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Abstract

Background Non-small cell lung cancer (NSCLC) is among the most prevalent
malignancies; however, treatment options are limited owing to a paucity of
effective therapeutic targets. Although long non-coding RNAs (IncRNAs) are
critical regulators of tumor progression, their functional mechanisms and
translational potential in NSCLC remain poorly understood. Patient-derived

xenograft (PDX) models provide a clinically relevant platform for target discovery
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and therapeutic evaluation.

Methods By integrating transcriptome screening of NSCLC PDX models with
analysis of data from The Cancer Genome Atlas (TCGA), we identified IncRNA
RP4-694A7.2 as a key oncogenic target. The expression and clinical relevance
of RP4-694A7.2 were assessed using quantitative PCR with reverse transcription
and fluorescence in situ hybridization assays. Functional roles were investigated
through a series of in vitro assays (CCK-8, colony formation, EdU, and flow
cytometry) and experiments using in vivo xenograft models. The underlying
molecular mechanisms were dissected using RNA pull-down, mass spectrometry,
RNA immunoprecipitation, co-immunoprecipitation, chromatin
immunoprecipitation, and luciferase reporter assays. Finally, the therapeutic
potential of RP4-694A7.2 was validated in NSCLC PDX models through
intratumoral delivery of RP4-694A7.2-targeting small interfering RNAs.

Results RP4-694A7.2 was markedly upregulated in NSCLC tissues and cells
and promoted NSCLC proliferation by accelerating the G1/S phase transition.
Mechanistically, RP4-694A7.2 directly bound to YBX1, suppressing WWP2-
mediated K48-linked ubiquitination and proteasomal degradation, thereby
enhancing YBX1 stability. Furthermore, RP4-694A7.2 strengthened the YBX1-
KPNA2 interaction to facilitate YBX1 nuclear import. Nuclear-accumulated YBX1
subsequently bound to the DEPDC1 promoter to activate its transcription, leading
to activation of the Wnt/B-catenin pathway and upregulation of c-Myc and cyclin
D1. Notably, silencing of RP4-694A7.2 using small interfering RNAs markedly
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suppressed tumor growth in NSCLC PDX models.
Conclusions Our findings show that RP4-694A7.2 promotes NSCLC
proliferation through the YBX1/DEPDC1/Wnt/B-catenin axis, indicating that RP4-

694A7.2 is a potential therapeutic target for this malignancy.

Keywords Non-small cell lung cancer, RP4-694A7.2, Proliferation, YBX1,

Ubiquitination, Nuclear import

Introduction
Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung
cancer cases and represents the leading cause of cancer-related mortality
worldwide [1]. It comprises three major histological subtypes: lung
adenocarcinoma, lung squamous cell carcinoma (LUSC), and large-cell lung
cancer. Despite advances in screening, targeted therapy, and immunotherapy,
patients with advanced NSCLC have poor prognoses, with a 5-year survival rate
of less than 16% [2]. The limited durability of current therapies can be largely
attributed to a lack of effective therapeutic targets and the inevitable emergence
of resistance. Therefore, there is an urgent need to identify novel molecular
targets that can be translated into effective therapeutic strategies.

Long non-coding RNAs (IncRNAs), which are transcripts longer than 200
nucleotides with limited or no protein-coding capacity [3], have emerged as

promising therapeutic targets because of their tissue-specific expression and
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their ability to orchestrate oncogenic programs at the transcriptional, post-
transcriptional, and post-translational levels [4]. For example, IncRNA SNHGS8
promotes myocardial fibrosis by recruiting E2F1 to the MAD2L1 promoter,
indicating its potential as a therapeutic target for cardiac fibrosis [5]. Unlike
protein-coding genes, IncRNAs function through modular RNA-protein
interactions, making them amenable to oligonucleotide-based therapeutics such
as antisense oligonucleotides and small interfering RNAs (siRNAs). For instance,
LPCRL drives LUSC cisplatin resistance through the USP15/MIB1/Notch axis,
and intratumoral delivery of siRNAs targeting LPCRL has been shown to
suppress tumor growth and enhance cisplatin sensitivity in patient-derived
xenograft (PDX) models [6]. However, the majority of NSCLC-associated
IncRNAs remain functionally and mechanistically uncharacterized, which limits
their clinical translation.

PDX models provide a clinically relevant platform for target discovery and
therapeutic evaluation because they preserve the histology, genomic
heterogeneity, and stromal architecture of primary tumors [7, 8]. The scalability
of PDX models enables high-throughput discovery of predictive and prognostic
biomarkers, study of tumor heterogeneity, and characterization of target—drug
response [9]. In our previous NSCLC PDX models, microarray analysis of IncRNA
expression profiles revealed marked transcriptional differences between primary
tumors and third-generation (X-3) xenografts [10]. However, whether these

differentially expressed IncRNAs drive NSCLC proliferation has remained
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unknown, as has whether they can be therapeutically targeted.

Here, by integrating transcriptome screening of NSCLC PDX models with
TCGA analysis, we identified marked upregulation of INcRNA RP4-694A7.2 in
NSCLC tissues and cells. Functional assays demonstrated that RP4-694A7.2
facilitated NSCLC proliferation in vitro and in vivo. Mechanistically, RP4-694A7.2
directly bound to Y-box binding protein 1 (YBX1), suppressing WW domain-
containing E3 ubiquitin protein ligase 2 (WWP2)-mediated ubiquitination and
subsequent proteasomal degradation of YBX1, thereby enhancing its stability.
Concurrently, RP4-694A7.2 strengthened the interaction between YBX1 and
karyopherin subunit alpha 2 (KPNA2), thereby promoting YBX1 nuclear import.
Nuclear YBX1 subsequently bound to the DEP domain-containing 1 (DEPDCT)
promoter to activate its transcription, leading to activation of the Wnt/@-catenin
pathway and upregulation of downstream effectors c-Myc and cyclin D1. Notably,
siRNA-mediated knockdown of RP4-694A7.2 markedly inhibited tumor growth in
NSCLC PDX models. Collectively, our findings demonstrate a key role of the
RP4-694A7.2/YBX1/DEPDC1/Wnt/B-catenin axis in driving NSCLC proliferation,

highlighting RP4-694A7.2 as a promising therapeutic target.

Materials and methods
Patients and specimens
A total of 20 paired tumor tissues and adjacent non-tumor tissues (ANTs) (>5 cm

from tumors) from NSCLC patients were obtained from the First Affiliated Hospital
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of USTC, Division of Life Sciences and Medicine, University of Science and
Technology of China. All procedures were implemented in accordance with the
Helsinki Declaration. After collection, tissue samples were immediately frozen in

liquid nitrogen.

Cell lines and cell culture

SK-MES-1 and HEK293T cell lines were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The NCI-H520, H2170, A549,
H1299, and BEAS-2B cell lines were purchased from the American Type Culture
Collection (Manassas, VA, USA). We established a primary NSCLC cell line by
mincing fresh tumor tissue from surgical resection, digesting it with collagenase,
filtering the resulting cell suspension, and collecting cells by centrifugation. SK-
MES-1 and BEAS-2B cells were cultured in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum. NCI-H520, H2170, A549, H1299, HEK293T, and
primary cells were cultured in RPMI 1640 medium with 10% fetal bovine serum.

All cells were cultured in a humidified incubator at 37 °C with 5% CO,.

Plasmid and siRNA transfection

For siRNA transfection, NSCLC cells were transfected using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s instructions. The plasmids
were transfected into NSCLC cells using Hieff Trans® PEI (Yeasen, China). All

siRNA sequences are listed in Supplementary Table S1.
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Quantitative PCR with reverse transcription (RT-qPCR)

Total RNA was extracted using TRIzol (Invitrogen, USA), and cytoplasmic and
nuclear RNA was extracted with an RNA Subcellular Isolation Kit (Thermo Fisher
Scientific, USA) following the instructions provided. cDNA was synthesized using
a PrimeScript RT kit (TaKaRa, Japan), and gPCR was performed using Power
SYBR Green Master Mix (Vazyme, China). The mRNA internal controls were

GAPDH and U6. Sequences of primers are listed in Supplementary Table S2.

Western blot

Cells were lysed in RIPA buffer (Bestbio, China) containing phosphatase and
protease inhibitors. The protein concentration of cell lysates was determined
using a BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein were
separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to polyvinylidene fluoride membranes (Merck Millipore), blocked with
5% skim milk, and sequentially incubated with primary (4 °C, overnight) and
secondary (room temperature, 1.5 h) antibodies. Protein bands were visualized
using a BeyoECL Star kit (Beyotime, China). All antibody information is provided

in Supplementary Table S3.

Cell counting kit-8 (CCK8)
Cells were seeded into 96-well plates, followed by addition of 10% CCK-8 solution

(Dojindo, Japan) and incubation at 37 °C for 2.5 h. The absorbance was
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measured at 490 nm.

Colony formation
Transfected cells were seeded in a six-well plate. After approximately 2 weeks,
20% methanol and 0.1% crystal violet were used to fix and stain the colonies,

which were then counted manually.

5-ethynyl-2'-deoxyuridine (EdU) assay

Following seeding of cells in 12-well plates, an EdU assay was performed
according to the manufacturer’s instructions (Beyotime, China). Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI).

Flow cytometry

Cell cycle distribution was analyzed by flow cytometry after fixation of cells in 75%
ethanol at 4 °C overnight, followed by staining with propidium iodide (Pl)/RNase

Staining Buffer (BD Biosciences, USA).

RNA pull-down and mass spectrometry (MS)

Full-length biotinylated sense and antisense RNA probes for RP4-694A7.2 were
refolded and immobilized on streptavidin magnetic beads. Bead-bound RNA was
incubated with whole-cell lysate to capture interacting proteins. After stringent

washing, bound complexes were eluted and analyzed by western blotting or MS.
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RNA immunoprecipitation (RIP)

Following cell lysis and DNase treatment, protein lysates were divided into
immunoprecipitation (IP), IgG, and input groups. Each sample was incubated
overnight at 4 °C with 4 ug of the respective antibody or IgG, then co-incubated
with Protein A/G magnetic beads (Thermo Fisher Scientific). After magnetic
capture and washing, bead-bound RNA was eluted, purified with TRIzol, and
analyzed by RT-qPCR, with expression levels normalized to the input. All

antibody information is provided in Supplementary Table S3.

Co-immunoprecipitation (Co-IP)

Following cell lysis in IP buffer (30 min on ice), the clarified lysates were
immunoprecipitated overnight at 4 °C with 2 ug of antibody. Complexes were
captured with Protein A/G magnetic beads, stringently washed, and eluted at

100 °C for 10 min before immunoblotting (IB) analysis.

Dual-luciferase reporter assay

Dual-luciferase reporters were constructed based on the vector, wild-type (WT)
DEPDC1 promoter (DEPDC1-WT) or mutant DEPDC1 promoters (Mut1: -
TGTCCCATC-; Mut2: -TGTAACATC-). These reporters were co-transfected with
an HA-YBX1 plasmid. Luciferase activity was measured using a commercial kit
(Vazyme, China) according to the manufacturer’s protocol. The activity of the

firefly luciferase reporter was determined by normalization to the Renilla
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luciferase control.

Chromatin immunoprecipitation (ChiP)

ChIP was performed using a SimpleChlIP® Kit according to the manufacturer’s
protocol. Briefly, NSCLC cells were cross-linked with 1% formaldehyde, and
chromatin was digested with micrococcal nuclease to 150-900 bp fragments. The
sheared chromatin was incubated overnight at 4 °C with anti-YBX1 antibody or
IgG, followed by capture with Protein G magnetic beads for 2 h. After cross-link
reversal and DNA purification, enrichment of the target sequence (-
TGTAACATC- motif in the DEPDC1 promoter) was quantified by gPCR using
specific primer DEPDC1-Mut2-F/R. Primer sequences and antibody information

are provided in Supplementary Tables S2 and S3, respectively.

RNA-fluorescence in situ hybridization (FISH)

A specific RNA-FISH probe targeting RP4-694A7.2 (RiboBio, China) was used
according to the manufacturer's instructions. Briefly, cells were fixed,
permeabilized, and hybridized with the probe overnight at 37°C, followed by DAPI
counterstaining. The same probe was used for in situ hybridization on NSCLC

tissues. Its oligonucleotide sequence was provided by RiboBio.

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.5%
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Triton X-100/PBS (20 min, room temperature), and blocked with 1% bovine
serum albumin for 30 min. They were then incubated with primary antibody
overnight at 4 °C, followed by incubation with the appropriate secondary antibody
for 30 min at 37 °C in the dark. Nuclei were counterstained with DAPI. Antibody

information is provided in Supplementary Table S3.

Immunohistochemistry (IHC)

Paraffin-embedded tissue sections (4 um) were subjected to antigen retrieval in
sodium citrate buffer. After blocking with 10% bovine serum albumin, sections
were incubated overnight at 4 °C with primary antibodies against Ki-67, YBX1,
DEPDC1, or B-catenin. Following incubation of sections with a secondary
antibody, signals were developed with 3,3'-diaminobenzidine, and nuclei were
counterstained with haematoxylin. After dehydration and mounting, protein
expression was evaluated by light microscopy. All antibody information is

provided in Supplementary Table S3.

Animal experiments
Female BALB/c nude mice (4—6 weeks old) were purchased from the Animal
Center of Nanjing Medical University. Animal experiments adhered to institutional
ethical guidelines.

For cell-derived xenograft models, nude mice were inoculated subcutaneously

with SK-MES-1 cells stably transfected with one of four constructs (sh-NC, sh-
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RP4-694A7.2, vector, or RP4-694A7.2). Tumor volume (calculated as V = length
x width?/ 2) and body weight were monitored every 3 days. Mice were euthanized
when tumors reached 15 mm in diameter, and tumors were collected for
haematoxylin and eosin (H&E) and IHC staining.

For the PDX models, NSCLC patient tissue fragments were implanted
subcutaneously. When tumor volumes reached 30-50 mm?3, mice were
randomized into three groups (n = 5 per group): (a) blank control (5% glucose);
(b) si-NC; (c) si-RP4-694A7.2. si-NC or si-RP4-694A7.2 (10 ug per tumor per
dose) in 5% glucose was administered intratumorally using in vivo-jetPEI®
(Polyplus, France) every 3 days for eight doses. Tumor growth and body weights
were monitored as described above. At the endpoint, tumors were harvested for

analysis.

Bioinformatic and statistical analysis

Statistical analyses were performed using SPSS 19.0 and GraphPad Prism 8.0.
Data are presented as mean * standard deviation (SD). Differences between
groups were evaluated using two-tailed Student’s t-test or one-way analysis of
variance. P < 0.05 was considered to indicate statistical significance.

Bioinformatics databases are listed in Supplementary Table S4.

Results

RP4-694A7.2 is upregulated in NSCLC tissues and cells

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

In our previous study using NSCLC PDX models, we observed that third-
generation xenograft tumors (X-3) grew more rapidly than primary tumors (X-1).
Moreover, microarray analysis of INcCRNA expression profiles revealed that these
X-3 tumors were transcriptionally distinct from the primary tumors [10]. To explore
the clinical roles and underlying mechanisms of these IncRNAs in NSCLC
proliferation, we focused on the top 30 IncRNAs identified in PDX models and
RNA sequencing (RNA-seq) data from The Cancer Genome Atlas (TCGA)
NSCLC dataset (Fig. 1A; Supplementary Table S5, S6). Overlap analysis
revealed that INcCRNAs RP4-694A7.2 and RP11-106E15.1 were consistently
identified in both datasets (Fig. 1B). To further confirm their expression in primary
tumors and corresponding X-3 tumors, we performed RT-gPCR. Expression of
RP4-694A7.2 was markedly upregulated in the X-3 group, whereas RP11-
106E15.1 showed no differential expression (Fig. 1C; Supplementary Fig. S1A).
Therefore, we selected RP4-694A7.2 for further investigation. Given that the role
of RP4-694A7.2 had not been well characterized in NSCLC, we initially evaluated
its expression in 20 paired tumor tissues and adjacent normal tissues (ANTS).
RP4-694A7.2 expression was markedly higher in NSCLC tissues than in ANTSs,
as confirmed by RT-qPCR (Fig. 1D) and RNA-FISH with an RP4-694A7.2 probe
(Fig. 1E). Similarly, its expression was elevated in NSCLC cell lines compared
with BEAS-2B cells (Fig. 1F). Kaplan—Meier analysis of data from the GEPIA2
database further revealed that elevated RP4-694A7.2 expression predicted

poorer overall survival in NSCLC patients (Fig. 1G). Moreover, knockdown of
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RP4-694A7.2 in primary NSCLC cells established in our laboratory significantly
reduced cell proliferation (Fig. 1H; Supplementary Fig. S1B-D).

RP4-694A7.2 is located on human chromosome 1 and consists of two exons
with a total length of 960 nt according to the UCSC and Ensembl genome browser
databases (Supplementary Fig. S1E,F). Its potential non-coding ability was
analyzed using the ORFfinder and CPC2 databases (Supplementary Fig. S1G,H).
Nuclear/cytoplasmic RNA fractionation assays revealed that RP4-694A7.2 was
present in cytoplasm and nucleus of NSCLC cells (Fig. 1I; Supplementary Fig.
S1l), as confirmed by RNA-FISH in NSCLC cells (Fig. 1J). In summary, RP4-
694A7.2 is markedly upregulated in NSCLC tissues and cell lines, and its

expression is correlated with cell proliferation.

RP4-694A7.2 promotes NSCLC proliferation in vitro and in vivo

To further investigate the role of RP4-694A7.2 in NSCLC proliferation, we
knocked down or overexpressed RP4-694A7.2 in NSCLC cell lines (Fig. 2A,B;
Supplementary Fig. S2A). RP4-694A7.2 knockdown reduced viability (by CCK-8
assay) and colony formation in SK-MES-1 and A549 cells. Conversely,
overexpression of RP4-694A7.2 enhanced these characteristics of NCI-H520
cells (Fig. 2C-F; Supplementary Fig. S2B,C). Similarly, knockdown of RP4-
694A7.2 decreased the percentage of EdU-positive SK-MES-1 and A549 cells,
and overexpression increased it in NCI-H520 cells (Fig. 2G,H; Supplementary

Fig. S2D). Flow cytometry analysis showed that RP4-694A7.2 knockdown
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resulted in a lower proportion of cells in S phase and a higher proportion in G1
phase compared with controls, indicating that RP4-694A7.2 knockdown induced
G1 arrest. Conversely, RP4-694A7.2 overexpression promoted G1/S transition
(Fig. 21,J; Supplementary Fig. S2E). Western blotting further revealed that RP4-
694A7.2 silencing downregulated proliferation-related protein PCNA and G1/S
transition promoters CDK4 and CDK®6, whereas it upregulated cell cycle inhibitor
p27KiP1 (p27). RP4-694A7.2 overexpression had the opposite effects (Fig. 2K,L;
Supplementary Fig. S2F). These results indicate that RP4-694A7.2 promotes
NSCLC cell proliferation by accelerating G1/S transition.

To assess the impact of RP4-694A7.2 on tumor growth in vivo, we established
cell-derived xenograft models in BALB/c nude mice with stable knockdown or
overexpression of RP4-694A7.2 (Fig. 2M, N, R). Mice bearing RP4-
694A7.2-knockdown tumors exhibited significantly lower tumor volumes and
weights than controls, whereas those with RP4-694A7.2-overexpressing tumors
showed the opposite effect (Fig. 20, P, S, T). Consistently, Ki-67 IHC of xenograft
sections confirmed that RP4-694A7.2 overexpression promoted tumor growth
whereas its silencing inhibited tumor progression (Fig. 2Q,U). These findings

indicate that RP4-694A7.2 promotes NSCLC growth both in vitro and in vivo.

RP4-694A7.2 binds to YBX1 and inhibits its ubiquitin—proteasomal
degradation

The published literature shows that INcRNAs generally perform their biological
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functions by interacting with RNA-binding proteins (RBPs) [11-13]. Therefore, we
performed a biotin-labeled RNA pull-down assay followed by mass spectrometry
(MS) to identify RP4-694A7.2-associated RBPs involved in NSCLC proliferation
(Fig. 3A,B). Approximately 87 potential interacting proteins were pulled down with
RP4-694A7.2 probe in NSCLC cells (Supplementary Table S7). We also used
online tool catRAPID to predict RBPs of RP4-694A7.2. The most frequently
detected RNA-binding motifs in the prediction results were then analyzed
(Supplementary Fig. S3A). YBX1 was identified by both methods as the most
likely binding partner of RP4-694A7.2 (Fig. 3C,D).

YBX1, a DNA/RNA-binding protein that causes dysregulation of multiple genes
involved in cancer proliferation, metastasis, apoptosis and drug resistance [14-
16], is upregulated in NSCLC and promotes NSCLC progression [17]. Correlation
analysis of data from GEPIA2 showed that RP4-694A7.2 expression was
positively associated with YBX1 expression in NSCLC (Supplementary Fig. S3B).
We further validated the interaction between RP4-694A7.2 and YBX1 through
RNA pull-down and RIP assays (Fig. 3E; Supplementary Fig. S3C) and predicted
the secondary structure of RP4-694A7.2 using RNAfold software (Fig. 3F). To
map the binding regions of RP4-694A7.2 to YBX1, we constructed one
biotinylated full-length transcript and three biotinylated truncated fragments of
RP4-694A7.2 for RIP assays using NSCLC cell lysates. Deletion-mapping
analysis showed that nucleotides 238-559 of RP4-694A7.2 were indispensable

for its interaction with YBX1 (Fig. 3G). YBX1 comprises three domains, an N-
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terminal domain, a cold shock domain, and a large C-terminal domain (CTD). The
CTD contains a nuclear localization signal, cytoplasmic retention signal, and 20S
proteasome cleavage site [18]. To identify the domain involved in the binding of
YBX1 to RP4-694A7.2, we cloned a series of HA-tagged truncated YBX1 proteins
(Fig. 3H); an RNA pull-down assay showed that the interaction between RP4-
694A7.2 and YBX1 occurred through amino acids 130-219 in the CTD of YBX1
(Fig. 3lI).

To further investigate the relationship between RP4-694A7.2 and YBX1, we
knocked down or overexpressed RP4-694A7.2 in NSCLC cells; silencing RP4-
694A7.2 markedly reduced protein levels of YBX1, whereas overexpression of
RP4-694A7.2 increased them, with neither manipulation affecting the mRNA
levels of YBX1 (Fig. 3J,K; Supplementary Fig. S3D-F), indicating that RP4-
694A7.2 regulates YBX1 levels via post-translational modification. Next, RP4-
694A7.2-knockdown and RP4-694A7.2-overexpressing cells were treated with
cycloheximide (CHX); western blot analysis showed that RP4-694A7.2
knockdown suppressed YBX1 protein stability under CHX treatment, whereas
RP4-694A7.2 overexpression prolonged its half-life (Fig. 3L,M), suggesting that
RP4-694A7.2 enhances YBX1 protein stability. To determine whether YBX1
degradation occurred via the proteasomal or lysosomal pathway, NSCLC cells
were treated with MG132 (a proteasome inhibitor) or Chloroquine (CQ, a
lysosome inhibitor). The destabilization of YBX1 by RP4-694A7.2 knockdown

was reversed by MG132 but not by CQ, and treatment with MG132 (but not CQ)

17



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

further increased YBX1 levels in RP4-694A7.2-overexpressing cells compared
with vector control cells (Fig. 3N,O; Supplementary Fig. S3G,H). Moreover,
polyubiquitination of YBX1 was markedly increased in RP4-694A7.2 knockdown
cells but decreased in RP4-694A7.2-overexpressing cells (Fig. 3P,Q). These
findings suggest that RP4-694A7.2 stabilizes the YBX1 protein by inhibiting its
ubiquitin—proteasome degradation (Fig. 3R).

Next, the role of the RP4-694A7.2/YBX1 regulatory axis in NSCLC proliferation
was characterized. CCK-8, colony formation, EdU, and western blot assays
showed that knockdown of YBX1 reduced the proliferative activity of A549 cells
compared with the control group (Supplementary Fig. S3I-N). In rescue
experiments, depletion of YBX1 abrogated the enhanced proliferation of RP4-
694A7.2-overexpressing NCI-H520 cells (Fig. 3S,T; Supplementary Fig. S30,P).
Taken together, these findings indicate that RP4-694A7.2 promotes NSCLC cell

proliferation by directly interacting with YBX1.

RP4-694A7.2 stabilizes YBX1 by suppressing WWP2-mediated
ubiquitination

To further identify E3 ubiquitin ligases or deubiquitinases for YBX1, we combined
UbiBrowser-based prediction with MS analysis of YBX1 immunoprecipitates
(Supplementary Table S8, 9). Intersection of the two datasets yielded three
candidate E3 ubiquitin ligases: PRPF19, ITCH, and WWP2 (Fig. 4A). Notably,
WWP2 had the highest fold change as a YBX1-interacting protein in the MS
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analysis (Supplementary Table S9), and GEPIA2 database analysis revealed that
among the three candidate E3 ubiquitin ligases, only WWP2 showed a specific
negative correlation with YBX1 (Fig. 4B; Supplementary Fig. S4A). Therefore,
WWP2 was considered to be the E3 ligase most likely to interact with YBX1 and
mediate its ubiquitin—proteasomal degradation in NSCLC. Co-IP analysis
demonstrated endogenous and exogenous interactions between YBX1 and
WWP2 (Fig. 4C,D; Supplementary Fig. S4B), and an IF staining assay confirmed
their colocalization in the cytoplasm and nucleus of NSCLC cells (Fig. 4E).
Moreover, molecular docking simulations using PyMOL software revealed a
substantial interaction between YBX1 and WWP2, involving the formation of
hydrogen bonds (Fig. 4F). We further found that overexpression of WWP2
reduced YBX1 protein levels in a dose-dependent manner, whereas WWP2
knockdown increased them (Fig. 4G; Supplementary Fig. S4C), with no effects
on mRNA levels in either case (Supplementary Fig. S4D). The half-life of
endogenous YBX1 was diminished in WWP2-overexpressing NSCLC cells but
increased in WWP2-knockdown cells following CHX treatment (Fig. 4H;
Supplementary Fig. S4E). Supplementation with MG132 markedly restored basal
YBX1 levels in WWP2-overexpressing cells and further elevated YBX1 levels in
WWP2-knockdown cells, confirming that WWP2 regulates YBX1 through
proteasomal degradation (Fig. 4l; Supplementary Fig. S4F). WWP2
overexpression enhanced YBX1 ubiquitination, whereas WWP2 knockdown

suppressed it (Fig. 4J; Supplementary Fig. S4G). Moreover, WWP2
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overexpression facilitated K48-linked polyubiquitination but not K63-linked
ubiquitination of YBX1 in NSCLC cells (Fig. 4K; Supplementary Fig. S4H).

Next, we examined whether RP4-694A7.2 affected the interaction between
WWP2 and YBX1. Neither knockdown nor overexpression of RP4-694A7.2
altered WWP2 mRNA or protein levels in NSCLC cells (Supplementary Fig. S41,J).
However, WWP2 antibody co-immunoprecipitated more YBX1 from si-RP4-
694A7.2-transfected cells than from si-NC controls, whereas less YBX1 was co-
immunoprecipitated upon RP4-694A7.2 overexpression (Fig. 4L,M). Thus, these
results indicate that RP4-694A7.2 stabilizes YBX1 by suppressing its WWP2-

mediated ubiquitin—proteasomal degradation (Fig. 4N).

RP4-694A7.2 promotes YBX1 nuclear import by enhancing the YBX1-
KPNA2 interaction

As a master regulator of cancer cell biology, YBX1 functions in the cytoplasm and
nucleus [19]. YBX1 is localized predominantly in the cytoplasm under basal
conditions but is translocated to the nucleus under specific intracellular or
extracellular signals [20]. Therefore, we considered whether RP4-694A7.2
affected YBX1 nuclear import. Subcellular fractionation in NSCLC cells followed
by western blotting showed that depletion of RP4-694A7.2 led to retention of
YBX1 in the cytoplasm (Fig. 5A; Supplementary Fig. S5A), whereas RP4-
694A7.2 overexpression increased the proportion of nuclear YBX1 (Fig. 5B). IF

analysis of NSCLC cells confirmed these findings (Fig. 5C,D). Thus, RP4-
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694A7.2 may contribute to YBX1 nuclear import in NSCLC cells.

We further investigated the mechanism of YBX1 nuclear import. KPNA2, a
member of the alpha protein family of nuclear transporters, has been reported to
interact with YBX1 and significantly facilitate its nuclear import in osteosarcoma
[21, 22]. Their interaction was also identified in our MS analysis of YBX1
immunoprecipitates (Supplementary Table S9). Thus, we hypothesized that RP4-
694A7.2 might promote YBX1 nuclear import via KPNA2. IF staining confirmed
the colocalization of YBX1 and KPNA2 proteins in the cytoplasm and nucleus of
NSCLC cells (Fig. 5E), and co-IP analysis further demonstrated their endogenous
interactions (Fig. 5F; Supplementary Fig. S5B). RIP and RNA pull-down assays
showed that RP4-694A7.2 could directly interact with KPNA2 in NSCLC cells (Fig.
5G,H; Supplementary Fig. S5C,D). Moreover, RP4-694A7.2 knockdown
efficiently attenuated the interaction between YBX1 and KPNA2, whereas RP4-
694A7.2 overexpression enhanced it (Fig. 51,J). In summary, these findings
indicate that RP4-694A7.2 promotes the nuclear import of YBX1 by enhancing

the interaction between YBX1 and KPNA2 in NSCLC cells (Fig. 5K).

RP4-694A7.2 promotes DEPDC1 transcription by strengthening YBX1
binding to the DEPDC1 promoter

YBX1, a well-established transcription factor, binds to the promoters of certain
genes in the nucleus to activate their transcription [23, 24]. To further elucidate

the mechanism by which the RP4-694A7.2/YBX1 axis drives oncogenesis in
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NSCLC, we performed RNA-seq in SK-MES-1 cells with or without RP4-694A7.2
knockdown. This analysis identified 88 upregulated and 367 downregulated
genes (P < 0.05, [fold change| = 1.5; Fig. 6A; Supplementary Table S10). The
intersection of genes regulated by RP4-694A7.2 or YBX1 yielded five potential
targets: IGFBP3, DEPDC1, HHIP, CYP24A1, and FOS (Fig. 6B; Supplementary
Table S10-12). Notably, RT-qPCR analysis indicated that DEPDC1 was
consistently the most downregulated gene following knockdown of either RP4-
694A7.2 or YBX1 in SK-MES-1 cells (Fig. 6C,D). GEPIA2 analysis also showed
that DEPDC1 expression was positively correlated with that of RP4-694A7.2 and
YBX1 in NSCLC (Fig. 6E). IF staining revealed that DEPDC1 was predominantly
localized in the nucleus in NSCLC cells (Supplementary Fig. S6A). DEPDC1 is
an oncogenic molecule with roles in cell mitosis, proliferation, and apoptosis in
various cancers, including NSCLC [25, 26]. Hence, we focused on the role of
DEPDC1 in RP4-694A7.2/YBX1-axis-dependent NSCLC proliferation.

Western blotting and RT-gPCR analyses showed that DEPDC1 mRNA and
protein levels were markedly reduced following knockdown of either
RP4-694A7.2 or YBX1 but were elevated upon their overexpression (Fig. 6C,
D,F,G; Supplementary Fig. S6B—E). In rescue assays, YBX1 overexpression
reversed the decrease in DEPDC1 levels caused by RP4-694A7.2 knockdown in
SK-MES-1 cells, whereas in NCI-H520 cells, YBX1 knockdown attenuated the
increase in DEPDCA1 levels induced by RP4-694A7.2 overexpression (Fig. 6H).

Although transcriptional regulation is a key mechanism by which DEPDC1 drives
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the proliferation of NSCLC [27], how YBX1 regulates DEPDC1 transcription
remains unclear. We therefore used JASPAR to predict YBX1 binding sites within
the DEPDC1 promoter and identified two high-confidence response elements
(Fig. 6l; Supplementary Fig. S6F). Next, we constructed luciferase reporters
driven by the vector control, WT DEPDC1 promoter, or mutant promoters (Mut1:
-TGTCCCATC-; Mut2: -TGTAACATC-) and co-transfected them with an HA-
YBX1 plasmid into HEK293T cells for luciferase reporter assays. Upon YBX1
overexpression, the WT and Mut1 DEPDC1 reporters showed increased
luciferase activity compared with the vector control, whereas the Mut2 DEPDC1
reporter showed no significant change (Fig. 6J). These results confirmed that the
YBX1 binding site was located within the -TGTAACATC- sequence of the
DEPDC1 promoter. To determine whether RP4-694A7.2 recruited YBX1 to
activate DEPDC1 transcription, we detected the transcriptional activity of the
DEPDC1 promoter after altering the expression of RP4-694A7.2. Luciferase
reporter assays showed that, upon YBX1 overexpression, RP4-694A7.2
knockdown in SK-MES-1 cells decreased the activity of the WT and Mut1
DEPDC1 reporters, whereas RP4-694A7.2 overexpression in NCI-H520 cells
increased the activity of these reporters. However, the activity of the Mut2
DEPDC1 reporter remained unchanged upon either knockdown or
overexpression of RP4-694A7.2 (Fig. 6K). ChIP analysis also demonstrated that
RP4-694A7.2 knockdown significantly reduced YBX1-mediated DEPDC1

transcriptional activation in SK-MES-1 cells, whereas its overexpression
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enhanced YBX1 binding to the DEPDC1 promoter in NCI-H520 cells (Fig. 6L). To
investigate the role of DEPDC1 in RP4-694A7.2-mediated NSCLC proliferation,
we knocked down DEPDC1 in NSCLC cells and confirmed the knockdown
efficiency at mRNA and protein levels (Supplementary Fig. S6G,H). CCK-8,
colony formation, EdU, and western blot assays showed that DEPDC1
knockdown reduced the proliferation of A549 cells compared with the control
group (Supplementary Fig. S6l-L). Rescue assays further demonstrated that
knockdown of DEPDC1 attenuated the pro-proliferative effect of RP4-694A7.2
overexpression in NCI-H520 cells (Fig. 6M,N; Supplementary Fig. S6M,N).
Collectively, these findings reveal that the RP4-694A7.2/YBX1 axis promotes

NSCLC proliferation by transcriptionally activating DEPDC1 (Fig. 60).

RP4-694A7.2 promotes NSCLC proliferation by activating the Wnt/g-catenin
pathway

To understand the underlying biological pathways by which RP4-694A7.2
facilitated NSCLC proliferation, we analyzed RNA-seq data of SK-MES-1 cells
transfected with si-RP4-694A7.2 or si-NC (Supplementary Table S10). Gene
ontology (GO) enrichment analysis revealed that the differentially expressed
genes were mainly involved in biological processes including cell proliferation,
apoptosis, and the cell cycle (Fig. 7A,B). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis and gene set enrichment analysis (GSEA)

both showed marked enrichment of genes involved in the Wnt signaling pathway
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(Fig. 7C,D). Therefore, we hypothesized that RP4-694A7.2 might play an
important part in activation of the Wnt/B-catenin pathway in NSCLC. Western blot
analysis showed that B-catenin and downstream proteins (cyclin D1 and c-Myc)
were decreased by RP4-694A7.2 depletion but increased by its overexpression
(Fig. 7E,F; Supplementary Fig. S7A). Subcellular fractionation of NSCLC cells
followed by western blotting further revealed that RP4-694A7.2 knockdown
reduced nuclear 3-catenin protein levels, whereas its overexpression increased
them (Fig. 7G,H; Supplementary Fig. S7B). Consistently, TOP/FOP Flash assays
in NSCLC cells showed that RP4-694A7.2 silencing suppressed
B-catenin-dependent reporter activity, whereas its overexpression significantly
increased luciferase activity (Fig. 71,J). These results indicate that RP4-694A7.2
activates the Wnt/B-catenin signaling pathway in NSCLC cells.

To further investigate whether RP4-694A7.2 promoted NSCLC proliferation via
the Wnt/B-catenin pathway, we first confirmed that knockdown of (B-catenin or
treatment with Wnt pathway inhibitor IWR-1 markedly reduced protein levels of
B-catenin, cyclin D1, and c-Myc (Supplementary Fig. S7C). Next, CCK-8, colony
formation, EdU, and western blot assays showed that B-catenin knockdown
significantly inhibited the proliferation of A549 cells (Supplementary Fig. S7D-F).
Rescue assays further confirmed that B-catenin knockdown effectively
counteracted the pro-proliferative effect of RP4-694A7.2 overexpression in NCI-
H520 cells (Fig. 7K,L; Supplementary Fig. S7G,H). Previous studies have

reported that YBX1 and DEPDC1 proteins can regulate the malignant
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progression of tumors through the Wnt/B-catenin pathway [28-31]. Here, we
found that knockdown of either YBX1 or DEPDC1 attenuated the Wnt/B-catenin
pathway activation induced by RP4-694A7.2 overexpression (Supplementary Fig.
S71,J). Moreover, we performed IHC staining on the xenograft tissues shown in
Fig. 2P and 2T. Overexpression of RP4-694A7.2 increased the protein levels of
YBX1, DEPDCH1, and B-catenin, whereas knockdown of RP4-694A7.2 decreased
them (Fig. 7M; Supplementary Fig. S7K). Similarly, protein levels of YBX1,
DEPDC1, and B-catenin were higher in NSCLC tissues than in ANTs (Fig. 7N).
Together, these results demonstrate that the RP4-694A7.2/YBX1/DEPDC1 axis

promotes NSCLC proliferation by activating the Wnt/B-catenin pathway.

RP4-694A7.2 is a potential therapeutic target for NSCLC

To assess the therapeutic potential of targeting RP4-694A7.2 in NSCLC, we
knocked down its expression in patient-derived primary NSCLC cells. Colony
formation, CCK-8, and EdU assays demonstrated that RP4-694A7.2 knockdown
markedly reduced the proliferation of these cells (Fig. 1H; Supplementary Fig.
S1B-D), and flow cytometry revealed an increased proportion of cells in G1
phase, indicating arrest at this stage (Supplementary Fig. S8A). Consistently,
RP4-694A7.2 knockdown decreased protein levels of CDK4, CDK6, and PCNA
while increasing those of p27 (Supplementary Fig. S8B), as well as reducing
protein levels of YBX1, DEPDC1, B-catenin, c-Myc, and cyclin D1

(Supplementary Fig. S8C,D). These results indicate that the RP4-
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694A7.2/YBX1/DEPDC1/Wnt/B-catenin regulatory axis plays a critical part in
proliferation of primary NSCLC cells.

Given the utility of PDX models for the evaluation of in vivo therapeutic efficacy
[32], we established such models in nude mice using tumor specimens from the
same patient who provided the primary NSCLC cells. Tumor-bearing mice were
randomly allocated into three groups for intratumoral injection: blank control
(glucose solution), si-NC, and si-RP4-694A7.2. The si-NC and si-RP4-694A7.2
groups were established using in vivo-jetPEI, which enables efficient nucleic acid
delivery to tumor cells [33, 34] (Fig. 8A). RP4-694A7.2 knockdown inhibited tumor
growth compared with the blank control and si-NC groups (Fig. 8B), and tumors
in the si-RP4-694A7.2 group exhibited reduced tumor size and weight at the
endpoint (day 21 post-injection) (Fig. 8C,D). Moreover, RT-gPCR analysis
confirmed that RP4-694A7.2 expression was significantly downregulated in the
si-RP4-694A7.2 group (Fig. 8E). To evaluate the systemic toxicity of the therapy,
we monitored mouse body weight and observed no significant differences
between groups, indicating that treatment was well tolerated (Fig. 8F). IHC
staining revealed that the protein levels of Ki67, YBX1, DEPDC1, and 3-catenin
were markedly lower in the si-RP4-694A7.2 group than in the blank control or si-
NC groups (Fig. 8G). Collectively, these findings demonstrate that knockdown of
RP4-694A7.2 markedly suppresses NSCLC primary cell proliferation and tumor
growth, highlighting RP4-694A7.2 as a promising therapeutic target for this

malignancy.
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Discussion
Aberrant IncRNA expression is a molecular hallmark of cancer and contributes to
multiple oncogenic processes, including proliferation, motility, replicative
immortality, angiogenesis, and cell survival, particularly in NSCLC [35, 36]. In this
study, we found that IncRNA RP4-694A7.2 was markedly upregulated in NSCLC
tissues and cells. Functional studies revealed that RP4-694A7.2 promoted
NSCLC proliferation by accelerating the G1/S phase transition. Mechanistically,
RP4-694A7.2 directly bound to YBX1 and suppressed its WWP2-mediated
ubiquitination, thereby blocking proteasomal degradation and enhancing YBX1
stability. Furthermore, RP4-694A7.2 strengthened the YBX1-KPNAZ interaction
to facilitate YBX1 nuclear import. Nuclear-accumulated YBX1 subsequently
bound to the DEPDC1 promoter to activate its transcription, which in turn
stimulated the Wnt/B-catenin signaling pathway. Collectively, our findings identify
a critical RP4-694A7.2/YBX1/DEPDC1/Wnt/B-catenin regulatory axis and
highlight RP4-694A7.2 as a potential therapeutic target for NSCLC.
Accumulating evidence shows that the proteasome pathway is pivotal in
regulation of YBX1 stability, and IncRNAs have been reported to modulate this
process through ubiquitin-dependent mechanisms [37, 38]. Here, we
demonstrated that nucleotides 238-559 of RP4-694A7.2 directly bound to the
CTD (amino acids 130-219) of YBX1, suppressing WWP2-mediated K48-linked
ubiquitination and then inhibiting proteasomal degradation of YBX1, thereby

strengthening YBX1 stability. WWP2 is an E3 ubiquitin ligase belonging to the
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NEDDA4-like protein family and is involved in the regulation of membrane protein
trafficking, protein degradation, transcription, and apoptosis [39, 40]. This study
identified YBX1 as a novel target protein of WWP2 and demonstrated the
existence of an important mechanism involving the RP4-694A7.2/\WWP2/YBX1
axis. Furthermore, recent studies have shown that in hepatocellular carcinoma,
circZNF79 protects YBX1 from autophagy—lysosome degradation by removing
the K63 ubiquitin chain, without affecting proteasomal degradation [41]. By
contrast, we found that in NSCLC, RP4-694A7.2 protected YBX1 from
proteasomal degradation by inhibiting K48-linked ubiquitination, without affecting
lysosomal degradation. This difference highlights the complexity and tumor
specificity of the mechanisms regulating YBX1 stability, providing a rationale for
either combination therapy or subtype-specific therapy targeting YBX1 in clinical
practice.

The formation of the RP4-694A7.2/KPNA2/YBX1 complex has a key role in
regulation of the subcellular localization and transcriptional activity of YBX1 in
NSCLC. Our mechanistic analysis indicated that KPNA2, a nuclear import
receptor, interacted with YBX1 and mediates its transport from the cytoplasm to
the nucleus, thereby enhancing the nuclear accumulation of YBX1 in NSCLC
cells; this was consistent with previous reports in osteosarcoma [21]. Although
we found that RP4-694A7.2 markedly promoted YBX1 nuclear import by
enhancing its interaction with KPNAZ2, the detailed mechanism remained unclear.

Published studies have shown that KPNAZ2 promotes phosphorylation and
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nuclear import of STAT3 by facilitating the binding of STAT3 to the
phosphorylated kinase JAK1 [42]. Therefore, future studies will investigate the
possibility of KPNA2-mediated YBX1 phosphorylation in NSCLC and assess the
role of RP4-694A7.2 expression in this mechanism. We further demonstrated that
nuclear-accumulated YBX1 binds to a specific motif (-TGTAACATC-) in the
DEPDC1 promoter, promoting DEPDC1 transcription and subsequently
activating the Wnt/B-catenin pathway. Although YBX1 is recognized as a broad
regulator of transcription, its recruitment to the DEPDC1 promoter by a INcCRNA
has not previously been reported. Consequently, this work identifies the
RP4-694A7.2/YBX1/DEPDC1 axis as a novel regulatory cascade in NSCLC.
Moreover, given the well-established roles of Wnt/B-catenin signaling in NSCLC
stemness [43], metastasis [44], and therapy resistance [45], this axis may be
involved in various oncogenic processes, making it a potential therapeutic target
for combination therapy.

From a translational perspective, the most important aspect of our study is the
closed-loop pipeline for RP4-694A7.2, in which we identified the target using PDX
models, elucidated its underlying mechanism in NSCLC tissues and cells, and
validated its therapeutic efficacy in PDX models. Intratumoral administration of
RP4-694A7.2-targeting siRNA complexed with in vivo-jetPEl markedly
suppressed tumor growth and reduced expression of YBX1, DEPDC1 and
B-catenin in NSCLC PDX models without evident systemic toxicity, demonstrating

the therapeutic efficacy and safety of this approach. Notably, PDX models retain

30



661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

the heterogeneity and stromal architecture of the original patient tumors; thus,
our results provide preclinical evidence supporting the feasibility and translational
potential of RP4-694A7.2-targeted therapy. The design of effective siRNA-based
therapeutics against INcRNAs specifically exploits the structural features of the
IncRNAs, which include flexible secondary structures rich in single-stranded
regions and stem—loop bulges. These structures provide ample binding interfaces
for nucleic acid therapeutics such as antisense oligonucleotides and siRNAs.
Consistent with this, we identified two effective siRNAs targeting the predicted
stem-loop region in the RP4-694A7.2 secondary structure. Recent advances in
RNA three-dimensional structural data have further delineated precise interaction
interfaces and targetable regions between INcRNAs and proteins, peptides, DNA
and other RNAs, indicating new approaches to disrupting IncRNA-
biomacromolecule interactions or guiding antisense oligonucleotide design [46].
Delivery of siRNA can be broadly categorized into localized and systemic delivery.
Localized delivery provides optimal bioavailability at the intended site and
circumvents the obstacles associated with systemic administration. Organs such
as the eyes, mucous membranes and skin, as well as local tumors, are suitable
for localized delivery; this includes intranasal and intratracheal delivery targeting
lung diseases, which have shown better responses and increased bioavailability
of the drug compared with other approaches [47]. For NSCLC, intratracheal
delivery of RP4-694A7.2-targeting siRNA may represent a feasible route for

clinical translation. Collectively, these findings support the use of RP4-694A7.2-
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targeting siRNAs as a promising therapeutic strategy for NSCLC.

Our study had several limitations. First, its limited clinical sample size may
restrict the statistical power and generalizability of our conclusions. Consequently,
multi-center prospective studies with larger cohorts, including individuals with
various NSCLC subtypes, will be required to confirm the correlation between
RP4-694A7.2 expression and tumor proliferative activity and to evaluate its
prognostic significance in NSCLC patients. Second, this study primarily focused
on the proliferative activity of NSCLC and did not investigate the relationship of
RP4-694A7.2 with cell migration, invasion, or drug resistance. Future studies
should validate these aspects using transwell migration assays, half-maximal
inhibitory concentration assays, and flow-cytometry-based apoptosis assays.
Finally, although RP4-694A7.2 was shown to directly interact with KPNAZ2 in
NSCLC cells, the specific nucleotide segment of RP4-694A7.2 and the amino
acid domain of KPNA2 responsible for this interaction remain unknown.
Truncated mutant plasmids of RP4-694A7.2 and KPNA2 could be used with RNA

pull-down and RIP assays to elucidate these mechanisms.

Conclusions

Our study identifies RP4-694A7.2 as a crucial oncogenic IncRNA in NSCLC.
RP4-694A7.2 promotes NSCLC proliferation in cellular and animal models.
Mechanistically, RP4-694A7.2 directly binds to YBX1, stabilizing it by blocking

WWP2-mediated K48-linked ubiquitination and proteasomal degradation.
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Moreover, RP4-694A7.2 facilitates YBX1 nuclear import by enhancing its
interaction with KPNA2. The accumulated nuclear YBX1 subsequently binds to
the DEPDC1 promoter to activate its transcription, thereby activating the Wnt/p-
catenin signaling pathway and driving G1/S phase progression (Fig. 8H). These
findings uncover a crucial RP4-694A7.2/YBX1/DEPDC1/Wnt/B-catenin
regulatory axis driving NSCLC proliferation. Notably, this study also establishes
a closed-loop PDX-to-mechanism-to-PDX translational pipeline, highlighting

RP4-694A7.2 as a promising therapeutic target for NSCLC.
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NSCLC Non-small cell lung cancer
LncRNAs Long noncoding RNAs

PDX Patient-derived xenograft

YBX1 Y-box binding protein 1

WWP2 WW domain-containing E3 ubiquitin protein ligase 2
KPNA2 Karyopherin subunit alpha 2
DEPDCA1 DEP domain-containing 1
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FISH Fluorescence in situ hybridization
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RIP RNA immunoprecipitation

Co-IP Co-immunoprecipitation
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Figure legends

Fig. 1. RP4-694A7.2 is upregulated in NSCLC tissues and cell lines. (A) Volcano

plot of RNA-seq results showing IncRNAs differentially expressed between

NSCLC tissues and normal samples from TCGA. (B) Venn diagram showing the

overlap of genes from TCGA NSCLC RNA-seq data and the 30 top-ranked

IncRNAs from previous NSCLC PDX models. (C) RP4-694A7.2 levels detected

by RT-gPCR in primary tumors (X-1) and corresponding third-generation

xenograft tumors (X-3). n = 6. (D) RP4-694A7.2 levels detected by RT-qPCR in
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20 paired NSCLC tumor tissues and adjacent non-tumor tissues (ANTs). (E)
Representative images of H&E staining and RP4-694A7.2 RNA-FISH staining of
NSCLC tissues and ANTs. Scale bar: 100 uym. (F) RP4-694A7.2 levels detected
by RT-gPCR in different NSCLC cell lines compared with BEAS-2B cells. (G)
Kaplan—Meier analysis of overall survival rate in NSCLC patients according to
RP4-694A7.2 expression in the GEPIA2 database. (H) Colony formation assay
assessing proliferation of primary cells following RP4-694A7.2 knockdown. ()
Subcellular distribution of RP4-694A7.2 determined by RT-qPCR in SK-MES-1
and NCI-H520 cells; the nuclear and cytoplasmic controls were U6 and GAPDH,
respectively. (J) RNA-FISH showing cytoplasmic and nuclear localization of RP4-
694A7.2 in NSCLC cells. Nuclei were counterstained with DAPI (blue), and the
RP4-694A7.2 probe was labeled with Cy3 (red). Scale bar: 100 ym. Data are
presented as the mean + SD from three independent experiments, with

significance determined by Student’s t-test (**P < 0.01, ***P < 0.001).

Fig. 2. RP4-694A7.2 promotes NSCLC growth both in vitro and in vivo. (A)
Validation of RP4-694A7.2 expression in SK-MES-1 cells transfected with siRNAs.
(B) Validation of RP4-694A7.2 expression in NCI-H520 cells transfected with
overexpression plasmids. (C—H) CCK-8, colony formation, and EdU assays
assessing the proliferation of NSCLC cells following RP4-694A7.2 knockdown or
overexpression. Scale bar: 200 um. (1,J) Cell cycle analysis by flow cytometry of

Pl-stained NSCLC cells. (K,L) Western blot analysis of PCNA, CDK4, CDK®6, and
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p27 levels in NSCLC cells with RP4-694A7.2 knockdown or overexpression. (M)
Schematic of the subcutaneous implantation tumor model. (N,R) Validation of
RP4-694A7.2 knockdown or overexpression efficiency in
pLV-Neo-CMV-EGFP-based plasmids by RT-gPCR. (O,S) Tumor volumes were
measured every 3 days, followed by tumor harvest on day 29. (P,T)
Representative images and tumor weights from subcutaneous xenograft tumors.
(P) sh-NC vs. sh-RP4-694A7.2 groups. (T) Vector vs. RP4-694A7.2 groups. (Q,U)
Representative images of H&E staining and Ki-67 IHC in different groups of
xenograft tumor tissues. Scale bars: 50 ym. Data are presented as the mean +
SD from three independent experiments, with significance determined by

Student’s t-test (**P < 0.01, ***P < 0.001).

Fig. 3. RP4-694A7.2 binds to YBX1 and decreases its ubiquitination. (A)
Schematic workflow of the biotinylated RNA pull-down assay used to identify
RP4-694A7.2-binding proteins. (B) Silver-stained sodium dodecyl sulfate
polyacrylamide gel showing proteins pulled down from SK-MES-1 cell lysates by
biotin-labeled RP4-694A7.2 in an RNA pull-down assay. (C) Venn diagram
showing RBPs in the intersection of those identified by MS data and those
predicted using the catRAPID database. (D) Representative YBX1 peptides
binding to RP4-694A7.2 as detected by MS. (E) Specific association between
RP4-694A7.2 and YBX1 in NSCLC cells validated by RNA pull-down and RIP

assays. (F) Secondary structure of RP4-694A7.2 as predicted by RNAfold. The
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inset (framed in red) shows the YBX1-binding stem—loop structures in RP4-
694A7.2. (G) RT-gPCR analysis of RP4-694A7.2 and its deletion mutants pulled
down in RIP assays with the anti-YBX1 antibody or IgG in SK-MES-1 cells. (H)
Schematic representation of YBX1 mutants, with mutations generated at the
indicated amino acid positions. (I) IB detection of HA-tagged YBX1 (WT versus
domain truncation mutants) precipitated by in vitro-transcribed biotinylated RP4-
694A7.2 in SK-MES-1 cells. (J,K) YBX1 protein levels assessed by western
blotting in NSCLC cells following RP4-694A7.2 knockdown or overexpression.
(L,M) Protein levels of YBX1 in NSCLC cells with RP4-694A7.2 knockdown or
overexpression under CHX (50 pg/mL) treatment for the indicated times,
determined by western blotting. Quantitative statistics for YBX1 protein levels are
shown on the right. (N,O) Protein levels of YBX1 in NSCLC cells with RP4-
694A7.2 knockdown or overexpression, treated with MG132 (20 uM, 5 h),
determined by western blotting. (P,Q) Effects of RP4-694A7.2 knockdown or
overexpression on YBX1 ubiquitination in NSCLC cells. IB was performed with
anti-ubiquitin (Ub) after cell lysates had been subjected to IP with anti-YBX1
beads. Cells were treated with MG132 (20 uM, 5 h) before being harvested. (R)
Model for RP4-694A7.2-mediated YBX1 stability. (S,T) CCK-8 and colony
formation assays assessing the proliferation of RP4-694A7.2-overexpressing
NCI-H520 cells following YBX1 knockdown. Data are presented as the mean *
SD from three independent experiments, with significance determined by

Student’s t-test (**P < 0.01, ***P < 0.001).
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Fig. 4. RP4-694A7.2 enhances YBX1 protein stability by suppressing
WWP2-mediated ubiquitination and proteasomal degradation of YBX1. (A)
Simplified flow chart outlining the systematic screening process used to identify
ubiquitin-protein ligases interacting with YBX1. IP-MS Immunoprecipitation-mass
spectrometry. (B) Correlation between YBX1 and WWP2 expression in NSCLC
according to GEPIA2 analysis. (C,D) Interaction between YBX1 and WWP2
assessed by co-IP assay in NSCLC cells, under both endogenous conditions and
with exogenous overexpression. (E) Colocalization analysis of YBX1 and WWP2
in NSCLC cells by IF assay; scale bar: 20 ym. (F) Molecular docking analysis
(PyMOL) suggesting a potential interaction between YBX1 and WWP2 (docking
score: —369.69; confidence score: 0.9878). Red dashed lines indicate hydrogen
bonding. (G) Protein level of HA-YBX1 in NSCLC cells transfected with gradually
increasing numbers of Flag-WWP2 plasmids, determined by western blotting. (H)
NSCLC cells transfected with Flag-WWP2 were treated with CHX (50 pg/mL) and
harvested at the indicated time points for western blotting. The right panel shows
quantitative analysis of YBX1 protein levels. (I) NSCLC cells transfected with
Flag-WWP2 were treated with MG132 (20 uM, 5 h) before harvest, followed by
western blotting. (J) Effects of WWP2 overexpression on ubiquitination of YBX1
in NSCLC cells. IB was performed with anti-ubiquitin (Ub) after cell lysates had
been subjected to IP with YBX1 beads. Cells were treated with MG132 (20 pM,
5 h) before harvest. (K) SK-MES-1 cells were co-transfected with Flag-WWP2 or

vector plasmids, along with Myc-Ub and its mutants (K48-linked and K63-linked
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ubiquitin). Denaturing IP was performed, and the indicated proteins were
detected by western blotting. (L,M) IB for YBX1 and WWP2 following IP with
anti-WWP2 antibody in NSCLC cells with RP4-694A7.2 knockdown or
overexpression. (N) Graphical illustration of regulation of YBX1 ubiquitination by
RP4-694A7.2 and WWP2. Data are presented as the mean £ SD from three
independent experiments, with significance determined by Student’s t-test (***P

< 0.001).

Fig. 5. RP4-694A7.2 promotes YBX1 nuclear import by strengthening the
interaction of YBX1 with KPNA2. (A,B) Effects of RP4-694A7.2 knockdown or
overexpression on nuclear import of YBX1, analyzed by western blotting using
cytoplasmic (C) and nuclear (N) fractions from NSCLC cells. (C,D) Subcellular
distribution of YBX1 assessed by IF in NSCLC cells following RP4-694A7.2
knockdown or overexpression; scale bar: 20 um. (E) Colocalization analysis of
YBX1 and KPNA2 in NSCLC cells by IF assay; scale bar: 20 um. (F) Endogenous
interaction between YBX1 and KPNA2 assessed by co-IP assay in NSCLC cells.
(G,H) Specific association between RP4-694A7.2 and KPNA2 in NSCLC cells
validated by RIP and RNA pull-down assays. (I,J) 1B of YBX1 and KPNA2
following IP with anti-KPNA2 antibody in NSCLC cells with RP4-694A7.2
knockdown or overexpression. (K) Working model of RP4-694A7.2 enhancing
KPNA2-mediated YBX1 nuclear import. Data are presented as the mean + SD

from three independent experiments, with significance determined by Student’s
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t-test (**P < 0.01, ***P < 0.001).

Fig. 6. RP4-694A7.2 promotes DEPDC1 transcription through YBX1 to drive
NSCLC proliferation. (A) Heatmap and volcano plot of genes differentially
expressed between RP4-694A7.2 knockdown and control cells. (B) Venn
diagram showing the downstream genes coregulated by RP4-694A7.2 and YBX1.
(C,D) RT-gPCR analysis of IGFBP3, DEPDC1, HHIP, CYP24A1 and FOS mRNA
expression after RP4-694A7.2 or YBX1 knockdown in SK-MES-1 cells. (E)
Correlation of DEPDC1 expression with RP4-694A7.2 or YBX1 expression in
NSCLC according to GEPIA2 data. (F) Western blot analysis of DEPDC1 protein
expression in NSCLC cells after RP4-694A7.2 knockdown or overexpression. (G)
Western blot analysis of DEPDC1 protein expression in NSCLC cells after YBX1
knockdown or overexpression. (H) Representative western blot of DEPDC1 in
SK-MES-1 cells with RP4-694A7.2 knockdown and YBX1 overexpression (left),
and in NCI-H520 cells with RP4-694A7.2 overexpression and YBX1 knockdown
(right). (I) YBX1-binding sites in the DEPDC1 promoter predicted using JASPAR.
(J) Luciferase reporter assays measuring luciferase activity driven by the vector
control, WT DEPDC1 promoter, or mutant promoters (Mut1: -TGTCCCATC-;
Mut2: -TGTAACATC-) in HEK293T cells co-transfected with an HA-YBX1
plasmid. (K) Luciferase assays assessing DEPDC1 promoter (WT, Mut1, Mut2)
activity in NSCLC cells co-transfected with HA-YBX1 plasmids following RP4-

694A7.2 knockdown or overexpression. (L) ChIP-qPCR analysis determining the
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binding affinity of YBX1 to DEPDC1 promoter regions with RP4-694A7.2
knockdown or overexpression in NSCLC cells. ChlIP-gPCR with IgG was used as
a negative control. (M,N) Cell proliferation assessed by CCK-8 and colony
formation assays in RP4-694A7.2-overexpressing NCI-H520 cells with or without
DEPDC1 knockdown. (O) Model for RP4-694A7.2/YBX1-mediated transcriptional
activation of DEPDC1in NSCLC. TSS, transcription start site. Data are presented
as the mean £ SD from three independent experiments, with significance
determined by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001; ns, not

significant).

Fig. 7. RP4-694A7.2 promotes NSCLC proliferation by activating the Wnt/3-
catenin pathway. (A,B) Gene ontology biological process enrichment and
subsequent network-based cluster analysis showing that genes linked to
RP4-694A7.2 are involved in the regulation of cell proliferation, apoptosis, and
the cell cycle. (C) Kyoto Encyclopedia of Genes and Genomes enrichment
analysis showing significantly enriched pathways after RP4-694A7.2 knockdown.
(D) Gene set enrichment analysis indicating that reduced RP4-694A7.2
expression is correlated with suppression of Wnt/B-catenin signaling. (E,F)
Western blot analysis of B-catenin, cyclin D1, and c-Myc protein levels in NSCLC
cells with RP4-694A7.2 knockdown or overexpression. (G,H) Subcellular
distribution of B-catenin in the cytoplasmic (C) and nuclear (N) fractions of NSCLC

cells upon RP4-694A7.2 knockdown or overexpression, determined by
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subcellular fractionation and western blotting. (I,J) TOP/FOP Flash assays
showing Wnt/B-catenin pathway activity in NSCLC cells with RP4-694A7.2
knockdown or overexpression. (K,L) CCK-8 and colony formation assays
assessing proliferation after (-catenin knockdown (si-B-catenin) or IWR-1
treatment (20 uM, 24 h) in RP4-694A7.2-overexpressing NCI-H520 cells. (M)
Representative IHC images showing YBX1, DEPDC1, and 3-catenin expression
in xenograft tumors (from Fig. 2T). Scale bar: 50 um. (N) Representative IHC
staining of YBX1, DEPDC1, and B-catenin in paired NSCLC tissues and ANTSs.
Data are presented as the mean + SD from three independent experiments, with

significance determined by Student’s t-test (***P < 0.001).

Fig. 8. RP4-694A7.2 knockdown suppresses tumor growth in NSCLC PDX
models. (A) Schematic of the establishment of NSCLC PDX models. (B) Tumor
growth curves for PDX mice in the blank, si-NC, and si-RP4-694A7.2 groups.
PDX mice received intratumoral injection of siRNA (10 ug per tumor per dose)
delivered with in vivo-jetPEI®, followed by tumor volume measurement every 3
days (n = 5 per group). (C,D) Representative tumor images and weights from
each treatment group at 21 days post-injection. (E) RP4-694A7.2 knockdown
efficiency in PDX mice was determined by RT-gPCR. (F) Mouse body weights
were monitored every 3 days to assess systemic toxicity. (G) Representative
images of H&E and IHC staining for Ki-67, YBX1, DEPDC1, and 3-catenin in

different PDX groups. Scale bars: 50 ym. (H) Schematic representation of the
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study. RP4-694A7.2 directly binds to YBX1, enhancing its stability by suppressing
WWP2-mediated ubiquitination and proteasomal degradation. Moreover, RP4-
694A7.2 promotes YBX1 nuclear import by strengthening the interaction of YBX1
with KPNA2. Nuclear-accumulated YBX1 subsequently binds to the DEPDC1
promoter to facilitate DEPDC1 transcription, leading to Wnt/B-catenin pathway
activation and G1/S transition. Ultimately, this regulatory axis promotes NSCLC
proliferation. TSS, transcription start site. Data are presented as the mean + SD
from three independent experiments, with significance determined by Student’s

t-test (*P < 0.05, ***P < 0.001; ns, not significant).
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