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Abstract
Purpose  Chronic dacryocystitis, characterized by epiphora, is primarily treated with dacryocystorhinostomy (DCR), 
yet postoperative anastomotic re-obstruction remains a significant cause of failure. This study aimed to identify the 
key molecular mechanisms driving this recurrence.

Methods  Nasal mucosal tissues were collected from 30 post-DCR patients: 15 with re-obstruction (proliferation 
group) and 15 with successful outcomes (non-proliferation group). Proteomic analysis based on LC-MS/MS was 
conducted, with differentially expressed proteins (DEPs) defined by a fold change ≥ 1.5 and p < 0.05. Western blot 
and immunohistochemistry were used for validation and localization. The role of RBM39 in vascular endothelial cell 
proliferation was assessed via functional experiments, and its associated pathway was analyzed.

Results  Proteomics identified RBM39 as significantly upregulated in re-obstruction tissues, confirmed to be 
expressed in the vascular endothelium. In vitro, RBM39 overexpression enhanced HMEC-1 proliferation, while its 
knockdown suppressed it. KEGG pathway analysis suggested the Focal Adhesion pathway may be involved as a 
potential downstream mechanism.

Conclusion  This study observes that RBM39 is upregulated at the anastomotic site and correlates with enhanced 
vascular endothelial cell proliferation. The Focal Adhesion pathway may be implicated in this process, suggesting 
RBM39 as a candidate target for mitigating postoperative ostium re-obstruction after En-DCR. However, further 
mechanistic studies are needed to establish a direct causal relationship and evaluate its therapeutic potential.
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​​Introduction
Persistent epiphora, mucopurulent discharge, swell-
ing at the medial canthus, and regurgitation on pressure 
characterize chronic dacryocystitis, a common lacrimal 
duct system disease [1, 2]. Treatment for chronic dac-
ryocystitis aims to relieve obstruction, eliminate chronic 
infection, and restore normal tear drainage. The primary 
treatment for chronic dacryocystitis involves surgery, 
specifically external or endoscopic dacryocystorhinos-
tomy (Ex-DCR or En-DCR). En-DCR has gained popu-
larity recently because this approach offers advantages 
over Ex-DCR, including direct visibility of nasal anat-
omy, absence of visible scarring, and preservation of 
the medial canthal tendon to sustain the lacrimal pump 
mechanism. While En-DCR holds a high success rate, 
recurrence still affects 3% of patients through compli-
cated etiological mechanisms that impact treatment 
effects and life quality. Synechiae formation in the nasal 
ostium represents the major cause of En-DCR surgery 
failure. Studies have proven that anti-fibrotic drugs, such 
as Mitomycin C, increase the success rate of endonasal 
DCR for patients with poor prognosis. Clinicians con-
sider age, time of disease onset, systemic disease history, 
and nasal cavity disease history as risk factors for poor 
prognosis following DCR surgery. Nevertheless, some 
patients in clinical practice experience postoperative 
anastomotic obstruction without apparent causes, leav-
ing the etiology unclear. Predicting poor prognosis after 
DCR surgery from a molecular biology perspective is 
therefore particularly important.

In 1996, Wilkins et al. [3] defined proteomics as the 
extensive research of the full set of proteins found in 
a cell, tissue sample, or organism. The field comprises 
protein expression levels, 3D structures, post-transla-
tional modifications, and protein-protein interactions. 
Such data offers a comprehensive understanding of 
cell function and disease pathology at the protein level. 
These advancements in proteomics have then facilitated 
broader applications of bioinformatics in lacrimal duct 
disease research. Discovery of potential biomarkers and 
development of new therapeutic strategies rely on inte-
grating large-scale data to identify key genes involved in 
anastomotic re-obstruction following DCR [4]. Findings 
require orthogonal validation, however, due to inher-
ent technical limitations in proteomics such as instru-
ment accuracy and non-negligible false-positive rates. 
We then verified the differential protein RBM39 identi-
fied in this study at both the gene and protein levels. 
Our work represents the first prospective analysis glob-
ally to use proteomics for predicting poor prognosis 
associated with anastomotic obstruction after DCR sur-
gery through differentially expressed proteins in nasal 
mucosa. This research offers a theoretical foundation for 
explaining underlying mechanisms and developing future 

interventions by combining proteomic and bioinformatic 
analyses to identify and verify key genes in post-DCR 
re-obstruction.

Tissue samples
We prospectively collected nasal mucosal tissues from 
patients diagnosed with chronic dacryocystitis during 
endoscopic dacryocystorhinostomy at Tianjin Medi-
cal University Eye Hospital between February and June 
2024. Written informed consent was obtained from 
every patient. Nasal mucosal tissues from all patients 
were obtained during the primary En-DCR surgery, 
with the specific procedure as follows: The projection of 
the lacrimal sac onto the lateral nasal wall was located 
under nasal endoscopy. Lidocaine with epinephrine was 
injected submucosally at this site for hemostasis and local 
infiltration anesthesia. A “U”-shaped mucoperiosteal 
flap was created in the area of the lacrimal sac projec-
tion using a sickle knife, and a mucosal tissue specimen 
approximately 5  mm*5  mm in diameter was harvested 
from this flap. All patients were followed up at three 
months postoperatively, including symptom inquiry, 
lacrimal irrigation, and nasal endoscopy examination. 
Anastamosis re-obstruction was defined by the following: 
(1) a lack of any improvement in epiphora symptoms; (2) 
confirmed scarring and/or granuloma-based occlusion 
of the lacrimal sac ostium visible upon endonasal endo-
scopic examination; (3) apparent obstruction of the lac-
rimal system evident upon irrigation. For those patients 
confirmed to have anastomotic re-obstruction, we per-
formed anastomotic revision surgery under endoscopic 
assistance. We assigned participants developing re-
obstruction of the anastomosis to the proliferation group 
(n = 15). We selected patients with patent anastomoses as 
the non-proliferation group after matching for age, sex, 
and medical history (n = 15). We conducted this study in 
accordance with the Declaration of Helsinki principles. 
The Ethics Committee of Tianjin Medical University Eye 
Hospital granted approval (Approval No. 2024KY(L)-25).

Proteomic sample preparation and analysis
Using ProteinPilot software (v5.0.1; AB SCIEX), IDA 
data, reference library construction, and protein identifi-
cation were analyzed using the UniProt human SwissProt 
database (https://www.uniprot.org/, released 2023.03). 
The SWATH quantitation microapp of peakView Soft-
ware (v2.2, AB SCIEX) was used to the extract SWATH-
MS peaks. The entire process took 12 minutes and the 
detailed parameters were as follows: six peptides and six 
transitions, shared and modified peptides excluded, pep-
tide confidence > 99%, XIC width 50ppm, and FDR < 1%. 
Quantitative values were based on peak areas. Post-pro-
cessing of quantitative data included log2 transformation 
and median normalization using the “preprocessCore” 
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package in R. Differential analysis was performed using 
the 'stats' package in R. DEPs were screened p-values < 
0.05 and fold change ≥ 1.5. SPSS software (v26.0) was 
used to analyze statistical significance. Student's t-test 
was used to analyze data with normal distribution. More 
detailed MS parameters are included in Supplementary 
Notes A1.

Differential protein screening
Differential protein expression analysis was conducted 
using the limma package in R. Proteins were considered 
differentially expressed if they showed a log2-fold change 
greater than 1.5 and a p-value below 0.05. The ‘heatmap’ 
and ‘ggplot2’ R packages generated heatmaps and vol-
cano plots.

Western blotting
Proteins were extracted by lysing tissues and cells with 
RIPA buffer. Proteins are separated by SDS-PAGE and 
incubated them overnight at 4  °C with the following 
primary antibodies: RBM39 (1:1200), ACTN1 (1:1500), 
VASP (1:600), and GAPDH (1:3000). The membranes 
were washed with TBST and then incubated with a sec-
ondary antibody conjugated to HRP at a 1:2000 dilution. 
An ECL substrate detected the protein bands.

Immunohistochemistry
Tissue sections were deparaffinised, rehydrated, and 
treated to inhibit endogenous peroxidase activity. Anti-
gen retrieval was accomplished using a microwave 
approach under increased pressure. Standard goat serum 
was utilized to obstruct the sections. Then, the sections 
were incubated with a primary antibody directed against 
RBM39 at 4 °C for 12–18 h. The sections were rinsed with 
PBS and then exposed to a secondary antibody at 37  °C 
for 30  min. Staining was developed utilizing DAB, and 
the nuclei were counterstained. PBS replaced the primary 
antibody to act as a negative control. A positive control 
was offered by the reagent manufacturer. An experienced 
pathologist evaluated the stained tissue sections. RBM39 
positivity was primarily localized to the vascular endo-
thelium, as the protein was present in the endothelium of 
blood vessels.

Human microvascular endothelial (HMEC-1) cell culture
HMEC-1 Cell was purchased from the Stem Cell Bank 
of the Chinese Academy of Sciences and cultured in 
MCDB131 medium consisting of 10% fetal bovine serum, 
penicillin and streptomycin (100  µg/mL), and human 
epidermal growth factor (hEGF, 10 ng/mL). Cultiva-
tion of the cells occurred at 37  °C in a 5% CO₂ incuba-
tor, while the medium was replenished at intervals of 
2–3 days. Experiments were carried out using cells at a 

concentration of 1 × 106 cells/mL during their logarithmic 
growth phase.

siRNA knockdown of RBM39
We seeded 6-well plates utilizing HMEC-1 cells in the 
logarithmic growth phase. Transfection of the cells was 
carried out utilizing Lipofectamine 3000 at 70% conflu-
ence, following the manufacturer’s guidelines. Five µl of 
Lipofectamine 3000 diluted in 250 µl Opti-MEM (Solu-
tion A) was utilized for each well. We prepared both 
a negative control RNAi and RNAi targeting RBM39 
(siRNA-RBM39) in this manner. Incubation of these mix-
tures lasted for five minutes. The study then combined 
Solution A with the siRNA mixture and incubated it at 
ambient temperature for 30 min. The transfection com-
plex was added to cells in 1.5 mL of Opti-MEM medium. 
RT-qPCR and Western blotting verified the effectiveness 
of the knockdown after a 48-hour incubation period.

Lentiviral transduction for RBM39 overexpression
HMEC-1 cells were seeded in 6-well plates. Cells at 
50–70% confluence were transduced with a lentivirus 
containing RBM39 at a multiplicity of infection of 10. The 
virus volume was determined by multiplying the MOI 
with the Cell Number and then dividing by the Viral Titer 
(in PFU/mL). This viral suspension was added to the cells 
utilizing half the volume of fresh medium. After 12–16 h, 
we replaced the medium containing the virus with fresh 
complete medium. Fluorescence microscopy evaluated 
the infection efficiency after 72  h, while RT-qPCR and 
Western blotting confirmed the expression.

Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted and reverse transcribed. The 
cDNA synthesis was followed by quantitative PCR using 
SYBR-Green. A real-time PCR system was used to per-
form the PCR. The RBM39 mRNA expression was calcu-
lated utilizing the 2^−ΔΔCT method with GAPDH as the 
internal standard.

Cell proliferation assay (CCK-8)
A 100 µL droplet of HMEC-1 cells was placed into 
96-well plates and allowed to sit for 24  h. The medium 
was replaced with an equal volume of fresh medium 
comprising, and the plates were incubated for a further 
24  h. Afterward, 10 µL of CCK-8 reagent was added to 
each well, and the plates were left to incubate for a fur-
ther 2–4  h. A microplate reader measured the absor-
bance at 450 nm.

Enzyme-linked immunosorbent assay (ELISA)
The VEGF levels in the cell culture media were measured 
with a human VEGF ELISA kit. Samples and standards 
were added to the pre-coated plate before incubation 
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Results
Differential protein screening in patient tissues
We obtained nasal mucosal tissues from 30 patients with 
chronic dacryocystitis. This cohort comprised a pro-
liferation group (n = 15) of patients with postoperative 
anastomotic re-obstruction and a non-proliferation con-
trol group (n = 15) of patients post-DCR patent ostium. 8 
samples are subjected to LC-MS/MS -based proteomic 
analysis.

Quality control indicated high data reproducibility, as 
evidenced by Pearson correlation coefficients of 0.83 or 
higher in and between groups (Fig. 1A). Principal Com-
ponent Analysis plot demonstrated high intra-group con-
sistency and clear inter-group separation, confirming the 
robustness and statistical reliability of the data (Fig. 1B). 
We analyzed a total of 3,056 proteins and identified 51 
DEPs between the proliferation and control groups. This 
total included 26 upregulated and 25 downregulated 

with a biotinylated detection antibody and HRP-streptav-
idin. After completing the washing step, a substrate solu-
tion was added, and the reaction was terminated at this 
stage. A microplate reader (LianKe, RT-6100) measured 
the 450 nm absorption.

Statistical analysis
Statistical analyses were conducted using SPSS version 
23 and GraphPad Prism version 9. The Shapiro–Wilk 
test verified that the data followed a normal distribution. 
Differences between two groups were examined using 
an independent samples t-test. A one-way ANOVA was 
conducted, followed by an LSD post hoc test, to compare 
multiple groups. A p-value of less than 0.05 was deemed 
statistically significant.

Fig. 1  Quality control of the proteomic analysis. (A) Pearson’s correlation coefficients representing correlations between samples. A higher correlation 
and deeper red color indicate higher data reproducibility, while the color bar ranges from red (high correlation) to green (low correlation). (B) Principal 
Component Analysis plot. The more samples in the group, the better the reproducibility within the group, and the more obvious the separation between 
different groups, indicating that the difference between groups is more significant. (C) Volcano plots illustrating overall protein differences
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proteins (Fig.  1B). SORBS2, RSP21, APOC3, SIN3A, 
FIP1L1, SRSF9, and RBM39 were among the significantly 
upregulated proteins; whereas, TMEM119, COL8A2, 
TRNT1, RHOT1, H2AC21, GFM2, and ISCU appeared 
significantly downregulated (Fig. 1C).

Analysis utilizing Gene Ontology (GO) indicated that 
these DEPs primarily localized to sites of focal adhesion 
and RNA catabolism (Fig. 2A). Besides, KEGG pathway 
enrichment analysis indicated significant involvement 
in the PPAR signaling pathway and RNA metabolism, 
among others (Fig. 2B). We utilized a clustering heatmap 
to confirm consistent DEP expression patterns in groups, 
which further supported sample reproducibility (Fig. 
S1). We selected RBM39 for further validation due to its 
established role in regulating microvascular density and 
vascular endothelial expression. These are key factors in 
chronic inflammation and wound healing.

Validation of RBM39 expression in human nasal mucosal 
tissue
Results from immunohistochemistry confirmed that 
RBM39 prominently localized to the vascular endothe-
lium of nasal mucosal tissue (Fig.  3A). Further analysis 
through the Western blot method indicated that RBM39 
protein expression was noticeably greater in the PG com-
pared to the NPG (Fig. 3B, C).

Effect of RBM39 on HMEC-1 cell proliferation, migration, 
and VEGF expression
Successful knockdown and overexpression of RBM39
HMEC-1 cells transfected with siRNAs exhibited signifi-
cantly lower levels of RBM39 mRNA and protein rela-
tive to the control group (Fig. 4A–C). Through lentiviral 
transduction, we established a cell line that overexpresses 
RBM39, resulting in notably higher mRNA and protein 
expression than the control group with an empty plasmid 
(Fig. 4D–F).

RBM39 modulates cell proliferation and migration
Results from CCK-8 assays conducted 72  h post-trans-
fection indicated that cell viability (A value) decreased 
in the RBM39-knockdown group but increased in the 
RBM39-overexpression group relative to their respec-
tive controls (Fig. 4I). Besides, wound healing assays indi-
cated that RBM39 knockdown impaired cell migration, 
whereas RBM39 overexpression enhanced this process 
(Fig. 4G, H).

RBM39 alters VEGF expression
ELISA analysis of the cell culture supernatant revealed a 
significant increase in VEGF levels in the RBM39-over-
expressing group. However, no significant difference 
in VEGF expression levels was observed between the 

Fig. 2  Bioinformatics analysis (A) GO enrichment analysis of differentially expressed proteins (DEPs). (B) KEGG pathway enrichment analysis of DEPs
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RBM39-knockdown group and the control group. These 
findings suggest that RBM39 may participate in influ-
encing the biological functions of endothelial cells by 
regulating VEGF expression, but its specific regulatory 
mechanism may be compensated by other factors under 
low-expression conditions (Fig. 4J).

Proteomic analysis of HMEC-1 cells with altered RBM39 
expression
We observed high data quality during the proteomic pro-
filing of RBM39-knockdown (KD) and overexpressing 
(OE) HMEC-1 cells against their controls (NC) (Pear-
son’s r ≥ 0.87; Fig.  5A). Principal Component Analysis 
plot demonstrated high intra-group consistency and 
clear inter-group separation, confirming the robustness 
and statistical reliability of the data (Fig. 5B). The KD-NC 
comparison derived 165 DEPs (96 upregulated, 69 down-
regulated), while the OE-NC comparison indicated 409 
DEPs (167 upregulated, 242 downregulated) (Fig. 5C). In 
addition, clustering heatmaps verified the strong repro-
ducibility associated with these proteomic profiles (Fig. 
S2,3).

Bioinformatics analysis and protein-protein interaction 
(PPI) network
Our analysis of the proteomic data from the RBM39-
overexpression experiment aimed to explain the role 
of RBM39 in anastomotic occlusion. Analysis of GO 
enrichment indicated significant involvement of DEPs 
in biological processes (BPs), cellular components (CCs), 
and molecular functions (MFs). Besides, KEGG path-
way analysis highlighted enrichment in spliceosomes, 
ribosomes, the HIF-1 signaling pathway, and focal adhe-
sion (Fig. 6B). We utilized the STRING database to con-
struct a PPI network that displays interactions between 
RBM39 and other DEPs (Fig.  6D). We selected ACTN1 
(alpha-actinin-1) and VASP (vasodilator-stimulated 
phosphoprotein) as key downstream proteins and the 
focal adhesion pathway for further analysis after com-
prehensively studying the DEPs, GO, and KEGG results 
(Fig. 6E).

Western blot validation of the focal adhesion pathway
We conducted Western blot analysis to offer validation 
for the bioinformatics findings. This process involved 
comparing the expression levels of key focal adhesion 
pathway proteins, including ACTN1, VASP, and Akt, 
between RBM39-overexpressing HMEC-1 cells and 
control cells. The results showed that the expression of 

Fig. 3  RBM39 is over expressed in recurrent nasal mucosal tissue. (A) Immunohistochemistry of nasal mucosal tissue in the proliferation (recurrent) group 
and the non-proliferation (control) group. (B, C) Western blotting results and quantitative analysis (WB data are presented as the mean percentage of 
NC group ± SD (n = 3, each measured in triplicate. Statistical significance was determined by an unpaired two-tailed Student’s t-test; *P<0.05,**P<0.01,*** 
P < 0.001,****P<0.0001.)
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ACTN1 in the RBM39 overexpression group was signifi-
cantly down-regulated, and the expression of VASP and 
Akt proteins was significantly up-regulated, which was 
consistent with the results of proteomics (Fig. 6F).

Discussion
This study represents, to our knowledge, the first pro-
spective proteomic analysis aimed at identifying molecu-
lar determinants of postoperative ostium re-obstruction 
following En-DCR. By comparing the nasal mucosal 
proteomes of patients with successful surgical outcomes 
versus those who developed re-obstruction, we identified 
RNA-binding motif protein 39 (RBM39) as a significantly 
upregulated protein in the proliferation group. Immuno-
histochemistry confirmed its predominant localization to 
the vascular endothelium, suggesting a potential role in 
angiogenic processes. Through a series of in vitro func-
tional experiments in HMEC-1 cells, we demonstrated 
that RBM39 promotes endothelial cell proliferation, 

migration, and VEGF secretion, while its knockdown 
exerts opposite effects. Mechanistically, integrated bioin-
formatic and proteomic analyses of RBM39-manipulated 
cells implicated the focal adhesion signaling pathway as 
a key downstream mediator, a finding further supported 
by Western blot validation of ACTN1, VASP, and Akt 
expression. Collectively, our findings position RBM39 as 
a novel molecular player in postoperative scar formation 
and identify it as a potential therapeutic target for pre-
venting surgical failure after En-DCR.

The pathogenesis of re-obstruction after DCR is mul-
tifactorial, with excessive scarring and synechiae forma-
tion at the nasal ostium being the predominant causes of 
surgical failure [5, 6]. While clinical factors such as age, 
diabetes, prior sinus surgery, and chronic inflammation 
are known to influence outcomes [6], the underlying 
molecular mechanisms driving aberrant wound healing 
remain poorly defined. Our study addresses this critical 
gap by providing a comprehensive proteomic landscape 

Fig. 4  Proliferation, migration, and cell supernatant VEGF expression of HMEC-1 Cell under knockdown and overexpression of RBM39. (A–C) Validation 
of knockdown efficiency via Western blot and PCR. (D–F) Validation of overexpression efficiency through Western blot and PCR. (G) Representative 
images of cell migration from the wound healing assay. (H) Quantitative analysis of the wound healing assay following RBM39 knockdown and over-
expression. (I) CCK-8 assay analysis of cell viability following RBM39 knockdown and overexpression. Wound healing data are presented as the mean 
percentage of NC group ± SD (n = 3, each measured in triplicate. Statistical significance was determined by one-way ANOVA test; *P<0.05,**P<0.01,*** 
P < 0.001,****P<0.0001). There are 9 images per group in each time period. (J) ELISA analysis of VEGF levels in cell supernatants following RBM39 knock-
down and overexpression.ELISA data are presented as the mean percentage of NC group ± SD (n = 3, each measured in triplicate. Statistical significance 
was determined by one-way ANOVA test; *P<0.05,**P<0.01,*** P < 0.001,****P<0.0001.)
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of the nasal mucosa at the anastomotic site. The identifi-
cation of 51 differentially expressed proteins between the 
proliferation and non-proliferation groups—including 
upregulation of RBM39, SORBS2, and SRSF9—highlights 
the intricate molecular remodeling associated with failed 
surgical outcomes. Notably, Gene Ontology enrichment 
analysis revealed that these differentially expressed pro-
teins are significantly enriched in focal adhesion and 
RNA catabolism pathways, suggesting that both struc-
tural dynamics and post-transcriptional regulation con-
tribute to the pathological processes leading to ostial 
occlusion.

RBM39, also known as HCC1 or CAPERα, is a member 
of the serine/arginine-rich family of RNA-binding pro-
teins involved in alternative splicing and transcriptional 
co-regulation [7]. Its role in cancer biology has been 
increasingly recognized, particularly in regulating angio-
genesis and tumor progression [8–10]. RBM39 has been 
shown to modulate the expression of angiogenic fac-
tors and to influence endothelial cell behavior in tumor 
microenvironments. However, its function in benign 
fibroproliferative disorders such as post-surgical scarring 
has not been previously explored. Our observation that 

RBM39 is upregulated in restenotic nasal mucosal tissues 
and localized to the vascular endothelium provides a crit-
ical link between its known angiogenic functions and the 
pathology of postoperative re-obstruction.

Angiogenesis is a fundamental component of normal 
wound healing, providing oxygen and nutrients to regen-
erating tissues [11, 12]. However, when dysregulated, 
excessive angiogenesis can contribute to the formation 
of hyperplastic granulation tissue, which serves as a scaf-
fold for fibrotic scar formation. This process is well doc-
umented in other fibrotic diseases and in the context of 
surgical failure following sinus surgery [13, 14]. In the 
setting of DCR, excessive granulation tissue at the anas-
tomotic site can lead to ostial stenosis and functional 
failure. The upregulation of RBM39 in patients with re-
obstruction suggests that it may drive an aberrant pro-
angiogenic response, tipping the balance from normal 
wound healing toward pathological scarring.

Our in vitro experiments using HMEC-1 cells provide 
direct functional evidence supporting this hypothesis. 
RBM39 overexpression significantly enhanced endothe-
lial cell proliferation and migration, two key processes 
in angiogenesis, while RBM39 knockdown suppressed 

Fig. 5  Quality control of the proteomic analysis. (A) Pearson’s correlation coefficients representing correlations between samples. Deeper red indicates 
higher correlation and data reproducibility; the color scale ranges from red (high) to green (low). (B) Principal Component Analysis plot. The more samples 
in the group, the better the reproducibility within the group, and the more obvious the separation between different groups, indicating that the differ-
ence between groups is more significant. (C) Volcano plots illustrating overall protein differences
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these cellular behaviors. Furthermore, we observed 
that RBM39 overexpression led to a significant increase 
in VEGF secretion, whereas knockdown did not pro-
duce a statistically significant decrease. This asymmet-
ric response may reflect the presence of compensatory 
mechanisms or the fact that basal VEGF expression is 
maintained by multiple regulatory pathways. Neverthe-
less, the increase in VEGF upon RBM39 overexpression 
suggests that it can potentiate a pro-angiogenic milieu, 
which in vivo would likely promote granulation tissue 
formation and scar deposition.

To elucidate the downstream signaling pathways medi-
ating these effects, proteomic profiling of HMEC-1 cells 
was performed with variations in RBM39 expression. The 
differentially expressed proteins identified in these cells 
were subjected to pathway enrichment analysis, which 
highlighted the focal adhesion pathway as a significantly 
enriched category. Focal adhesions are macromolecu-
lar complexes that link the extracellular matrix to the 

intracellular actin cytoskeleton and serve as critical hubs 
for mechanotransduction, cell adhesion, migration, pro-
liferation, and survival [15–17]. In fibrotic diseases, dys-
regulation of focal adhesion signaling contributes to the 
activation and persistence of myofibroblasts, as well as 
to excessive extracellular matrix deposition [18, 19]. Our 
Western blot validation confirmed that RBM39 overex-
pression in HMEC-1 cells upregulates ACTN1 and VASP, 
both of which are integral components of the focal adhe-
sion complex. ACTN1 functions as an actin-crosslinking 
protein that stabilizes focal adhesions and promotes cell 
motility [20–22], while VASP is involved in actin polym-
erization and is essential for directional cell migration 
[23–25]. The coordinated upregulation of these proteins 
suggests that RBM39 may enhance the migratory capac-
ity of endothelial cells by strengthening focal adhesion 
dynamics, thereby facilitating the cellular processes 
required for neovascularization and granulation tissue 
formation. Additionally, the observed increase in Akt 

Fig. 6  Association of RBM39 with the focal adhesion pathway (A) GO enrichment analysis of differentially expressed proteins. (B) KEGG pathway enrich-
ment analysis. (C) Bar chart indicating the top 20 functional terms determined using Metascape (GO, KEGG, and Reactome). (D) Protein-protein interac-
tion (PPI) network construction. (E) Diagram of the KEGG focal adhesion pathway. (F) Western blotting results and quantitative analysis of proteins in the 
focal adhesion pathway.WB data are presented as the mean percentage of NC group ± SD (n = 3, each measured in triplicate). Statistical significance was 
determined by an unpaired two-tailed Student’s t-test; *P<0.05,**P<0.01,*** P < 0.001,****P<0.0001
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expression, a central node in growth factor and survival 
signaling, further supports the notion that RBM39 pro-
motes a pro-proliferative and pro-survival phenotype in 
endothelial cells.

Existing studies related to postoperative nasal wound 
repair have mainly focused on classic pro-fibrotic and 
pro-angiogenic mediators, such as TGF‑β, VEGF, and 
various inflammatory cytokines, which are generally 
regarded as common biomarkers linked to aberrant 
wound healing processes. Most of these reported mol-
ecules only act as passive phenotypic indicators that cor-
relate with the severity of abnormal tissue repair, rather 
than functioning as core upstream regulators coordinat-
ing the overall pathological process. In addition, previ-
ous transcriptomic and proteomic investigations on DCR 
restenosis have largely concentrated on differentially 
expressed structural proteins and inflammatory factors, 
while few studies have identified promising upstream 
regulatory molecules with prospective intervention 
potential.

Compared with these commonly reported markers 
associated with tissue repair and vascular remodeling, 
our findings suggest that RBM39 is far more than a rou-
tine diagnostic biomarker. As an RNA-binding protein 
participating in alternative splicing and transcriptional 
modulation, RBM39 may serve as a vital upstream regula-
tor that modulates endothelial biological phenotypes and 
the downstream focal adhesion signaling network at both 
transcriptional and post-transcriptional levels. RBM39 
is likely to participate in regulating endothelial prolifera-
tion and migration. In this regard, RBM39 emerges as a 
potential upstream intervention node in the pathological 
cascade of postoperative ostial re-obstruction, offering 
a promising candidate distinct from conventional pas-
sive biomarkers for future exploratory targeted strate-
gies. Targeting RBM39 may help modulate dysregulated 
endothelial behavior and abnormal wound healing, which 
could provide a novel research direction for improving 
long-term En-DCR outcomes, unlike the relatively single 
regulatory effect of traditional markers such as VEGF.

Several limitations of this study warrant consideration. 
First, multiple-testing correction was not performed for 
differential protein statistical analysis, and differentially 
expressed proteins were screened merely based on raw 
P-values and fold-change without effect size evaluation. 
This may bring potential false-positive results caused by 
multiple statistical comparisons. Besides, the sample size 
is relatively limited, and the findings need to be further 
validated in larger independent cohorts and mechanis-
tic experiments. Second, our in vitro experiments were 
conducted using a single HMEC-1 cell line. While this 
model is well-established for studying endothelial func-
tion, the nasal mucosal microenvironment comprises a 
complex interplay among endothelial cells, fibroblasts, 

inflammatory cells, and epithelial cells. Future work 
should incorporate co-culture systems (e.g., endothelial-
fibroblast) to validate these findings in a more physiologi-
cally relevant context. Third, while our data demonstrate 
that RBM39 upregulation correlates with enhanced 
endothelial cell proliferation, migration, and VEGF secre-
tion, the current evidence remains primarily correlative. 
Although RBM39 is known to regulate alternative splic-
ing and RNA stability as an RNA-binding protein, we 
have not established direct mechanistic links between 
RBM39 and focal adhesion pathway activation. Specifi-
cally, no experimental evidence (e.g., pathway inhibition 
assays, transcriptional target validation, or splicing pat-
tern analyses) currently supports RBM39’s direct modu-
lation of focal adhesion components such as ACTN1 or 
VASP. Finally, while our findings suggest RBM39 may 
play a role in angiogenesis relevant to wound healing and 
DCR, the current study does not provide direct evidence 
for its therapeutic targeting potential. Future investiga-
tions using in vivo models of pathological scarring—such 
as a rabbit lacrimal surgery model—will be critical to 
evaluate.

Despite these limitations, our study has several impor-
tant strengths. The prospective collection of well-char-
acterized human nasal mucosal tissues from patients 
undergoing En-DCR with clearly defined clinical out-
comes provides a clinically relevant and robust discovery 
platform. The integration of unbiased proteomics with 
functional cellular assays and pathway validation repre-
sents a powerful approach for identifying key molecular 
drivers of surgical failure. The identification of RBM39 
as a novel player in postoperative scarring not only 
expands our understanding of the pathophysiology of re-
obstruction but also opens new avenues for therapeutic 
intervention.

Conclusion
In summary, the results of this study support the hypoth-
esis that RBM39 could contribute to anastomotic re-
obstruction after En-DCR surgery. Our data suggest 
RBM39 may influence endothelial cell proliferation, 
migration, and VEGF secretion, potentially via modula-
tion of the focal adhesion pathway. These observations 
highlight RBM39 as a candidate biomarker and therapeu-
tic target for mitigating surgical failure. However, further 
mechanistic studies are needed to clarify the direct role 
of RBM39 in fibrotic processes and to evaluate the trans-
lational potential of targeting RBM39 or its downstream 
effectors. Such efforts could inform new strategies for 
improving long-term outcomes in DCR and other surger-
ies complicated by excessive scarring.
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