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Abstract Metastasis serves as an indicator of malignancy and is a biological characteristic of carci-

nomas. Epithelialemesenchymal transition (EMT) plays a key role in the promotion of tumor invasion

and metastasis and in the enhancement of tumor cell aggressiveness. Prostaglandin E synthase 3 (p23)

is a cochaperone for heat shock protein 90 (HSP90). Our previous study showed that p23 is an

HSP90-independent transcription factor in cancer-associated inflammation. The effect and mechanism

of action of p23 on lung cancer metastasis are tested in this study. By utilizing cell models in vitro

and mouse tail vein metastasis models in vivo, the results provide solid evidence that p23 is critical

for promoting lung cancer metastases by regulating downstream CXCL1 expression. Rather than acting

independently, p23 forms a complex with RNA-binding motif protein 14 (RBM14) to facilitate EMT pro-

gression in lung cancer. Therefore, our study provides evidence for the potential role of the RBM14ep23

eCXCL1eEMT axis in the metastasis of lung cancer.
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1. Introduction

Lung cancer has become a prominent contributor to global mor-
tality rates associated with malignancies and is a major global
public health burden1-3. Despite advancements in diagnosis, sur-
gical techniques, radiotherapy, and chemotherapy over the past
decade4-6, the mortality rate of lung cancer remains alarmingly
high, with a mere 15% 5-year survival rate, primarily due to the
widespread metastasis of lung cancer7,8. The efficacy of targeted
therapy in tumor treatment is promising. However, the intricate
interactions between the tumor and its stroma greatly impede the
development of targeted therapies for tumor metastasis. Therefore,
it is imperative to investigate novel molecular mechanisms and
targets of lung cancer metastasis to establish a theoretical foun-
dation for developing innovative treatment strategies or thera-
peutic agents and ultimately enhance the quality of life for patients
with lung cancer.

The process of epithelialemesenchymal transition (EMT) in
tumor cells is characterized by the loss of intercellular adhesion
among epithelial tumor cells and the acquisition of migration and
invasion properties of mesenchymal cells, thereby promoting the
metastasis and development of various cancers9. The acquisition of
metastatic properties by tumor cells increased aggressiveness,
bringing substantial challenges to clinical management and patient
survival10. Therefore, there is an urgent need to investigate the
molecular targets and pathways involved in EMT in tumor cells,
which will not only establish a theoretical foundation for preventing
EMT but also facilitate the identification of potential therapeutic
agents. In the present study, we focus on the EMT marker, CXCL1,
to reveal a new mechanism for the regulation of its expression.

CXCL1, a chemokine of the CXC family, is implicated in the
pathogenesis of various inflammatory diseases and plays a
crucial role in physiology and cancer progression, particularly in
EMT11-13. Elevated CXCL1 expression in tumor tissues and serum
has been associated with tumor metastasis and poor prognosis in
ovarian cancer, lung adenocarcinoma, colorectal cancer, and
pancreatic ductal adenocarcinoma14-18. A previous study reported
that CXCL1 is positively correlated with the migration and inva-
sive activity of osteosarcoma cell lines19 and has become a key
indicator of lung metastasis in osteosarcoma through paracrine
release. Therefore, it was proposed that the targeted inhibition of
CXCL1 could exert a profound inhibitory effect on tumor growth
and metastasis.

Prostaglandin E synthase 3 (p23) is a highly conserved protein
encoded by the PTGES3 gene20,21, which is often overexpressed in
various cancers, including prostate cancer, breast cancer, and lung
cancer22-27. The current understanding of p23 mainly focuses on
its role as a co-partner of heat shock protein 90 (HSP90)28,29. It
can stabilize the complex formed by HSP90 and its client proteins,
including the estrogen receptor30, androgen receptor31, and telo-
merase32. However, p23 can also perform some functions inde-
pendent of HSP90, such as enhancing the transcription factor
activity of p5333 and protecting human aryl hydrocarbon receptors
from degradation34. Our previous study redefined p23 as an
HSP90-independent transcription factor of prostaglandin G/H

synthase 2 (COX-2) that promotes tumor growth35. This highlights
the diversity and complexity of p23 functionality and emphasizes
the importance of further studies on its functional characteristics.
Currently, there are few studies on p23 expression and tumor
metastasis. Therefore, it is important to explore the role of p23 in
tumor migration and its underlying molecular mechanisms.

RNA-binding motif protein 14 (RBM14) is an RNA-binding
protein with a low-complexity domain that is divided into 2
subtypes. Among them, subtype I acts as a nuclear receptor
coactivator, enhancing transcription through other coactivators,
such as NCOA6 and CITED1, whereas subtype II acts as a tran-
scription inhibitor, regulating the transcriptional activity of coac-
tivators, including subtype I RBM14, NCOA6, and CITED136. It
has been reported37 that the depletion of RBM14 in human cells
induces the ectopic formation of acentrosomal protein complexes
by affecting the function of the STIL/CPAP complex, and this
abnormal structure may lead to genomic instability and tumori-
genesis. In terms of tumor metastasis, it is reported in the litera-
ture38 that RBM14 can stimulate the phenotypic polarization of
liver macrophages (M2), thus promoting the malignant invasion of
liver cancer cells both in vitro and in vivo. Another study39 re-
ported that SLC35F2 (a member of the solute carrier family)
regulates the invasion, metastasis, and cisplatin resistance of
pancreatic cancer cells by regulating the expression of RBM14. In
addition, RBM14 plays an important role in DNA double-stranded
break repair40,41. However, the mechanism of action of RBM14
and its interacting proteins in the process of tumor metastasis
remains unclear and requires further study.

In this study, we discovered a novel function of p23 as a
transcription factor that promotes EMT in lung cancer, and we
revealed its specific mechanism. Its activation of the CXCL1
promoter is not achieved directly but requires the assistance of the
cofactor RBM14 during EMT progression.

2. Materials and methods

2.1. Reagents and antibodies

CXCL1 was purchased from Sigma (St Louis, MO, USA) with
>98% purity. It was dissolved in water containing 5% bovine
serum albumin, and the concentration of the stock solution was
25 mmol/L, which was stored at �80 �C. Purified p23 and RBM14
were obtained from Invitrogen (Carlsbad, CA, USA). Anti-HA tag
antibodies were procured from Cell Signaling Technology (Dan-
vers, MA, USA). Primary antibodies against p23, Flag, RPS3,
vimentin, HNRNPU, b-actin, DDX5, and secondary antibodies
were all purchased from Proteintech Group (Chicago, IL, USA).
AbClonal Technologies (Wuhan, China) provided the primary
antibodies against CXCL1 and RBM14. Jingjie PTM BioLab
(Hangzhou, China) provided primary antibodies against
E-cadherin and N-cadherin. Fetal Bovine Serum (FBS), Dulbec-
co’s modified Eagles’ medium (DMEM), RPMI 1640, trypsin and
were purchased from HyClone Laboratories (Logan, UT, USA).
The other chemicals were all obtained from Sigma Chemical Co.
(St. Louis, MO, USA).
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2.2. Cell lines and cell culture conditions

The cell lines from human lung cancer (A549, H1299, H322,
H460, and HCC827), HLF, and HEK-293T cells were obtained
from the American Type Culture Collection (Manassas, VA, USA)
or the Procell Life Science & Technology Co. (Wuhan, China) and
were maintained in our laboratory. The cells were cultivated in
F12K, DMEM, or 1640 medium, which were enriched with 10%
FBS, 100 mg/mL streptomycin and 100 mg/mL penicillin at 37 �C
within a humidified atmosphere containing 5% CO2.

2.3. Cell migration assay

The migration of cells was measured using CIM plates, with
1 � 105 cells per well. The cells were cultivated at 37 �C in an
atmosphere containing 5% CO2. Migration curves of cells were
recorded using the xCELLigence system (Roche Applied Sci-
ences, Basel, Switzerland) all the time.

2.4. Lentivirus preparation and transfection

We used a second-generation packaging system to produce lenti-
virus in 293T cells. This system contains plasmids psPAX2

(Addgene, MA, USA) and pMD2.G (Addgene). For transfection, a
100 mm culture dish containing 4 � 106 293T cells was used with
7.5 mg psPAX2 and 7.5 mg pMD2.G using Lipofectamine 2000
(Invitrogen). After transfection for 48 h, the supernatant was
collected and then concentrated with PEG-8000, and virus titers
were determined by serial dilution. Infection multiplicities during
transfection were five.

2.5. RNA interference and transfection

The target sequences of p23 siRNAs (GenePharma, Shanghai,
China) are as follows:

1. 50-CCAAAUGAUUCCAAGCAUATT-30

2. 50-GGCUUAGUGUCGACUUCAATT-30

3. 50-GUCAGUGUUCCAGGUGUAUTT-30

The target sequences of RBM14 siRNAs (Sangon, Shanghai,
China) were as follows:

1. 50-CGCGUUUGUUCACAUGGAGAATT-30

2. 50-CCCAAGCAUCAAUGGGCCUUUTT-30

2.6. Immunohistochemical staining of tissue microarray

Samples of cancer tissue in tissue microarray were obtained from
Shanghai Outdo Biotech Company (Ethical No. SHYJS-CP-
1701003), and written informed consents were obtained from all
participants. Briefly, paraffin sections of 4e6 mm were depar-
affinized and rehydrated with xylol and a descending series of
alcohol solutions. A 3% hydrogen peroxide solution was used to
stop the body’s natural peroxidase activity for 20 min. The sec-
tions were then retrieved using 10 mmol/L citrate buffer (pH 6.0)
in a microwave for 20 min. Sections were subsequently incubated
with primary antibodies overnight at 4 �C in a humidified box. The
next day, the samples were left with the right biotinylated sec-
ondary antibodies for 1 h at room temperature. Sections were
counterstained with hematoxylin, dehydrated using a series of
increasing concentrations of alcohol and xylene, and sealed with
coverslips. Images were taken under a light microscope
(20 � magnification).

2.7. Cell Transwell assay

Cells were resuspended in 100 mL of serum-free medium and
seeded in the upper chamber of the Transwell chamber plates (BD
Biosciences, NJ, USA). The bottom well contained 15% FBS.
After 48 h of growth at 37 �C, the cells that had moved through the
holes in the Transwell were fixed and stained with crystal violet.

2.8. Wound healing assay

Cells were seeded in 6-well plates and formed confluent mono-
layers overnight. Then, the wounds were created by scratching
lines across the surface using a 10 mL plastic pipette tip. The
wounds were recorded by a microscope after 0 and 48 h.

2.9. RT-PCR

Total RNA was extracted from the cells using the TRIzol reagent
(Invitrogen). The preparation of the cDNA was done by Quant-
script RT Kits (MonAmp, Wuhan, China) with oligo(dT) or
random primers. For transcript quantification using specific
primers, a SYBR RT-PCR kit (MonAmp) was used. The 2eDDCt

method was employed to quantify expression levels. The
primers that were used are enumerated in Supporting Information
Table S1. For cancer tissues detection, the samples were obtained
from Second Affiliated Hospital of Dalian Medical University
(Ethical No. KY2022-173), and written informed consents were
obtained from all participants.

2.10. Nuclear and cytoplasmic protein extraction

The collected cell precipitate was resuspended in reagent buffer A
(containing 0.5 mmol/L MgCl2, 5 mmol/L KCl, 25 mmol/L
HEPES, protease inhibitor) and lysed on ice for 30 min. The su-
pernatant, which contained cytoplasmic proteins, was then
centrifuged at 4 �C for 10 min. For the extraction of nuclear
proteins, reagent buffer B (containing 25 mmol/L HEPES, glucose
powder, 400 mmol/L NaCl, protease inhibitor) was added to the
precipitate obtained in the previous step. The supernatant con-
tained the nuclear proteins after centrifugation.

2.11. Western blot

Cells were lysed in RIPA buffer, and supernatants were collected
at 12,000�g for 10 min at 4 �C by centrifugation. The BCA
detection kit was used to determine protein levels. Sodium
dodecyl sulphate-polyacrylamide gel electrophoresis was per-
formed after boiling. Proteins were separated by molecular weight
and were transferred to a 0.45 mm PVDF membrane. Corre-
sponding antibodies were incubated overnight at 4 �C in a
refrigerator after blocking with 5% milk. Secondary antibodies
were incubated at room temperature for 1 h and were detected by
enhanced chemiluminescence or the ODYSSEY CLX system
(Licor, Lincoln, NE, USA).

2.12. Transcriptome sequencing and analysis

RNA was separated and purified according to the type of RNA
detected after total RNA was extracted from the samples. RNA
was fragmented to the length required by the sequencing platform
(or fragmented after reverse transcription). Sequencing linkers
were then added. PCR amplification was carried out to achieve a
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certain level of abundance, and sequencing was carried out until a
sufficient number of sequences had been obtained. To generate a
genome-wide transcription profile, the sequences were compared
to the reference genome or assembled de novo. The differentially
expressed genes were identified as potential target genes of p23 by
comparing three groups of A549 cell lines with p23 knockdown
and blank A549 cells.

2.13. Streptavidin-agarose pulldown assay

A 541 bp biotin-labeled double-stranded probe corresponding to
the sequence of the CXCL1 promoter (�541 to þ38 bp) was
synthesized. Briefly, 500 mg protein, 4 mg DNA probe, 40 mL
streptavidin-conjugated agarose beads, and 1 � phosphate-buff-
ered saline (PBS) buffer with 1 mmol/L DTT and 1 mmol/L EDTA
were incubated at 25 �C for 6 h on a rotary plate. Beads were
resuspended in a loading buffer and boiled at 100 �C after washing
with PBS buffer. Then, a Western blot analysis of the supernatant
was performed.

2.14. Dual-luciferase reporter gene assay

The luciferase activity was measured using a dual luciferase re-
porter assay system (Promega, Madison, WI, USA). Cells in the 6-
orifice plate were collected and lysed. Subsequently, 10 mL of
lysate was transferred into a black 96-well plate (Thermo, Wal-
tham, MA, USA). Cell lysates from each well were assayed
sequentially for firefly and Renilla luciferase activity.

2.15. Electrophoretic mobility shift assay (EMSA)

BGI Genomics (Beijing, China) provided biotin-labelled CXCL1
promoter probes. For the EMSA assay, 4 mg of protein and 1 mg of
the biotin-labelled DNA probe were mixed in binding buffer and
incubated for 20 min at 25 �C. DNAeprotein complexes were
separated on 6.5% acrylamide-native PAGE gels at 4 �C. Specific
bands were detected using horseradish peroxidase-conjugated
streptavidin and enhanced chemiluminescence.

2.16. Immunoprecipitation (IP)

In total, 800 mg of protein was used, and the volume was made up
to 500 mL with binding buffer. Subsequently, 2 mg of Flag anti-
body was included in the experimental group, and 2 mg of IgG
antibody was included in the blank group. The samples were
vortexed for 1 h. After the vortex, 15 mL magnetic beads were
added and vortexed overnight at 4 �C. Magnetic separation was
performed the next day, adding a suitable amount of binding
buffer for washing the magnetic beads three times after discarding
the supernatant. 50 mL of 2 � loading buffer was added to the
beads and allowed to boil for 10 min. The supernatant was
collected for Western blot analysis after magnetic separation.

2.17. Animal experiments

Five-week-old male NYG mice were bought from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China)
and maintained at the SPF Laboratory Animal Facility of Dalian
Medical University (Ethical No. AEE19048). Animals were given
sterilized water and food. They were acclimated for 10 days and
randomly divided before the experiments. The specified tumor
cells (1 � 106 in 100 mL PBS) were injected into the tail vein of

each mouse. Four weeks after injection, the lungs were excised,
and the number of pulmonary metastatic nodules was counted.
Sections of pulmonary metastatic tissue were stained with hema-
toxylin and eosin (H&E). All procedures were carried out ac-
cording to the recommendations of the Animal Care and Ethical
Committee of Dalian Medical University (Dalian, China).

2.18. Statistical analysis

Statistical analyses were performed using GraphPad 8.0.
KaplaneMeier method was used for survival analysis. The results
were presented as mean � standard deviation (SD). Correlations
between histochemical markers were assessed using Pearson’s
correlation test. The unpaired Student’s t-test was used for the
evaluation of differences between two groups. Any differences
where P < 0.05 were considered to be statistically significant.

3. Results

3.1. p23 expression is upregulated in lung cancer exhibiting
metastatic features

To evaluate the potential involvement of p23 in the metastasis of
lung cancer, we queried the Cancer Genome Atlas Program
(TCGA) and found that p23 expression was markedly up-
regulated in metastatic lung cancer compared to primary lung
cancer (Fig. 1A), which was further confirmed in clinical samples
by immunohistochemical staining (Fig. 1B), qPCR assays
(Fig. 1C), and Western blot (Fig. 1D). We investigated p23
expression and prognostic significance in 93 patients with lung
adenocarcinoma. Elevated p23 expression promoted metastatic
spread of lung cancer (Fig. 1E) and decreased overall survival of
patients with metastatic lung cancer (Fig. 1F). These results
suggest that increased p23 expression may be associated with
metastasis and may predict poor clinical outcomes in patients with
metastatic lung cancer.

3.2. Knocking down p23 inhibits the invasion and migration of
lung cancer cells

To identify the potential mechanisms underlying the role of p23 in
metastasis, we first investigated the expression of p23 in different
cell lines, as shown in Supporting Information Fig. S1A. Then we
constructed p23 stable knockdown cells using three different p23
knockdown sequences in the A549 cell line (Fig. S1B), and
evaluated their impacts on the migratory and invasive capabilities
of lung cancer cells. Real-time analysis using the xCELLigence
system provided compelling evidence that the migratory ability of
A549 lung cancer cells was impaired by depletion of endogenous
p23 (Fig. 1G). Similar results were obtained in the scratch assay
(Fig. 1H, Fig. S1C), Transwell invasion assays (Fig. 1I, Fig. S1D),
and migration assays (Fig. 1J, Fig. S1E). In addition, several
proteins involved in EMT were also evaluated using Western blot
(Fig. 1K) and qPCR analysis (Fig. 1L), which demonstrated that
the knockdown of p23 (shp23) markedly reduced the protein
levels of N-cadherin and vimentin, while concurrently leading to
an increase in E-cadherin. By contrast, stable p23 overexpression
(H1299/OEp23) promoted metastasis in H1299 lung cancer cells
(Fig. S1FeS1I). Furthermore, a mouse model of lung cancer
metastasis was established. Tumor cells were injected intrave-
nously into the tail vein to evaluate the effect of p23 on metastasis
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Figure 1 p23 expression is upregulated in lung cancer exhibiting metastatic features. (A) TCGA clinical database analysis of the disparity in

the expression of p23 between lung cancer tissues with lymph node metastasis and those without. (B) Representative immunohistochemical

staining images. Scale bar: 200 mm (upper panel) and 50 mm (lower panel). (C) Relative mRNA levels of p23, n Z 5. (D) Representative Western

blotting images of p23, and quantitative analysis were performed using image lab software, n Z 5. (E) Microarray analysis of the relationship

between lung cancer metastasis and p23 expression. (F) Overexpression of p23 causing lung cancer metastasis decreased disease-free survival in

lung cancer patients. (G) xCELLigence assay monitored the number of migrating cells, n Z 3. (H) The wound healing assay tested the migration

ability of cells, n Z 3. (I, J) The Transwell invasion assay (I) and migration assay (J) determined the number of migrating cells. n Z 3. (K)

Relative mRNA levels of migration and invasion-related genes after p23 knockdown, n Z 3. (L) Representative Western blotting images of

migration and invasion-related proteins after p23 knockdown, and quantitative analysis were performed using image lab software, n Z 3. (M)

Representative lung metastatic nodule images after tail vein injection of A549/shc or A549/shp23 cells. Scale bar: 2 mm, n Z 5. (N) Statistics of

lung metastatic nodule numbers in each group, n Z 5. (O) Representative H&E staining images for lung metastatic nodules. Scale bar: 50 mm,

n Z 3. Results are presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 denotes a significant difference between the groups.
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in vivo. Consistent with in vitro observations, shp23 dramatically
decreased the number of metastatic lung nodules (Fig. 1MeO).
These data suggest an oncogenic role for p23 in the promotion of
lung cancer metastasis.

3.3. Downstream target gene CXCL1 of p23 was identified by
RNA-sequencing

To determine the molecular pathways involved in p23-driven
lung cancer metastasis. Transcriptome sequencing on the three
p23 knockdown groups was performed to explore potential target
genes related to p23 (Fig. 2A). The 3 p23 knockdown groups
shared a total of 94 differentially expressed genes (Fig. 2B).
These 94 candidates differentially expressed genes were selected
for KEGG pathway enrichment analysis (Fig. 2C). The analysis
revealed enrichment in signaling pathways, such as IL-17, TGF-
b, and NF-kB, marked by genes, including CXCL1, CXCL8,
S100A9 and so on, suggesting a correlation between p23
knockdown and EMT. Analysis of typical lung cancer EMT
marker genes from the EMT database (www.EMTome.org)
(Fig. 2D) highlighted 6 genes (CXCL1, CXCL8, FST, PLIN2,
S100A9, and PRODH) within KEGG signaling pathways. These
genes were subsequently confirmed by qPCR (Fig. 2E), which
also confirmed the findings of the RNA-seq analysis. Moreover,
we observed that proteins, such as S100A9 and PRODH, showed
higher differential expression between the control and p23
knockdown groups, however, their absolute expression levels
were relatively low in A549 cells (Fig. 2F). Considering the fold
changes and absolute expression levels, CXCL1 was selected as
a potential downstream factor of p23.

CXCL1 is a vital chemokine driver that promotes tumor
metastasis14,19,42. We propose that p23 is involved in lung cancer
metastasis, at least in part, by regulating CXCL1 expression.
Importantly, both p23 and CXCL1 expression were found to be
significantly upregulated in metastatic lung cancer tissues
compared to non-metastatic counterparts at both mRNA and
protein levels (Fig. 2G and H). In addition, CXCL1 expression
was significantly downregulated by p23 depletion and upregulated
by p23 overexpression at both the mRNA and protein levels in
lung cancer cells (Fig. 2IeL), suggesting that p23 regulates
CXCL1 expression in lung cancer cells.

3.4. EMT induced by p23 is partially dependent on CXCL1

In order to test whether p23 achieves its metastatic regulatory
functions in a way that depends on the presence of CXCL1, we
generated H1299/shCXCL1 lung cancer cells stably over-
expressing p23 (H1299/shCXCL1þOEp23) to detect alterations in
EMT. As shown in Supporting Information Fig. S2A and S2B.
CXCL1 knockdown largely diminished lung cancer cell invasion
and migration in vitro, and p23 overexpression rescued the lung
cancer metastasis reduction induced by CXCL1 knockdown. In
addition, several proteins involved in EMT were evaluated using
Western blot (Fig. S2C).

We also generated A549/shp23 lung cancer cells that stably
overexpressed CXCL1 (A549/shp23þOECXCL1). As shown in
Fig. 3AeC, CXCL1 significantly reversed the migration inhibition
caused by p23 knockdown, as well as the changes in the expres-
sion of proteins related to EMT (E-cadherin, N-cadherin, and
vimentin) (Fig. 3D). Moreover, similar results were observed
in vivo. p23 knockdown significantly reduced the number of lung
metastatic nodules in NYG mice, and this reduction was

completely reversed by CXCL1 overexpression (Fig. 3EeH).
These results indicate that p23 promotes the metastasis of lung
cancer through the expression of CXCL1.

3.5. p23 regulates the transcriptional expression of CXCL1
rather than affecting its mRNA stability

To further assess the function of p23 in CXCL1 expression, we
examined the effect of p23 on CXCL1 mRNA stability. Although
p23 depletion or overexpression positively regulated the basal
mRNA levels of endogenous CXCL1, the half-life of CXCL1
mRNA was not affected by the changes made to p23 (Supporting
Information Fig. S3A and S3B), indicating that p23 upregulates
CXCL1 expression at the transcriptional level, rather than
affecting mRNA stability. Furthermore, luciferase reporter plas-
mids containing the CXCL1 promoter region (�874 to þ38) were
constructed. Indeed, p23 expression dramatically increased
CXCL1 luciferase activity (Fig. 4A). Through generating trun-
cated variants of the CXCL1 promoter, we observed that p23 has
an obvious activation effect in the �744 to þ38 region of the
CXCL1 promoter (Fig. 4B), which indicated that the binding sites
for p23 are located in this region. Thus, a biotin-labeled probe, in
accordance with the optimum CXCL1 promoter (�744 to þ38),
was used to evaluate p23 binding, with the CXCL1 promoter
(�549 to þ38) as a negative control. As expected, pulldown of the
CXCL1 promoter region �744 to þ38 from A549 cell nuclear
extract visualized p23 protein, whereas no signal was detected in
the negative control region (Fig. 4C).

Then the region (�549 to �744 bp) was truncated into 5
fragments to further confirm the binding motif of p23 in the
CXCL1 promoter, including P1 (probe 1): �744 to �703, P2
(probe 2): �707 to �663, P3 (probe 3): �667 to �621, P4 (probe
4): �625 to �579, and P5 (probe 5): �583 to �537. The nucle-
otide sequences of the CXCL1eEMSA probes are listed in Sup-
porting Information Table S2. The interaction between p23 and
the probe was analyzed by EMSA assay with HEK293T cell ly-
sates overexpressing p23. We found that p23 had binding affinities
for P1, P2, and P3 (Fig. 4D), indicating that these 3 fragments
contained p23 binding motifs. This observation was further vali-
dated using an anti-p23 antibody to competitively block binding
between p23 and CXCL1 (Fig. 4E). Further Multiple Em for Motif
Elicitation (MEME) analysis revealed a 6 bp p23-binding motif
from 3 fragments with conserved locations at nucleotides 1C, 2A,
3C, 4T, 5G/T, and 6A (Fig. 4F). Mutation of these motifs
completely abolished p23-induced CXCL1 reporter activity
(Fig. 4G). These results further confirm the transcriptional regu-
latory effect of p23 on CXCL1 expression. To further investigate
the direct binding of p23 to the CXCL1 promoter, we conducted an
EMSA assay using purified p23 protein. Surprisingly, purified p23
exhibited no binding affinity towards the CXCL1 promoter
(Fig. 4H), suggesting that p23’s transcriptional regulation of
CXCL1 may not be solely dependent on its direct interaction with
the promoter, but rather requires the involvement of other protein
factors.

3.6. RBM14 promotes the transcriptional regulation of p23 on
CXCL1

To investigate the participants involved in the regulation of
CXCL1 by p23, 34 proteins interacting with p23 were identified
through Co-IP combined with mass spectrometry, four of which
were selected because of their transcriptional function (Fig. 5A).

3064 Wen Zhang et al.



Co-IP assays further verified their interaction with p23 (Fig. 5B,
Supporting Information Fig. S4A), demonstrating the accuracy of
the identification results by mass spectrometry. However, only
RBM14 was pulled down using a CXCL1 promoter probe

(Fig. 5C, Fig. S4B) and significantly promoted the reporter ac-
tivity of the optimal CXCL1 promoter enhanced by p23 (Fig. 5D).
A similar result was obtained from Western blot analysis
(Fig. 5E). Furthermore, we conducted an EMSA to investigate the

Figure 2 The downstream target gene CXCL1 of p23 was found by RNA-seq sequencing. (A) Volcano maps show three groups of gene

changes after p23 knock-down. (B) Venn diagram shows the expression levels of all 94 differential genes in the sample. (C) KEGG pathway

enrichment was used to analyze 94 differentially expressed genes after p23 knockdown. (D) Venn diagram shows genes from the KEGG pathway

that can be used as EMT signatures. (E) 6 EMT markers were selected to execute qPCR identification. (F) Heat map of the content of 6 EMT

genes. (G) Relative mRNA levels of p23 and CXCL1 in metastatic and non-metastatic lung cancer tissues, n Z 5. (H) Representative Western

blotting images of p23 and CXCL1 in metastatic and non-metastatic lung cancer tissues, and quantitative analysis were performed using image lab

software, n Z 5. (I) Relative mRNA levels of CXCL1 after p23 knockdown, n Z 3. (J) Representative Western blotting images of CXCL1 after

p23 knockdown, n Z 3. (K) Relative mRNA levels of CXCL1 after p23 overexpression, n Z 3. (L) Representative Western blotting images of

CXCL1 after p23 overexpression, n Z 3. Results are presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 indicates a significant

difference between groups.
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binding activity of purified p23 and RBM14 proteins to the
CXCL1 promoter. As expected, pure p23 or RBM14 proteins
individually did not directly bind to the CXCL1 promoter; how-
ever, their complexes demonstrated binding activity (Fig. 5F).
These results suggest that the interaction between p23 and RBM14
played a crucial role in the regulation of CXCL1 expression.

We explored the mechanisms underlying the role of the p23/
RBM14 protein complex in the transcriptional regulation of
CXCL1. No reciprocal influence was observed between p23 and
RBM14 on protein and mRNA expression levels (Fig. S4CeS4F).
Subsequently, we modulated intracellular complex production to
elucidate the regulation of the p23eRBM14 complex on CXCL1.
As shown in Fig. 5G, the overexpression of the RBM14 protein
with an HA tag in the A549 cell line was used for IP experiments.
After p23 was knocked down or overexpressed, the amount of
RBM14 detected by IP decreased or increased, respectively. When
p23 was knocked down and then supplemented, the amount of

RBM14 caught by IP returned to the same level as that of the
control group. Similarly, in the A549 cell line overexpressing p23
with a Flag tag, knocking down or overexpressing RBM14 also
decreased or increased the amount of p23 obtained by IP, and
when RBM14 was knocked down and replenished, the p23
detected by IP returned to control group levels (Fig. 5H). Simi-
larly, the binding activity of p23 and RBM14 to the CXCL1 pro-
moter probe was significantly affected by the disruption of the
p23/RBM14 complex. To achieve this, we constructed cell lines in
which either p23 or RBM14 was knocked down. As shown in
Fig. 5I, the third lane shows that RBM14 overexpression activated
CXCL1 transcription compared with the first lane. This is likely
because RBM14, a known transcriptional coactivator, can assist
not only p23, but also other transcription factors in regulating
CXCL1 transcription. As shown in the second and fourth lanes,
regardless of RBM14 overexpression, p23 knockdown weakened
CXCL1 activation. Similarly, Fig. 5J shows that compared to the

Figure 3 The EMT induced by p23 is partially dependent on CXCL1. (A) The number of migrating cells were determined in real time by

xCELLigence, n Z 3. (B, C) The influence of p23 and CXCL1 on the invasion and migration ability of A549 cells was investigated by the

Transwell invasion experiment (B) and migration experiment (C). Scale bar: 100 mm, n Z 3. (D) Expression changes of invasion and migration

proteins N-cadherin, Vimentin, and E-cadherin by Western blotting, and quantitative analysis was performed using image lab software, nZ 3. (E)

Representative lung metastatic nodule images after tail vein injection of four cell lines (A549/wt, A549/OECXCL1, A549/shp23, A549/

shp23þOECXCL1). Scale bar: 2 mm, n Z 5. (F) Statistics of lung metastatic nodule numbers in each group, n Z 5. (G) Representative H&E

staining images for lung metastatic nodules. Scale bars: 50 mm, nZ 3. The results are presented as the mean � SD. ns, no significance; *P < 0.05,

**P < 0.01, ***P < 0.001 signifies a significant difference between the groups.
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first lane, p23 overexpression in the third lane leads to CXCL1
transcriptional activation. However, further RBM14 knockdown
weakened CXCL1 activation regardless of whether p23 was
overexpressed. These results illustrate the impact of disrupting the
p23eRBM14 complex on CXCL1 transcription at the p23 binding
site in the CXCL1 promoter region (�744 to þ38 bp). This is
consistent with the dual-luciferase reporter assay results for the
�874 to þ38 bp region (Fig. S4M and S4Q). However, when p23
did not bind to the �159 to þ38 bp, �354 to þ38 bp, or �549 to
þ38 bp regions of the CXCL1 promoter, RBM14 overexpression
slightly activated CXCL1 transcription. By contrast, p23 knock-
down did not affect transcriptional activation in these cases
(Fig. S4JeS4L). Conversely, while p23 overexpression did not
activate CXCL1 transcription, RBM14 knockdown partially
affected transcriptional activation (Fig. S4NeS4P). In summary,

when the p23eRBM14 complex is disrupted by the knockdown of
either protein, CXCL1 transcriptional regulation is weakened.
These results suggest that the interaction between p23 and RBM14
played a critical role in regulating CXCL1 expression. The DNA
pulldown assay using a CXCL1 probe in A549 cells further
demonstrated that the knockdown of either p23 or RBM14
resulted in a corresponding reduction in the amount of the other
protein being captured by the CXCL1 probe (Fig. 5K and L).

Since p23 is known as a classical chaperone protein of HSP90,
we also examined HSP90’s effect on the p23-mediated tran-
scriptional regulation of CXCL1. As shown in Fig. S4G, the
luciferase assay results indicated that HSP90 alone could not
regulate CXCL1 nor could it enhance p23’s regulation of CXCL1
when overexpressed with p23. Additionally, we tested whether
p23’s transcriptional regulation of CXCL1 depends on HSP90.

Figure 4 p23 regulates the expression of CXCL1 at the transcriptional level, but does not affect its mRNA stability. (A, B) Dual-luciferase

reporter gene detection of CXCL1 reporter gene with the best promoter region (A) and truncated variant (B), n Z 3. (C) Pulldown assay of

the binding of biotin-labeled CXCL1 promoter DNA (from �549 to þ38 and from �744 to þ38) and p23, nZ 3. (D) EMSA assay of the binding

of 5 fragments of CXCL1 and p23; P1 to P5: 5 EMSA fragments of CXCL1 promoter, n Z 3. (E) Competitive binding analysis EMSA by using

anti-p23 antibody, n Z 3. (F) The binding motif of p23 and CXCL1. (G) Changes in the activity of p23 to CXCL1 dual-luciferase reporter gene

after mutation of binding motif, nZ 3. (H) EMSA experiment of the binding of p23 pure protein and CXCL1 probe, nZ 3. Results are presented

as mean � SD. ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001 indicates a significant difference between groups.
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Figure 5 RBM14 promotes the transcriptional regulation of p23 on CXCL1. (A) Twice identifying the results by mass spectrometry and

selecting the protein with transcription activity. (B) Co-IP was used to verify the interaction with p23, n Z 3. (C) Pulldown fishing with CXCL1

promoter probe, nZ 3. (D) Dual-luciferase reporter gene assay proved that RBM14 can promote the transcriptional regulation of p23 on CXCL1,

n Z 3. (E) Western blotting verified that RBM14 promoted the transcriptional regulation of p23 on CXCL1, n Z 3. (F) The transcription of

CXCL1 can only be started when the coexistence of p23 and RBM14 pure protein was verified by the EMSA experiment, n Z 3. (G, H) Co-IP

revealed the complex of p23 and RBM14 was embellished, n Z 3. (I) Dual-luciferase reporter gene assay proved that knocking down p23 would

reduce the exciting effect of RBM14 on CXCL1, nZ 3. (J) The dual-luciferase reporter gene assay confirmed that if RBM14 was knocking down,

p23 would reduce the exciting effect of CXCL1, n Z 3. (K) Pulldown assay proved that when p23 was knocked down, RBM14 caught in the

CXCL1 promoter region would decrease accordingly, nZ 3. (L) Pulldown assay proved that when RBM14 was knocked down, p23 caught in the

CXCL1 promoter region would decrease accordingly, n Z 3. Results are presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001

indicates a significant difference between groups.
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Using a p23 plasmid with a mutation at the interaction site be-
tween p23 and HSP90 (W106A/D108A) in HEK293T cells,
luciferase results showed that the mutated p23 retained its tran-
scriptional activity on CXCL1 (Fig. S4H and S4I). Therefore,

p23’s transcriptional regulation of CXCL1 is independent of
HSP90 expression. In conclusion, these results demonstrate that
the formation of the p23/RBM14 protein complex plays a pivotal
role in mediating p23-induced CXCL1 expression.

Figure 6 The influence of p23 on EMT is partially dependent on RBM14. (A) xCELLigence determined the number of migrating cells in real-

time, n Z 3. (BeD) Wound-healing assay (B), invasion assay (C) and migration assay (D) of A549 cells after RBM14 overexpressing and p23

knocking down. Scale bar: 100 mm, n Z 3. (E) The changes in the expression of the invasion and migration proteins E-cadherin, N-cadherin,

Vimentin and their quantitative graphs, n Z 3. (F) Representative lung metastatic nodule images after tail vein injection of four cell lines (A549/

shc, A549/OERBM14, A549/shp23, A549/shp23þOERBM14). Scale bar: 2 mm, n Z 5. (G) Statistics of lung metastatic nodule numbers in each

group, n Z 5. (H) Representative H&E staining images for lung metastatic nodules. Scale bar: 50 mm, n Z 3. Data are presented as means � SD.

ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001 denotes a significant difference between groups.
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3.7. Influence of p23 on EMT is partially dependent on RBM14

To explore whether the EMT induced by p23 was RBM14-
dependent, we constructed 4 stable cell lines using a lentivirus
infection system: A549/shc, A549/OERBM14, A549/shp23, and
A549/shp23þOERBM14. In vitro, the xCELLigence assay was
used to monitor cell migration in real time (Fig. 6A). This result
suggests that RBM14 could promote the EMT phenotype, but
when p23 was knocked down simultaneously, the EMT phenotype
was slightly reduced. Furthermore, wound healing (Fig. 6B), in-
vasion (Fig. 6C), and migration (Fig. 6D) experiments were car-
ried out and similar conclusions were reached. Changes in
N-cadherin, E-cadherin, and vimentin protein levels were evalu-
ated using Western blot (Fig. 6E), which also showed that p23
promoted the EMT phenotype in an RBM14-dependent manner.
In vivo, the quantity of pulmonary metastatic nodules (Fig. 6F and
G) and H&E staining of pulmonary metastatic nodules (Fig. 6H)
were assessed by tail vein injection of four stably transfected cell
lines, A549/shc, A549/shp23, A549/OERBM14 and A549/
shp23þOERBM14. From these results, we can conclude that
EMT induced by p23 is partially dependent on RBM14.

4. Discussion

Lung cancer is the most common and deadly malignant tumor in
China even around the world, and the outcomes of treatment are
poor43. The metastasis of lung cancer represents a malignant
manifestation and biological characteristic and serves as the pri-
mary cause of mortality in patients with this disease44. The meta-
static nature of cancer leads tumor cells to spread from the primary
site through the blood and lymphatic system to distant tissues
beyond the lungs45, resulting in a substantial reduction in the effi-
cacy of conventional therapies. Consequently, impeding lung cancer
metastasis is of paramount importance for extending patient sur-
vival, improving overall prognosis, enhancing quality of life, and
ameliorating treatment outcomes46. Metastasis of lung cancer is a
multifaceted and complex process involving a large number of
stages, steps, genes, and factors. Therefore, a major area of research
in the effort to overcome lung cancer has been to elucidate the
molecular mechanisms underlying lung cancer invasion and
metastasis and to identify molecular targets to reverse or prevent
these processes. In this study, we identified a novel pathway that
regulates lung cancer metastasis, that is RBM14 assists p23 in
enhancing the transcription activity of CXCL1, thereby promoting
tumor metastasis. We provide a theoretical basis for the clinical
treatment of lung cancer and for the screening of potential anti-
metastatic agents from the perspective of inhibiting lung cancer
invasion and metastasis.

PTGES3 (p23) is a molecular chaperone protein and potential
oncogene22-24. Previous studies23 showed that p23 is highly
expressed in lung adenocarcinoma, and its overexpression is asso-
ciated with short overall survival and poor prognosis in patients
with lung cancer. The relation between PTGES3 and EMTwas first
reported to indicate that p23 can promote the metastasis of lung
cancer47. It is not yet known how it works. Our results indicate that
p23 is important in the promotion of EMT in human lung cancer,
both in vivo and in vitro. Our study demonstrated that the primary
mechanism through which p23 promotes EMT is its regulation of
CXCL1 expression via binding to the promoter region of CXCL1.

As critical regulators of biological processes48, the functions
of proteins are often manifested through their interactions with

other proteins49. In order to understand and prevent disease,
target the treatment of polygenic disorders, and elucidate the
molecular mechanisms underlying complex biological phenom-
ena, the study of proteineprotein interactions is of immense
importance50,51. In this study, we showed that p23 acts as a
transcription factor that binds indirectly to the promoter region
of CXCL1, suggesting the involvement of potential cofactors
that facilitate p23-mediated transcription. We identified RBM14
as this cofactor using mass spectrometry combined with Co-IP
and DNA pulldown experiments.

RBM14 functions as a transcriptional coactivator, also known
as CoActivator Activator (CoAA). RBM14 shows widespread
expression in embryonic tissues and plays a critical role in regu-
lating early embryonic development52,53. RBM14 is significantly
upregulated in tumors, promoting tumor proliferation and migra-
tion38,54. However, the precise molecular mechanism remains
unclear. It has been demonstrated that RBM14 enhances tran-
scription through the action of other coactivators, such as NCOA6
and CITED141. RBM14 may also act as a transcription coactivator
for other transcription factors to regulate CXCL1, thus activating
CXCL1 transcription in the promoter region fragment where p23
is not bound to CXCL1. This is undeniable and requires further
exploration. Our experiment is the first to demonstrate that
RBM14, as a transcriptional coactivator of p23, assists p23 in the
transcriptional regulation of CXCL1 and underscores that both
must form a complex to function effectively, making both indis-
pensable. In the presence of RBM14, the transcriptional regulation
of p23 on CXCL1 was greatly enhanced.

While our previous study reported that p23 regulates COX-2
expression35, we found that p23 affected lung cancer metastasis,
even after COX-2 knockout. This suggests that p23 influences
tumor metastasis through additional pathways. In the present
study, we demonstrated that the regulation of CXCL1 and the
induction of lung cancer cell metastasis by the p23eRBM14
complex are independent of COX-2. First, we examined the
expression of COX-2, CXCL1, and p23 in human lung fibroblasts
and various lung cancer cell lines, with the results presented in
Supporting Information Fig. S5A. Furthermore, the expression
levels of RBM14, and COX-2 were significantly higher in lung
cancer that had spread than in those that had not (Fig. S5B), with
CXCL1 showing the most pronounced increase (Fig. 2H). To
further explore the relation between COX-2 and the effect of p23
on lung cancer cell migration and invasion, we generated a COX-2
knockout cell line (A549/KOCOX-2) (Fig. S5C). The migration
and invasion abilities of A549/KOCOX-2 cells were further
reduced following p23 knockout (Fig. S5DeS5G). Scratch assays
demonstrated that the loss of endogenous p23 inhibited the
migration of A549 lung cancer cells, even in COX-2 knockout
tumor cells (Fig. S5D). Similar results were observed in the
Transwell invasion (Fig. S5E) and migration assays (Fig. S5F). In
addition, proteins associated with EMT, including N-cadherin,
E-cadherin, and vimentin, exhibited corresponding changes
following the p23 knockout (Fig. S5G). Additionally, we investi-
gated whether the mechanism of CXCL1 expression regulation
after p23 and RBM14 form a complex is influenced by COX-2. As
shown in Fig. S5H and S5I, in the A549/KOCOX-2 cell line, the
CXCL1 promoter region can bind to p23 and RBM14, respec-
tively. However, when one of them is knocked down, the ability of
the CXCL1 promoter region to bind to other proteins is weakened.
These findings further support the notion that the p23/RBM14 axis
regulates EMT in lung cancer independent of COX-2.
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5. Conclusions

In this study, we discovered that RBM14 forms a complex with
p23, thereby augmenting the transcriptional regulation of p23 on
CXCL1 expression. When there is a decrease or absence of
expression of either component, the formation of the complex is
reduced, resulting in the inhibition of CXCL1 transcriptional
expression, which subsequently weakens cellular invasion and
migration abilities. Our findings suggest that RBM14 serves as a
coactivator of p23 to promote EMT in lung cancer.
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