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Abstract

Background: Lymph node metastasis (LM) is associated with poor prognosis in head and neck squamous cell carcinoma (HNSCC);
however, the molecular drivers of tumor-induced lymphangiogenesis remain incompletely understood. Methods: This study aimed to
analyze clinical HNSCC specimens using transcriptomic sequencing to identify differentially expressed genes associated with lymphatic
metastasis. Receptor Activity-Modifying Protein 1 (RAMP1) expression was quantified by reverse transcription-quantitative polymerase
chain reaction (RT-PCR), immunohistochemistry, and Western blotting. Moreover, functional assays (Transwell, wound healing, Cell
Counting Kit-8 (CCK-8), and tube formation) were performed using HNSCC cell lines and human lymphatic endothelial cells. Further-
more, a footpad xenograft mouse model was established to investigate the effects of RAMP1 on tumor growth, lymphangiogenesis, and
LM in vivo. Results: RAMPI was significantly overexpressed in HNSCC tissues with LM. Elevated RAMPI expression was associated
with poor prognosis, increased intratumoral lymphatic vessel density (p <0.05), and strong predictive power for LM (area under the curve
(AUC) = 0.808). In vitro, RAMP1 knockdown reduced proliferation, migration, and invasion of HNSCC cells, and decreased expres-
sion of the lymphangiogenic factor vascular endothelial growth factor C (VEGF-C) and its transcriptional regulator Prospero homeobox
protein 1 (PROX-1). Conversely, RAMPI overexpression had opposite effects. RAMPI also promoted tube formation in lymphatic
endothelial cells through a paracrine mechanism. /n vivo, RAMP1 overexpression increased lymphangiogenesis and LM in xenograft
models, whereas its suppression showed inhibitory effects (p < 0.05). Conclusions: This study indicated that RAMPI promotes lym-
phangiogenesis and lymphatic metastasis in HNSCC by regulating the VEGF-C/PROX-1 signaling axis, thereby identifying RAMPI as
a potential pro-metastatic factor and therapeutic target for HNSCC.
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1. Introduction component of this process is tumor-induced lymphangio-
genesis, which establishes a structural pathway for tumor
cells to detach from the original tumor and move to regional

lymph nodes, while also actively influencing tumor growth

Head and neck squamous cell carcinoma (HNSCC) is
a common malignancy with a gradually increasing preva-

lence globally. It originates from the mucosal epithelial
tissues of the oral cavity, larynx, and pharynx. Despite
advances in diagnosis and treatment strategies, the prog-
nosis of HNSCC remains poor, with relatively low five-
year survival rates [1,2,3]. Lymph node metastases are an
important prognostic factor associated with poor survival
[4,5]. The occurrence of metastasis, particularly in multiple
lymph nodes or extracapsular extension, significantly re-
duces patient survival and complicates treatment, highlight-
ing the importance of understanding the underlying mecha-
nisms [6]. Lymph node metastasis (LM) is a complex pro-
cess involving multiple steps, including detachment of tu-
mor cells, their infiltration into adjacent lymphatic vessels,
migration through the lymphatic system, and eventual col-
onization and proliferation within lymph nodes [7]. A key

by secreting chemokines and altering the immune microen-
vironment [8,9].

Recent studies have validated the fundamental reg-
ulatory roles of the vascular endothelial growth factor C
(VEGF-C)/Vascular endothelial growth factor receptor 3
(VEGFR3) signaling pathway and the transcription factor
Prospero homeobox protein 1 (PROX-I) in lymphangio-
genesis [10,11,12,13]; however, the upstream regulatory
mechanisms of lymphatic metastasis in HNSCC remain elu-
sive, which limits the advancement of associated targeted
therapeutic strategies [14]. Moreover, most studies focus
on ligands and receptors in the lymphatic signaling cas-
cade or on the modulation of lymphangiogenesis by specific
growth factors; however, alternative regulatory molecules
have not been comprehensively studied [15,16]. There-
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fore, the screening and identification of novel regulatory
molecules involved in lymphangiogenesis in HNSCC, as
well as their mechanisms of action, are scientifically and
clinically important for enhancing the molecular regulatory
network of lymphatic metastasis in HNSCC and for the de-
velopment of new diagnostic and therapeutic strategies.

Receptor Activity-Modifying Protein 1 (RAMP1) is a
single-pass transmembrane protein that is a crucial auxil-
iary component of G protein-coupled receptors (GPCRs),
particularly the calcitonin gene-related peptide (CGRP)
receptor complex. The extracellular N-terminal domain
of RAMPI1 binds to the calcitonin receptor-like receptor
(CLR), enabling the formation of a high-affinity CGRP re-
ceptor [17,18,19]. This association is crucial for regulating
numerous physiological and pathological processes, such
as neurotransmission, vasomotor function, and inflamma-
tory responses [20,21]. Emerging evidence indicates that
RAMPI is involved in tumor biology. In gastric cancer,
the CGRP-RAMPI1 axis promotes tumor progression by
activating MAPK and PI3K signaling pathways [22]. In
prostate cancer, RAMPI promotes cell cycle progression
and inhibits apoptosis [23]. In Ewing sarcoma, targeting the
CALCB/RAMP] axis suppresses tumor growth [24]. Fur-
thermore, RAMPI has been associated with lymphangio-
genesis, as its silencing impairs lymphatic vessel regenera-
tion in models of inflammation and tissue repair [25,26,27].
However, despite these findings, certain knowledge gaps
remain. For instance, the role of RAMPI in HNSCC, par-
ticularly LM, has not been investigated. It is also unclear
whether RAMP contributes to tumor-induced lymphangio-
genesis and subsequent lymphatic dissemination in HN-
SCC. Furthermore, the relationship between RAMPI and
the VEGF-C/PROX-1 signaling axis has not been defined.
Thus, the molecular mechanisms by which RAMPI may
regulate lymphatic metastasis in HNSCC remain to be elu-
cidated.

Therefore, this study integrated multi-omics analysis,
molecular biology techniques, and animal models to com-
prehensively investigate the regulatory function of RAMPI
in HNSCC-related lymphangiogenesis and metastasis. Fur-
thermore, clinical samples were analyzed to determine
RAMPI’s expression patterns and association with clinical
outcomes. Moreover, cellular functional assays and in vivo
analyses were carried out to assess the molecular mecha-
nisms underlying RAMP1’s effect on HNSCC lymphangio-
genesis and lymphatic dissemination. This study aims to
provide novel insights and identify potential therapeutic tar-
gets for HNSCC.

2. Materials and Methods

2.1 Clinical Specimens

This investigation enrolled 137 HNSCC patients who
underwent surgical treatment at Fuling Hospital, an affili-
ated hospital of Chongqing University between 2016 and
2024. All cases were retrospectively analyzed according to

the eighth edition of the American Joint Committee on Can-
cer (AJCC) staging system, which was applied uniformly
across the cohort to ensure consistency. Clinical and patho-
logical data were independently reviewed and reclassified
by the same team of head and neck surgeons and patholo-
gists to reduce potential bias associated with the extended
enrollment period. These participants had not undergone
neoadjuvant chemotherapy, radiotherapy, or any other an-
titumor treatment before their surgical procedures. During
the surgery, the tumor and its adjacent normal tissues (from
areas >5 cm from the tumor margin) were sampled.

Inclusion criteria were: (1) Patient with HNSCC di-
agnosis confirmed by postoperative pathological examina-
tion; (2) Patients who completed preoperative imaging ex-
aminations, including neck ultrasound, contrast-enhanced
CT, or MR, to determine tumor stage and lymph node sta-
tus; (3) Patients who had complete clinical data and follow-
up records; and (4) Patients with first-time laryngeal or pha-
ryngeal resection without surgical contraindications.

Exclusion criteria were: (1) Individuals with a his-
tory of antitumor treatment, including radiotherapy and
chemotherapy, before surgery; (2) Individuals with concur-
rent presence of other malignant tumors; and (3) those with
the presence of distant metastasis.

In total, 137 HNSCC patients with complete clinical
data met the criteria and were included in the study. Their
baseline clinical characteristics are detailed in Table 1. Tis-
sue samples were collected from 77 of 137 patients. Written
informed consent was obtained from all patients or their le-
gal guardians prior to enrollment. Furthermore, this investi-
gation was approved by the Ethics Committee at Chongqing
University Fuling Hospital and was conducted in accor-
dance with the Declaration of Helsinki.

2.2 RNA Isolation and gRT-PCR

Total RNA from 16 freshly-frozen HNSCC tissues
was isolated using an RNA extraction kit (Takara, No9767,
Dalian, China). Of the 16 specimens, only 8 indicated LM.
To ensure RNA integrity, its purity was assessed by measur-
ing the A260/A280 ratio, with acceptable values between
1.8 and 2.0. The acquired RNA was then quantified via
a Nanodrop Nucleic Acid Quantifier. The PrimeScript RT
reagent kit (Takara, CN830A, Dalian, China) was utilized
for reverse transcription as directed. qRT-PCR was per-
formed according to the protocol provided with the SYBR®
Green kit (Takara). GAPDH was set as an endogenous ref-
erence, and the relative RAMP1 mRNA expression level
was calculated via the method of 2724¢, The experiment
was repeated thrice, and each sample was assayed in tripli-
cate wells. Primer sequences employed were:

RAMPI1-F: 5'-GGAGGCTAACTACGGTGCC-3’

RAMPI-R: 5-CTCCCTGTAGCTCCTGATGG-3'

GAPDH-F: 5-CAGCGACACCCACTCCTC-3'

GAPDH-R: 5-TGAGGTCCACCACCCTGT-3’
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Table 1. Clinicopathological features of HNSCC patients.

Characteristic Category Cases (%)
Male 134 (97.8%)
Gender
Female 3(2.2%)
<60 47 (34.3%)
Age
>60 90 (65.7%)
. Yes 125 (91.2%)
Smoking
No 12 (8.8%)
Early (T1-T2) 99 (72.3%)
T stage
Advanced (T3-T4) 38 (27.7%)
. . Yes 61 (44.5%)
Lymphatic metastasis
No 76 (55.5%)
. . L. Well/Moderately differentiated 127 (92.7%)
Pathological differentiation . .
poorly differentiated 10 (7.3%)

HNSCC, head and neck squamous cell carcinoma.

2.3 Protein Extraction and Western Blotting

Whole protein was isolated from 16 HNSCC tis-
sue samples (8 samples with LM and 8 samples with-
out LM) and their adjacent normal tissues, using a kit
(KeyGen BioTECH, China). The proteins were isolated
on 12% SDS-PAGE via electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) membranes, which
were then occluded for an hour, and were then treated
overnight with primary antibodies against RAMP1 (Ab-
cam, ab156575, UK, diluted 1:1000), VEGF-C (Abcam,
ab9546, UK, diluted 1:1000), LYVE-1 (Abcam, ab219556,
diluted 1:1000), SOX2 (Proteintech, 66411, China, diluted
1:1000), PROX-1 (Abcam, ab199359, diluted 1:1000), and
GAPDH (Abcam, ab181602, diluted 1:1000) at 4 °C. Then,
the membranes were probed with an anti-rabbit secondary
antibody (diluted to 1:2000; Beyotime, China) at ambient
temperature for 2 hours. The protein bands were detected
using an ECL kit (Beyotime) and visualized on a ChemiDoc
Touch Imaging System (Bio-Rad, USA).

2.4 Immunohistochemistry (IHC) Analysis

This assay was carried out by following the standard
protocol. Briefly, the samples were deparaffinized with
xylene twice, each for 10 minutes, rehydrated using seri-
ally graded alcohol solutions (100, 95, 85, and 75%; for 5
minutes at each concentration), and rinsed with phosphate-
buffered saline (PBS) 3 times (each for 5 minutes). Then,
endogenous peroxidase activity was inhibited by treating
the specimens with 3% hydrogen peroxide for 15 minutes at
ambient temperature, washing them three times in PBS for
5 minutes each, and subjecting them to a high-temperature,
high-pressure citrate buffer treatment at pH 6.0 to retrieve
the antigen. The samples were then cooled to ambient
temperature, rinsed three times with PBS (5 min/rinse),
treated with blocking solution for 30 min at ambient temper-
ature, and probed with primary antibodies against RAMP1
(Abcam, ab203282, 1:500 dilution) and LYVE-1 (Abcam,
ab33682, 1:200 dilution) at 4 °C for 24 hours. Next, the
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samples were PBS-washed 3 times (5 minutes/wash), ex-
posed to Boost IHC Detection Reagent (ZSGB-BIO, China)
for 20 min at 37 °C, rinsed 3 times, and reacted with di-
aminobenzidine (DAB) solution for 5 min for color devel-
opment, which was observed under a microscope. The re-
action was halted by the addition of distilled water. The
samples were then stained with hematoxylin for 30 seconds,
differentiated with HCl/alcohol for 3 seconds, blued using
ammonia water for 30 seconds, dehydrated through a se-
quential series of graded alcohols (75, 85, 95, and 100%,
each for 5 min), cleared in xylene (I and II, each for 10
min), and lastly mounted with neutral gum. Negative con-
trols were treated identically, but instead of the primary an-
tibody, PBS was used.

The IHC data were evaluated by two experienced
pathologists blinded to group assignment. Inter-observer
agreement between the two pathologists was assessed using
Cohen’s kappa coefficient based on 20 randomly selected
samples. The kappa value was 0.82 (95% CI: 0.74-0.90),
which was almost perfect. In cases of disagreement, a final
score was determined by consensus review using a multi-
head microscope. Then the staining intensity was scored,
and the percentage of positive cells was calculated. The
staining intensity scores were: 0 = no staining; 1 = light
yellow; 2 = light brown; and 3 = dark brown. Furthermore,
positively stained cells were scored as follows: 0 = 0-5%,
1 = 5-25%, 2 = 25-50%, 3 = 50-75%, and 4 = 75-100%.
The overall score was determined by multiplying the inten-
sity score by the percentage score. A final score of 0 =neg-
ative (—), 1-4 = weakly positive (+), 5-8 = positive (++),
and 9-12 = strongly positive (+++). Low expression was
indicated by scores <5, while scores =5 indicated high ex-
pression [28].

Micro-lymphatic vessel density (MLVD) was de-
tected using LY VE-1, a specific lymphatic endothelial cell
marker, which showed brownish-yellow staining. Under
100x magnification, 2 regions with the highest MLVD
(hotspots) were visualized. Then, under 200x magnifica-
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tion, 5 random fields within each hotspot were selected for
counting micro-lymphatic vessels. For each sample, the
MLVD value was assessed by averaging the counts from
these 10 fields [29].

2.5 Analysis of Clinical Prognostic Value

Based on IHC levels of RAMPI, cases were catego-
rized into high- and low-expression cohorts. Furthermore,
the differences in overall survival (OS) between the two co-
horts were examined by the Log-rank test. Kaplan-Meier
curves assessed survival. Independent risk factors influenc-
ing HNSCC prognosis were examined using univariate and
multivariate Cox proportional hazards regression analyses.

2.6 Cell Culture

This investigation acquired the following HNSCC cell
lines from the Center for Molecular and Cell Science at the
Chinese Academy of Sciences (Shanghai, China): CAL27
(oral squamous cell carcinoma), HPV-negative FADU (hy-
popharyngeal squamous cell carcinoma), HPV-positive
UM-SCCA47 (tonsil squamous cell carcinoma), and SCC15
(tongue squamous cell carcinoma). Cells were propagated
in 1% penicillin/streptomycin (Beyotime, China) and 10%
fetal bovine serum (FBS; Gibco, USA) in DMEM (Gibco)
at 37 °C in 5% CO,;. The culture medium was replaced rou-
tinely. Cells were passaged at 80-90% confluence using
0.25% trypsin—EDTA. Short tandem repeat (STR) profiling
was employed for cell line identity, and all cultures were
regularly tested for mycoplasma contamination using the
MycoAlert™ Mycoplasma Detection Kit (Lonza, Switzer-
land) in accordance with the manufacturer’s instructions.
Testing was performed before experimental use and at regu-
lar intervals (approximately monthly) during maintenance.
Only cells in the logarithmic growth phase were used for all
experiments.

2.7 Lentiviral Transduction

To establish stable cell models with RAMP1 knock-
down (KD) or overexpression (OE), specific sShRNA se-
quences targeting RAMPI as well as RAMP1 OE frag-
ments were designed, synthesized, and cloned into lentivi-
ral vectors (Ubi-MCS-firefly luciferase-IRES-Puromycin;
acquired from Genechem, Shanghai, China). The experi-
ment included four groups: sh-RAMP1 (RAMP1 KD), vec-
tor (OE negative control), sh-NC (KD negative control),
and OE-RAMP1 (RAMP1 OE). All cell lines (5 x 10°/well)
were grown in 6-well plates until 50-60% confluent. Then,
transduction was performed. Based on pre-optimized con-
ditions, lentiviral particles were added to each well at a mul-
tiplicity of infection (MOI) of 10. To enhance transduc-
tion efficiency, 5 pg/mL of polybrene was added. After 6
hours, fresh DMEM containing 10% FBS was added, and
the cells were cultured for another 48 hours. Subsequently,
the medium was replaced with a selection medium contain-
ing puromycin (2 pg/mL). Positive cells were isolated by

continuing the culture until all cells in the negative control
groups had perished, yielding stably transduced cell pop-
ulations. Finally, the RAMP1 KD or OE efficiency was
evaluated via qRT-PCR and Western blot analyses. The cell
line with the highest transduction efficiency was selected
for further experiments.

2.8 CCK-8 Proliferation Assay

Stably transduced FADU and SCC15 cells (2000/well)
were grown in 96-well plates, with each well comprising
100 pL of 10% FBS containing DMEM for 12 hours at
37 °C in 5% CO,. At 0, 24, 48, 72, and 96 hours post-
incubation, 10 pL of CCK-8 reagent (without FBS) was
added to each well for 2 hours, and the absorbances at 450
nm were read in a microplate reader to assess cell prolif-
eration activity. Each group was assayed thrice, with three
replicates. Cell proliferation was determined relative to the
absorbance at 0 hours.

2.9 Wound Healing Assay

Stably transduced FADU and SCCI15 cells (5 x
10°/well) were grown in 6-well plates in 10% FBS contain-
ing DMEM until 100% confluent. Then, a sterile pipette
tip was used to scrape the cell monolayer 3—5 times in par-
allel to create a wound, ensuring a uniform width for each
scratch. Cells were then rinsed 3 times with PBS to remove
dislodged cell debris, cultured in serum-free DMEM, and
monitored for scratch-healing rate at 0, 24, and 48 hours
under inverted microscopy. ImageJ was employed to mea-
sure scratch width. Wound closure rates were determined
as follows: (Initial scratch width — Scratch width at a given
time point) / Initial scratch width x 100%. Each group was
evaluated thrice separately with replicates.

2.10 Invasion Assay

For cell invasion assays, Matrigel matrix (BD Bio-
sciences, USA) was coated on Transwell chambers (24-
well plate, 8 um pore polycarbonate membrane, Corning,
USA). Briefly, 50 uL of Matrigel in serum-free DMEM
(1:8 ratio) was dispensed into each chamber at 37 °C in
5% CO, for 4 hours. Then, stably transduced FADU cells
(5 x 10%/100 pL of serum-free DMEM) were introduced
into the top compartment, whereas 600 pL of 15% FBS-
containing DMEM was added to the lower compartment as
a chemoattractant. The plate was kept at 37 °C in 5% CO,
for 24 hours. Non-invading cells in the membrane’s upper
surface were accurately removed while employing a cotton
swab. The chambers were rinsed with PBS 3 times, pre-
served with 4% paraformaldehyde for 30 minutes, rinsed
again with PBS 3 times, stained with a 0.5% crystal violet-
methanol solution at ambient temperature for 15 minutes,
and washed 3 times with PBS to remove excess stain. Cells
on the bottom surface of the membrane were imaged and
quantified via inverted microscopy from 5 randomly se-
lected fields per chamber. Each group was analyzed inde-
pendently three times, each time with 3 triplicate.
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Fig. 1. Schematic overview of the study design. (A) Clinical sample analysis. A discovery cohort (LM, n = 4; NLM, n = 5) was

subjected to whole-transcriptome sequencing, which revealed RAMP] as a differentially expressed gene. Validation was performed in a

larger cohort by qRT-PCR, Western blot, and immunohistochemistry. RAMP1 high expression correlated with increased micro-lymphatic
vessel density (MLVD). (B) In vitro experiments. RAMP1 knockdown and overexpression in HNSCC cell lines (FADU, SCC15, CAL27,
UM-SCC47) were established. Functional assays were conducted to evaluate proliferation, migration, and invasion. The expression of
VEGF-C and PROX-1 was examined by Western blot. Conditioned media from RAMP1-modulated cells were used to evaluate tube
formation in human lymphatic endothelial cells (HLECs). (C) In vivo experiments. A footpad xenograft model was established in

BALB/c nude mice (n = 5 per group). After 28 days, tumor growth, lymphangiogenesis (LYVE-1 IHC), lymph node metastasis (H&E),
and expression of RAMP1, VEGF-C, and PROX-1 were evaluated. LM, lymph node metastasis; NLM, no lymph node metastasis;
RAMPI, Receptor Activity-Modifying Protein 1; qRT-PCR, quantitative real-time polymerase chain reaction; HNSCC, head and neck

squamous cell carcinoma; VEGF-C, vascular endothelial growth factor C; PROX-1, Prospero homeobox protein 1.

2.11 Tube Formation Assay

For this assay, 50 uL of Matrigel/well was used to coat
96-well plates for an hour at 37 °C in 5% CO; to facilitate
gel solidification. Then, human lymphatic endothelial cells
(HLECS) in normal culture were digested by trypsin-EDTA
and centrifuged to acquire a cell pellet, which was redis-
solved in conditioned medium collected from RAMP1 OE
or KD FADU and SCCI15 cells. Subsequently, 50 uL of a
cell suspension (1 x 10* cells) was added to each well and
incubated at 37 °C in 5% CO, for 24 hours. Then, 5 random
fields from each well were imaged via inverted microscopy
equipped with a 10x objective lens. The tube formation pa-
rameters, such as the number of junctions, cumulative tube
length, and the number of mesh structures, were evaluated
using the Angiogenesis Analyzer plugin in ImageJ (version
1.52v, National Institutes of Health, Bethesda, Maryland,
USA). Each group was analyzed independently 3 times,
each time with 3 triplicate.

2.12 Establishment of a Footpad Xenograft Mouse Model

BALB/c nude mice (five-week-old, male) were pro-
vided by Tengxin Biotechnology Co., Ltd. (Chongqing,
China), and kept at the Animal Center of Chongqing Med-
ical University under specific-pathogen-free (SPF) con-
dition at 22-25 °C, in 50-60% humidity, in a 12-hour
light/dark cycle, with unrestricted chow and water. The an-
imals were acclimatized for a week before the experiments.
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Stably transduced FADU cells (sh-NC, sh-RAMP1,
vector, OE-RAMP1; 5 x 10° cells/mL) were resuspended
in PBS, and 0.2 mL of this suspension, containing 1 X
10% cells, was subcutaneously injected into each mouse’s
right hind footpad (n = 5 mice/group). The animals’ over-
all health and progression of footpad tumor growth were
monitored daily. At 28 days post-injection, all animals
were anesthetized by intraperitoneally injecting pentobar-
bital sodium (50 mg/kg). Deep anesthesia was confirmed
by loss of pedal reflex, followed by euthanasia through cer-
vical dislocation performed by trained personnel. Death
was confirmed by the absence of respiration, heartbeat, and
corneal reflex before tissue collection. Primary tumors in
the popliteal lymph nodes and footpad were dissected and
weighed. Moreover, tumor volume was evaluated as fol-
lows: Volume = (Length x Width?) x /6 [30].

Half of the tumor and lymph node tissue samples were
used for qRT-PCR and Western blot analyses, while the re-
maining were preserved in 4% paraformaldehyde, embed-
ded in paraffin, and used for IHC analysis. All in vivo as-
says were approved by the Animal Welfare and Ethics Com-
mittee of Chongging University and followed the UK An-
imals (Scientific Procedures) Act and relevant guidelines
from the National Institutes of Health. The study was car-
ried out in accordance with the ARRIVE guidelines.
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Fig. 2. In HNSCC patients, LM promotes poor prognosis through lymphangiogenesis. (A) Univariate Cox regression analysis of

clinicopathological characteristics of 137 HNSCC patients. (B) Kaplan-Meier survival curves comparing patients with LM (LM group,
n = 61) and no LM (NLM group, n = 76). (C) Representative IHC images of lymphatic vessels (LY VE-1 staining) in LM and NLM
HNSCC tissues. Scale bar, 100 pm (200%) and 40 pm (400%), respectively. (D) MLVD quantification in 77 HNSCC tissues. The LM
group exhibited substantially higher MLVD than the NLM group. (E) Heatmap of DEGs (|log, FC| >1.5, p < 0.05) between LM (n =
4) and NLM (n = 5) HNSCC tissues. RAMP1 was significantly up-regulated in metastatic tumors. The two-sided log-rank test was

conducted for survival analysis in (B). Comparisons between two groups in (D) were analyzed using a two-tailed Student’s #-test. DEGs

in (E) were identified based on the criteria |log, FC| >1.5 and p < 0.05 (no multiple testing correction applied). ***p < 0.001.

2.13 Bioinformatics

Gene expression profiles (in TPM format) and clini-
cal information of HNSCC cases were obtained from the
TCGA database. The dataset comprised 566 samples (522
tumor specimens and 44 normal controls). The R package
“TCGADiolinks” (version 2.25.0) [PMID: 26704973] was
employed for data extraction and preprocessing. Moreover,
gene expression data related to HNSCC were also screened
from the GEO GSE6631 dataset. This dataset comprised
44 samples, including 22 tumor and 22 normal samples.
“GEOquery” in R was used to extract and normalize this
dataset.

Furthermore, RAMPI expression across 33 cancer
types in the TCGA database was assessed using TIMER2.0,
facilitating a comprehensive pan-cancer analysis. KEGG
pathway enrichment analyses and GO functional annotation
for RAMPI and its associated genes were performed using
“clusterProfiler” in R, with a significance threshold of p <
0.05.

2.14 Statistical Analysis

All data were statistically assessed with SPSS 22.0 and
GraphPad Prism (version 8.0) and are presented as mean
+ standard deviation (mean = SD). Intergroup differences
were evaluated using ¢-tests, and for the multigroup com-
parison, the one-way ANOVA followed by Tukey’s test (if
ANOVA revealed significant differences) was used. Cate-

gorical variables, such as the association between RAMPI
expression and clinicopathological features, were analyzed
using Pearson’s y” test. The correlation between RAMPI
expression and MLVD, as well as between RAMP] expres-
sion and patient survival, was evaluated via Spearman’s
rank correlation and Kaplan-Meier curves, respectively,
and their differences were assessed using the Log-rank test.
A p-value < 0.05 depicted statistical significance. All ex-
periments were conducted at least three times to ensure re-
liability.

3. Results

The overall study design is summarized in Fig. 1.

3.1 Lymphangiogenesis-Mediated LM Drives Poor
Prognosis in HNSCC

Univariate Cox regression analysis of clinicopatho-
logical features in 137 HNSCC patients indicated that LM
was strongly associated with poor prognosis (Fig. 2A).
Furthermore, the multivariate Cox regression analysis re-
vealed that LM serves as an independent prognostic fac-
tor influencing the OS of HNSCC (HR = 7.381, 95% CI
=2.770-19.667, p < 0.001) (Table 2). Moreover, Kaplan-
Meier survival analysis showed that the OS of cervical LM
patients was significantly reduced compared with the neg-
ative group (Fig. 2B).
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Table 2. Univariate and multivariate Cox regression analyses of OS in HNSCC.

. Univariate analysis Multivariate analysis
Characteristics
HR (95% CI) p-value HR (95% CI) p-value
Age
<60 Reference
=60 1.076 (0.540-2.146) 0.835
Smoking
Yes Reference
No 0.966 (0.296-3.152) 0.955
Gender
Male Reference
Female 0.000 (0.000-Inf) 0.997
T stage
Early (T1-T2) Reference Reference
Advanced (T3-T4) 5.934 (3.029-11.624)  <0.001 2.564 (1.251-5.255) 0.010
Lymphatic metastasis
No Reference Reference
Yes 11.214 (4.487-28.027)  <0.001  7.381 (2.770-19.667)  <0.001
Pathological differentiation
Well/Moderately differentiated Reference
Poorly differentiated 0.763 (0.234-2.493) 0.654
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Fig. 3. RAMPI is up-regulated in HNSCC tissue and is linked with LM. (A) qRT-PCR measurement of RAMPI mRNA levels in
8 paired primary tumor tissues (PTT) and adjacent non-tumorous tissues (ANT). (B) Representative Western blot images (lower) and
densitometric quantification of RAMP1 protein levels (upper) in PTT/ANT samples. (C) Representative Western blot images (lower)
and densitometric quantification of RAMP1 protein levels (upper) in NLM/LM samples. (D) RAMPI mRNA levels in NLM and LM

HNSCC tissues. All comparisons between two groups were analyzed via a two-tailed Student’s #-test. Data are shown as mean + SD.

#kp < 0.01, *#*%p < 0.001.

To elucidate the relationship between lymphangiogen-
esis and LM, LYVE-1 IHC analysis was carried out on 77
HNSCC tumor samples to identify lymphatic vessels. It
was found that the MLVD in HNSCC patients with cervical
LM was significantly elevated relative to those without cer-
vical LM (p <0.01) (Fig. 2C,D). This suggests a significant
correlation between lymphangiogenesis and cervical LM at
the histopathological level in HNSCC. To identify pivotal
genes regulating LM in HNSCC, transcriptomic analysis
was conducted on tissue specimens from four individuals
with cervical LM and five samples without LM. Based on
the criterion of |[logo, FC| >1.5 and p < 0.05, several differen-
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tially expressed genes (DEGs) were successfully identified.
Among them, RAMP1 was substantially up-regulated in the
LM-positive group (Fig. 2E).

3.2 RAMPI Demonstrates Elevated Expression in HNSCC
With LM and Correlates With Lymphangiogenesis and
Adverse Prognosis

Western blotting and qRT-PCR analysis of 8 matched
samples of HNSCC tumor tissues and adjacent normal tis-
sue showed that RAMPI protein and mRNA levels were
significantly elevated in tumor specimens relative to their
adjacent normal counterparts (p < 0.05) (Fig. 3A,B). Fur-
thermore, RAMPI mRNA and protein expression of pri-
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Fig. 4. Clinical and functional significance of RAMPI in HNSCC patients. (A) Representative IHC images of RAMP1 in LM
and NLM HNSCC tissues. Scale bar: 100 um (200x) and 50 um (400x), respectively. (B) Percentage of tumors with high RAMP1
expression in NLM and LM cohorts. RAMP1 expression was categorized as high (IHC score >5) or low (IHC score <5) based on
combined intensity and percentage scoring. The y test was used to compare the proportion of high RAMP1 expression between LM
and NLM groups (p < 0.05). (C) Pan-cancer analysis of RAMP1 expression across 33 cancer types using the TIMER2.0 database. (D)
Elevated expression of RAMPI in LM HNSCC tissues from the TCGA-HNSC dataset (n = 522), stratified by age, sex, T classification,
and N classification. A two-tailed Wilcoxon rank-sum test was performed to compare RAMP1 expression between LM and NLM groups.
(E) Spearman correlations between RAMP1 IHC score and MLVD in 77 HNSCC tissues. (F) Kaplan-Meier survival curves of HNSCC
patients stratified by RAMP1 expression. The optimal cut-off value (IHC score = 5) was determined using X-tile software. The two -
sided log - rank test was used to compare overall survival between high- and low-RAMP1 expression groups. (G) Receiver operating
characteristic (ROC) curve analysis of RAMP1 expression for predicting lymph node metastasis in HNSCC patients (n = 77). The area

under the curve (AUC) was 0.808 (95% CI: 0.699-0.917). The DeLong method was performed to compare AUCs. *p < 0.05, **p <
0.01, ***p < 0.001.
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Fig. 5. Successful establishment of stable RAMP1 KD and OE models in HNSCC cell lines. (A,B) Quantification of RAMP1 protein
levels in FADU, SCC15, CAL27, and UM-SCCA47 cell lines. (C—F) Representative Western blots of RAMP1 levels in FADU, SCC15,
CAL27, and UM-SCC47 cells after lentiviral transduction with a non-targeting control shRNA (sh-NC), shRNA targeting RAMP1 (sh-
RAMP1), an empty vector control (Vector), or a RAMP1 OE construct (OE-RAMP1). (G,H) qRT-PCR measurement of relative RAMP1
mRNA levels in specified HNSCC cells with stable KD (sh-RAMP1, vs. sh-NC control) or OE (OE-RAMP1, vs. Vector control). Data
are depicted as mean + SD of at least three separate experiments. Comparisons were performed via a two-tailed Student’s #-test. *p <
0.05, **p <0.01, ***p < 0.001.
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Fig. 6. RAMP1 promotes the proliferation, migration, and invasion of HNSCC cells in vitro. The proliferation rates of RAMP1 KD
(sh-RAMP1) or OE (OE-RAMP1) in (A) FADU and (B) SCCI15 cells were assessed by CCK-8 assay and compared with their respective
controls (sh-NC and vector). (C,D) Cell migration was assessed using a wound-healing assay. Representative images and corresponding
quantitative analysis of relative wound closure in (C) FADU and (D) SCC15 at 0 h and 48 h. Scale bar, 100 um. (E,F) Cell invasion
ability was determined by the Transwell invasion assay. Representative images (left panel, 200x magnification) and the quantitative
analysis of the number of invading. Scale bar: 100 pm. (E) FADU and (F) SCC15 cells (right panel). Data are shown as mean + SD
of three independent experiments. A two-tailed Student’s z-test was conducted to compare sh-RAMP1 versus sh-NC and OE-RAMP1
versus vector. *p < 0.05, **p <0.01, ***p <0.001 vs. respective control group.

mary tumor tissues was substantially higher in the LM-
positive group relative to the negative group (p < 0.05) (Fig.
3C,D). These observations were corroborated through IHC
analysis at the tissue level (Fig. 4A,B).

Pan-cancer analysis revealed a broad increase in
RAMPI expression specifically in HNSCC (Fig. 4C). The
TCGA database also confirmed that RAMPI expression
was substantially increased in the LM-positive group rel-
ative to the negative group (p < 0.05) (Fig. 4D). Spear-
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man correlations indicated significant positive associations
between RAMP1 expression levels and MLVD (r = 0.384,
p <0.001) (Fig. 4E), suggesting that RAMP1 can modu-
late the metastatic process of HNSCC via lymphangiogen-
esis. Kaplan-Meier curves demonstrated that individuals
with high RAMP1 levels had significantly shorter OS rel-
ative to those with lower levels (Log-rank p = 0.041) (Fig.
4F), suggesting that RAMP1 can function as a prognostic
biomarker for HNSCC patients. Receiver operating charac-
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Fig. 7. RAMP1 regulates the expression of key lymphangiogenic factors in HNSCC cells. (A—D) Western blots showing relative
levels of RAMP1, VEGF-C, and PROX-1 in (A) FADU, (B) SCC15, (C) CAL27, and (D) UM-SCC47 cells. Protein levels were normal-
ized to GAPDH levels. (E) Western blots showing RAMP1, VEGF-C, and PROX-1 levels in FADU, SCC15, CAL27, and UM-SCC47
cells conditioned to RAMP1 KD (sh-RAMP1) or OE (OE-RAMP1), compared with their respective controls (sh-NC and vector). Data

are shown as mean + SD of at least three independent experiments. Comparisons were performed using two-tailed Student’s 7-tests. *p

<0.05, **p <0.01, ***p < 0.001 vs. control group. ns, not significant.

teristic (ROC) curve analysis further indicated that RAMP1
expression had good predictive performance for LM, with
an area under the curve (AUC) of 0.808 (95% CI: 0.699—
0.917) (Fig. 4G).

3.3 RAMP1 Promotes HNSCC Cells’ Ability to
Proliferate, Migrate, and Invade In Vitro

gRT-PCR and Western blotting indicated that after
lentiviral transduction, RAMP1 mRNA and protein levels
were substantially reduced in the sh-RAMPI1 group rela-
tive to the sh-NC group. Moreover, the OE-RAMP1 group
had significantly increased levels of RAMP1I mRNA and
protein relative to the vector group (p < 0.05) (Fig. 5A-
H). These findings confirm the successful establishment of
stable RAMP1 KD and OE HNSCC cell models. FADU
and SCCI1S5 cell lines showed the highest transduction effi-
ciency and represent two major anatomical subsites of HN-
SCC (hypopharynx and tongue) and were therefore selected
for subsequent functional assays.

The CCK-8 proliferation assay showed that RAMP1
KD significantly inhibited the proliferation of FADU and
SCC15 cells compared with controls (p < 0.05). RAMP1
OE substantially enhanced cell proliferation (p < 0.05) (Fig.
6A,B). The wound healing assay revealed that RAMP1 KD
significantly decreased FADU and SCC15 cells’ migratory
capacity (p < 0.05), while RAMP1 OE had the opposite ef-
fect (p < 0.05) (Fig. 6C,D). The Transwell invasion assay
showed that RAMP1 KD significantly reduced the number
of invading FADU and SCCI15 cells (p < 0.05), whereas
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RAMP1 OE showed a reverse trend (p < 0.05) (Fig. 6E,F).
These data suggest that RAMP1 can elevate the migration,
invasion, and proliferation of HNSCC cells.

3.4 RAMPI Increases the Release of Lymphangiogenic
Factors and Endothelial Cell Tube Formation In Vitro

Western blotting revealed that in FADU, SCCI15,
CAL27, and UM-SCC47 cells, RAMP1 KD significantly
reduced VEGF-C and PROX-1 protein expression, while
RAMPI1 OE significantly up-regulated them (p <0.05) (Fig.
7A-E). These data suggest that RAMP1 can modulate the
expression of crucial lymphangiogenic factors, specifically
VEGF-C and PROX-1, in HNSCC cells.

The tube formation assay indicated that, compared to
the control group, HLECs cultured in medium conditioned
by sh-RAMP1 HNSCC cells had sparse, incomplete tubular
formations. This treatment significantly decreased the junc-
tion count and the overall tube length (p < 0.05). HLECs
conditioned in OE-RAMP1 cells’ medium formed denser,
more intricate network structures, with a substantially el-
evated number of junctions and the total tube length (p <
0.05) (Fig. 8A—C). These findings suggest that RAMP1 can
promote the tube-forming capacity of lymphatic endothelial
cells in a paracrine manner, thus modulating lymphangio-
genesis.

11


https://www.imrpress.com

300 H o

Number of Junctions
Number of Meshes

a

Number of Junctions
Number of Meshes

20000 *

Total Tube Length (pm)

Total Tube Length (um)

Fig. 8. RAMP1 promotes tube formation in HLECs, an human lymphatic endothelial cell line, in vitro. (A) Representative micro-

scopic images of tube formation in HLECs cultured in conditioned medium (CM) from FADU (upper panel) or SCC15 (lower panel)
cells with RAMP1 KD (sh-RAMP1) or OE (OE-RAMP1), as well as their respective controls (sh-NC and vector). HLECs were seeded
on Matrigel and imaged after 24 hours. Magnification = 10x. Scale bar, 200 pm. (B,C) Quantitative analysis of the tube formation

assay for HLECs conditioned to engineered FADU (B) or SCC15 (C) cells. ImagelJ software was employed to quantify key parameters,

including the number of junctions, meshes, and total tube length. Data are shown as mean + SD of three separate experiments (with

multiple fields analyzed per replicate). For each comparison, a two-tailed Student’s -test was performed. *p < 0.05, **p < 0.01, ***p <

0.001 vs. control group.

3.5 RAMPI Promotes In Vivo Tumor Growth and
Lymphatic Metastasis in HNSCC

The nude mouse footpad xenograft model indicated
that relative to the control group, The OE-RAMP1 group
showed a tendency toward increased tumor volume and
weight, but the differences did not reach statistical signif-
icance (ns, p = 0.05), while they were significantly de-
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creased in the sh-RAMP1 group (p < 0.05) (Fig. 9A-
C). Furthermore, IHC analysis confirmed that RAMP1 ex-
pression was significantly elevated in tumor tissues from
the OE-RAMP1 group but significantly reduced in the sh-
RAMPI group (Fig. 9D). The Western blot analysis in-
dicated that, compared with the control group, the sh-
RAMPI group showed a significant reduction in VEGF-
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Fig. 9. RAMP1 promotes tumor growth and lymphangiogenesis in vivo by up-regulating VEGF-C and PROX-1. (A) Representa-
tive images of orthotopic tumors in the footpads of nude mice at the endpoint (day 28). From top to bottom: mice are arranged in the order
of FADU-OE-RAMP1, FADU-vector, FADU-sh-RAMP1, and FADU-sh-NC groups. The middle panel shows a detailed anatomical view
of a dissected footpad tumor and the popliteal lymph node. The right panel shows representative IHC images of RAMP1 expression in
primary tumor tissues. Scale bar: 200 um (200%) and 100 um (400x), respectively. (B) Excised primary tumors from the footpads of each
group. (C) Quantification of primary tumor volumes (left) and weights (right). (D) Quantification of IHC staining intensity of RAMP1,
presented as the Average Optical Density (AOD), which integrates both staining intensity and positive area. (E) Western blots showing
RAMPI1, VEGF-C, and PROX-1 levels in lysates from primary tumors of FADU-OE-RAMP1 vs. FADU-vector or FADU-sh-RAMP1 vs.
FADU-sh-NC injected mice. (F) Quantification of relative protein levels from (E). Protein expression was normalized to GAPDH. Data
are shown as mean + SD (n = 5). For comparisons between two groups (OE-RAMP1 vs. vector; sh-RAMP1 vs. sh-NC), a two-tailed
Student’s ¢-test was conducted. *p < 0.05, **p < 0.01, ***p <0.001 vs. respective control groups. ns, not significant.

C and PROX-1 protein expression in tumor tissues (p <
0.05), while they were significantly up-regulated in the
OE-RAMP1 group (p < 0.05) (Fig. 9E,F), suggesting that
RAMP1 can modulate VEGF-C and PROX-1 expression in
vivo. The IHC analysis via LYVE-1 staining showed that
the MLVD in tumor tissues from the sh-RAMP1 group was
significantly reduced compared with controls (p < 0.05).
Moreover, the MLVD in the OE-RAMPI1 group was sig-
nificantly higher than in the control group (p < 0.05) (Fig.
10A,B).
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The popliteal lymph node analysis revealed that both
the volumes and masses of metastatic lymph nodes in the
OE-RAMP1 group were significantly higher than in the
controls (p < 0.05), but the sh-RAMP1 group had sub-
stantially reduced sizes and masses (p < 0.05) (Fig. 10C—
E). Furthermore, IHC analyses revealed that the incidence
of LM in the OE-RAMP1 cohort (42.86%) was signifi-
cantly higher than in the vector cohort (16.67%) and the sh-
RAMPI cohort (0%) (Fig. 10F and Table 3, Ref. [28,29]).
These results demonstrate that RAMP1 promotes tumor
growth and lymphatic metastasis in HNSCC in vivo.
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Fig. 10. RAMP1 enhances lymphangiogenesis and promotes LM in vivo. (A) Representative IHC images of LYVE-1 (a specific
marker for lymphatic endothelial cells) stained tumor sections to visualize intratumoral lymphatic vessels. Scale bar: 200 pm (200%) and
100 pm (400x), respectively. (B) Quantification of MLVD based on LY VE-1-positive vessels in primary tumors from each group. (C)
Representative images of lymph nodes collected from nude mice in the indicated groups. (D,E) Quantification of (D) lymph node volumes
and (E) weights. (F) Representative H&E staining of lymph nodes, indicating the histology of non-metastatic (left panel) and metastatic
(right panel) LNs. For comparisons between two groups (OE-RAMP1 vs. vector; sh-RAMP1 vs. sh-NC), a two-tailed Student’s s-test
was carried out. Scale bar: 100 pm (200x) and 50 pm (400x), respectively. *p < 0.05, **p <0.01, ***p < 0.001 vs. respective control
groups.
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Table 3. Incidence of LM in the experimental lymph metastasis model.

Group Total LNs collected (n)  Metastatic LNs (n)  Metastasis rate (%)  p-value
FADU-OE-RAMP1 7 3 42.86 0.045
FADU-vector 6 1 16.67
FADU-sh-RAMP1 5 0 0 1.000
FADU-sh-NC 5 0 0

To reliably detect differences in lymph node metastasis rate, the sample size was 5 mice per group, based on

previous HNSCC footpad metastasis studies [28,29]. Popliteal lymph nodes were harvested from the right

hind footpad. Consistent with tumor-induced lymphangiogenesis and local lymphatic remodeling, some

mice exhibited multiple (2-3) lymph nodes within the popliteal fossa, resulting in variation in the total

number of lymph nodes collected per group. No mice were excluded from analysis due to this variation.

Metastasis rates were calculated as the proportion of metastatic lymph nodes among the total number

of collected lymph nodes. Statistical analysis was performed using Fisher’s exact test based on 2 x 2

contingency tables (metastatic vs. non-metastatic lymph nodes). A significant difference was observed

between the OE-RAMP1 and vector groups (*p = 0.045). No significant difference was detected between
the sh-RAMP1 and sh-NC groups (p = 1.000). LNs, lymph nodes.

4. Discussion

The prognosis of HNSCC is influenced by LM inci-
dence, which significantly reduces five-year survival rates
[31,32,33]. In LM tumors, lymphangiogenesis is an essen-
tial process that provides a structural foundation for tumor
cell migration and influences tumor development by modu-
lating the tumor microenvironment and immune responses
[34,35]. The mechanism by which the VEGF-C/VEGFR3
signaling axis activates the transcription factor PROX-1 to
regulate lymphatic endothelial cell phenotype and drive tu-
mor lymphangiogenesis has been comprehensively studied
[36,37]; however, the related upstream regulatory mecha-
nisms in HNSCC warrant further research. Therefore, it
is crucial to evaluate the upstream regulatory pathway of
the VEGF-C/VEGFR3/PROX-1 axis to identify the mecha-
nisms underlying HNSCC lymphatic metastasis and to de-
velop novel therapeutic strategies.

This systematic study confirmed that RAMPI is a
novel upstream regulatory factor for lymphangiogenesis
and LM in HNSCC. RAMPI, a crucial component of the
CGRP receptor complex, significantly influences various
physiological and pathological processes [38,39]. Previous
studies have reported that RAMPI promotes tumor progres-
sion in prostate cancer via NKX3.7 [23] and in gastric can-
cer through the CGRP-RAMP] axis [22], and that it con-
tributes to lymphangiogenesis in inflammatory and tissue
repair contexts [25,26,27,40]. However, its role in tumor-
associated lymphangiogenesis in HNSCC has not been re-
ported, nor has its relationship with the VEGF-C/PROX-
1 signaling axis been defined. To identify essential genes
responsible for lymphatic metastasis in HNSCC, transcrip-
tomic sequencing of tumor samples with and without LM
was performed. RAMPI was identified as one of the most
elevated DEGs in the metastatic cohort, suggesting a pos-
sible role in the lymphatic metastasis of HNSCC. Further-
more, clinical studies have indicated that increased RAMP1
expression is correlated with poor prognosis and enhanced
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intratumoral MLVD in individuals with HNSCC. This sug-
gests that RAMPI may serve as a predictive biomarker for
HNSCC and modulate lymphangiogenesis.

In vitro functional assays revealed that RAMPI sig-
nificantly increased proliferation, migration, and invasion
in HNSCC cells, consistent with its tumor-promoting role
in other malignancies [23,24]. This study is the first to
show that RAMP1 not only regulates the malignant behav-
ior of tumor cells but also remodels the tumor microen-
vironment, specifically by promoting lymphangiogenesis.
Furthermore, altering RAMP1 expression markedly affects
VEGF-C levels and its downstream transcription factor,
PROX-1. These findings indicate that RAMP] is the up-
stream regulator of the classic VEGF-C/VEGFR3/PROX-
1 signaling axis, providing a novel understanding of the
atypical activation of this pathway in HNSCC. Previous re-
search predominantly focused on the regulation of VEGF-C
or its downstream effects, whereas this study established
that RAMPI may serve as a significant upstream regula-
tor, facilitating activation of the VEGF-C/VEGFR3/PROX-
1 signaling pathway. Although the data of this investigation
demonstrated that RAMPI positively regulates VEGF-C
and PROX-1 expression, the precise molecular mechanism
remains elusive. However, given that RAMP] is a known
co-receptor for CGRP and activates MAPK and PI3K sig-
naling in other tumor types [22,23], it was inferred that
RAMP1 may promote VEGF-C transcription via these path-
ways in HNSCC. In the future, we will perform rescue ex-
periments, including re-expressing VEGF-C or PROX-1 in
RAMP1-KD cells, to assess whether these factors are nec-
essary and sufficient for RAMPI’s pro-lymphangiogenic
effects. Furthermore, complementary approaches such as
ChIP and promoter luciferase reporters will be employed to
identify the transcriptional hierarchy.

Functional experiments further wvalidated this
molecular-level regulation. The tube formation assays
revealed that RAMPI enhances the tube-forming capacity
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of lymphatic endothelial cells in a paracrine manner,
consistent with RAMPI’s stimulation of lymphangio-
genesis observed by Tsuru et al. [40]. This study also
validated RAMPI’s stimulation of lymphangiogenesis
in HNSCC and identified that its molecular mechanism
depends on the VEGF-C/PROX-1 axis. In vivo analy-
ses further confirmed that RAMPI OE could increase
intratumoral lymphatic vessel density by up-regulating
VEGF-C/PROX-1 expression, thus increasing the LM
rate. This establishes the complete regulatory pathway
of “RAMPI - VEGF-C/PROX-1 - Lymphangiogenesis -
LM”, offering a novel understanding of the molecular
mechanism underlying lymphatic metastasis in HNSCC.
Recent literature highlights that lymphatic arteries are not
only passive channels for tumor cell migration but can
actively recruit tumor cells by secreting chemokines [41].
It was inferred that HNSCC cells can form a lymphatic
network conducive to metastasis by increasing RAMPI
expression, furnishing novel insights into the “active”
function of lymphatic vessels during tumor metastasis.

5. Limitations and Future Perspectives

Several limitations of this study should be acknowl-
edged. (1) The size of the clinical cohort was modest, and
samples were collected from a single institution. (2) The
xenograft model, while informative, lacks a functional im-
mune system. (3) A small number of animals per group
were utilized. (4) VEGF-C and PROX-1 were primarily
focused, and other lymphangiogenic factors (e.g., VEGF-
D) were not evaluated, nor was a preclinical evaluation of
RAMP-targeted interventions performed.

In the future, larger, multi-center cohorts are needed to
validate the prognostic value of RAMP1, and immunocom-
petent mouse models (e.g., conditional knockout) should be
used to assess its role in the intact tumor-immune microen-
vironment. Further studies should determine the precise
molecular events linking RAMPI to VEGF-C and PROX-
1 and explore crosstalk with other lymphangiogenic path-
ways. At the cellular level, single-cell and spatial tran-
scriptomic analyses should be carried out to help eluci-
date the heterogeneity and spatial localization of RAMPI-
expressing cells within the tumor microenvironment. From
a translational perspective, RAMP1 is a druggable GPCR-
associated protein. The presented findings open the possi-
bility of repurposing existing CGRP receptor antagonists or
developing novel RAMP-targeted agents for HNSCC ther-
apy. However, the therapeutic potential of RAMP! inhibi-
tion warrants evaluation in preclinical models.

6. Conclusions

This study identified RAMPI as a critical driver
of lymphangiogenesis and lymphatic metastasis in HN-
SCC. Mechanistically, RAMP1 promotes the expression of
VEGF-C and its downstream transcription factor PROX-1,
thus enhancing tumor cell aggressiveness and paracrine ac-
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tivation of lymphatic endothelial cells. Clinically, elevated
RAMPI expression correlates with increased intratumoral
lymphatic vessel density and poor patient survival, support-
ing its potential as a prognostic biomarker. These findings
validate the RAMP1/VEGF-C/PROX-1 axis as a previously
unrecognized signaling cascade in HNSCC metastasis and
suggest that targeting RAMP] may represent a promising
therapeutic strategy.
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