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Abstract

Background: Lung adenocarcinoma (LUAD) is the most common subtype of non-small cell lung cancer and remains a major cause
of cancer-related mortality. Despite advances in targeted therapies, tumor heterogeneity and acquired resistance frequently undermine
clinical outcomes. This study aimed to identify novel oncogenic drivers and underlying mechanisms in LUAD. Methods: We examined
cellular retinoic acid-binding protein 2 (CRABP2) expression in human LUAD specimens and evaluated its functional role through in
vitro assays (cell proliferation, migration, invasion, and apoptosis) and in vivo xenograft tumor growth. Mechanistic exploration involved
RNA sequencing, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment, and immunoblotting for the nuclear factor
kappa B (NF-kB) signaling components, along with rescue experiments to dissect the pathway dependency. Results: CRABP2 was
identified as a candidate oncogene in LUAD. Functional assays confirmed that CRABP2 promoted proliferation, migration, and invasion,
suppressed apoptosis, and accelerated xenograft tumor growth. Mechanistically, CRABP2 potentiated retinoic acid (RA) signaling and
activated the NF-«xB pathway, as evidenced by enhanced inhibitor of nuclear factor kappa-B kinase subunit beta (IKKf) phosphorylation,
subsequent NF-«B inhibitor alpha (IkBa) phosphorylation, and nuclear translocation of total and phosphorylated p65. Rescue experiments
revealed that CRABP2-induced NF-kB activation is RA-dependent and that this activation mediates the oncogenic effects of CRABP2.
Conclusions: Our findings establish a CRABP2/RA/NF-kB axis that drives LUAD progression, highlighting this pathway as a potential
therapeutic target for intervention in LUAD.

Keywords: retinol-binding proteins; tretinoin; NF-kappa B; adenocarcinoma of lung; cell proliferation

1. Introduction findings suggest that CRABP2 may serve as a prognostic

Lung cancer remains the leading cause of cancer inci- marker and a potential therapeutic target.

dence and mortality worldwide [1]. Lung adenocarcinoma
(LUAD) is one of the main histological subtypes of lung
cancer [2]. Although advances in surgical resection, radio-
therapy, chemotherapy, targeted therapy, and immunother-
apy have improved LUAD management, patient progno-
sis remains poor [3]. There thus remains a pressing need
to clarify the molecular mechanisms that drive LUAD and
to identify novel therapeutic targets capable of guiding the
more effective management of this disease.

Cellular retinoic acid-binding protein 2 (CRABP2)is a
high-affinity intracellular carrier for retinoic acid (RA) [4].
It shuttles RA between the cytoplasm and the nucleus, de-
livering it to nuclear RA receptors (RARSs) [5], thereby reg-
ulating RA-dependent transcription [6]. Aberrant CRABP2
expression has been observed in multiple cancers [7,8,9].
At a functional level, there is evidence that CRABP2 is as-
sociated with processes including differentiation, prolifera-
tion, apoptosis, and lipid metabolism [10,11,12,13]. These

The RA signaling pathway mediates RA-dependent
control of gene expression [14]. As RA does not freely dif-
fuse into the nucleus, the actions of carrier proteins such
as CRABP2 are required for transport. In the nucleus,
RA binds RAR/Retinoid X Receptor (RXR) heterodimers
[15]. These heterodimers recognize retinoic acid response
elements (RARES) in target promoters and regulate tran-
scription [15]. RA signaling tightly controls the expres-
sion of genes involved in the cell cycle, differentiation,
metabolism, and apoptosis [16,17,18]. Dysregulation of the
RA signaling axis has been implicated in tumorigenesis.

The nuclear factor-kB (NF-kB) pathway is a central
mediator of inflammation and cancer [19,20,21]. In resting
cells, NF-kB dimers (commonly p50/p65) are sequestered
in the cytoplasm by inhibitor of NF-kB (IkB) proteins [22].
Extracellular stimuli such as Tumor Necrosis Factor-alpha
(TNF-a), Interleukin-1 (IL-1), lipopolysaccharides (LPS),
reactive oxygen species, or DNA damage activate the kB
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kinase (IKK) complex [23,24], whereupon activated IKK
phosphorylates IxBa, leading to its ubiquitination and pro-
teasomal degradation [25]. Freed NF-«kB then translocates
to the nucleus, binds kB motifs, and induces target gene
transcription [26]. NF-«kB signaling controls the expression
of myriad cytokines, adhesion molecules, anti-apoptotic
proteins, and cell-cycle regulators [27,28,29,30]. Persistent
NF-«kB activation is implicated in chronic inflammation, tu-
morigenesis, and metastasis [19,20,21]. While crosstalk be-
tween NF-kB signaling and other pathways has been firmly
established, the interplay between RA signaling and the NF-
kB axis remains to be fully characterized.

In this study, we found that CRABP2 is aberrantly
overexpressed in human LUAD. We further determined
that CRABP2 activates the RA signaling pathway, which,
in turn, activates NF-xB signaling, ultimately promot-
ing LUAD progression. Together, our data reveal a
novel CRABP2/RA/NF-kB signaling axis while highlight-
ing promising molecular targets as potential candidates for
therapeutic intervention.

2. Materials and Methods
2.1 Gene Profiling and Sample Collection

A RNA-seq dataset consisting of normal tissue and
LUAD tissue was obtained from The Cancer Genome Atlas
(TCGA) database (https://portal.gdc.cancer.gov/). Paired
primary tumor and adjacent non-tumorous tissues from 23
LUAD patients were obtained from the Biobank of Yunnan
Provincial Cancer Hospital, with approval from the Hospi-
tal Ethics Committee. All specimens were histopatholog-
ically confirmed, staged according to the American Joint
Committee on Cancer (AJCC) 9th edition Tumor, Node,
Metastasis (TNM) classification system, and independently
evaluated for tumor grade by two pathologists to ensure
sample quality and consistency.

2.2 RNA Extraction and Sequencing Analysis of Tumor
Tissues

RNA integrity was verified prior to library prepara-
tion and paired-end sequencing (150 bp) on the Illumina
NovaSeq 6000 platform (NovaSeq Control Software v1.8,
[llumina, Inc., San Diego, CA, USA). Following read pre-
processing, alignment to the GRCh38 genome was per-
formed using HISAT2 (v2.2.1) (Johns Hopkins University,
Baltimore, MD, USA), and gene abundance was quantified
with featureCounts (v2.0.1) (WEHI, Melbourne, VIC, Aus-
tralia). Differentially expressed genes were identified us-
ing DESeq2 (v1.30.1) (Harvard T.H. Chan School of Public
Health, Boston, MA, USA) with thresholds of |log2FC| >1
and False Discovery Rate (FDR) <0.05.

2.3 Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue sections
were deparaffinized in xylene and rehydrated through a
graded ethanol series. Antigen retrieval was performed in

sodium citrate buffer (pH 6.0) at 98 °C for 20 min. Endoge-
nous peroxidase activity was blocked, and non-specific
binding minimized by incubation with 5% BSA (A3858,
Sigma-Aldrich, St. Louis, MO, USA) for 30 min at room
temperature. Sections were incubated overnight at 4 °C
with primary antibodies against CRABP2 (1:50; 10225-
1-AP, Proteintech, Rosemont, IL, USA) and Ki-67 (1:50;
27309-1-AP, Proteintech, Rosemont, IL, USA). The follow-
ing day, HRP-conjugated secondary antibody (ZB-2301,
ZSGB-BIO, Beijing, China) was applied for 1 h at ambient
temperature. Immunoreactivity was visualized using DAB,
counterstained with hematoxylin, dehydrated, cleared, and
mounted prior to imaging.

2.4 Cell Culture and Transfection

Human LUAD cell lines, including A549, H1299,
H1650, H1734, H1975, and PC9, along with the normal
bronchial epithelial line BEAS-2B and HEK-293T embry-
onic kidney cells, were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). A549,
BEAS-2B, and HEK-293T cells were propagated in Dul-
becco’s modified Eagle medium (DMEM; Cytiva, Marlbor-
ough, MA, USA), whereas H1299, H1650, H1734, H1975,
and PC9 cells were maintained in RPMI-1640 (Cytiva,
Marlborough, MA, USA). All media were supplemented
with 10% fetal bovine serum (FBS; Cytiva, Marlborough,
MA, USA) and 1% penicillin-streptomycin, and cultures
were maintained at 37 °C in a humidified atmosphere con-
taining 5% CO,;. Routine testing confirmed the absence of
mycoplasma contamination. All cell lines were validated
by STR profiling and tested negative for mycoplasma.

CRABP2 overexpression and shRNA plasmids (Jing-
mai, Nanjing, China; sequences in Supplementary Table
1) were packaged into lentiviral particles via co-transfection
with psPAX2 and pMD2.G in HEK-293T cells using Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA, USA). Target
LUAD cells were infected with viral supernatants and se-
lected with 5 pg/mL puromycin for 7 days to establish sta-
ble overexpression or knockdown lines, which were main-
tained under standard culture conditions and passaged at
80% confluency.

2.5 Western Blotting

Cell lysates were prepared in RIPA buffer contain-
ing protease and phosphatase inhibitors (Leagene Biotech-
nology, Beijing, China) and clarified by centrifugation at
12,000 xg for 15 min at 4 °C. Protein concentration was
determined via BCA assay (Beyotime, Shanghai, China),
and 20-30 pg protein per sample was resolved on 10%
SDS-PAGE gels (PG112, Yamei Biotechnology, Shanghai,
China) and transferred to PVDF membranes (IPVH00010,
Merck KGaA, Darmstadt, Germany). Membranes were
blocked with 5% nonfat milk in TBST for 1 h at ambi-
ent temperature and incubated overnight at 4 °C with pri-
mary antibodies against CRABP2 (10225-1-AP; Protein-
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tech, Rosemont, IL, USA), STRA6 (22001-1-AP; Protein-
tech, Rosemont, IL, USA), RARP (14013-1-AP; Protein-
tech, Rosemont, IL, USA), CYP26A1 (28081-1-AP; Pro-
teintech, Rosemont, IL, USA), IKKp (15649-1-AP; Pro-
teintech, Rosemont, IL, USA), p-IKKf (PR31871S; Ab-
mart, China), IxBa (10268-1-AP; Proteintech, Rosemont,
IL, USA), p-IxBa (82349-1-RR; Proteintech, Rosemont,
IL, USA), p65 (10745-1-AP; Proteintech, Rosemont, IL,
USA), phosphorylated p65 (p-p65) (82335-1-RR; Protein-
tech, Rosemont, IL, USA) and loading control antibod-
ies against B-Actin (20536-1-AP; Proteintech, Rosemont,
IL, USA), GAPDH (10494-1-AP; Proteintech, Rosemont,
IL, USA), Lamin B1 (12987-1-AP; Proteintech, Rosemont,
IL, USA) diluted typically 1:1000 in TBST with 5% BSA.
After three TBST washes, membranes were treated with
HRP-conjugated secondary antibodies (1:5000; ABclonal,
Wuhan, China) for 1 h at room temperature. Signals
were detected using enhanced chemiluminescence (AB-
clonal, Wuhan, China). For Western blot densitometry, we
used ImageJ (National Institutes of Health, Bethesda, MD,
USA); band intensities were normalized to loading con-
trols (GAPDH, B-actin or Lamin B1) and expressed as fold
change relative to control group.

2.6 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was isolated using TRIzol (Invitrogen,
Carlsbad, CA, USA) and quantified with a NanoDrop.
cDNA was synthesized from 1 pg RNA using the Prime-
Script RT kit with gDNA Eraser (Takara Bio Inc., Kusatsu,
Shiga, Japan). qRT-PCR was performed with SYBR Green
Master Mix (Yeasen, Shanghai, China) on a real-time PCR
system. Each 20 pL reaction contained 2 uL. cDNA and 0.5
UM primers. Cycling: 95 °C for 10 min, 40 cycles of 95
°C for 10 s, 60 °C for 30 s. 18S rRNA served as internal
control. Relative expression was calculated using the 2744t
method. All reactions were performed in triplicate (primer
sequences in Supplementary Table 1).

2.7 Colony Formation Assay

For colony formation, 600 transfected cells/well were
seeded in 6-well plates and cultured 10-14 days, with
medium replaced every 3 days. Colonies (>50 cells) were
fixed with 4% paraformaldehyde, stained with 1% crystal
violet, and counted under a light microscope.

2.8 CCK-8 Cell Proliferation Assay

For short-term proliferation, 2 x 10° cells/well were
plated in 96-well plates and assayed at 0, 24, 48, 72, and
96 h using CCK-8 (C0042, Beyotime, Shanghai, China),
measuring absorbance at 450 nm.

2.9 EdU Incorporation Assay

EdU incorporation was performed using 10 uM EdU
(C0078S, Beyotime, Shanghai, China) for 2 h, followed by
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fixation, permeabilization, Click-iT labeling, DAPI coun-
terstaining, and fluorescence microscopy. At least three
random fields per sample were analyzed.

2.10 Flow Cytometry Detection of Apoptosis

Apoptosis was quantified via Annexin V-FITC/PI
staining (C1062S, Beyotime, Shanghai, China) and flow
cytometry on an Attune NxT system (Thermo Fisher Scien-
tific, Waltham, MA, USA). For data acquisition and analy-
sis, cells were first gated on FSC-A vs. SSC-A to exclude
debris and aggregates, followed by FSC-A vs. FSC-H to
exclude doublets. Single cells were then analyzed for FITC
(Annexin V) and PI fluorescence, with compensation set
using single-stained controls. A minimum of 10,000 events
were acquired per sample, and data were processed using
CytExpert v2.0 (Beckman Coulter, Brea, CA, USA).

2.11 Wound Healing Assay

Wound healing assays were conducted by creating a
scratch in confluent 6-well plates and monitoring closure
over 24 h.

2.12 Transwell Migration and Invasion Assays

Transwell migration and invasion assays employed 8
um chambers (Corning, NY, USA) with or without Matrigel
coating, seeding 5 x 10*~1 x 103 cells, and counting mi-
grated/invaded cells in five random fields.

2.13 In Vivo Tumor Xenograft Assay

All experimental animals involved in this study
were female BALB/c nude mice (specific pathogen-free,
SPF) and were purchased from GemPharmatech Co., Ltd.
(Jiangsu, China). All animals were healthy upon arrival and
had no prior procedures or experimental manipulation be-
fore the start of this study. They were immunodeficient
(Foxnlv/~ genotype), lacking functional T cells, which is
standard for subcutaneous xenograft models. Each animal
experiment included the experimental groups and a con-
trol group, with 5 mice per group, totaling 35 mice. The
experimental unit was the individual animal. The sample
size (n = 5 per group) was determined based on previous
similar studies on subcutaneous xenograft models. The al-
location of experimental animals followed the randomiza-
tion principle, using a random number table generated by
[www.randomization.com] to randomly assign mice to the
groups. The random sequence was generated before the
start of the experiment, and each mouse was assigned a
unique identification number. Based on the random se-
quence, animals were assigned to the control or treatment
groups. The randomization was performed by an investiga-
tor not involved in the experimental procedures to ensure al-
location concealment. Female BALB/c nude mice (6 weeks
old) were subcutaneously injected with 5 x 103 A549 cells
(CRABP2-overexpression or control) mixed 1:1 with Ma-
trigel (354234, Corning Inc., Corning, NY, USA). Tumor
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growth was monitored every 3 days, and volume calculated
as (length x width?) / 2. After 5 weeks, tumors were ex-
cised, weighed, and processed for histology. All procedures
were IACUC-approved. Animals were euthanized by in-
traperitoneal injection of sodium pentobarbital (150 mg/kg;
50 mg/mL) at the end of the experiments. Based on the
body weight of each animal (ranging from 22 g to 28 g),
the injection volume was approximately 0.066—0.084 mL
per animal, calculated using a pentobarbital concentration
of 50 mg/mL. Specifically, for a typical animal weighing
25 g, the volume administered would be 0.075 mL, and all
efforts were made to minimize suffering. This study did
not involve the use of anesthetics on experimental animals,
as the experimental design did not necessitate such proce-
dures. This study was carried out in accordance with the
ARRIVE guidelines.

2.14 RNA Sequencing and Transcriptomic Analysis of
Cultured Cells

Total RNA from A549 cells with CRABP2 overex-
pression or control was isolated, and integrity verified (RIN
=>7.0). Libraries were constructed using Illumina TruSeq
Stranded mRNA kit (Illumina Inc., San Diego, CA, USA)
and sequenced on HiSeq X (Illumina Inc., San Diego, CA,
USA) (150 bp paired-end). Reads were quality-controlled,
aligned to hg38 using HISAT2, quantified with feature-
Counts (v2.0.1) (WEHI, Melbourne, VIC, Australia), and
differential expression analyzed by DESeq?2 (v1.30.1) (Har-
vard T.H. Chan School of Public Health, Boston, MA,
USA) (adjusted p < 0.05). Pathway enrichment analyses
were performed using standard bioinformatics tools.

2.15 Nuclear and Cytoplasmic Protein Fractionation

Nuclear and cytoplasmic proteins were separated
using the Beyotime Nuclear/Cytosol Fractionation Kit
(P0027, Beyotime, Shanghai, China), with fraction purity
confirmed by Western blot for GAPDH and Lamin B1.

2.16 Immunofluorescence (IF)

Cells on coverslips were fixed (4% paraformalde-
hyde), permeabilized (0.1% Triton X-100), blocked with
5% BSA, incubated with primary (1:200) and fluorescent
secondary antibodies, counterstained with DAPI, and im-
aged by fluorescence microscopy. The secondary antibod-
ies used were Alexa Fluor™ 488 Goat Anti-Mouse IgG
(H+L) (A-11001, Invitrogen, Waltham, MA, USA) and
Alexa Fluor™ 555 Donkey Anti-Rabbit IgG (H+L) (A-
31572, Invitrogen, Waltham, MA, USA).

2.17 Statistical Analysis

Data are presented as mean + SD from at least three in-
dependent experiments. Two-group comparisons used Stu-
dent’s #-test; multi-group comparisons employed one-way
ANOVA with Tukey’s post hoc test. Analyses were con-
ducted in GraphPad Prism 9.0 (San Diego, CA, USA), with

significance defined as *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001.

3. Results
3.1 CRABP? is Significantly Overexpressed in LUAD

To identify candidate pathogenic genes in LUAD, we
performed transcriptomic sequencing of three paired tumor
and matched adjacent non-tumor tissue samples. CRABP2
expression was significantly upregulated in tumor tissues
(Fig. 1A). Analysis of TCGA cohort corroborated this find-
ing, with markedly higher CRABP2 mRNA levels in LUAD
as compared to matched adjacent tissues (Fig. 1B,C). We
next validated these results in an independent clinical co-
hort, with qRT-PCR analysis of 20 paired specimens con-
firming significantly increased CRABP2 mRNA levels in
tumors versus matched adjacent tissues (Fig. 1D). IHC
consistently confirmed stronger CRABP2 staining in tumor
sections as compared with adjacent normal tissue (Fig. 1E).
To investigate the prognostic significance of CRABP2 in
LUAD, we analyzed multiple clinical cohorts from TCGA
and Gene Expression Omnibus (GEO) databases. Survival
analyses consistently demonstrated that elevated CRABP2
expression was significantly associated with poorer overall
survival in patients with LUAD (Fig. 1F).

We then examined CRABP2 expression in cell lines.
gRT-PCR and Western blotting analysis of six lung cancer
cell lines and one normal bronchial epithelial cell line re-
vealed CRABP2 overexpression in the cancer lines (Fig.
1G). Based on these data, A549 and PC9 cells were chosen
as LUAD cell lines for use in subsequent functional studies.
Stable CRABP2-overexpression and CRABP2-knockdown
lines were generated via lentiviral transduction, with qRT-
PCR and Western blotting confirming the expected changes
in CRABP2 expression (Fig. 1H,I). Collectively, these
data demonstrate that CRABP2 is overexpressed in human
LUAD and provide a basis for its functional characteriza-
tion in this cancer type.

3.2 CRABP2 Promotes Proliferation and Inhibits
Apoptosis in LUAD Cells

In CCK-8 and colony formation assays, CRABP2
overexpression markedly enhanced the proliferation of
A549 and PC9 cells, whereas CRABP2 knockdown pro-
duced the opposite effect (Fig. 2A,B). EdU incorporation
assays confirmed these results, as CRABP2 overexpres-
sion raised the proportion of EdU-positive cells, whereas
CRABP2 knockdown reduced EdU incorporation (Fig.
2C-E), indicating altered DNA synthesis activity. Flow cy-
tometry revealed reciprocal effects on apoptosis, such that
the rate of apoptotic death was lower among cells overex-
pressing CRABP2 but higher following CRABP2 knock-
down (Fig. 2F,G). These data indicate an anti-apoptotic
role for CRABP2. In wound healing and Transwell as-
says, CRABP2 overexpression enhanced the migration and
invasion of A549 and PC9 cells, while CRABP2 knock-
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Fig. 1. Cellular retinoic acid-binding protein 2 (CRABP?2) is significantly overexpressed in lung adenocarcinoma (LUAD). (A)
Transcriptome (RNA-seq) analysis of three paired LUAD tumor and matched adjacent non-tumor tissues. (B,C) Analysis of The Cancer
Genome Atlas (TCGA) cohort confirmed elevated CRABP2 mRNA levels in LUAD relative to matched adjacent tissues. (D) Validation
in an independent clinical cohort (n = 20 pairs) by qRT-PCR demonstrated significantly higher CRABP2 expression in tumors. (E)
Immunohistochemistry staining showed stronger CRABP2 signal in tumor tissues compared with adjacent normal sections. Scale bar,
100 um/50 pm. (F) Kaplan-Meier survival analyses across multiple TCGA and Gene Expression Omnibus (GEO) cohorts indicated
that high CRABP2 expression was associated with poorer overall survival in LUAD patients. (G) qRT-PCR and Western blotting of
six LUAD cell lines and one normal bronchial epithelial line revealed CRABP2 overexpression in cancer cells. (H,I) Stable CRABP2-
overexpression and CRABP2-knockdown cell lines were established in A549 and PC9 cells via lentiviral transduction, with qRT-PCR
and Western blotting confirming expected modulation of CRABP2 levels. Data are presented as mean = SD; **p < 0.01, ***p < 0.001,
***%p <0.0001.
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Fig. 2. Cellular retinoic acid-binding protein 2 (CRABP2) promotes proliferation and inhibits apoptosis in lung adenocarcinoma
(LUAD). (A,B) Colony formation (A) and CCK-8 assays (B) show that CRABP2 overexpression (OE) increases, whereas knockdown
(KD) decreases, the proliferation of A549 and PC9 cells. (C-E) EdU incorporation assay: CRABP2 OE raises the proportion of EdU-
positive cells, and CRABP2 KD reduces it. Scale bar, 100 pm/50 um. (F,G) Flow cytometric analysis reveals that CRABP2 OE reduces
apoptosis, and CRABP2 KD increases apoptosis. (H-L) Wound healing and Transwell assays demonstrate that CRABP2 OE enhances
migration and invasion, while CRABP2 KD impairs these abilities. Scale bars: 500 um. (M) Subcutaneous xenograft model: mice
injected with CRABP2-OE A549 cells develop larger and heavier tumors than control mice (n = 5 per group). Representative tumor
images (top), quantitative analysis of tumor volume (bottom left), and quantitative analysis of tumor weight (bottom right) are shown.
(N) Immunohistochemistry of Ki-67 in excised tumors shows a higher percentage of Ki-67-positive cells in the CRABP2-OE group.
Scale bar, 100 um/50 um. All quantitative data are presented as mean + SD; **p < 0.01, ***p <0.001, ****p < 0.0001.
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down significantly impaired cell migration and invasion
(Fig. 2H-L).

To validate these results in vivo, we generated sub-
cutaneous xenografts by injecting A549 cells into nude
mice. Mice injected with CRABP2-overexpressing cells
developed tumors that grew faster and reached greater vol-
umes and weights than those of control mice injected with
A549-NC cells (Fig. 2M). IHC staining of excised tumors
revealed a higher fraction of Ki-67 positive cells in the
CRABP2-overexpression group (Fig. 2N), consistent with
increased proliferative activity.

Together, these in vitro and in vivo results demonstrate
that CRABP2 promotes proliferation, migration, and inva-
sion while inhibiting apoptosis, thereby enhancing tumor
growth and aggressiveness in LUAD.

3.3 CRABP?2 Activates the RA Signaling Pathway

Because CRABP2 mediates RA transport and signal-
ing, we next examined its impact on the RA pathway. In
A549 and PC9 cells, qRT-PCR and Western blotting anal-
yses showed that CRABP2 overexpression markedly in-
creased the expression of RA target genes, including RARB,
STRAG6, and CYP26A1. In contrast, CRABP2 knockdown
significantly reduced their expression (Fig. 3A,B; Sup-
plementary Fig. 1A). These results demonstrate that
CRABP2 overexpression activates the RA signaling path-
way, whereas CRABP2 knockdown inhibits it.

3.4 CRABP2-Mediated Activation of the RA Pathway
Enhances NF-kB Signaling

Previous studies have demonstrated the ability of
RA signaling to regulate multiple downstream pathways,
thereby exerting diverse biological effects. To examine this
possibility in LUAD, we performed RNA sequencing to
compare the gene expression profiles of A549 cells over-
expressing CRABP2 to those of control cells. Following
CRABP2 overexpression, 596 genes were significantly up-
regulated, while 562 genes were significantly downregu-
lated (Fig. 3C). KEGG analysis revealed the strong enrich-
ment of differentially expressed genes in the NF-kB signal-
ing pathway (Fig. 3D), suggesting a potential regulatory
link between CRABP2 and NF-«kB signaling.

To verify this finding, we tested NF-kB activation
in A549 and PC9 cells. Western blotting indicated that
CRABP2 overexpression increased the phosphorylation of
IKKB (p-IKKp) and IkBa (p-IkBa). Cytoplasmic/nuclear
fractionation further revealed reduced cytoplasmic p65 and
p-p65 levels, together with a corresponding increase in nu-
clear p65 and p-p65, indicating enhanced nuclear translo-
cation and activation of NF-kB signaling. CRABP2 knock-
down, in contrast, reduced p-IKKf and p-IxBa levels while
also increasing cytoplasmic p65 and p-p65 levels and re-
ducing their nuclear levels (Fig. 3E—H). This suggests that
CRABP2 knockdown suppresses NF-«B activation by pre-
venting p65 and p-p65 nuclear translocation. IF staining
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confirmed these results, as p65 and p-p65 were predomi-
nantly localized in the nuclei of CRABP2-overexpressing
cells, whereas their nuclear localization was reduced in
CRABP2-knockdown cells (Fig. 3I; Supplementary Fig.
1B). Collectively, these results demonstrate that CRABP2
promotes NF-kB pathway activation in LUAD cells.

To test whether these effects are mediated by RA
signaling, we performed rescue experiments. Treating
CRABP2-overexpressing cells with the RA pathway in-
hibitor BMS493 for 48 h reduced p-IKKp and p-IkBa lev-
els. BMS493 treatment also reversed the observed nuclear
accumulation of p65 and p-p65 in these cells, increasing
their cytoplasmic retention. Conversely, treating CRABP2-
knockdown cells with the RA agonist TTNPB for 48 h in-
creased p-IKKP and p-IxBa levels and promoted the nu-
clear translocation of p65 and p-p65 (Fig. 3J-M). IF stain-
ing yielded consistent results, demonstrating that BMS493
decreased nuclear p65/p-p65 levels, while TTNPB treat-
ment had the opposite effect (Fig. 3N, Supplementary Fig.
10).

Together, these data show that CRABP2 promotes
NF-«kB pathway activation by activating RA signaling in
LUAD cells, and that inhibition or activation of the RA
pathway can reverse the effects of CRABP2 overexpression
or knockdown, respectively.

3.5 RA Signaling-Mediated Activation of the NF-xB
Pathway Promotes LUAD Progression

To determine whether the tumor-promoting effects of
CRABP2 are mediated via the NF-xB pathway through a
mechanism regulated by RA signaling, we performed res-
cue experiments. Briefly, CRABP2-overexpressing A549
and PC9 cells were split into three groups and treated as fol-
lows for 48 h: Group A received the RA inhibitor BMS493;
Group B received BMS493 plus the NF-«kB activator LPS;
and the control group received PBS. CCK-8 and colony-
formation assays revealed that the proliferation of cells in
Group A was markedly reduced as compared to control cells
(Fig. 4A—C). EdU assays further confirmed a lower propor-
tion of S-phase (EdU-positive) cells in Group A, indicating
decreased DNA synthesis and proliferation (Fig. 4D). Flow
cytometry showed increased apoptosis in Group A (Fig.
4E), while wound healing and Transwell assays revealed
reduced migration and invasion in Group A (Fig. 4F-H).
These data indicate that RA pathway inhibition suppresses
the tumor-promoting effects of CRABP2.

Compared with Group A, Group B exhibited the
restoration of malignant phenotypes. Specifically, CCK-8
and colony formation assays revealed higher proliferation
in Group B (Fig. 4A-C), while EdU staining showed an
increased proportion of EdU-positive cells (Fig. 4D). A re-
duction in apoptosis was also noted in Group B relative to
Group A (Fig. 4E). Wound healing and Transwell assays
also demonstrated the recovery of motility and invasive ca-
pacity in Group B (Fig. 4F-H). These results suggest that
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Fig. 3. Cellular retinoic acid-binding protein 2 (CRABP2)-mediated activation of the retinoic acid (RA) pathway enhances the
nuclear factor kappa B (NF-kB) signaling. (A,B) Western blot analyses of RA target genes (RARB, STRA6, CYP26A1) in A549
and PC9 cells. CRABP2 overexpression (OE) markedly increases their expression, whereas CRABP2 knockdown (KD) significantly
reduces it. (C) Volcano plot of RNA-seq analysis showing differentially expressed genes following CRABP2 overexpression in A549
cells (596 upregulated, 562 downregulated). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
highlighting NF-«kB signaling as significantly enriched. (E-H) Western blot analysis (E,F) and cytoplasmic/nuclear fractionation (G,H)
in A549 and PC9 cells. CRABP2 OE increases phosphorylation of inhibitor of nuclear factor kappa-B kinase subunit beta (IKKf)
and NF-«B inhibitor alpha (IkBa), reduces cytoplasmic p65/phosphorylated p65 (p-p65), and increases nuclear p65/p-p65; CRABP2
knockdown (KD) produces opposite effects. (I) Immunofluorescence staining of p65 and p-p65 in A549 cells. CRABP2 OE promotes
nuclear localization, whereas CRABP2 KD reduces it. Scale bar, 50 um. See also Supplementary Fig. 1B. (J-M) Rescue experiments
with the RA pathway inhibitor BMS493 (in CRABP2-OE cells) and the RA agonist TTNPB (in CRABP2-KD cells). BMS493 reduces
phosphorylated IKKp (p-IKK)/phosphorylated IkBa (p-IkBo) and reverses nuclear accumulation of p65/p-p65; TTNPB increases these
phosphorylation events and promotes nuclear translocation. (N) Immunofluorescence staining confirming that BMS493 decreases nuclear
p65/p-p65, while TTNPB increases it. Scale bar, 50 pm. See also Supplementary Fig. 1C. The concentrations, administration methods,
and treatment durations of all reagents and pharmacological agents are provided in Supplementary Table 2.
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Group B reverses this effect. Scale bar, 100 um/50 um. (E) Flow cytometry analysis of apoptosis. Group A shows increased apoptosis;
Group B shows reduced apoptosis relative to Group A. (F—H) Wound healing (F) and Transwell migration/invasion (G,H) assays. Group
A exhibits impaired migration and invasion, which are restored in Group B. Scale bars: 500 um. (I-K) Subcutaneous xenograft model
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NF-«xB activation can rescue the tumor-suppressing effect
imposed by RA blockade. Thus, the tumor-promoting ef-
fects of CRABP2 require RA signaling and are, at least par-
tially, mediated via NF-«xB activation.

To expand on these findings in vivo, we gen-
erated subcutaneous xenografts by injecting CRABP2-
overexpressing A549 cells into nude mice. Mice were then
assigned to three groups and treated daily for 5 weeks as
follows: Group A received BMS493 (RA inhibitor), Group
B received BMS493 plus LPS (NF-«B activator), and the
control group received PBS. After 5 weeks, mice were sac-
rificed and tumors were collected. Tumors in Group A
grew more slowly than those in control mice (Fig. 4I),
and both tumor volume and tumor weight were significantly
smaller in Group A (Fig. 4J). IHC revealed a smaller frac-
tion of Ki-67-positive cells in tumors from Group A, indi-
cating reduced proliferative activity (Fig. 4K). These find-
ings demonstrate that RA pathway inhibition suppresses the
tumor-promoting effects of CRABP2. In Group B, tumor
growth was faster than in Group A (Fig. 4I), with tumor vol-
umes and weights that were significantly larger than those
in Group A, approaching the levels observed in controls
(Fig. 4J). Ki-67 staining revealed a higher proportion of
proliferating cells in Group B (Fig. 4K). These data show
that NF-«xB activation can restore the CRABP2-driven tu-
mor growth suppressed by RA blockade.

Together with our in vitro results, these in vivo data
support the ability of CRABP2 to promote tumor growth via
the RA signaling-dependent activation of the NF-«B signal-
ing pathway.

3.6 Inhibition of NF-xB Signaling Suppresses
CRABP2-Mediated Tumor-Promoting Effects

To further investigate the role of NF-xB in CRABP2-
driven tumor growth, we performed rescue experiments.
Briefly, CRABP2-overexpressing A549 and PC9 cells were
treated with the NF-xB inhibitor BAY11-7082 for 48 h.
CCK-8 and colony formation assays revealed a marked re-
duction in cell proliferation in response to NF-kB inhibition
(Fig. 5A-D). EdU assays confirmed that such treatment
was associated with the presence of fewer EdU-positive
cells, indicating decreased DNA synthesis (Fig. 5E,F).
Flow cytometry revealed a significant increase in apoptosis
(Fig. 5G,H). Wound-healing and Transwell assays showed
reduced migration and invasion (Fig. 5I-M). These re-
sults indicate that NF-kB inhibition suppresses the tumor-
promoting effects of CRABP2 in vitro.

To further determine whether RA signaling functions
upstream of NF-«B activation, CRABP2-overexpressing
A549 and PC9 cells were co-treated with BAY 11-7082 and
the RAR agonist TTNPB for 48 h. Compared with BAY11-
7082 treatment alone, co-treatment with TTNPB signifi-
cantly restored cell proliferation, as demonstrated by CCK-
8 and colony formation assays (Fig. SA-D). Similarly, EdU
assays showed a marked increase in the proportion of EdU-
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positive cells in the BAY11-7082 + TTNPB group, indi-
cating enhanced DNA synthesis (Fig. 5E,F). Flow cyto-
metric analysis further revealed that TTNPB treatment sig-
nificantly reduced the apoptotic rate induced by BAY 11-
7082 (Fig. 5G,H). In addition, wound healing and Tran-
swell assays demonstrated partial recovery of migratory and
invasive abilities following TTNPB treatment (Fig. 51—
M). These results indicate that activation of RA signaling
can reverse the tumor-suppressive effects caused by NF-«kB
inhibition. Taken together, these findings further support
a model in which RA signaling acts upstream of NF-«kB
signaling and promotes CRABP2-mediated malignant pro-
gression in LUAD.

For in vivo validation, we established subcuta-
neous xenografts by injecting A549 cells overexpressing
CRABP2 into nude mice. The treatment group received
intraperitoneal BAY 11-7082 daily, while controls received
equal volumes of PBS. After five weeks, mice were sacri-
ficed and tumors were collected. Tumors from the BAY 11-
7082-treated group grew more slowly than those from con-
trols (Fig. 5N). Both tumor volume and tumor weight were
significantly reduced in the treated group (Fig. 5N). IHC
staining revealed a lower fraction of Ki-67-positive cells in
treated tumors, indicating a reduction in proliferative activ-
ity (Fig. 50).

Collectively, these in vitro and in vivo results show that
NF-xB inhibition suppresses the tumor-promoting effects
of CRABP2, consistent with CRABP2 acting through NF-
kB activation to drive LUAD progression.

4. Discussion

RA and its associated signaling pathways play mul-
tifaceted roles in tumor biology. Clinical and molecular
epidemiological studies have shown that aberrant regula-
tion of RA signaling is common in many solid tumors, in-
cluding non-small cell lung cancer (NSCLC) [31,32,33].
In NSCLC, hypermethylation of CpG islands in the RARB
promoter frequently leads to gene silencing [34]. This
suggests that epigenetic inactivation of RARB is a key
mechanism contributing to tumor initiation and progres-
sion. Beyond receptor-level regulation, intracellular com-
ponents of the RA pathway are also dysregulated in the con-
text of oncogenic activity. For example, the RA-binding
protein CRABP2 is abnormally expressed in lung cancer
[35]. Its high expression correlates with increased inva-
sion, metastasis, and poor prognosis. This suggests that,
in addition to nuclear receptors, RA signaling is controlled
by intracellular transport, binding proteins, and metabolic
enzymes, which together shape tumor cell behavior at
the molecular level [36,37,38]. These observations have
prompted extensive interest in RA and its analogs, such as
all-trans RA (ATRA), in cancer prevention and treatment
[39]. Early clinical trials explored the single-agent utility of
ATRA, while preclinical research examined its synergistic
effects when combined with chemotherapy or immunother-
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apy [40]. Collectively, these studies highlight the impor-
tance of the RA pathway as both a key regulator of lung
cancer biology and a promising therapeutic target. Further
research focused on the RA pathway centered on epigenetic
regulation, signaling crosstalk, and combination treatment
strategies may provide new opportunities for precision ther-
apy in lung cancer.

Importantly, the RA signaling pathway not only di-
rectly regulates target gene expression but also interacts
with multiple signaling cascades to influence tumor pro-
gression. Studies have shown that RA signaling modulates
key oncogenic pathways, including the MAPK, PI3K/Akt,
Wnt/B-catenin, and TGF-$ pathways [41,42,43]. For ex-
ample, activation of the RA-RARa signaling axis induces
ERK1/2 phosphorylation and enhances tumor cell migra-
tion [33]. The RA-RXR complex interacts with B-catenin,
altering the transcription of Wnt target genes [44]. In addi-
tion, RA-mediated cooperation with Smad signaling plays
a critical role in epithelial-mesenchymal transition (EMT)
regulation [45]. Together, these findings suggest that ab-
normal RA signaling drives intrinsic tumor cell behavior
while also reshaping the tumor microenvironment and pro-
moting immune evasion.

In LUAD, the relationship between RA signaling and
NF-kB signaling has not been well established. Here, we
found that CRABP2 markedly activates RA signaling. Be-
cause CRABP?2 functions mainly as a carrier and transporter
of RA, its overexpression may increase nuclear RA avail-
ability, thus enhancing RAR-mediated transcription. Tran-
scriptomic sequencing of CRABP2-overexpressing A549
cells revealed 596 upregulated and 562 downregulated
genes relative to control cells. KEGG pathway analysis
showed significant enrichment in the NF-kB signaling path-
way, suggesting that CRABP2 may influence NF-kB acti-
vation through RA signaling. To verify this hypothesis, we
examined NF-«xB pathway components via Western blotting
and IF staining, ultimately confirming that CRABP2 regu-
lates NF-kB pathway activity. Moreover, in rescue exper-
iments, the effects of CRABP2 overexpression or knock-
down on NF-«B signaling were reversed by RA pathway in-
hibition or activation, respectively. These findings demon-
strate that CRABP2 regulates the NF-«B signaling pathway
via RA signaling, uncovering a new molecular link between
these two pathways in the development of LUAD.

Extensive evidence shows that the NF-xB signaling
pathway plays a central role in tumor initiation and pro-
gression. At the molecular level, NF-kB drives expression
of pro-survival and proliferative genes, pro-inflammatory
cytokines, and angiogenic factors [46,47,48]. These
changes give tumor cells anti-apoptotic advantages, facil-
itate metabolic reprogramming, and provide vascular sup-
port. NF-«xB also promotes EMT activity and metastasis
by inducing the expression of matrix metalloproteinases,
chemokine receptors, and EMT-associated transcription
factors across multiple solid tumors [49,50,51]. Persistent
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NF-xB activation also increases resistance to chemother-
apy and radiotherapy, contributing to therapeutic failure
[52,53].

Many studies have reported aberrant NF-kB activation
in NSCLC. Increased NF-«kB expression or activity corre-
lates with disease progression and poorer overall survival
[54,55,56]. Mechanistic research has further demonstrated
that NF-kB inhibition in pS3-deficient mice induces apop-
tosis and slows LUAD growth, while galectin-3 activates
Toll-like receptor 4 (TLR4)-NF-«B signaling to increase
NEAT1, driving proliferation and migration, and MYC-
associated zinc finger protein (MAZ) activates NF-xB to
promote tumor growth and immune evasion [57,58,59].
These data underscore the promise of NF-kB as a promis-
ing therapeutic target. Preclinical and early clinical studies
suggest that combining NF-kB inhibitors with chemother-
apy or immunotherapy can enhance efficacy and help over-
come therapeutic resistance [60,61].

In our study, CRABP2 promoted proliferation and
suppressed apoptosis in LUAD cells. Blocking the RA
signaling pathway markedly weakened this effect, indi-
cating that the tumor-promoting effects of CRABP2 de-
pend on RA signaling. Activating NF-kB restored the
ability of CRABP2 to promote tumor development even
when RA signaling was inhibited. Conversely, NF-kB in-
hibition strongly attenuated the tumor-promoting effects of
CRABP2. Together, these results indicate that CRABP2
drives tumor progression by activating NF-kB, and that NF-
kB activation is contingent on CRABP2-mediated RA path-
way activation.

In conclusion, our study shows that CRABP2 is signif-
icantly upregulated in LUAD and actively promotes tumor
progression, identifying the CRABP2/RA signaling/NF-«B
pathway axis as a novel mechanism underlying this ef-
fect. These findings expand mechanistic understanding of
CRABP2 in LUAD and suggest that CRABP2 and its down-
stream pathways may offer utility as candidate diagnostic,
prognostic, and therapeutic targets.

5. Limitations

Despite the significant findings presented in this
study, several limitations should be acknowledged. First,
while our transcriptome sequencing and validation co-
horts consistently demonstrated CRABP2 upregulation in
LUAD, the sample size for the in-house validation (20
paired specimens for qRT-PCR and three paired samples
for sequencing) was relatively modest. Larger, multi-
center clinical cohorts with long-term follow-up data are
needed to definitively establish the clinical and prognos-
tic value of CRABP2 expression. Second, although we
demonstrate that CRABP2 activates RA signaling and sub-
sequently the NF-kB pathway, the precise molecular inter-
actions require further mechanistic dissection, including co-
immunoprecipitation and chromatin immunoprecipitation
(ChIP) assays. Third, our in vivo experiments relied solely
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on subcutaneous xenograft models using A549 cells. While
informative, these models do not fully recapitulate the na-
tive tumor microenvironment, immune interactions (as they
were performed in nude mice), or the metastatic process.
Future studies using orthotopic mouse models, immuno-
competent models, or patient-derived xenografts (PDXs)
would provide more clinically relevant insights. Fourth, al-
though CRABP2 is known to facilitate nuclear delivery of
RA and activation of RAR-dependent transcription, direct
assessment of RA nuclear trafficking and CRABP2-RAR
interactions in LUAD cells was not performed in the present
study and warrants further investigation. Finally, the poten-
tial functional redundancy between CRABP2 and other RA-
binding proteins, such as cellular retinoic acid-binding pro-
tein 1 (CRABPI) or fatty acid-binding protein 5 (FABPS),
was not explored. It remains possible that these related pro-
teins may compensate for or interact with CRABP2, partic-
ularly in resistant cell lines.

6. Conclusion

In summary, this study identifiecs CRABP2 as a signif-
icantly overexpressed oncogene in LUAD that drives ma-
lignant progression. We demonstrate that CRABP2 exerts
its tumor-promoting effects—enhanced proliferation, mi-
gration, invasion, and reduced apoptosis—by activating a
novel CRABP2/RA signaling/NF-«B signaling axis. Mech-
anistically, CRABP2 upregulation activates the RA signal-
ing pathway, which in turn promotes IKKB/IxBa phospho-
rylation and nuclear translocation of p65/p-p65, thereby
triggering NF-kB activation. Rescue experiments con-
firmed that the functional consequences of CRABP2 are
dependent on this sequential pathway activation, as phar-
macological inhibition of either RA or NF-«B signaling ab-
rogated CRABP2-driven malignancy, while activation of
NF-«B restored it. Collectively, these findings not only ex-
pand our understanding of CRABP2 biology in LUAD but
also provide a strong preclinical rationale for targeting the
CRABP2/RA/NF-«kB axis as a potential therapeutic strat-
egy for LUAD. Moreover, CRABP2 and its downstream
effectors may serve as valuable diagnostic biomarkers or
predictive indicators of response to therapies targeting these
pathways.
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