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Lung cancer is the leading cause of cancer related deaths worldwide. Unfortunately, radiation resistance remains
a major problem facing lung cancer patients. Recently, we identified a group of long non-coding RNAs (IncRNAs)
known as linc-SPRY3 RNAs, expressed on the Y-chromosome, which play a role in radiation sensitivity by
decreasing tumor burden in vitro and in vivo after radiation. In this study, we found that the linc-SPRY3 RNAs are
one large IncRNA that we named Radiation Induced Y-chromosome linked long non-coding RNA (Inc-RAINY).

Through ATAC-seq and immunoprecipitation experiments, we show that Inc-RAINY interacts with DNA in a
triple helix to induce chromatin remodeling and gene expression. We also identified that Inc-RAINY regulates
CDC6 and CDC25A expression affecting senescence induction, cell migration patterns, and cell cycle regulation.
Furthermore, the administration of Lnc-RAINY encapsulated in FDA-approved nanoparticles into a lung cancer
patient-derived xenograft model dramatically reduces tumor progression demonstrating therapeutic potential.

1. Introduction

Lung cancer remains the leading cause of cancer-related deaths in the
United States and worldwide [1]. Male patients have increased mortality
rates of non-small cell lung cancer (NSCLC) [2]. While there have been
many advances in the treatment of NSCLC, and the five year survival
rate has increased to 23 %, from 15 % in the early 2000s, positive out-
comes are few, thus research to identify new therapeutic targets to
improve survival rates are ongoing [3]. One of the many treatments for
NSCLC includes radiation therapy. However, there have been many
proteins and pathways that have been implicated in resistance to radi-
ation therapy, such as NOTCH [4], PI3K/AKT [5], UBE2T [6] and
KRAS/mutantTP53 [7]. Further, males are less likely to respond to ra-
diation therapy, when compared to females. This sex specific bias has
been attributed to hormonal, genetic and environmental differences. As
identified previously, part of this disparity may be in relation to the loss
of Y chromosome in many cancers, including NSCLC. Therefore, novel

therapies targeting radiation resistance imbued by these genes and the
loss of Y chromosome are needed.

Recent studies have shown the importance of the noncoding genome
in human diseases [8]. Of the many types of non-coding RNAs, long
non-coding RNAs (IncRNAs) are some of the most versatile and multi-
functional nucleic acids. Considered to be RNAs over 200 nucleotides
and lacking major open reading frames, long noncoding RNAs have long
been debated as to their number and importance, with some estimates
ranging from just under 20,000 (ENCODE) to over 173,000 (NON-
CODEv6) in the human genome [9,10]. LncRNAs have been shown to
bind and regulate chromatin [11,12], silence genes either directly or
indirectly through modulation of microRNAs [13,14], and regulate
post-transcriptional modifications [15,16].

Previously, we identified a group of IncRNAs named the linc-SPRY3
RNAs (linc-SPRY3-2, linc-SPRY3-3, and linc-SPRY3-4) originating from
the Y chromosome [17]. This family has been identified to convey a
radiation sensitive phenotype in NSCLC cell lines. We found that
linc-SPRY3 RNAs interacted with the RNA binding protein IGF2BP3 and
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Abbreviations

Inc-RNAs long noncoding RNAs

Inc-RAINY Radiation induced Y chromosome linked long non-
coding RNA

ATAC-Seq Assay for Transposase-Accessible chromatin with high-
throughput sequencing

CDC6 Cell Division Cycle Protein 6

CDC25A Cell Division Cycle Protein 25A

NSCLC Non-Small Cell Lung Cancer

UBE2T  Ubiquitin-Conjugating Enzyme E2T
IGF2BP3 Insulin Growth Factor 2 Binding Protein 3
HMGA2 High Mobility Group A2

RACE Rapid amplification of cDNA ends

AURKB Aurora Kinase B

RPI RNA-Protein Interaction Prediction

SetX Senataxin

POLDIP3 DNA Polymerase Delta Interacting Protein 3

UV-RIP Ultraviolet crosslinking and RNA Immunoprecipitation
UBC Ubiquitin Ligase C

Inc-HIF1a-AS1 Hypoxia Inducing Factor 1 alpha antisense 1 IncRNA

TTS Triplex Target Sites

DBD DNA Binding Domains
EPHA2 Ephrin Type-A Receptor 2
NR non-Radiated

IVT In vitro transcription

PDX Patient Derived Xenograft

consequently reduced the half-life of the antiapoptotic HMGA2 and
oncogenic c-MYC mRNAs. To date, additional cellular functions by
linc-SPRY3 RNAs have yet to be elucidated. In this study, we determined
that the linc-SPRY3 RNAs are part of a larger IncRNA containing the 3
linc-SPRY3 RNAs termed Radiation Induced Y-chromosome linked long
non-coding RNA (Inc-RAINY). Additionally, we found that lnc-RAINY
regulates several gene pathways involved in radiation sensitivity such
as senescence, cell migration, and cell cycle progression by interacting
with specific promoter regions in a triple helix conformation. Moreover,
therapeutic administration of Inc-RAINY nanoparticles into a NSCLC
patient -derived xenograft mouse model dramatically reduces tumor
progression while simultaneously showing no toxicity in vitro and in vivo.
Together, these findings show that Inc-RAINY is an important factor in
male-specific response to radiation therapy.

2. Methods
2.1. ATAC-seq

Cells were prepared identically to RNA sequencing samples, in re-
gard to siRNA knockdown and irradiation. After irradiation, 50,000 cells
were removed for ATAC-Seq library preparation, the rest for further
analysis to ensure effective knockdown of Inc-RAINY. The ATAC-Seq
library was prepared as follows. Cells were centrifuged at 500xg at 4C
for 5 min and supernatant was removed. Pellet was resuspended in RSB
Buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCI2, 1 yL/mL
each of Digitonin, Tween 20 and NP40) and incubated on ice 3 min. RSB-
without (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCI2, 1 pL/mL
Tween 20) was added and the cells were centrifuged at 500xg for 10
min. Cells were resuspended in Transposition Mix (2x TD buffer 2.5 pL
transposase (Illumina cat#20043196), 1 pL/100pL each of Digitonin
and Tween 20, water and PBS). Tubes were then incubated at 37C
shaking at 1000 rpm for 30 min. Reaction was cleaned using Qiagen PCR
Purification Kit with 3M sodium acetate. Sample was eluted in an elution
buffer and prepped for PCR Amplification. Barcoded Primers were
added to each sample with 2x NEBNext Master mix (NEB cat#M0541S).
Samples were PCR amplified for 12 cycles and purified using Qiagen
PCR Purification Kit, eluted in water. Samples were loaded on a 2 %
agarose e-gel and ran 3 min. Each lane was cut from the gel and the DNA
extracted via Qiagen gel Purification kit. Samples were sent to the Ge-
nomics Core at West Virginia University for processing.

2.2. Cell culture

NSCLC cell lines H460, H820, H157, H1299, A549, and HEK-293T
were cultured with DMEM (Gibco-Life Technologies, 12800-082).
DMEM media was supplemented with 10 % FBS (Gemini Bio-Products,
100-106), l-glutamine (Gibco-Life Technologies, 25030-081), HEPES
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(GE Healthcare Life Sciences, SH30237.01), penicillin-streptomycin
(Gibco, 15140-122), and amphotericin B (Gibco, 15290-026). All cells
were grown in a humidified incubator at 37 °C in the presence of 5 %
COo. Cell lines H460, H820, H157, A549, and H1299 were kindly pro-
vided by Dr. Erik A. Bey (Indiana University, Indianapolis, IN). Experi-
ments conducted in these cell lines were performed within 2 weeks after
thawing from liquid nitrogen (2-3 passages). All cell lines were tested
for Mycoplasma and authenticated by ATCC using the Mycoplasma
testing service and the Short Tandem Repeat profiling service.

2.3. Quantitative reverse transcriptase PCR

Total RNA was extracted using TRIzol Reagent (Ambion, 15596026)
and chloroform as per manufacturer’s instructions and then treated with
Turbo DNAfree DNase (Invitrogen, AM1907) for 8 min at 37 °C. RNA
concentrations were determined with a NanoDrop 2000 Spectropho-
tometer. 1 pg of total RNA was converted to cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad, 170-6891), followed by qRT-PCR using
the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 172-5271)
and several pair of primers to specifically amplify the genes of interest in
this study (Supplemental Table 1). Relative expression was calculated
using the AAC; method [relative expression = 2-ACy; where AC; = C
(Target RNA) - C; (endogenous control RNA)], where the endogenous
control for IncRNA and mRNA was GAPDH and/or UBC. PCR products
were ran on a 1 % agarose gel with Ethidium Bromide at 100 V for 2 h.
Gels were imaged on iBright imaging software.

2.4. UV crosslinked RNA immunoprecipitation

Cells were UV crosslinked and initially pelleted and frozen as
described by Brownmiller et al. [17] Immunoprecipitations were then
performed using a modified protocol from “RIP: An mRNA Localization
Technique” - Jayaseelan et al., 2011 [18]. In brief, pellets were resus-
pended in 1x PLB (100 mM KCl, 5 mM MgCly, 10 mM HEPES at pH 7.00,
0.5 % Nonidet P-40 (Sigma 18896), 1 mM DTT, 200 Units/mL RNAse
OUT (Invitrogen 10777-019) and one Complete Mini, EDTA-free Pro-
tease Inhibitor Tablet (Roche 11836170001))and frozen at —80 over-
night. Dynabeads Protein G (Invitrogen 100-04D) were washed with
NT-2 Buffer (NT-2 buffer: 150 mM Tris-HCl at pH 7.0, 100 mM
Tris-HCl at pH 8.0, 750 mM NaCl, 5 mM MgCl2, and 0.25 % Nonidet
P-40), and 5 pg antibody added (Rabbit IgG (Sigma N101-100UG) or
Anti-Senataxin (Novus Bio NB100-57542)). Beads were rotated with the
antibodies overnight, then washed 6 times with NT-2 Buffer, with the
final resuspension in NET-2 Buffer (1 x NT-2 buffer supplemented with
20 mM EDTA at pH 8.0 (Ambion AM9260G), 1 mM DTT, 200 units/ml
RNase OUT). Cell pellets were thawed and centrifuged, before super-
natant was added to the designated tubes. Input was removed, before
tumbling overnight at 4C. Beads were washed with 1x NT-2 Buffer six
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times. Beads were resuspended in Proteinase K Buffer (1 x NT-2 buffer
supplemented with 1 % sodium dodecyl sulfate (SDS) and 1.2 mg/mL
Proteinase K (Ambion AM2546). The beads were then placed at 55C for
30 min before Phenol:Chloroform:Isoamyl Alcohol was added and the
samples centrifuged for 10 min at 20,000xg. The supernatant was iso-
lated and supplemented with 5M ammonium acetate, 7.5 M LiCl, 100 %
Ethanol and left at —80C overnight. The isolated RNA was pelleted via
centrifugation, washed with 80 % Ethanol. After centrifugation and
removal of all ethanol, the pellets were resuspended in 20 pL. RNAse free
water (Ambion 9932). RNA was then used in further ¢cDNA and PCR
protocols, as described above.

2.5. 8§9.6 immunoprecipitation

Immunoprecipitations performed using a modified protocol from
“Immunoprecipitation of DNA:RNA Hybrids using the S9.6 Antibody” -
Gibbons and Aune 2020 [19]. Briefly, cells were fixed using formalde-
hyde and rotated for 10 min. Glycine was added for a further 5-min
rotation, and the cells were pelleted and washed in PBS before pellet-
ing again. The cells were then resuspended in hypotonic solution (20
mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl2) and incubated on ice
for 15 min. 10 % NP-40 was added and the cells were pelleted after
vortexing vigorously for 10s. The resulting pellet was then resuspended
in R-loop digestion buffer (100 mM NacCl, 10 mM Tris pH8, 25 mM EDTA
pH 8, 0.5 % SDS, 0.2 mg/mL Proteinase K) and left overnight at 65C.
Phenol:Chloroform:Isoamyl Alcohol was added and mixed before spin-
ning down at max speed. The top aqueous layer was collected and
combined with 9M Sodium acetate and equivalent volumes of ice-cold
isopropanol and 3 pg glycoblue (Invitrogen AM9516). The sample was
incubated on ice for 10 min then pelleted at 21,000xg for 10 min at 4C
before washing with 70 % Ethanol. Sample was resuspended in 500 pL
FA Lysis buffer (CST 9803S) and sonicated using Diagenode Bioruptor
(30 min on medium power, 30s on/30s off). 1.5 % agarose gel was used
to validate sonication into ~500 bp fragments. 25 pL chromatin was
reserved as input, 5-10 pg chromatin was used per antibody treatment.
5-10 pg sample was separated into 3 1.5 mL tubes before 10 pg antibody
was added per designated tube (IgG (Calbiochem NI03-100pg), S9.6
(Sigma-Aldrich MABE 1095) x2), and the tubes were left to rotate
overnight at 4C (12 h). Dynabead G per washed 4 times with TBST
before being added to the tubes for a further 3-h rotation at 4C. All three
tubes were given RNAse H buffer, but only one of the S9.6 antibody
tubes received RNAse H (Thermo Scientific EN0201), and samples were
incubated at 37 for 1 h before inactivation at 65C for 20 min. For the
Promoter analysis specifically, RNAse H treatment was given before
incubation with S9.6 IP antibody. Supernatant was removed for stan-
dardization and beads were washed with TBST 6 times, with 1 final wash
in PBS, before resuspending beads in 20 pL water. ' sample was
removed for DNA extraction, rest received DNAse I and DNAse I reaction
buffer (NEB M0303S) and were incubated at 37 for 10 min before Trizol
reagent was added. Samples were frozen at —80 overnight before un-
dergoing 3 freeze/thaw cycles to help extract RNA from the beads. After
the 3rd thaw, chloroform was added with vigorous vortexing. The
sample was spun at max speed for 10 min at 4C, before the aqueous
phase was transferred to a new tube, and isopropanol and glycoblue
were added. RNA was spun, washed with 25 % ethanol and spun again at
max speed for 10 min at 4C. All ethanol was removed before 10 min air
dry. RNA was then resuspended in 21 pL water, and treated with TURBO
DNAse (Invitrogen AM1907, 10 min at 37C, the 5 min incubation with
DNAse inactivation reagent before pelleting inactivation reagent). RNA
then proceeded to cDNA synthesis and qRT-PCR.

2.6. DNA extraction (trizol)
DNA was extracted according to manufacturer’s instructions. Briefly,

Trizol was added to Dynabeads G from S9.6 Immunoprecipitation re-
actions. Chloroform was added, and the samples were centrifuged at
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max speed for 10 min at 4C. The entire aqueous phase was removed, and
100 % Ethanol was added to the organic phases. The tube was inverted
several times to mix and incubated at room temp for 3 min. The beads
were then removed by a magnet, and the Trizol/ethanol was moved to a
new tube. The tube was then spun for 7 min at 2000g at 4C to pellet the
DNA. The pellet was then washed with 0.1M Sodium Citrate in 10 %
Ethanol (pH 8.5) and sat for 30 min, with inversions every 10 min. After
pelleting again at 200 g for 7 min at 4C, the supernatant was discarded,
and the pellet was washed with 75 % Ethanol and incubated for 20 min
before pelleting again. The pellet was then resuspended in 20 pL water
and analyzed via qPCR.

2.7. SiRNA transfection

Cells were transiently transfected with siRNAs according to Invi-
togen’s Lipofectamine instructions. Per well of a 6 well plate, 9 pL Lip-
ofectamine RNAiMax and 100 pmol siRNA were suspended in OptiMEM
(Gibco Life Technologies, 31985-070) Sequences can be found in Sup-
plementary Table 2. RNAiMax and siRNA were combined and rested for
5 min at room temperature. The mixture was added on top of plated cells
dropwise. siRNA was given 12 h before radiation.

2.8. RNA sequencing

H460 and H820 cells were transiently transfected with siRNAs
against linc-RAINY as described above. After the cells were re-attached,
the plates were irradiated with 8gy radiation and left in standard
growing conditions for 72 h. After collection, cells were RNA extracted
as described above and RNA integrity was determined by an Agilent
Bioanalyzer 2000 according to manufacturer instructions. Samples with
a RIN >7 were sent to Admera for sequencing.

2.9. Lentiviral infection

Lentiviral particles were generated as previously described. (MD
Anderson paper). Briefly, HEK-293T cells were transfected with lenti-
viral envelope plasmids (PsPax2, Addgene #12260 and VSV-G (Addgene
#8454)) and either pLKO-shScramble (Addgene #1864) or two pLKO.1-
TRC cloning vector (Addgene #10878) containing shRNA sequences
against linc-SPRY3-2 and linc-SPRY3-3 respectively), using Lipofect-
amine 2000. Media was changed after 12 h and the 293T cells were left
for 24-48 h to generate virus. H460 and H820 cells were infected by
filtering the viral particles through a 4 pm filter, supplementing with 1
pg/mL polybrene (Millipore Sigma, TR-1003-G) and adding directly to
the target cells. Target cells were exposed for 24-48 h and allowed to
recover for 48-72 h post infection. Cells were then stably selected via
puromycin (1.0-2.5 pg/mL, Sigma Aldrich, P8833). Expression of target
sequences was confirmed via qQRT-PCR.

2.10. Retroviral transfection

Retroviral particles were generated as previously described. (MD
Anderson). Briefly, HEK-293T cells were transfected with retroviral
plasmid pBabe or pBabe containing the sequences of linc-RAINY (linc-
SPRY3-Y, linc-SPRY3-2, linc-SPRY3-3, linc-SPRY3-4) or linc-RAINY and
retroviral packaging plasmids (pclEco: Addgene #12371 and VSV-g:
Addgene #8454) using Lipofectamine 2000. Media was changed after
12 h and the 293T cells were left for 48 h to generate virus. H1299 and
A549 cells were infected by filtering the viral particles through a 4 pm
filter, supplementing with 1 pug/mL polybrene (Millipore Sigma, TR-
1003-G) and adding directly to the target cells. Target cells were
exposed for 24-48 h and allowed to recover for 48-72 h post infection.
Cells were then stably selected via puromycin (1.0-2.5 pg/mL, Sigma
Aldrich, P8833). Expression of target sequences was confirmed via qRT-
PCR.
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2.11. Colony formation assay

Colony formation Assay was performed as previously described [17].
In brief, cells were treated with 8gy radiation, then seeded at a density of
25-250 cells per well of a 6-well plate (Falcon, 353046) After 14 days,
plates were washed with 25 % PBS and stained with Crystal Violet in
Methanol and left to dry overnight. Plates were then imaged using the
Olympus MVX10 and quantified using ImageJ.

2.12. Annexin V Flow Cytometry

Cells were treated with 8gy radiation and collected 72 h after radi-
ation. Cells were then collected and counted to reach 5 x 1075 cells per
sample. The cells were then pelleted and resuspended in Annexin V
Binding Buffer (Invitrogen V13246). Annexin V FITC was added (Invi-
trogen A13199) and incubated for 10 min at room temperature in the
dark. Binding buffer was added to the cells and the cells were pelleted.
Additional binding buffer and Propidium Iodide was added. Samples
then incubated for 5 min on ice before reading on the LSR Fortessa
(RRID: SCR_017738).

2.13. Western blot

Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150
mM NacCl, 1 mM EDTA, 1 % NP-40, 0.1 % SDS, 0.5 mM sodium meta-
vanadate, Protease Inhibitor Cocktail (Sigma-Aldrich) for 12 min at 4 °C
and clarified by centrifugation at 4 °C (5 min, 13,000 rpm). The con-
centration of extracted proteins was determined by using the Pierce BCA
Protein Assay (Thermo Scientific, Rockford, IL). Cell lysates (30-50 ug of
total cell protein) were separated by SDS-PAGE, transferred to
Immobilon-Fl membranes (Millipore, Bedford, MA) and blocked with 5
% milk-TBST buffer (5 % nonfat dried milk, 25 mM Tris-HCI pH 8.0, 125
mM NaCl and 0.5 % Tween-20) for 1 h at room temperature. Membranes
were incubated overnight at 4 °C with primary antibodies, washed with
TBST and incubated with appropriate horseradish peroxidase (HPR)-
conjugated secondary antibodies in 5 % milk- TBST buffer for 1 h at
room temperature [1:10.000]. After rinsing with TBST, proteins were
detected using the Pierce SuperSignal West Pico Chemiluminescent
Substrate or Pierce SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Scientific, Rockford, IL). The following primary anti-
bodies were used: anti-Actin (mouse, Santa Cruz SC-47778), anti CDC6
(rabbit, Abcam 109315), anti-CDC25A (mouse, Invitrogen MA1-12293).
The following secondary antibodies were used: anti-mouse IgG (CST
7076S) and anti-rabbit IgG (CST 7074S).

2.14. Cell cycle flow

Cells were treated with 8gy radiation and collected after 12 h.
Samples were then fixed with 70 % Ethanol at 4C overnight. Samples
were washed and resuspended in 0.2 % Tween 20 for 15 min at 37C.
Samples were washed, RNAse A (180 pg/mL) and Propidium Iodide
(Final Concentration 25 pg/mL) were added at room temperature.
Samples were then covered and read on the Fortessa Flow Cytometer
(LSR Fortessa: RRID: SCR_017738, S10 Equipment grant #0D016165)
Data was analyzed using FCS Express.

2.15. Beta-galactosidase colorimetric assay

Cells were stained for the presence of Beta-galactosidase using Cell
Signaling Technologies Kit #9860 as per manufacturer’s instructions. In
short, cells were seeded in 6 well plates and treated with 8gy Radiation.
Cells were allowed to recover for 72 h prior to staining. Cells were
washed with PBS. Cells were fixed with Fixative solution for 15 min at
Room Temperature, then washed twice with PBS. beta-galactosidase
solution was added and left overnight at 37C in an incubator without
CO2. Cells were then imaged using an EVOS microscope. Beta-

155

Non-coding RNA Research 12 (2025) 152-166

galactosidase positive cells were quantified using Cell Profiler.
2.16. Transwell migration assay

Treated cells were suspended in serum free media and seeded in the
upper well of Costar Transwell Permeable Supports (Costar 3422, 8.0 pm
polycarbonate membrane) plates at 1000-10,000 cells per well. Serum
free media was added to the lower well of the plate. 10 % serum media
was added to the lower chamber after 3 h. After 24 h, media was
replaced in both chambers respectively. 24 h after media change, wells
were washed with 25 % PBS and the remaining cells in the upper well
were removed with a cotton swab. Cells on the bottom side of the
transwell filter were fixed with 4 % formaldehyde in 25 % PBS for 5 min
at R.T. Wells were washed and stained with 0.5 % Crystal Violet in 20 %
Ethanol for 20 min at R.T. Stain was removed by 25 % PBS washes x3
and the top of the well was cleaned once again with a cotton swab and
left to dry overnight. Wells were imaged using the Olympus MVX
microscope.

2.17. Generation of Inc-RAINY, GFP mRNA and FF-Luciferase mRNA

Each RNA sequence was cloned into pBABE vector containing a T7
promoter. In vitro transcription was performed using HiScribe T7 High
Yield RNA synthesis Kit (NEB kit #E2040S) according to manufacturer’s
instructions. The RNAs were capped via G(5)ppp(5")G RNA cap struc-
ture analog Kit (NEB kit #S1407S) according to manufacturer’s in-
structions. RNA was cleaned using the Monarch RNA Cleanup Kit (NEB
kit #T2050S) according to manufacturer’s instructions. RNA was
quantified using Thermofisher Nanodrop 2000 before packaging.

2.18. Packaging RNA in nanoparticles

Materials- Cholesterol was obtained from Alfa Aesar (Haverhill, MA).
DLin-MC3-DMA ionizable lipid was acquired from MedChemExpress
(Monmouth Junction, NJ). All other lipid components used for LNPs
were purchased from Cayman Chemical (Ann Arbor, MI, USA). Snake-
Skin™ Dialysis Tubing (10 K MWCO) was obtained from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Amicon ® Ultra Centrifugal Filter,
30 kDa MWCO was obtained from Sigma-Aldrich (St. Louis, MO).
QuantiFluor® RNA System was obtained from Promega Corporation
(Madison, WI). Fluorescence was read using SpectraMax iD5 microplate
reader. Formulation and characterization of lipid nanoparticles— Lipid
nanoparticles (LNPs) were formulated using the flash nanoprecipitation
(FNP) method with the help of a Confined Impinging jet (CLJ) mixer, as
previously described [20]. DMG-PEG 2000, 1,2-Distearoyl-sn-glycer-
0-3-PC (1,2-DSPC), cholesterol, and DLin-MC3-DMA were used in 1.5:
10: 38.5: 50 percent molar ratio. All the lipids were dissolved in ethanol
and the mRNA was dissolved in 50 mM sodium citrate buffer (pH 4). The
organic and aqueous phases impinged together in the CIJ mixer to form
LNPs, collected in a 2 mL reservoir containing 50 mM (sodium citrate,
pH 4). The organic solvent from the formulations was removed through
dialysis using phosphate-buffered saline (PBS) and a 10 kDa dialysis
membrane for 3 h. Diluted LNP formulations were concentrated using
the Amicon ® Ultra Centrifugal Filter, 30 kDa MWCO. The particle size
of lipid nanoparticles (LNPs) was evaluated using Dynamic Light Scat-
tering (DLS) from Malvern Instruments (UK). PBS was utilized for all
measurements. The encapsulation efficiency of RNA in LNPs was
measured using the QuantiFluor® RNA System. LNPs were mono-
disperse, with sizes ranging between 120 and 140 nm. The encapsula-
tion efficiency of the RNA inside the LNPs was greater than 90 %.

2.19. Tumor growth assay
PDX WVU-Ma-0009, generously provided by Dr. Patrick Ma (Penn

State), and housed under the Genetic Tumor Models Core facility at West
Virginia University, was dissociated using Miltenyi’s tumor dissociation
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kit according to manufacturer’s instructions (Miltenyi Biotec, Cat. 130-
095-929), resuspended in 5 % Matrigel, and injected subcutaneously
into the right flank of male mice. Alternatively, H1299 cells were
trypsinized and suspended at 5 x 10° cells/mL in Matrigel. A total of 1 x
10° cells were injected subcutaneously into the right flanks of male NSG
mice (NOD.Cg-PrkdcSCid 112"8™1Wil /g7 7 (NSG) immunodeficient mice,
bred inhouse at WVU under the Genetic and Tumor Model Core). Mice
were housed in the West Virginia University Animal Facility under
pathogen-free conditions with the approved Institutional Animal Care
and Used Committee (IACUC) protocol number: 2309070219. All ani-
mal experiments comply with National Institutes of Health guide for the
care and use of Laboratory animals (NIH Publications No. 8023, revised
1978). Once tumors reached +75 mm?, nanoparticles were given as a
bolus dose, delivered intratumorally, at a dose of 72.1 pg Nanoparticles
per 100 mm® of tumor. 24 h post injection, radiotherapy was started,
with a second bolus injection immediately following radiation on day 2.
A total of 4 treatment groups (3 animals each) included sham-treated
control (0 Gy): receiving GFP/Luciferase mRNA loaded nanoparticles or
Inc-RAINY loaded nanoparticles, and radiation (20 Gy, 4 fractions):
receiving GFP/Luciferase mRNA loaded nanoparticles or lnc-RAINY
loaded nanoparticles. Tumor volume and depth was measured using
ultrasound imaging (Vevo F2, FUJIFILM VisualSonics Inc.). Measure-
ments were quantified using the Vevo LAB 2.2.0 software. Tumors were
assessed until they reached >1000 mm?, day 17 after initiation of
treatment, or mice showed evidence of morbidity. Relative tumor vol-
ume was determined by normalizing measured volumes to the starting
volume (day 0) of each respective animal.

2.20. Statistical analysis

Are presented as mean + SD (*, P < 0.05; **, P < 0.01; ***, P <
0.001). The statistical significance between experimental groups was
determined by students T test, unless comparing 4 groups, samples were
analyzed with two-way ANOVA followed by Tukey multiple compari-
sons test. Analyses were performed using GraphPad Prism V8 and
Microsoft Excel 2013.

3. Results

3.1. The linc-SPRY3 RNAs are part of a larger IncRNA expressed from
the Y chromosome

By using a IncRNA microarray for global gene expression analysis,
our previous study in 2020 by Brownmiller et al. showed that the linc-
SPRY3 RNAs (linc-SPRY3-2, linc-SPRY3-3, and linc-SPRY3-4) were
differentially overexpressed after radiation treatment in male NSCLC
cell lines [17]. These linc-SPRY3 RNAs are expressed from the DYZ1
region on the Yq12 arm of the Y chromosome, a highly repetitive region
of DNA tandem repeats just recently fully sequenced in 2023 [21].
Surprisingly, Brownmiller et al. found that utilizing shRNA designed
specifically against linc-SPRY3-2 or linc-SPRY3-3 repressed all three
linc-SPRY3 RNAs. Furthermore, virtual northern blots identified an
overlapping peak over 3000 nt using all 3 linc-SPRY3 RNAs primer sets,
even though the LNCipedia database predicts their sizes between 204
and 776 nt, suggesting that these IncRNAs were part of a much longer
IncRNA [17,22]. In 2006, a previous publication by Jehan et al. iden-
tified and cloned two long RNAs originating from the Yq12 DYZ1 region
in testis named AK47 (AK128024.1 + AY598347.3) and AY598346.2
[23]. Interestingly, not only were we able to find the sequences of all 3
linc-SPRY3 RNAs been part of these two cDNAs (Supplementary
Figure 1A), but also because of the recently fully sequenced DYZ1 re-
gion, we were able to identify an overlap between these two RNAs se-
quences near the 5 end of AK47 and the 3' end of AY598346.2
(Supplementary Figure 1A). In order to verify the existence of this long
IncRNA, we designed overlapping primers covering the entire transcript
(Supplementary Figure 1A, Supplementary Table 3) for RT-PCR
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amplification and sequencing using testis RNA and NSCLC H460 cell
line. We accurately amplified the predicted sizes of this IncRNA from
nucleotide 595 to 3050 wusing several primer combinations
(Supplementary Figure 1B and C) including the AK-47 and AY598346.2
overlapping region (primers covering nucleotides 949 to 1454).
Sequencing of all amplified regions were performed confirming the
specificity of amplification including the overlapping region
(Supplementary Figure 1D). After confirming the existence of this larger
IncRNA we named it Radiation Induced Y-chromosome linked long
non-coding RNA (Inc-RAINY). Due to the highly repetitive nature of this
IncRNA, we were unable to directly amplify the full length utilizing the
previously designed primers. Therefore, we used Gibson assembly
cloning to clone the full length Inc-RAINY into a pBABE retroviral
expression vector (Supplementary Fig 1E) as well as 3 different frag-
ments of Inc-RAINY each one containing one of the linc-SPRY3 RNAs (5
fragment contains linc-SPRY3-3, middle fragment contains
linc-SPRY3-2, and 3’ fragment contains linc-SPRY3-4) (Supplementary
Fig 1F). Exogenous expression of Inc-RAINY was confirmed in NSCLC
cell line H1299 by using the 3 sets of primers developed to amplify the
linc-SPRY3 RNAs (Supplementary Fig 1G). Furthermore, full length
Inc-RAINY as well as Inc-RAINY fragments increased radiation sensi-
tivity when overexpressed in H1299 cells (Supplementary Figure 1H),
suggesting that all regions in this transcript are involved in inducing
radiation sensitivity.

3.2. The repression of Inc-RAINY affects the expression of genes involved
in cell cycle regulation, senescence, and migration

To identify alterations in gene expression due to the repression of
Inc-RAINY in NSCLC cell lines with or without radiation treatment, RNA
sequencing was performed in two Y-chromosome positive NSCLC cell
lines H460 and H820. Specifically, a combination of siRNAs targeting
the three distinct linc-SPRY3 RNA sequences within Inc-RAINY and
combined as siPool (siRNA Lnc-RAINY) were designed; the resulting
gene expression was compared to control siRNA (siRNA CTRL) and each
individual siRNA, with or without single dose, 8gy radiation treatment.
Differentially expressed genes (fold change 1.5), varied between each
treatment type, however there were 38 genes identified to be differen-
tially expressed at the convergence of all treatment modalities (Fig. 1A
and B). Gene ontology enrichment analysis of differential expression
identified changes related to DNA replication, cell cycle regulation, and
cell migration upon loss of Inc-RAINY. (Fig. 1C). Validation of the
differentially expressed genes via qRT-PCR showed in H460 and H820
NSCLC cell lines, loss of Inc-RAINY activity increased expression of
critical cell cycle genes CDC6 and CDC25A, drug resistance, and
migration gene AURKB and decreased expression of inflammatory
response gene S100A9. (Fig. 1D and Supplementary Figure 2A). This
was further validated at the protein level for CDC6 and CDC25A
(Fig. 1E). Important in cell cycle regulation, experimental evidence
suggests that CDC6 and CDC25A are involved in migration (CDC6) [24,
25] and senescence (CDC25A) [26-28] in NSCLC carcinogenesis. Radi-
ation has been shown to induce both migration and senescence, with
both mechanisms used as methods to resist radiation therapy [29,30].
Overall Survival is decreased in patients with overexpression of CDC6
and CDC25A (Fig. 1F). Overexpression of Inc-RAINY in the H1299
NSCLC cell line, which lack Inc-RAINY expression as a result of loss of Y
chromosome, downregulated of CDC6 and CDC25A (Supplementary
Figure 2B). Interestingly, upon breaking down Inc-RAINY into three
fragments containing the linc-SPRY3 RNAs previously identified, we
were not able to see downregulation of CDC6 or CDC25A expression
suggesting that the presence of the entire Inc-RAINY transcript is
necessary for the regulation of these genes (Supplementary Figure 2C).
Together, these results indicate that Inc-RAINY alters gene expression,
particularly of genes involved in cell cycle, senescence, and migration.
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Fig. 1. Lnc-RAINY knockdown alters gene expression of cell cycle regulation, senescence, and migration.

A. Venn diagram of differentially expressed genes showing 38 genes identified as differentially expressed regardless of radiation status and Inc-RAINY presence. B.
Heatmap of the 38 differentially expressed genes aligned with cell lines H460 and H820. C. Pathway analysis of differential genes showed the greatest effect on
Mitotic DNA replication checkpoint signaling and the negative regulation of cell division upon loss of Inc-SPRY3 RNAs. D. qRT-PCR validation of RNA-Sequencing
results, showing increased expression of CDC6, CDC25A, RRM2 and Aurora Kinase B genes in non-radiated (NR) and radiated (8Gy) H460 cells. E. Immunoblotting
validation of RNA-sequencing results showing higher CDC6 and CDC25A protein expression in non-radiated and radiated H460 cells with Inc-RAINY knockdown. F.
Kaplan Meier Curves showing increased expression of CDC6 and CDC25A are associated with decreased overall survival in Lung Adenocarcinoma. Curves generated
by Gepia2. Data are presented as mean + SD (*, P < 0.05; **, P < 0.01; ***, P < 0.001). The statistical significance between experimental groups was determined by

students T test.

3.3. The Inc-RAINY forms DNA:DNA:RNA triplex and regulates CDC6
and CDC25A by interacting with their promoters at the chromatin level

Our previous work has shown that Inc-RAINY expression increases
after radiation treatment and is localized exclusively in the nucleus [17].
Additionally, we have also shown that Inc-RAINY interacts with RNA
binding proteins such as IGF2BP3 [17]. We therefore hypothesized that
Inc-RAINY may be interacting either directly with the DNA or by
recruiting RNA binding proteins to help modify the expression of genes
such as CDC6 and CDC25A. Thus, the Assay for Transposase-Accessible
chromatin with high-throughput sequencing (ATAC-Seq) was used to
determine  changes in  chromatin  remodeling due to
Inc-RAINY-chromatin interaction. We identified 217 ATAC-seq peaks
increased, representing open chromatin regions mostly mapped near
transcription start sites, and 977 ATAC-seq peaks decreased after
knockdown of Inc-RAINY in H820 cells (Fig. 2A). Interestingly, we
specifically identified increase of ATAC-seq peaks at the promoter
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regions of CDC6, CDC25A and AURKB, correlating with higher expres-
sion of these genes after Inc-RAINY knockdown in H820 cells (Fig. 2B).
Additional analysis of the sequence of Inc-RAINY led us to hypothesize it
may be recruiting chromatin modifiers. Performing RNA-Protein Inter-
action Prediction (RPI) [31] identified two RNA-protein interactions of
interest: Senataxin (SETX), a DNA:RNA Helicase, generally known to
interact with DNA:RNA hybrids or R-loops, particularly at DNA Double
Stranded breaks [32] and DNA Polymerase Delta Interacting Protein 3
(POLDIP3), shown to disrupt the formation for DNA:RNA hybrids [33].
In this analysis, both SETX and POLDIP3 had a greater predicted inter-
action score as compared to previously published data from IGF2BP3
(Fig. 2C). To validate these findings, UV crosslinking and RNA immu-
noprecipitation (UV-RIP) was performed using an antibody against
SETX protein in H460 cells and were able to specifically pulldown
Inc-RAINY and not the negative control UBC mRNA (Fig. 2D). Because
SETX is a helicase, known for its R-loop interactions, we hypothesized
that Inc-RAINY interacts with DNA in a triple helix, or R-loop. To test
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Fig. 2. Lnc-RAINY interacts with DNA in a triple helix to help control chromatin accessibility.

A. Model of ATAC-Seq and Volcano plot showing differentially accessible chromatin sites (FDR <0.2, p < 0.05). B. Open promoter regions (Blue arrows) of CDC6,
CDC25A and AURKB after Inc-RAINY knockdown via siRNA. C. Predictive models computed by RPI-Seq (Iowa State) of RNA-Protein interactions identified SetX and
POLDIP 3 as likely candidates for Inc-RAINY interactions. D. UV Crosslinking and RNA immunoprecipitation identified interaction of Inc-RAINY with Senataxin
(SETX) protein. E-F. $9.6 Immunoprecipitations recovered Inc-RAINY and HIF1la-AS1 as part of DNA:DNA:RNA triplex-forming interactions. G. Output from a
predictive triplex-target site software (rgt-TDF) identifying Inc-RAINY binding sites to CDC6 and CDC25A Promoter at length 16 base pairs, and positive control
HIF1a-AS1 had binding to the EPHA2 promoter at 12 base pairs. H. Chart output of rgt-TDF with triplex domain sites and p-values. I. Identification of specific base
pairs between Inc-RAINY and CDC6 and CDC25A promoter regions identified by rgt-TDF. J-K. Amplification of promoter regions from genes UBC, CDC6, CDC25A
and EPHA2 after immunoprecipitation with $9.6 antibody. Data are presented as mean + SD (*, P < 0.05; **, P < 0.01; ***, P < 0.001). The statistical significance
between experimental groups was determined by students T test.
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this, we used the S9.6 antibody that recognizes DNA:DNA:RNA triplexes having significant DNA binding domains (DBD), as well as 6 TTSs re-
and performed RNA Immunoprecipitation (RIP) assays. Notably, we gions in HIF1a-AS1 with one of them having significant DBD (Fig. 2G).
were able to recover Inc-RAINY using the $9.6 antibody in H460 cells, as Then, we analyzed the promoter regions of CDC6 and CDC25A for po-
well as Inc-RNA HIF1a-AS1, previously shown to form DNA:DNA:RNA tential TTSs with Inc-RAINY and found two TTSs sites in CDC6 and 8
triplex-forming interactions [34], and not our negative control TTSs sites in CDC25A (Fig. 2H and I). We also found a TTSs site in the
SNORD36A (Fig. 2E and F). The recovery of Inc-RAINY and HIF1a-AS1 intron 1 region of EPHA2 that has been shown previously to interact
was lost after exposing the samples to RNase H, a ribonuclease that with HIFla-AS1(Fig. 2H and I). Having identified these TTSs sites,
degrades RNA when is interacting with DNA (Fig. 2E and F), high- analyzed the DNA recovered from the S9.6 IP and we were able to detect
lighting the DNA:DNA:RNA triplex-forming interactions of these the promoter regions for CDC6 and CDC25A, as well as the EPHA2
IncRNAs. Furthermore, we used a triplex-target sites (TTSs) predictor intron region but not the UBC promoter region (Fig. 2J and K). Taken
software [35] and found 3 TTSs regions in Lnc-RAINY with two of them together, these results indicate Inc-RAINY regulates specific genes
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Fig. 3. Lnc-RAINY interacts with CDC25A to impact senescence.

A-B. Beta-galactosidase staining of H460 cells with (8gy) and without (NR) radiation, showing a decrease in senescent cells after knockdown of Inc-RAINY (shPool).
C-D. Knockdown of CDC25A significantly increased the percentage of senescent cells after radiation. E-F. Beta-galactosidase staining of H1299 cells with and without
radiation, showing an increase in senescent cells after overexpression of Inc-RAINY. G-H. Beta-galactosidase staining of H1299 cells without radiation. I-J. Beta-
galactosidase staining of H1299 cells with the fragments of Inc-RAINY after radiation, showing an increase in senescent cells after overexpression of Inc-RAINY
fragments. Data are presented as mean + SD (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). The statistical significance between experimental groups was deter-
mined by students T test.
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through DNA:DNA:RNA triplex-forming interactions.
3.4. Lnc-RAINY modulates senescence through CDC25A

CDC25A has been shown to play a role in senescence, with its
expression significantly decreased during the process of irreversible
growth arrest [26]. Therefore, a beta-galactosidase staining assay was
utilized to identify senescent cells after the repression of Inc-RAINY in
non-radiated (NR) or 8Gy radiated (8Gy) H460 and Y-chromosome
positive H157 NSCLC cell lines. Absence of Inc-RAINY decreases the
number of senescent cells with and without radiation (Fig. 3A and B and
Supplementary Figure 3A). Furthermore, by knocking down CDC25A
via siRNAs in Inc-RAINY positive cell lines with shRNA against
Inc-RAINY, we saw an increase in senescent cells after radiation, sug-
gesting that CDC25A is partially responsible for the repression of a se-
nescent phenotype after the reduction of Inc-RAINY expression (Fig. 3C
and D). On the other hand, exogenous expression of Inc-RAINY in H1299
and Y-chromosome negative A549 NSCLC cell lines increased the
number of senescent cells regardless of radiation exposure (Fig. 3E and F
and Supplementary Figure 3B). Additionally, H1299 cells with indi-
vidual Inc-RAINY fragments showed increased senescence after radia-
tion and no changes without radiation (Fig. 3G-J). Overall, these data
suggest that Inc-RAINY increases senescence after radiation, in part
through the modulation of CDC25A expression.
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3.5. Lnc-RAINY alters migration through CDC6

Increased expression of CDC6 has been shown to increase the
migratory ability of tumor cells [25]. Because Inc-RAINY knockdown
increases expression of CDC6, we examined the migratory ability of
H460 cells with and without Inc-RAINY. By using transwell migration
assays, we found that knocking down Inc-RAINY increases the migratory
ability of H460 cells without radiation (Fig. 4A and B). To verify if this
interaction was likely through CDC6 expression, we performed a siRNA
mediated knockdown of CDC6 in Inc-RAINY positive cell lines with
siRNA against Inc-RAINY. There was a marked decrease in migration,
with a near complete return to migration levels in H460 cells after
knocking down CDC6 and Inc-RAINY, suggesting that CDC6 is partially
responsible for the migration phenotype induced by Inc-RAINY (Fig. 4C
and D). Conversely, exogenous expression of Inc-RAINY in H1299 and
A549 cells decreased their ability to migrate after radiation treatment.
(Fig. 4E and F and Supplementary Figure 4A). Further analysis showed
that the fragments of Inc-RAINY showed a differential change in
migratory ability, with the central fragment of Inc-RAINY having the
greatest impact on migration (Fig. 4G and H). These data suggest that
Inc-RAINY impacts migration by decreasing expression of CDC6.
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A-B. Transwell migration assays show increase in cell migration in non-radiated H460 cells with knockdown of Inc-RAINY (ShPool). C-D. Transwell migration assays
show a rescue phenotype in non-radiated H460 cells after knockdown of Inc-RAINY (ShPool) and CDC6 (siCDC6). E-F. Transwell migration assays show decrease in
cell migration in radiated (8gy) H1299 cells exogenously expressing Inc-RAINY. G-H. Transwell migration assays show decrease in cell migration in radiated (8gy)
H1299 cells exogenously expressing the fragments of Inc-RAINY. Data are presented as mean + SD (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). The statistical

significance between experimental groups was determined by students T test.
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3.6. Lnc-RAINY expression impacts cell cycle progression and cell
proliferation

Radiation resistance is an important issue facing patients diagnosed
with NSCLC [36]. As both CDC6 and CDC25A are cell division cycle
proteins, we hypothesized Inc-RAINY would impact the ability of cells to
progress through the cell cycle after DNA damage, as cells are the most
radio sensitive in the G2 and M phases of the cell cycle [37]. Flow
cytometry showed that radiated H460 cells were paused in G1 phase and
reduced in G2 phase when Inc-RAINY was knocked down (Fig. 5A and
B). On the other hand, exogenous expression of Inc-RAINY in H1299
cells pause the cells in G2 phase and reduced the number of cells in S
phase in non-radiated cells (Fig. 5C and D). The changes in the
Y-chromosome positive H460 cells after radiation were likely due to
Inc-RAINY base expression levels, which is very low before radiation but
increase significantly after radiation. Conversely, the changes in the
Y-chromosome negative H1299 cells exogenously expressing Inc-RAINY
being significantly different without radiation but not in radiated
H1299 cells may indicate some level of gene expression background
noise caused by the radiation treatment. Breaking Inc-RAINY down into
its three fractions did not show any difference in cell cycle progression,
regardless of radiation status, indicating the cell cycle regulation was
likely through the full-length Inc-RAINY transcript (Supplemental
Figure 5A and B). Interestingly, exogenous expression of Inc-RAINY
full-length or the three fractions caused a minor decrease in prolifera-
tion in non-radiated H1299 cells (Supplemental Figure 5C). CDC6 and
CDC25A knockdown in cells with siRNA against Inc-RAINY did not
recover cell cycle phases suggesting that Inc-RAINY regulates cell cycle
through other genes (Supplemental Figure 5D and E). Overall, these
data suggest that Inc-RAINY changes the ability of cells to progress
through the cell cycle and may decrease proliferation after radiation.

Non-coding RNA Research 12 (2025) 152-166

3.7. Lnc-RAINY can be delivered via nanoparticles to induce radiation
sensitivity in vitro and in vivo

Our data shows that Inc-RAINY plays an important role in the
regulation of cellular pathways involved in radiation susceptibility,
suggesting that Inc-RAINY could be used as a radio-sensitizing agent, if
given to NSCLC tumors before radiation treatment. Therefore, we in vitro
transcribed (IVT) Inc-RAINY and packaged the IncRNA in DLin-MC3-
DMA nanoparticles as a method for delivery. To validate the expres-
sion of Inc-RAINY after nanoparticle treatment, we measured Inc-RAINY
expression in H1299 and H460 cells and confirmed expression of Inc-
RAINY (Supplemental Figure 6A and B). We further validated the po-
tential toxicity of exogenously delivered Inc-RAINY by measuring levels
of cellular senescence. Specifically, we show Inc-RAINY has no impact
on the levels of cellular senescence of immortalized normal male lung
epithelial cell line NuLi-1 and a minor impact on immortalized normal
female lung epithelial cell line HBEC-3KT (Fig. 6A and B), suggesting
very low toxicity in normal cells. Next, we treated H1299 and A549 cells
with Inc-RAINY nanoparticles and saw an increase in senescence after
radiation, as expected. (Fig. 6C and D). To further test these nano-
particles in vivo, we injected H1299 NSCLC cells into the flanks of male
mice. When tumors reached 75 mm?> we treated them intratumorally
with 2 doses of Inc-RAINY or GFP mRNA loaded nanoparticles at 72.1 pug
Nanoparticles per 100 mm?® of tumor on days 0 and 2 and treated with 4
doses of 5 Gy radiation across days 1-4. (Fig. 6E). The presence of Inc-
RAINY significantly decreased tumor burden after radiation and
decreased tumor growth rates (Fig. 6F and G and Supplemental
Figure 6C). To further test this with a more heterogenous tumor model,
we treated a NSCLC patient derived xenograft (PDX) tumor obtained
recently in our clinic (WVU-Ma-0009) with the same condition previ-
ously described for H1299 cells. We saw a dramatic decrease in tumor
size, burden and growth rate regardless of radiation status (Fig. 6H-J).
Because Inc-RAINY is derived from the Y chromosome, we focused
exclusively on the treatment of male PDXs within male mice. Further
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data is needed to test the effectiveness of Inc-RAINY in female PDXs, in
female mice. These compelling data suggest that Inc-RAINY can be

further studied as a treatment to increase the radiation sensitivity of

NSCLC tumors. In particular, clinically, this treatment may be an
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effective adjuvant for radiation therapy. Radiosensitizer drugs are
highly sought after in the clinic, and a radiosensitizer IncRNA may be an
effective substitute. To our knowledge, Lnc-RAINY is the first example of
a therapeutic IncRNA that can be used to induce radiation sensitization.
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4. Discussion

Through these experiments, we have shown that Inc-RAINY is a
IncRNA involved in radiation sensitization in NSCLC cells that regulates
the transcription of specific genes important in cell cycle regulation,
migration, and senescence. Primarily, Inc-RAINY interacts directly with
the DNA in a triple helix R-loop to modify chromatin accessibility in
specific promoter regions and cause changes in gene expression of
important genes involved in radiation susceptibility such as CDC6 and
CDC25A.

DNA:DNA:RNA triple helices, especially in R-loops, are crucial for
regulating chromatin structure and have been known to impact gene
expression. However, they are both known for causing and repairing
DNA damage by using the RNA as a template [38]. Our data have shown
the ability of Inc-RAINY to interact with the chromatin in these R-loops,
likely acting as an intermediate, recognizing DNA damage, and pre-
venting significant gene expression changes. It is possible that the
interaction between Inc-RAINY and the chromatin is a preventative
measure, allowing the cell to accumulate DNA damage and potentiate
cell death, rather than allowing DNA repair mechanisms to persist and
fix the damage.

There has been significant research into the effects of senescence on
tumor cells, particularly after radiation treatment, as DNA damage is a
major inducer of senescence. Senescence is stable cell cycle arrest;
however, some cells are eventually able to evade this arrest and become
aggressive again, whether by genetic changes or external pressure [39].
With the data presented here, particularly Fig. 6, it is possible that by
increasing senescence, Inc-RAINY is decreasing the tumor burden, and
limiting the number of cells that escape senescence due to external
pressure.

Radiation has been shown to increase the frequency and aggres-
siveness of migration patterns of tumor cells after treatment [40].
Interestingly, Inc-RAINY decreased the migratory ability of cells after
radiation. Further studies are necessary to test the metastatic capabil-
ities of tumors after Inc-RAINY treatment in vivo, however, in vitro
studies would suggest Inc-RAINY decreases the ability of cells to
disseminate.

The cell cycle is critical for sensitivity to radiation therapy, with the
stage impacting the pathways the cells use to signal and repair DNA
damage [37,41]. CDC6 is a vital component of the replication complex
in eukaryotes [42]. It is generally located within the nucleus in G1 phase
but is translocated to the cytoplasm at the start of S phase [43]. CDC6 is
an ATPase integral for loading the helicase onto DNA [44]. Further, its
overexpression has been shown to decrease chromosome stability in
NSCLC [45]. CDC25A has been shown to undergo degradation in
response to DNA Damage [46]. Decreased expression of CDC25A has
been shown to increase senescence in mammary epithelial cells [26].
Through interactions with both of these genes promoter regions, it is
likely that Inc-RAINY is acting as a post-stress sensor, either helping or
hindering the ability of cells to progress based on the severity of the
damage.

This same phenomenon can be seen in vivo in both H1299 Xenograft
and PDX models. Both the tumor volume and growth rate of the tumors
that received Inc-RAINY were decreased. This trend was unexpected
with regard to the non-radiated tumors. Without the DNA damage
caused by the radiation, it was expected that tumors treated with Inc-
RAINY nanoparticles would not grow as much as tumors treated with
luciferase nanoparticles. However, what was observed was almost a
complete regression to post radiation levels of growth, especially within
the PDX model. Further studies are necessary to fully characterize the
impact of Inc-RAINY in vivo, however, it can be suggested that just the
presence of Inc-RAINY is enough to cause a shift in the growth patterns,
leading to a slower growth rate and a decreased overall tumor burden.

Overall, these data show the mechanism behind the ability of Inc-
RAINY to convey radiation sensitivity. Lnc-RAINY causes the differen-
tial expression of genes through modulation of chromatin opening via
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triple helix interactions with DNA. These interactions modulate the
expression of critical cell cycle progression genes such as CDC6 and
CDC25A. Interestingly, not only does this place stress on the cells to
block their movement through the cell cycle, but it also impacts their
migratory ability, and increases the number of cells converting to
senescence (Fig. 7).

This study is limited by its usage of subcutaneous tumor placement.
NSCLC, being tumors of the lung, requires testing of tumors in an
orthotopic animal model. Further research needs to be done to adapt and
scale the delivery of this treatment to increase tumor specificity, modify
lipid nanoparticle composition, and improve the route of administra-
tion. For example, the used of mannosylated lipid nanoparticles have a
higher affinity to target lung cancer cells enhancing drug delivery [47].
Furthermore, aerosolizable lipid nanoparticles can be develop to deliver
RNA to the lungs opening the possibility to target NSCLC directly in the
pulmonary region [48]. Nevertheless, we believe the results shown here
are promising, and warrant further investigation into an orthotopic
NSCLC animal model [49].

Interestingly, our data suggest that Inc-RAINY is most effective in a
PDX environment, where the tumors are varied in their composition.
Within the PDX data, Inc-RAINY treatment was as effective as radiation
treatment, and the two treatments showed a minor synergistic effect.
The data presented here suggest Inc-RAINY may be given as a treatment
in place of radiation therapy, particularly in patients where radiation
may not be a viable option. Further, while most male NSCLC tumors do
not have a complete loss of Y chromosome, many cells within the tumor
microenvironment retain their Y chromosome. These data suggest that
Inc-RAINY may interact with the cells in the tumor microenvironment to
increase the tumor’s susceptibility to DNA damage. It is important to
acknowledge the clinical impact of male versus female as well. Further
investigation is required to understand Inc-RAINY’s impact on female
tumors, but for male patients, Inc-RAINY nanoparticle treatment offers a
radio sensitization effect across the tumor, while minimizing impact to
surrounding tissues.

To our knowledge, this is the first example of a IncRNA that increases
radiation sensitivity through direct interactions with DNA. Significant
research in IncRNA functions have identified many competitive endog-
enous IncRNAs, such as TPTEP1 [50], which may sponge microRNAs,
impacting well known radiation resistance pathways, or IncRNAs that
interact with proteins to impact radiation response pathways such as
1inc00312 or IncRNA-NKILA [51,52]. To date, many reviews have un-
covered the vast volume of research that pertains to IncRNAs and their
roles in mediating or exacerbating radiation resistance, such as those
posed by Podralska et al. Wu et al., and Zhang et al. [53-55]. However,
there has been little evidence to show a IncRNA that directly interacts
with the DNA and can increase radiation sensitivity.

Important limitations to this study include the need to further
characterize the impact of Inc-RAINY on female cells and tumors.
Because the Y chromosome is specific to the male population, Inc-RAINY
does not exist in females. Therefore, there is a need to understand the
impact of Inc-RAINY when delivered via nanoparticles to female tumors
and patient derived xenografts. Further, the Y chromosome is lost in
many cancers, leading to a mosaic of Y chromosome positive and
negative cells within the tumors, and the impact of the percentage of Y
chromosome positive cells on Inc-RAINY’s function is unknown. Lnc-
RAINY had a stronger effect on the PDX than the singular cell line
H1299. Further studies will be necessary to characterize the impact of Y
chromosome expressing cells on Inc-RAINY’s viability as a treatment.
Additionally, the PDXs utilized were injected subcutaneously, and
treated with intra-tumoral injections. To truly identify the feasibility of
nanoparticle loaded Inc-RAINY as a novel treatment modality, it needs
to be delivered to orthotopic tumors.

Further studies are necessary to understand the potential of Inc-
RAINY as a radio-sensitizing agent in other types of cancers such as
prostate, head and neck, and colon cancers. Interestingly, while there
are many radio-sensitizers that impact NSCLC in vitro, including some
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Fig. 7. Lnc-RAINY originates from the Y chromosome and acts through triple helix interactions to influence cell cycle progression, senescence and migration. Image

created with Biorender.

small molecule inhibitors and chemotherapy agents[56-58], micro-
RNAs, and siRNAs [59,60], there has been no further work investigating
a multifunctional IncRNA as a radiosensitizer.
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