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Abstract

BACKGROUND
The TGF-B/SMAD3 and VEGFR-1 signaling pathways play important roles in
gastric cancer metastasis. SMAD3 phosphorylation is a crucial prognostic marker
in gastric cancer.

AIM

To determine the prognostic value and relationship of SMAD3 phospho-isoforms
and VEGFR-1 in gastric cancer.

METHODS

This was a single-center observational study which enrolled 98 gastric cancer
patients and 82 adjacent normal gastric tissues from patients aged 32-84 years
(median age 65) between July 2006 and April 2007. Patients were followed up
until death or the study ended (median follow-up duration of 28.5 mo). The
samples were used to generate tissue microarrays (TMAs) for immunohisto-
chemical (IHC) staining. The expressions of TGF-p1, pSMAD3C(5423/425),
PSMAD3L(5204), and VEGFR-1 in gastric cancer (GC) tumor tissue and normal
tissue were measured by IHC staining using TMAs obtained from 98 GC patients.
Prognosis and survival information of the patients was recorded by Outdo
Biotech from May 2007 to July 2015. The relationship between TGF-p1, pSMAD-
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3C(5423/425), pPSMAD3L(S204), and VEGFR-1 protein expression levels was analyzed using Pearson's correlation
coefficient. The relationship between protein expression levels and clinicopathological parameters was analyzed
using the Chi-squared test. A survival curve was generated using the Kaplan-Meier survival analysis.

RESULTS

TGFp-1 and VEGFR-1 expression was significantly upregulated in gastric cancer tissue compared to adjacent non-
cancerous tissue. The positive expression of phosphorylated isoforms of Smad3 varied depending on the
phosphorylation site [pSMAD3C(5423/425): 51.0% and pSMAD3L(5204): 31.6%]. High expression of pSMAD-
3L(5204) was significantly correlated with larger tumors (P = 0.038) and later N stages (P = 0.035). Additionally,
high expression of VEGFR-1 was closely correlated with tumor size (P = 0.015) and pathological grading (P =
0.013). High expression of both pPSMAD3L(5204) and VEGFR-1 was associated with unfavorable outcomes in terms
of overall survival (OS). Multivariate analysis indicated that high expression of pPSMAD3L(5204) and VEGFR-1
were independent risk factors for prognosis in GC patients. VEGFR-1 protein expression was correlated with TGF-
B1 (r = 0.220, P = 0.029), pSMAD3C(5423/425) (r = 0.302, P = 0.002), and pPSMAD3L(5204) (r = 0.201, P = 0.047),
respectively. Simultaneous overexpression of pPSMAD3L(5204) and VEGFR-1 was associated with poor OS in
gastric cancer patients.

CONCLUSION

Co-upregulation of pPSMAD3L(5204) and VEGFR-1 can serve as a predictive marker for poor gastric cancer
prognosis, and pSMAD3L(204) may be involved in enhanced gastric cancer metastasis in a VEGFR-1-dependent
manner.

Key Words: Gastric cancer; pPSMAD3L(S204); pSMAD3C(S423/425); Survival; Transforming growth factor-p1; VEGFR-1

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study investigated the prognostic value and relationship between SMAD3 phospho-isoforms and VEGFR-1 in
gastric cancer. The results showed that high expression of both pPSMAD3L(S204) and VEGFR-1 was associated with poor
overall survival in gastric cancer patients. Co-upregulation of pSMAD3L(S204) and VEGFR-1 can serve as a predictive
marker for poor gastric cancer prognosis.

Citation: Lv SL, Guo P, Zou JR, Chen RS, Luo LY, Huang DQ. Prognostic significance and relationship of SMAD3 phospho-isoforms
and VEGFR-1 in gastric cancer: A clinicopathological study. World J Gastrointest Oncol 2024; 16(1): 118-132
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INTRODUCTION

Gastric cancer (GC) is one of the leading causes of cancer-related deaths worldwide[1]. Despite improvements in
therapeutic strategies, GC, especially advanced GC, has a high mortality rate[2,3]. Tumor metastasis, in which angio-
genesis plays a key role, is the primary cause of the poor prognosis[4]. Therefore, targeting tumor angiogenesis is an
essential strategy in the treatment of GC[5].

VEGFR-1 (Vascular endothelial growth factor receptor-1) is a tyrosine kinase receptor for VEGF-A, VEGF-B, and
placental growth factor (PIGF)[6]. VEGFR-1 is mainly expressed in endothelial cells, smooth muscle cells, and macro-
phages, where it is involved in regulating cell migration and survival[6]. Additionally, increasing evidence has associated
VEGEFR-1 with enhanced invasiveness of various malignancies such as glioma[7], non-small cell lung cancer[8], colorectal
cancer[9], liver cancer[10], and oral squamous cell carcinoma[l1]. However, the functional role and prognostic
significance of VEGFR-1 in GC are still not fully understood.

TGEF-B is a pleiotropic cytokine that regulates various biological functions, including angiogenesis, tumorigenesis,
proliferation, differentiation, and fibrosis[12]. The TGF-B/SMAD axis is a primary signaling pathway that promotes
epithelial-mesenchymal transition (EMT)[13]. TGF-p can mediate SMAD2 and SMAD3 phosphorylation, allowing them to
affect the transcription of genes related to tumor invasiveness[14,15]. SMAD3, a key component of this pathway, contains
highly conserved MAD homology domains (MH1 and MH2) connected by a less conserved junction region (LR). This
linker region contains four proline-directed kinase phosphorylation sites: Thr179, Ser204, Ser208, and Ser213.
Phosphorylation of SMAD3 leads to the formation of three phosphorylated forms: Carboxyl-terminal phosphorylated
SMAD3 (pSMAD3C), linker-phosphorylated SMAD3 (pSMAD3L), and carboxyl-linker-dual phosphorylated SMAD3
(pPSMAD3L/C)[16].

The carboxyl-terminal phosphorylation of SMAD3 is essential for TGF-B-mediated signal transduction. Blocking or
attenuating carboxyl-terminal phosphorylation of SMAD3 at Ser423 /425 significantly inhibits TGF-p expression levels in
cancer cells[17,18]. In lung cancer, TGF-B-induced epithelial cell transformation depends on pSMAD3C[19]. High levels of
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PSMADSL have been considered a primary risk factor in the clinical management of liver cancer, and inhibitors targeting
the JNK/pSMAD3L axis have been shown to suppress hepatocellular carcinoma (HCC) progression[20]. Mutations in the
phosphorylation sites of SMAD3 LR and carboxyl-terminus can impair primary tumor growth and metastasis,
respectively, in breast cancer[21]. Furthermore, TGF-B promotes cancer cell growth in a SMAD3L/C-dependent manner
[22]. These observations highlight the importance of SMAD3 phosphorylation in cancer cell behavior, suggesting a need
for better understanding of SMAD3 phospho-isoforms in GC.

It has been shown that TGF-B1 elevates VEGF and VEGFR-1 expression through the SMAD pathway in mouse
dendritic cells[23]. Additionally, PGF1 expressed on the surface of lung cancer cells can bind to VEGFR-1 on
macrophages, resulting in increased TGF-f1 production and enhanced lung cancer angiogenesis[24]. These findings
suggest that the TGF-p1/SMAD3 pathway is involved in VEGFR-1-promoted tumor angiogenesis. Moreover, the
phosphorylation status at both the carboxyl-terminus and LR determines the activity of SMAD3[25]. For instance, TGF-f
can phosphorylate SMAD?3 at its LR, and consequently regulate its function[26]. However, the association of pPSMAD3L
with VEGFR-1 is unclear in GC.

To examine the relationship between SMAD3 phospho-isoforms and VEGFR-1, we measured the expression levels of
PSMAD3C(S423/425), pPSMAD3L(S204), VEGFR-1, and TGF-B1 in GC and investigated how their expression was related
to the clinicopathological features and prognosis of patients with GC. Moreover, to investigate the association between
TGF-B/SMAD:s signaling and VEGFR-1 protein expression, we analyzed the correlation between pPSMAD3C(5423/425),
PSMAD3L(S204), TGF-B1, and VEGFR-1 expression, and explored the significance of pSMAD3L(S204) and VEGFR-1 co-
expression in GC.

MATERIALS AND METHODS

Patients and specimens

Ninety-eight GC tissue samples (1 = 98) and adjacent normal gastric tissues (1 = 82) were postoperatively collected from
patients aged 32-84 years (median age of 65 years) between July 2006 and April 2007 by Outdo Biotech (Shanghai, China).
Samples were used to generate the tissue microarrays for immunohistochemical (IHC) staining. Prognosis and survival
information were recorded by Outdo Biotech from May 2007 to July 2015. TNM staging was conducted according to the
7" edition criteria of the American Joint Committee on Cancer[27]. Histological grading of tumors followed the WHO
guidance on digestive system tumor classification[28]. The study protocol was approved by the hospital ethics committee.

IHC staining

IHC was performed as previously described[29]. Briefly, paraffin-embedded sections (4 pm) were dewaxed and hydrated,
followed by heat-induced antigen retrieval in citrate buffer (pH 6.0). Subsequently, endogenous peroxidases were
blocked with H,0,, and sections were incubated with primary antibodies at 4°C overnight: anti-TGF-p1 (Abcam, 66043,
1:150), anti-pSMAD3C(5423/425) (Abcam, 52903, 1:150), anti-pSMAD3L(5204) (Thermo-Fisher Scientific, 2816414, 1:150),
anti-VEGFR-1 (Abcarta, PA359, 1:100). The next day, sections were washed with PBS three times and incubated with anti-
rabbit HRP-conjugated IgG secondary antibody (Zsbio, China) for 1 h at 37°C. Sections stained with PBS were used as the
negative control. Subsequently, sections were washed and incubated with peroxidase substrate (Zsbio, China) for 20 min
at 37°C. Finally, nuclei were counterstained with hematoxylin, and sections were processed for dehydration and covered
with a mounting medium.

Two pathologists blinded to the study scored the degree of staining according to the German semi-quantitative
statistical methods[30]. The overall staining intensity and percent of positively stained cells were used to reflect protein
expression levels.

Overall staining intensity was divided into four categories: No staining (0); light yellow staining (1); yellow staining
(2); and dark yellow/brown staining (3). The percent positive staining was defined as the percent of glandular epithelial
cells within the tissue that were positively stained on the slide. The corresponding scoring criteria are as follows: < 5% (0);
5%-25% (1); 25%-50% (2); 50%-75% (3); > 75% (4). The overall staining intensity and percent positive staining scores were
combined to describe the level of protein expression: negative (0-2), + (3-5), ++ (6-8), +++ (9-12). Ultimately, we classified
all of the tissues into a low expression group (- or +) and high expression group (++ or +++)[29].

Statistical analysis

Statistical analyses were performed using SPSS 11.5 (SPSS Inc, Chicago, United States). The relationship between protein
expression levels [TGF-p1, pPSMAD3C (5423/425), pPSMAD3L (S204), and VEGFR-1] and clinicopathological parameters
were analyzed using the Chi-squared test. A survival curve was generated using the Kaplan-Meier survival analysis.
Univariate and multivariate survival analyses were performed using the Cox proportional hazards regression model. The
relationship between TGF-B1, pPSMAD3C(5423/425), pSMAD3L(S204), and VEGFR-1 protein expression levels was
analyzed using Pearson’s correlation coefficient. The receiver operating characteristic (ROC) curve was generated using
the R package “pROC”. Nomograms and calibration plots were constructed using the R package “rms”. A P value of <
0.05 was considered statistically significant.

WJGO | https://www.wjgnet.com 120 January 15,2024 | Volume16 | Issuel |

Jaishideng®



Lv SL et al. SMAD3 Linker and VEGFR-1

RESULTS

pSMAD3C(S423/425), TGF-B1, pSMAD3L(S204), and VEGFR-1 expression in GC

The expression and localization of phosphorylated SMAD3 isoforms, TGF-p1, and VEGFR-1 were evaluated in GC and
adjacent normal tissues (Figure 1). TGF-B1 exhibited dominant cytoplasmic localization, while the pPSMAD3C(S423/425)
was predominantly observed in the nucleus. Statistical results showed significantly higher levels of pPSMAD3C(S423/425)
(P < 0.05) and TGF-B1 (P < 0.001) in GC tissues compared to adjacent normal tissues (Table 1). Notably, minimal
PSMAD3L(S204) was detected in normal gastric tissue, but its immune reactivity was observed exclusively in the nuclei
of cancer cells. IHC analysis revealed that 31.6% (31/98) of the GC samples exhibited pSMAD3L(S5204) positivity.
Moreover, VEGFR-1 displayed immune reactivity in both the cell membrane and cytoplasm of tumor cells, as well as
tumor stromal vessels. Semi-quantitative analysis demonstrated significantly higher VEGFR-1 expression in GC
compared to adjacent normal tissues (P < 0.001) (Table 1).

TGF-B1

1 g<
& n':‘nf %

Pl ive
"t i

pPSMAD3L(5204) PSMAD3C(S423/425)

VEGFR-1

D
2 4 %
X f‘g@«’f»ﬁ

i N

Tumor tissue Ad-tissue
DOI: 10.4251/wjgo.v16.i1.118 Copyright ©The Author(s) 2024.

Figure 1 The expression of TGF-p1, pPSMAD3C, pSMAD3L, and VEGFR-1 in gastric cancer. Representative immunohistochemical images showing
the expression of TGF-B1, pSMAD3C, pSMAD3L, and VEGFR-1 in cancerous (tumor tissue) and normal (Ad-tissue) gastric tissue. The right panel provides an
enlarged view of the specific features highlighted in the rectangular image presented in the left panel. (Scale bar, 100 ym).

Correlation between the expression of pPSMAD3C(S423/425), TGF-$1, pSMAD3L(S204), and VEGFR-1, and

clinicopathologic characteristics of GC

We investigated the correlation of pSMAD3C(5423/425), TGF-B1, pPSMAD3L(S204), and VEGFR-1 and clinicopathological
factors of the 98 GC patients (Table 2). The results revealed significant associations between the expression levels of these
proteins and specific clinicopathological features. Elevated expression of pSMAD3C(5423/425) was significantly
associated with distant metastasis (M staging) (P = 0.042). High expression of TGF-p1 was correlated with advanced T
stage (P = 0.042) and tumors located in the gastric antrum (P = 0.022). Furthermore, higher expression of pSMAD3L(5204)
was positively associated with larger tumors (P = 0.038) and advanced N stage (P = 0.035). In addition, increased
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Table 1 Differential expression of pSmad3(S423/425), TGF-1 and VEGFR-1 protein in gastric cancer tissue

pSmad3(S423/425) TGF-p1 VEGFR-1
IHC grading

Tumor Ad-tissue P value Tumor Ad-tissue P value Tumor Ad-tissue P value
= 5 4 <0.05 3 3 <0.001 13 12 <0.001
+ 43 38 31 58 27 65
++ 41 40 56 21 50 3
+H+ 9 0 8 0 8 2
n 98 82 98 82 98 82

THC: Immunohistochemical.

expression levels of VEGFR-1 were associated with larger tumors (P = 0.015) and higher tumor pathological grades (P =
0.013). However, no significant correlations were found between the expression levels of these proteins (pPSMAD3C(5423/
425), TGF-p1, pSMAD3L(S204), and VEGFR-1) and other clinicopathological parameters (P = > 0.05).

Correlation between pSMAD3C(S423/425), TGF-1, pSMAD3L(S204), and VEGFR-1 expressions in GC

Quantification of protein levels revealed that expression of TGF-p1, pSMAD3C(S423/425), and pSMAD3L(S204) was
positively correlated with VEGFR-1 (r = 0.220, P = 0.029; r = 0.302, P = 0.002; r = 0.201, P = 0.047, respectively). These
results indicate that SMAD3 phosphor-isoforms may regulate TGF-pfl-mediated tumor migration in a VEGFR-1-
dependent manner (Table 3).

Prognostic value of pSMAD3L(S204) and VEGFR-1 expression

We assessed the overall survival (OS) of 98 GC patients and found that the 3-year and 5-year OS rates were 45.9% and
38.8%, respectively. Kaplan-Meier analysis revealed a significant association between higher expression of
PSMADB3L(5204) and reduced OS (P < 0.001), and a significant correlation between higher expression of VEGFR-1 and
decreased OS (P = 0.002). Notably, although patients with higher expression of TGF-p1 exhibited a trend of decreased OS,
this trend did not reach statistical significance (P = 0.227). Interestingly, the expression of pSMAD3C(S423/425) did not
significantly impact patient prognosis (Figure 2).

To further investigate the impact of pPSMAD3L(5204) and VEGFR-1 expression on other prognostic factors, subgroup
survival analyses were performed. The results showed that elevated pPSMAD3L(S204) was significantly associated with
OS in different cancer stages (I/II stage, P = 0.001; III/IV stage, P = 0.028), TNM stages (MO, P < 0.001; T1/T2, p=0.028;
T3/T4, P < 0.001; N1/N2, P = 0.006; N3/N4, P = 0.022), and pathological grades (Grade I/1I, p=0.009; Grade III/IV, P =
0.005) (Figure 3A-I). The results also showed that elevated VEGFR-1 was significantly associated with OS of cancer stages
(III/1V stage, P = 0.008), TNM stages (MO, P = 0.01; T3/T4, P = 0.002; N3/N4, P = 0.008), and pathological grades (Grade
1I/1V, P < 0.001) (Figure 3]J-N).

In addition, we investigated the impact of pPSMAD3L(S204) and VEGFR-1 expression on GC prognosis through
univariate and multivariate Cox regression analyses. The results showed that tumor size, N stage, M stage,
PSMAD3L(S204) expression, VEGFR-1 expression, and TNM stage were significantly associated with poor prognosis (P <
0.05) (Table 4). Furthermore, multivariate survival analysis revealed that pPSMAD3L(S204) and VEGFR-1 expression, as
well as tumor size, were independent prognostic factors in GC patients (P < 0.05) (Table 4).

To predict OS, a prognostic nomogram was constructed incorporating pPSMAD3L(5204) and VEGFR-1 expression
levels, as well as tumor size, based on the statistically significant independent prognostic factors identified by the Cox
regression analysis. The efficiency of the nomogram was assessed using calibration curves, which demonstrated optimal
predictions for 1-, 2-, and 3-year clinical outcomes (Figure 4). The C-index was 0.690 (0.656-0.724), indicating its potential
as a prognostic tool.

Prognostic values of co-expression of pPSMAD3L(S204) with VEGFR-1, pPSMAD3C(S423/425), or TGF-1

To investigate the prognostic value of co-expression patterns involving pPSMAD3C(5204) and TGF-p1, VEGFR-1, or
PSMAD3L(5423/425), we conducted a retrospective evaluation of the OS rate in 98 patients, with a median follow-up
duration of 28.5 mo. The patients were categorized into four groups based on their expression levels of pSMAD3L(5204)
and VEGFR-1: pSMAD3L low/VEGFR-1 low (n = 33), pSMAD3L High/VEGFR-1 low (1 = 7), pPSMAD3L low/VEGFR-1
high (n = 34), and pSMADB3L high/VEGFR-1 high (n = 24). Our results revealed that patients with high levels of both
PSMAD3L(5204) and VEGFR-1 expression had the poorest OS (Figure 5A; P < 0.001). Furthermore, when comparing the
OS of this group to that of all other biomarker combinations, the difference remained significant (Figure 58; P < 0.001).

Similarly, we stratified the cohort based on the levels of pPSMAD3L(5204) and pSMAD3C(S423/425) and assessed the
OS of each group. Our findings showed that the OS of patients with pPSMAD3C High/pSMAD3L High was significantly
lower than that of patients with pPSMAD3C High/pSMAD3L Low, pSMAD3C Low/pSMAD3L High, or pSMAD3C
Low/pSMAD3L Low (Figure 5C; P < 0.001). Additionally, when comparing the OS of this group to that of all other
biomarker combinations, the difference remained significant (Figure 5D; P < 0.001).
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Table 2 Correlation between pSMAD3C(S423/425), TGF-B1, pSMAD3L(S204), and VEGFR-1 expressions and clinicopathologic factors in gastric cancer, n (%)

pSMAD3C (S423/425) TGF-p1 pSMAD3L (S204) VEGFR-1
Clinicopathological factors  Total (n = 98)
Low (n=48) High(n=50) Pvalue Low(n=34) High(n=64) Pvalue Low(n=67) High(n=31) Pvalue Low(n=40) High(n=58) P value
Gender 0.878 0.822 0.239 0.470
Female 36 (36.7) 18 (37.5) 18 (36) 13 (38.2) 23 (35.9) 22 (32.8) 14 (45.2) 13 (32.5) 23 (39.7)
Male 62 (63.3) 30 (62.5) 32 (64) 21 (61.8) 41 (64.1) 45 (67.2) 17 (54.8) 27 (67.5) 35 (60.3)
Age (yr) 0.225 0.515 0.796 0.818
<60 33 (33.7) 19 (39.6) 14 (28) 10 (29.4) 23 (35.9) 22 (32.8) 11 (35.5) 14 (35) 19 (32.8)
> 60 65 (66.3) 29 (60.4) 36 (72) 24 (70.6) 41 (64.1) 45 (67.2) 20 (64.5) 26 (65) 39 (67.2)
Pathological grade 0.556 0.459 0.402 0.013
/1 44 (44.9) 23 (47.9) 21 (42) 17 (50) 27 (42.2) 32 (47.8) 12 (38.7) 24 (60) 20 (34.5)
/v 54 (55.1) 25 (52.1) 29 (58) 17 (50) 37 (57.8) 35 (52.2) 19 (61.3) 16 (40) 38 (65.5)
T Stage 0.946 0.042 0.946 0.248
T1 6 (6.1) 3(6.2) 3 (6) 4(11.8) 2(3.) 4(6) 2(6.5) 1(2.5) 5 (8.6)
T2 9(9.2) 5 (10.4) 4(8) 4(11.8) 5(7.8) 6 (9) 3(9.7) 4(10) 5 (8.6)
T3 64 (65.3) 30 (62.5) 34 (68) 24 (70.6) 40 (62.5) 45 (67.2) 19 (61.3) 30 (75) 34 (58.6)
T4 19 (19.4) 10 (20.8) 9(18) 2(5.9) 17 (26.6) 12 (17.9) 7 (22.6) 5 (12.5) 14 (24.1)
N Stage 0.640 0.344 0.035 0.421
NO/N1 37 (37.8) 17 (35.4) 20 (40) 15 (44.1) 22 (34.4) 30 (44.8) 7 (22.6) 17 (42.5) 20 (34.5)
N2/N3 61 (62.2) 31 (64.6) 30 (60) 19 (55.9) 42 (65.6) 37 (55.2) 24 (77.4) 23 (57.5) 38 (65.5)
Metastasis 0.042 0.233 0.623 0.404
No 89 (90.8) 47 (97.9) 42 (84) 33 (97.1) 56 (87.5) 62 (92.5) 27 (87.1) 38 (95) 51 (87.9)
Yes 9(9.2) 1(21) 8 (16) 1(29) 8 (12.5) 5(7.5) 4(12.9) 2(5) 7 (12.1)
Cancer stage 0.105 0.444 0.338 0.119
I 9(9.2) 4(83) 5 (10) 4(11.8) 5(7.8) 5 (7.5) 4(12.9) 2(5) 7 (12.1)
I 30 (30.6) 17 (35.4) 13 (26) 11 (324) 19 (29.7) 24 (35.8) 6 (19.4) 17 (42.5) 13 (22.4)
il 50 (51.0) 26 (54.2) 24 (48) 18 (52.9) 32 (50) 33 (49.3) 17 (54.8) 19 (47.5) 31 (53.4)
v 9(9.2) 1(21) 8 (16) 1(29) 8 (12.5) 5(7.5) 4(129) 2 (5) 7 (12.1)
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Tumor size (cm) 0.791 0.829 0.038 0.015
<5 62 (63.3) 31 (64.6) 31 (62) 22 (64.7) 40 (62.5) 47 (70.1) 15 (48.4) 31 (77.5) 31 (53.4)
>5 36 (36.7) 17 (35.4) 19 (38) 12 (35.3) 24 (37.5) 20 (29.9) 16 (51.6) 9 (22.5) 27 (46.6)

Tumor location 0.427 0.022 0.739 0.501
Antrum 53 (54.1) 24 (50) 29 (58) 13 (38.2) 40 (62.5) 37 (55.2) 16 (51.6) 20 (50) 33 (56.9)
Others 45 (45.9) 24 (50) 21 (42) 21 (61.8) 24 (37.5) 30 (44.8) 15 (48.4) 20 (50) 25 (43.1)

Table 3 Correlation between pSMAD3C(S423/425), TGF-p1 pSMAD3-S204 and VEGFR-1 expression in gastric cancer (n = 98)

pSMAD3-S425 TGF-p1 pSMAD3-S204
VEGFR-1
+ ++ +++ rvalue P value - + ++ +++ rvalue P value - + ++ +++ rvalue P value
0 10 3 0 0.302 0.002 0 8 5 0 0.22 0.029 1 10 1 1 0.201 0.047
+ 3 12 11 1 1 8 15 3 4 18 5 0
++ 2 20 22 6 2 14 32 2 6 24 14 6
et 0 1 5 2 0 1 4 3 1 3 3 1

Furthermore, patients with high expression levels of both pPSMAD3L and TGF-B1 (pSMAD3L high/TGF-p1 high)
exhibited shorter OS compared to patients with pPSMAD3L High/TGF-p1 Low, pSMAD3L Low/TGF-f1 High, or
PSMADBL Low/TGF-B1 Low) (Figure 5 and F).

These findings suggest that the co-expression patterns of pPSMAD3C(S204) and TGF-p1, VEGFR-1, or pSMAD3L(5423/
425) have prognostic implications and may provide valuable insights into the OS of GC patients.

Diagnostic value of TGF-B1 expression in gastric cancer

We further interrogated the diagnostic value of TGF-B1 expression in GC by generating a ROC curve. The results show
that the area under the curve (AUC) of TGF-B1 is 0.704. We also analyzed the diagnostic power of TGF-B1 expression in
different stages and showed that the AUC of TGF-f1 in stages I, II, III, and IV were 0.658, 0.683, 0.704, and 0.818,
respectively (Figure 6).

DISCUSSION

TGF-p signaling can promote the malignant progression of cancer by promoting EMT, which facilitates tumor cell
invasion and chemoresistance[31]. TGF-B1 is abundantly expressed in various cancers, and high levels of TGF-p1 usually
predict adverse clinical outcomes[32,33]. Therefore, targeting TGF-p production is an important anticancer strategy.
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Table 4 Association of various factors with overall survival as determined by Cox regression

. HR (95%Cl) univariate P value univariate HR (95%Cl) multivariate P value multivariate

Characteristics . . . :
analysis analysis analysis analysis

Age (> 60 vs < 60 yr) 1.332 (0.767-2.314) 0.309
Sex (female vs male) 0.995 (0.588-1.682) 0.985
Pathological Grade (III/IV vs 1.490 (0.885-2.511) 0.134
1/11)
Clinical T stage (T3-T4 vs T1-T2) 1.974 (0.848-4.594) 0.084 1.597 (0.644-3.964) 0.312
Clinical N stage (N2-N3 vs NO-  2.287 (1.299-4.026) 0.004 1.469 (0.578-3.736) 0.419
N1)
Clinical M stage (M1 vs MO0) 2.664 (1.258-5.643) 0.01 1.316 (0.586-2.954) 0.506
Clinical stage (stage ITI-IV vs 2.304 (1.322-4.017) 0.003 1.210 (0.472-3.106) 0.691
stage I-II)
Tumor size (cm) (> 5 vs <5) 2.616 (1.570-4.359) <0.001 2.033 (1.193-3.465) 0.009
Tumor location (antrum vs 0.922 (0.555-1.530) 0.753
others)
VEGFR-1 (High vs Low) 2.360 (1.354-4.111) 0.002 1.858 (1.033-3.339) 0.038
PSMADSC (5423/425) (highvs ~ 1.069 (0.644-1.774) 0.797
low)
TGF-B1 (high vs low) 1.399 (0.811-2.411) 0.227
PSMADSL(S204) (high vs low) ~ 2.884 (1.715-4.851) <0.001 1.943 (1.095-3.448) 0.023

HR: Hazard ratio; 95%CI: 95% confidence interval.
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Figure 2 The prognostic value of TGF-1, pSMAD3C, pSMAD3L, and VEGFR-1 in gastric cancer. A-D: The correlation between the expression of
(A) pPSMAD3C (S423/425), (B) pSMAD3L(S204), (C) TGF-B1, and (D) VEGFR-1 and the overall survval of gastric cancer patients was analyzed using Kaplan-Meier
analysis.
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Figure 3 Evaluating the prognostic significance of pSMAD3L(S204) and VEGFR-1 expression in gastric cancer subgroups. A-I: Kaplan-Meier
analysis revealed that higher pPSMAD3L(S204) expression was associated with shorter overall survival (OS) in several subgroups of gastric cancer (GC) patients,
including T1/T2 (A), T3/T4 (B), N1/2 (C), N3/4 (D), MO (E), Grade I/l (F), Grade lll/IV (G), Clinical stage /Il (H), and Clinical stage Ill/IV (I); J-N: Moreover, higher
VEGFR-1 expression was associated with shorter OS in subgroups of GC patients with T3/T4 (J), N3/4 (K), MO (L), Grade Ill/IV (M), and Clinical stage IlI/IV (N).
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Figure 4 Construction and validation of the nomogram based on pSMAD3L(S204) and VEGFR-1 expression for predicting 1-year, 2-year,
and 3-year overall survival in gastric cancer patients. A: Nomogram; B: Calibration curve.

Our results showed that TGF-B1 expression was significantly higher in GC than in normal tissues and that high TGF-p1
expression was associated with T stages (P = 0.042), consistent with the findings of previous studies[32,33]. We also found
that TGF-p1 expression is discriminative in all stages of GC, but especially in late-stage tumors (stages III and 1V),
indicating its prognostic value. TGF- signaling requires phosphorylation at Ser423/425 in SMAD3. Therefore, inhibiting
or attenuating SMAD3(Ser423/425) phosphorylation can significantly inhibit TGF-B1 expression levels in cancer cells.
Our study found that pPSMAD3C(S423/425) was highly expressed in GC, and its high expression was associated with the
M stage (P = 0.042).

The SMAD3 phospho-isoform, pPSMAD3L, has been reported to play a pro-cancer role in different types of cancer[34,
35], but its clinical significance in GC remains unclear. Based on the results of the IHC staining, we found that 31.6% (31/
98) of GC patients expressed a high level of pPSMAD3L(S204) and that the increased levels of pPSMAD3L(5204) were
associated with larger tumors (P = 0.038) and advanced N stage (P = 0.035). Moreover, our univariate and multivariate
COX regression analysis revealed, for the first time, that the expression of pSMAD3L(5204) is an independent predictor of
GC prognosis. This is consistent with previous studies that have shown that SMAD3 phospho-isomers have also been
associated with poor prognosis in colorectal cancer, HCC, and esophageal squamous cell carcinoma by promoting tumor
growth and metastasis[35-37]. Our results also showed that high expression of pSMAD3L(S204) was associated with low
OS, suggesting that pPSMAD3L(5204) is a molecular biomarker for outcome prediction in GC.

The SMAD3 LR has been reported to mediate TGF- signaling transduction as TGF-p-mediated SMAD3 carboxyl-
terminus phosphorylation is a precursor for TGF-p-induced SMAD3 LR phosphorylation[26]. pPSMAD3L/C has been
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Figure 5 Co-expression of high pSMAD3L(204) and VEGFR-1, TGF-B1, or pPSMAD3C(S423/425) are associated with reduced overall
survival in patients with gastric cancer. Kaplan-Meier survival curves of gastric cancer patients were generated based on the expression levels of
pSMAD3L(S204) combined with expressions of VEGFR-1, TGF-B1, and pPSMAD3C(S423/425). A: Patients with high pPSMAD3L(S204) and high VEGFR-1 exhibited
the worst overall survival (OS) compared with other patients in the cohort; B: Patients with simultaneously high levels of pPSMAD3L(S204) and VEGFR-1 had shorter
0S than other patients; C and D: Patients with concurrent high expression of pSMAD3L(S204) and pSMAD3C(S423/425) had reduced OS compared to other
patients; E and F: Patients with simultaneously high expression of pSMAD3L(S204) and TGF-B1 had shorter OS compared to other patients.

demonstrated to promote tumor progression via the facilitation of tumor cell metastasis and proliferation[34]. Our study
found that the OS of GC patients was not associated with increased TGF-p1 and pSMAD3C(S423/425), but rather with
concomitant elevation of pSMAD3L(5204)/ pSMAD3C(5423/425), or pPSMAD3L(5204)/ TGF-B1. These observations are
consistent with previous studies[34,38]. In addition, strong pSMAD3L/C expression was observed in tumors with EMT
features[34] and also led to the activation of alternate oncogenic pathways in colorectal cancer. This suggests that the
PSMAD3L/C pathway simultaneously promotes tumor-promoting TGF- signaling and activates invasive behavior[38].

It has been reported that functional VEGFR-1 in cancer cells promotes invasion and growth and that high expression of
VEGFR-1 is associated with poor prognosis in HCC[39]. Our study found that VEGFR-1 expression was significantly
higher in GC than in normal tissues. We also found that high expression of VEGFR-1 was associated with larger tumors (
P = 0.015) and higher tumor pathological grades (P = 0.013). Univariate and multivariate COX regression analyses
highlighted that the expression of VEGFR-1 is an independent predictor of prognosis in patients with GC. These results
suggest that VEGFR-1-related signaling may play a tumor-promoting role in GC. Of note, TGF-1 effectively induces
VEGEFR-1 expression in vascular endothelial cells, thus preventing oxygen-induced vascular loss in vivo[40]. Moreover,
upregulated TGF-B was observed in HCC and could induce the secretion of VEGF, the major activator of angiogenesis
[41]. However, the relationship between the TGF-$/SMAD3 pathway and VEGFR-1 in GC is unclear. Our results showed
that TGF-p1, pPSMAD3L(S204), and pSMAD3C(5423/425) were positively correlated with VEGFR-1 expression. These
results suggest that VEGFR-1 may be associated with TGF-B1/SMAD3-mediated angiogenesis. Our study revealed a
significant association between high expression of VEGFR-1 and poor prognosis in patients with GC. Notably, when both
PSMADB3L(5204) and VEGFR-1 are upregulated, OS rates are significantly reduced, providing evidence for a potential
interplay between these proteins in cancer progression. Evaluating the expression pattern of these two proteins together
may help predict prognosis.

CONCLUSION
In conclusion, this study is the first to characterize the relationship between pPSMAD3L(S204) and VEGFR-1 expression in
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Figure 6 Diagnostic value of TGF-B1 expression in gastric cancer patients. Receiver operating characteristic (ROC) curves were generated based on
TGF-B1 protein expression levels in patient samples. A: ROC curve for TGF-B1 expression in normal and tumor tissues; B-E: Subgroup analysis for stages |, I, Ill,
and IV, respectively.

GC. Our current results suggest that these proteins may lead to GC metastasis by promoting angiogenesis. We also found
that the simultaneous upregulation of pPSMAD3L(5204) and VEGFR-1 was an unfavorable prognostic factor for GC and
that targeting VEGFR-1 and pSMAD3L(S204) could represent a promising treatment strategy for GC. Our study provides
novel insights into the tumorigenesis of GC and has identified potential therapeutic targets for this malignancy.

ARTICLE HIGHLIGHTS

Research background

Gastric cancer is a significant health concern and understanding the molecular mechanisms underlying its progression
and metastasis is crucial. The TGF-p/SMAD3 and VEGFR-1 signaling pathways have been identified as important players
in gastric cancer metastasis, with SMAD3 phospho-isoforms emerging as a critical prognostic marker.

Research motivation
Given the clinical significance of gastric cancer, there is a pressing need to elucidate the prognostic value and interrela-
tionship of SMAD3 phospho-isoforms and VEGFR-1 in gastric cancer. This study aims to address this gap in knowledge.

Research objectives
The primary objective of this study was to determine the prognostic significance and relationship between SMAD3
phospho-isoforms (pSMAD3C(S423/425) and pSMAD3L(S204)) and VEGFR-1 in gastric cancer.

Research methods

This observational single-center study enrolled 98 gastric cancer patients and 82 adjacent normal gastric tissues. Immuno-
histochemical staining and tissue microarrays were utilized to measure the expression levels of TGF-p1, pSMAD3C(5423/
425), pSMAD3L(5204), and VEGFR-1. Prognosis and survival information of the patients were recorded, and statistical
analyses including Pearson's correlation coefficient, Chi-squared test, and Kaplan-Meier survival analysis were
employed.
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Research results

The study revealed that TGF-B1 and VEGFR-1 expression were significantly upregulated in gastric cancer tissue
compared to adjacent non-cancerous tissue. High expression of pPSMAD3L(S204) and VEGFR-1 was associated with larger
tumors, later N stages, tumor size, and pathological grading, and was correlated with unfavorable overall survival
outcomes. Multivariate analysis identified high expression of pPSMAD3L(5204) and VEGFR-1 as independent risk factors
for the prognosis of GC patients.

Research conclusions

The co-upregulation of pSMAD3L(5204) and VEGFR-1 may serve as a predictive marker for poor gastric cancer
prognosis, suggesting a potential role for pSMAD3L(204) in enhanced gastric cancer metastasis in a VEGFR-1-dependent
manner.

Research perspectives
Future research could focus on elucidating the underlying molecular mechanisms linking SMAD3 phospho-isoforms and
VEGEFR-1 in gastric cancer metastasis, potentially paving the way for targeted therapeutic interventions.
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