1D in LINCO1116 overexpression and knockdown cells. (I and J). Fluorescent in-situ hybridization
images showing the co-localization of LINCO1116 with NPM1, TAFTA, and TAF1D in LINCO1116 overexpression cells or LINCO1116 knockdown cells.
K Schematic representation of immunoprecipitation of rDNA-bound SL1 complex. L Immunoblot analysis of SL1 complex immunoprecipitated
from rDNA-promoter-bound chromatin. TAF1A-D subunits are detected, confirming successful SLT complex isolation. (M and N). gPCR data
confirming the relative enrichment of rDNA core promoter and LINCO1116 after DNA-bound SL1 immunoprecipitation. *P <0.05, **P <0.005,

***P <(0,0005, ****P < 0.00005. Error bars indicate mean +SEM. NPM1, Nucleophosmin 1
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Serum starvation dampens Pol I transcription, resulting
in reduced rRNA synthesis; this effect can be reversed
upon serum reconstitution [35]. To study the involve-
ment of LINCO01116 in stimulus-mediated activation of
Pol I transcription, cells with LINC01116 overexpression
or knockdown were subjected to serum starvation, and
rRNA de novo synthesis was measured. As anticipated,
serum deprivation significantly decreased rRNA synthe-
sis, as evidenced by reduced EU incorporation. However,
upon serum re-stimulation, LINCO01116-overexpress-
ing cells exhibited a notable increase in rRNA levels,
exceeding basal levels (Fig. 2L). Conversely, LINC01116
knockdown cells displayed impaired Pol I transcriptional
reactivation upon serum reconstitution (Fig. 2M). Collec-
tively, these findings strongly establish a positive regula-
tory role of LINC01116 on Pol I transcription.

LINCO1116-driven Pol | transcription is essential

for enhanced cell proliferation, clonogenicity and reduced
apoptosis

Given that hyperactive Pol I transcription drives malig-
nant proliferation [36], and LINCO01116 upregulation
is associated with increased proliferation in various
cancers [37-39], we investigated the plausible link
between LINCO01116 and Pol I transcription control-
ling cell proliferation. We administered the specific
Pol I inhibitor BMH-21 [40] to cells with either over-
expression or knockdown of LINC01116 and assessed
cell proliferation. Overexpression of LINC01116
resulted in a significant increase in cell proliferation,
which was substantially reduced by BMH-21 treat-
ment relative to controls. Conversely, in LINC01116
knockdown cells, BMH-21 treatment caused a fur-
ther decrease in cell proliferation compared to the
effect of knockdown alone (Fig. 3A). To further inves-
tigate the combined effects of BMH-21 treatment and
LINCO01116 knockdown on cell viability, we performed
a dose—response analysis in A549 and H23 cells stably
expressing ShRNA-LINCO01116. As shown in Fig. 3B,
LINCO01116 knockdown significantly potentiated the

(See figure on next page.)
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anti-proliferative effects of BMH-21 treatment, result-
ing in a synergistic decrease in cell viability in both
cell lines. Tumor spheroids closely mimic in vivo
tumors, and provide a more realistic environment for
studying cell proliferation [41]. We generated tumor
spheroids from A549 and H23 cells stably overex-
pressing LINC01116 or LINC01116-shRNA (Fig. 3C).
LINCO01116-overexpressing spheroids exhibited
increased rRNA synthesis, while LINC01116-shRNA
spheroids showed reduced rRNA levels, as measured
by EU incorporation. Notably, BMH-21 treatment
reduced rRNA levels in LINCO01116-overexpressing
spheroids and caused a synergistic decrease in rRNA
transcription in LINCO01116 knockdown spheroids
(Fig. 3D). In addition, LINC01116 overexpressing sphe-
roids also displayed higher Ki67 expression, a prolifera-
tion marker, compared to controls, while knockdown
spheroids had reduced Ki67 expression. BMH-21
significantly decreased Ki67 levels in LINCO01116-
overexpressing spheroids, with an even greater reduc-
tion in knockdown spheroids (Fig. 3E). These results
indicate that LINCO01116 promotes cell proliferation
through Pol I transcription. Further, BMH-21 treat-
ment had a marginal effect on the clonogenic capac-
ity of A549 and H23 cells overexpressing LINC01116.
In contrast, LINC01116 knockdown cells exhibited
a significant reduction in clonogenicity upon BMH-
21 treatment. Notably, reconstitution of LINCO01116
in knockdown cells rescued the clonogenic capacity
(Fig. 3F). The rate of Pol I transcription is closely linked
to cell cycle progression [42]. To investigate whether
LINCO1116-mediated Pol I transcription influences
cell cycle dynamics, we analyzed the cell cycle dis-
tribution in LINCO01116-overexpressing, knockdown
or reconstituted cells. LINCO01116 overexpression
resulted in a significant decrease in G1l-phase and an
increase in the S-phase population, whereas knock-
down of LINCO01116 increased G1 and reduced the
S-phase population. Notably, treatment with the Pol I
inhibitor BMH-21 caused G1 arrest and diminished

Fig. 2 LINCO1116 upregulates Pol | transcription. (A and B). ChIP-gPCR data showing the relative promoter occupancy of PIC components
after LINCO1116 overexpression or, after LINCO1116 knockdown. € Sequence alignment showing complementarity between LINCO1116

and rDNA promoter. D and E Chromatin isolation by RNA purification-gPCR data confirming the relative binding of LINCO1116 to the rDNA
promoter in LINCO1116 overexpressing cells, (F and G). in LINCO1116 knockdown cells. H Sanger sequencing histogram confirming ChIRP
DNA as rDNA promoter. l. gPCR analysis showing relative expression levels of LINCO1116 in cells with stable overexpression (OE), knockdown
(shRNA), and reconstitution (sShRNA+OE) of LINCO1116.J gPCR analysis showing changes in 475 rRNA expression levels in cells with stable
LINCO1116 overexpression, knockdown, and reconstitution. K EU incorporation assay illustrating changes in Pol | transcriptional activity in cells
with LINCO1116 overexpression, knockdown, and reconstitution. Bar graphs illustrating the normalized fluorescence intensity. L EU incorporation
assay demonstrating enhanced Pol | transcription in LINCO1116 overexpression cells following serum reconstitution. M EU incorporation

assay showing reduced Pol | reactivation in LINCO1116 knockdown cells after serum reconstitution. Error bars indicate mean + SEM. *P <0.05,
**P <0.005,***P <0.0005, ****P <0.00005, #P < E-7, ##P <E-8. rDNA, ribosomal DNA, UCE, Upstream control element, EU, Ethynyl Uridine
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the S-phase enrichment observed in LINC01116-over-
expressing cells. Additionally, BMH-21 treatment fur-
ther decreased the S-phase population in LINC01116
knockdown cells, suggesting a synergistic effect.
Moreover, reconstitution of LINC01116 expression in
knockdown cells substantially rescued the cell cycle
phenotype, mitigating the Gl-phase accumulation
and S-phase depletion induced by LINC01116 deple-
tion, in both control and BMH-21-treated conditions
(Fig. 3G, and Additional file 7, Figure S4A and S4B).
Cyclin-dependent kinases (CDKs) CDK2, CDK4, and
CDKG6 are key regulators of the G1 to S-phase transi-
tion [43, 44]. Remarkably, LINC01116 overexpression
led to increased CDK2, CDK4, and CDK6 expression,
which was reduced to basal levels upon BMH-21 treat-
ment. Furthermore, BMH-21 treatment synergistically
decreased the expression of these CDKs in LINC01116
knockdown cells. Notably, reconstitution of LINC01116
expression rescued CDK expression levels in knock-
down cells with or without BMH-21 treatment. These
results indicate that LINC01116 promotes cell cycle
progression through upregulation of G1 to S-phase
regulators in a Pol I transcription-dependent man-
ner (Fig. 3H). LINC01116 has been shown to suppress
apoptosis [38], and rRNA levels are inversely correlated
with apoptosis [15]. To investigate the apoptotic link
between LINC01116 and Pol I transcription, we treated
A549 and H23 cells overexpressing or knocked down
for LINC01116 with BMH-21 and performed apop-
tosis assays. Notably, LINC01116 overexpression sig-
nificantly reduced apoptosis, while BMH-21 treatment
only marginally increased apoptosis in these overex-
pressing cells. In contrast, BMH-21 treatment signifi-
cantly augmented apoptosis in LINC01116 knockdown
cells. In addition, reconstitution of LINC01116 expres-
sion in knockdown cells restored apoptotic resistance,

(See figure on next page.)
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rescuing cells from increased apoptosis in both
untreated and BMH-21-treated conditions (Fig. 31 and
Additional file 7: Fig. S4C and S4D).

Subsequently, we analyzed the expression of apoptotic
markers in A549 and H23 cells with LINC01116 over-
expression and knockdown and treated with BMH-21.
qPCR analysis revealed that LINCO01116 overexpres-
sion significantly decreased the expression of the apop-
totic marker BAX, with BMH-21 treatment marginally
increasing BAX expression in these cells. Conversely,
BMH-21 treatment significantly upregulated BAX
expression in LINCO01116 knockdown cells. Addition-
ally, BMH-21 treatment marginally decreased the anti-
apoptotic marker Bcl2 in LINCO01116 overexpression
cells, while LINC01116 knockdown significantly reduced
Bcl2 expression. Notably, reconstitution of LINC01116
in knockdown cells rescued BAX and Bcl2 expression
changes (Fig. 3]). Overall, our results highlight the crucial
role of heightened Pol I transcription in mediating the
oncogenic effects of LINC01116 in LUAD cells.

Pol I transcription is essential for LINCO1116-mediated EMT
Recent studies have linked Pol I transcription [8] and
LINCO01116 to EMT processes [45]. We investigated the
effect of LINC01116-Pol I transcription interplay on cell
migration and invasion. Remarkably, LINC01116 overex-
pression significantly increased cell migration, which was
abrogated by inhibition of Pol I transcription by BMH-
21 treatment. However, BMH-21 treatment had margin-
ally reduced migration in LINC01116 knockdown cells.
Notably, reconstituting LINC01116 expression in knock-
down cells rescued the migratory phenotype (Fig. 4A).
Furthermore, BMH-21 treatment significantly dampened
the increased invasiveness of LINCO01116-overexpress-
ing cells, with an even more pronounced decrease in
invasiveness observed in LINC01116 knockdown cells.

Fig. 3 LINCO1116-driven Pol | transcription modulates cell proliferation, clonogenicity, and apoptosis. A Alamar blue cell proliferation assay showing
decreased proliferation of A549 and H23 cells stably overexpressing LINCO1116 or LINCO1116-shRNA treated with BMH-21. B Dose—response curves
illustrating enhanced sensitivity to BMH-21 in LINCO1116 knockdown cells, demonstrating a synergistic effect on cell viability. C gPCR showing

the expression of LINCO1116 in tumor spheroids generated from A549 and H23 cells stably overexpressing LINCO1116 or LINCO1116-shRNA. D EU
incorporation assay showing Pol | transcription levels in tumor spheroids stably overexpressing LINCO1116 or LINCO1116-shRNA with or without
inhibiting Pol | transcription by BMH-21. E Immunofluorescence images showing increased Ki67 expression in tumor spheroids stably
overexpressing LINCO1116 or LINCO1116-shRNA in response to Pol | transcription inhibition. F Representative images of clonogenic assays showing
the effect of BMH-21 treatment on A549 and H23 cells stably overexpressing LINCO1116 (OE), Knockdown of LINCO1116 (shRNA) or Reconstituted
LINCO1116 expression in knockdown cells (shRNA+OE), bar graphs illustrating relative colony counts for each condition normalized to untreated
controls. G Bar graphs showing G1, S, and G2/M phase distributions in LINCO1116-overexpressing (OE), LINCO1116-shRNA, and reconstituted
LINC01116 expression (shRNA+OE) cells with or without BMH-21 treatment. H gPCRs showing altered expression of cell cycle regulators CDK2,
CDK4, and CDK6 in BMH-21 treated cells stably overexpressing LINCO1116,LINCO1116-shRNA or reconstitution in knockdown cells. I Bar graphs
showing the apoptosis percentage in BMH-21 treated A549 or H23 cells stably overexpressing, knockdown or reconstitution of LINCO1116. J.
gPCRs showing the expression of pro-apoptotic and anti-apoptotic gene expression in BMH-21 treated cells with stable LINCO1116 overexpression,
knockdown or reconstitution in LINCO1116 knockdown cells. Data represented as mean + SEM. *P <0.05, **P < 0.005,***P < 0.0005, ****P < 0.00005,
#HHP <E-9, SP<E-11,$$P<E-13
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Remarkably, reconstituted LINC01116 expression par-
tially rescued the invasive phenotype in knockdown cells
(Fig. 4B). These findings indicate that the LINC01116-Pol
I transcription axis plays a crucial role in promoting cell
migration and invasion potential of LUAD cells.
Upregulation of Pol I transcription promotes EMT by
modulating the expression of key genes involved [15]. To
investigate whether LINC01116-dependent upregulation
of Pol I transcription alters the expression of genes essen-
tial for EMT, we treated LINC01116-overexpressing and
knockdown cells with BMH-21 and evaluated the expres-
sion of EMT markers. Overexpression of LINC01116
reduced the expression of the epithelial marker CDH]1,
and BMH-21 treatment further repressed CDHI1 expres-
sion compared to controls. Conversely, CDH1 expression
was significantly upregulated in LINC01116 knockdown
cells upon Pol I inhibition compared to controls. Moreo-
ver, LINC01116 overexpression significantly upregulated
mesenchymal markers SLUG, TWIST, VIM, and ZEBI,
which were markedly reduced upon BMH-21 treatment.
In LINCO01116 knockdown cells, BMH-21 treatment
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further significantly decreased the expression of mes-
enchymal markers. Notably, Reconstituting LINC01116
in knockdown cells rescued CDH1 downregulation, and
restored SLUG, TWIST, VIM, and ZEB1 expression lev-
els in knockdown cells (Fig. 4C). In summary, our data
strongly indicate that Pol I transcription plays a crucial
role in regulating LINC01116-mediated EMT in LUAD.

LINCO1116 confers chemoresistance through upregulating
Pol I transcription

Increased Pol [ transcriptional activity [7] and
LINCO01116 expression [20] have been correlated to
chemoresistance. To evaluate the mechanistic role of
LINCO01116-Pol I transcription in chemoresistance, we
first treated A549 cells, either overexpressing LINC01116
or with LINC01116 knockdown, with Cis and Dox.
LINCO01116 knockdown significantly increased apopto-
sis in response to Cis and Dox, while LINC01116 over-
expression reduced this effect, indicating the role of
LINCO01116 in modulating chemosensitivity (Fig. 5A, B,
and Additional file 8: Figure S5A). Next, to investigate the
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cells compared to A549 cells. G Bar graph showing apoptotic cell percentage in the A549-Cis® cells with overexpression or knockdown

of LINC01116 and treated with BMH-21. H Bar graph showing apoptotic cell percentage in the A549-Dox" cells overexpressing or knockdown

of LINCO1116 and treated with BMH-21. Data represented as mean + SEM. *P < 0.05, **P <0.005,***P < 0.0005, ****P < 0.00005. Cis, Cisplatin; Do,
Doxorubicin
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impact of LINC01116-Pol I transcription on drug sen-
sitivity, we generated A549 cells resistant to Cis or Dox.
Flow cytometry demonstrated a significant decrease in
sensitivity to Cis (Fig. 5C, Additional file 8: Figure S5B)
and Dox (Fig. 5D, Additional file 8: Figure S5C) in the
resistant cells compared to the parental A549 cells, indi-
cating the gain of a resistant phenotype. Subsequently,
we measured LINC01116 expression in these resistant
cells. Interestingly, LINC01116 is upregulated in A549-
Cis® and A549-Dox® cells compared to control A549 cells
(Fig. 5E). Further, qPCR analysis revealed a significant
increase in the expression of 47S rRNA levels in A549-
Cis® and A549-Dox® cells, compared to control cells
(Fig. 5F). Next, we overexpressed or knocked down the
expression of LINC01116 in A549-Cis® and A549-Dox®
cells growing in Cis or Dox respectively, with or without
BMH-21, and evaluated apoptosis. Intriguingly, in A549-
Cis® cells, LINC01116 overexpression reduced cisplatin
sensitivity and decreased apoptosis, whereas knockdown
enhanced cisplatin sensitivity and increased apoptosis.
Pol I inhibition with BMH-21 further augmented apop-
tosis in the knockdown group, while LINC01116-medi-
ated Pol I upregulation reduced the apoptotic response to
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BMH-21 (Fig. 5G, and Additional file 8: Fig. S5D). Simi-
larly, in A549-Dox® cells. Overexpression of LINC01116
reduced doxorubicin sensitivity, while knockdown
reversed this effect. Treating the transfected cells with
BMH-21 resulted in a marginal increase in apoptosis.
However, BMH-21 significantly augmented apoptosis in
the LINC01116 knockdown group (Fig. 5H, and Addi-
tional file 8: Fig. S5E). These findings emphasize the piv-
otal role of LINC01116-mediated Pol I transcription in
Cis and Dox response.

c-Myc transcriptionally activates LINCO1116 expression

LINCO01116 is upregulated in various cancers [45], but
the underlying regulatory mechanisms are unclear. We
identified putative c-Myc binding sites on the LINC01116
promoter at — 1 to — 48 bp upstream of the transcrip-
tion start site (Fig. 6A). To investigate this, using tran-
scriptomic data of LUAD on TCGA, we first performed
a correlation analysis and found a significant positive
correlation between c-Myc and LINC01116 expres-
sion (Fig. 6B). Notably, a significant positive correla-
tion has been observed between c-Myc and LINC01116
expression LUAD tumors compared to normal (Fig. 6C).
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Fig. 6 c-Myc regulates LINCO1116 expression. A Computational prediction demonstrating putative c-Myc binding sites on the LINCO1116
promoter. B Correlation analysis using TCGA data showing a positive correlation between c-Myc and LINCO1116 expression in LUAD. C QPCR
validation in LUAD tumor tissues confirms a strong positive correlation between c-Myc and LINCO1116 expression. D gPCR data illustrating
LINCO1116 upregulation with c-Myc overexpression. E gPCR data showing c-Myc knockdown downregulates LINCO1116 expression. F ChIP-gPCR
data showing significant enrichment of c-Myc on the LINCO1116 promoter. G Luciferase assay data demonstrating the functional binding of c-Myc
on the LINCO1116 promoter. Data represented as mean £ SEM. **P <0.005,***P < 0.0005
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Furthermore, overexpression of c-Myc markedly upregu-
lated LINCO01116 expression (Fig. 6D), whereas shRNA-
mediated c-Myc knockdown resulted in a marked
decrease in LINCO01116 levels (Fig. 6E) in A549 cells,
indicating a transcriptional regulation of LINC01116 by
c-Myc. In addition, we performed ChIP assays to vali-
date the binding of c-Myc to the LINC01116 promoter.
ChIP-qPCR with an anti-Myc antibody confirmed sig-
nificant c-Myc enrichment on the LINC01116 promoter
(Fig. 6F). To further validate this interaction, we trans-
fected HEK293T cells with a luciferase reporter con-
struct containing the LINC01116 promoter sequence
along with either a c-Myc expression vector or an empty
vector control. Remarkably, luciferase activity signifi-
cantly increased upon c-Myc overexpression compared
to the control, indicating specific c-Myc binding to the
LINCO01116 promoter and subsequent transcriptional
activation (Fig. 6G). These findings confirm that c-Myc
directly interacts with the LINC01116 promoter, driving
its transcriptional activation in A549 cells.

Discussion

Hyperactive Pol I transcription is recognized as a canoni-
cal molecular aberration linked to various cancer hall-
marks [46, 47]. Despite this, the precise molecular
mechanisms driving this dysregulation remain elusive.
Our study is the first to identify a novel regulatory path-
way involving LINC01116, which drives the upregula-
tion of Pol I transcription in LUAD. Importantly, this
LINCO01116-mediated upregulation of Pol I transcription
plays a pivotal role in promoting various oncogenic pro-
cesses, highlighting the significance of LINC01116-Pol I
in the molecular etiology of LUAD.

Hyperactive Pol I transcription necessitates increased
recruitment of pre-initiation complex (PIC) compo-
nents to the rDNA promoter [35]. Our study shows that
oncogenic LINC01116 operates as a scaffold, facilitat-
ing the assembly of essential transcription factors (TFs)
at the rDNA promoter, critical for initiating rRNA
synthesis. Previous studies have demonstrated that
SLERT, a snoRNA-ended IncRNA, enhances pre-rRNA
transcription by binding to the DEAD-box RNA heli-
case DDX21 and altering rDNA topology. Intriguingly,
these findings connect SLERT-dependent regulation
of Pol I transcription to ribosome biogenesis, under-
scoring the intricate regulatory networks linking Pol
I transcription to ribosome biogenesis [48, 49]. Nota-
bly, IncRNA-TF scaffolding has also been observed to
modulate Pol II-driven transcription by preventing the
recruitment of Pol II or specific transcription factors.
For example, the tumor-suppressor IncRNA GASS5, dys-
regulated in several cancers, promotes growth arrest,
apoptosis, and inhibits cell migration by blocking the
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glucocorticoid receptor from binding to glucocorti-
coid response elements, thereby regulating target gene
transcription [50, 51]. Intriguingly, IncRNA B2 RNA
interacts with the Pol II o-holoenzyme, preventing the
assembly of a functional pre-initiation complex, and
thereby suppressing Pol II transcription initiation [52].
Moreover, IncRNA-TF interactions have demonstrated
both tumor suppressor and oncogenic roles in cancer.
For instance, HAND2-AS1 binds E2F4 at the Cl160rf74
promoter to downregulate its expression and repress
cervical cancer progression [53], whereas HNF1A-AS1
binds PBX3 to upregulate OTX1 expression, promot-
ing angiogenesis in colon cancer [54]. These findings
underscore the critical role of IncRNA-TF interactions
in regulating transcription and their profound impact
on cancer progression, highlighting their potential as
therapeutic targets.

Recent studies have linked LINC01116 to promot-
ing cell proliferation and cycle progression in can-
cer cells [55]. However, these studies predominantly
explored the indirect effects mediated by microRNA-
LINCO01116 interactions. In this study, we uncover
the direct impact of LINC01116 on cancer cell prolif-
eration through the activation of Pol I transcription.
Given that accelerated Pol I transcription is pivotal for
malignant proliferation, LINC01116-dependent activa-
tion of Pol I transcription can be a potential target to
reduce tumor burden. The rate of Pol I transcription is
tightly coordinated with cell cycle progression to meet
the varying demands for protein synthesis during dif-
ferent phases of the cell cycle [56]. Pol I transcription
is moderately active during G1 phase and peaks as cells
enter the S-phase, where the demand for protein syn-
thesis is high [57]. We found that LINC01116-depend-
ent activation of Pol I transcription is essential for
driving cells into S-phase, indicating that LINC01116
plays a crucial role in facilitating cell cycle progres-
sion by ensuring sufficient rRNA synthesis to support
heightened protein production needs during DNA
replication. Elevated Pol I transcription promotes the
synthesis and function of key cell cycle regulators,
including cyclins, cyclin-dependent kinases (CDKs),
and proteins involved in the Rb and p53 pathways [58,
59]. This process is tightly integrated with the func-
tions of CDK2, CDK4, and CDK®6, particularly dur-
ing the S phase of the cell cycle. Our study indicates
that LINCO01116-mediated Pol I transcription upregu-
lates CDK2, CDK4, and CDK®6, highlighting a crucial
mechanism that drives cell cycle progression. Inter-
estingly, other oncogenic IncRNAs have similar roles.
For example, SNHG6 promotes G1-S transition and
proliferation in NSCLC cells. Additionally, MAFG-
AS1 upregulates CDK2 expression via miR-339-5p
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sponging, thereby accelerating the G1-S transition
[60]. These findings underscore the importance of
IncRNA-mediated regulation of cell cycle progression
in cancer.

EMT initiation coincides with rDNA transcription
activation, and inhibiting rRNA synthesis disrupts
EMT and reduces metastasis [8]. Our recent findings
demonstrate that miRNA-mediated inhibition of Pol I
transcription significantly reduces A549 cell migration
and downregulates ZEB1, a key EMT modulator [15].
Activation of Pol I transcription during EMT enhances
ribosome biogenesis and protein synthesis, support-
ing the production of essential EMT proteins, includ-
ing ZEB transcription factors. ZEB1 and ZEB2 repress
epithelial markers and promote mesenchymal markers,
stabilizing the mesenchymal state. This state requires
continuous protein synthesis, maintained by Pol I
activity. Our investigation revealed that LINCO01116-
dependent modulation of invasion and migration, and
associated EMT markers expression requires activation
of Pol I transcription. This interplay between Pol I and
EMT mediated through LINC01116, highlights a criti-
cal juncture where Pol I activity governs the expression
of crucial EMT regulators.

The association between Pol I transcription and
chemoresistance is primarily due to hyperactive Pol
I transcription driving proliferation, enhancing EMT
processes, decreasing apoptosis, and activating survival
pathways [7]. Our previous work showed that inhib-
iting Pol I transcription increased chemosensitivity
in A549 cells [15]. In this study, we demonstrate that
LINCO01116-dependent upregulation of Pol I transcrip-
tion reduces sensitivity to Cis and Dox, especially in
drug-resistant cells. While LINC01116 role in chem-
oresistance has been linked predominantly to miRNA-
dependent mechanisms [55], our findings suggest that
increased Pol I transcription, facilitated by LINC01116,
is a significant factor in chemoresistance.

Oncogenic c-Myc is a bona fide activator of Pol I
transcription, directly binding to rDNA promoters,
recruiting essential transcription factors, and enhanc-
ing rRNA synthesis [61]. This activation is considered a
major oncogenic event in tumorigenesis. Our data sug-
gests that c-Myc transcriptionally activates LINC01116
expression. Thus, c-Myc functions as an upstream regu-
latory node connecting both LINC01116 and Pol I tran-
scription, creating a synergistic mechanism that drives
crucial tumorigenic processes.

In summary, our study uncovers the critical link
between oncogenic LINC01116 and Pol I transcription,
offering valuable insights into the molecular basis of
cancer pathogenesis. Also, highlights the intricate regu-
latory networks governing Pol I transcription in cancer.
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Conclusion

In summary, our study reveals the synergistic role of
LINCO01116 and Pol I transcription in promoting onco-
genic phenotypes in LUAD, including enhanced cell
proliferation, clonogenicity, cell cycle progression, and
chemoresistance, while suppressing apoptosis. The
c-Myc-LINCO01116-Pol I axis emerges as a crucial path-
way in cancer development and progression, offering
promising targets for therapeutic intervention. Our find-
ings underscore the importance of IncRNA-mediated
regulation of Pol I transcription and open new avenues
for targeted cancer therapies aimed at disrupting this
pathway to inhibit tumor growth and metastasis.
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