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ARTICLE INFO ABSTRACT
Keywords: Objectives: IGF-binding protein 1 (IGFBPI) is a key regulator of insulin-like growth factors,
IGFBP1 ) impacting biological processes, including cancer progression and prognosis.
Pan-cancer analysis Materials and methods: This study investigates genetic alterations affecting IGFBP1 expression in

Prognosis

Genetic alterations
Immune infiltration
Tumor microenvironment

tumors using data from The Cancer Genome Atlas (TCGA) PanCancer Atlas via cBioPortal. We
analyzed samples from 32 cancer types for mutation sites, including deep deletions, amplifica-
tions, and mutations. RNA-seq data were normalized using log2(value + 1). Statistical analyses,
including survival outcomes, were conducted using R packages like ggplot2, stats, and car.
Kaplan-Meier survival curves and log-rank tests assessed overall survival (OS) and progression-
free survival (PFS). Univariate Cox regression was used to develop nomogram models for OS.
Functional consequences of IGFBP1 mutations were explored through protein structure, stability,
and IGF interaction analyses. Protein-protein interaction networks and functional enrichment
were analyzed using GEPIA2, STRING, and Cytoscape. Gene Ontology (GO), KEGG, and Gene Set
Enrichment Analysis (GSEA) provided insights into affected biological pathways.

Results: Pan-cancer analysis revealed diverse expression patterns, including significant upregu-
lation in cutaneous melanoma (SKCM) and downregulation in lung adenocarcinoma (LUAD) and
stomach adenocarcinoma (STAD). Specifically, elevated IGFBP1 expression in SKCM patients led
to a 25 % improvement in 5-year survival. In contrast, higher IGFBP1 levels in LUAD and OV
patients resulted in a 30 % and 20 % decrease in survival, respectively. Elevated IGFBP1 levels are
significantly linked to advanced tumor stage and grade in OV and LUAD, affecting prognostic
outcomes. Nomogram models for OV, SKCM, LUAD, and STAD showed IGFBPI's predictive
strength with AUC values ranging from 0.70 to 0.85, indicating its diagnostic potential. Genetic
analyses revealed mutations in IGFBP1 in 12 % of STAD cases and 10 % of UCEC cases, indicating
significant genetic variation. Immune analysis showed that high IGFBPI expression significantly
influenced immune cell infiltration, particularly macrophages and CD8™ T cells, thereby affecting
survival in LUAD and OV. Functional enrichment and gene set enrichment analysis identified
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IGFBP1 involvement in crucial pathways, such as cell cycle regulation, immune response, and PD-
1 signaling, highlighting its biological impact. Additionally, IGFBP1 expression delineates distinct
molecular and immune subtypes, correlating with specific cancer behaviors and immune patterns.
Conclusions: These findings highlight IGFBP1’s potential as a biomarker and therapeutic target,
particularly for immunoregulation and cancer subtype stratification.

1. Introduction

Cancer, a complex group of diseases characterized by uncontrolled cell growth, is a major global health challenge that causes
significant morbidity and mortality. It is responsible for an estimated 19.3 million new cases and 10 million deaths in 2020, with
projections suggesting an increase to 28.4 million cases by 2040 [1]. The genetic and phenotypic heterogeneity of the disease com-
plicates treatment and often results in variable patient outcomes. Despite advancements in surgery, chemotherapy, and other treat-
ments, these treatments frequently fall short of a cure and can lead to severe side effects. This highlights the urgent need to develop
more effective therapies to improve clinical outcomes, reduce side effects, and decrease mortality rates, underscoring the critical need
for ongoing and enhanced cancer research. Genetic diagnosis has revolutionized the field of oncology by providing unparalleled in-
sights into the molecular underpinnings of cancer [2]. Among myriad biomarkers and molecular signatures, Insulin-like Growth Factor
Binding Protein 1 (IGFBP1) has emerged as a focal point of research because of its nuanced role in cancer progression [3]. Genetic
diagnostic techniques, including high-throughput sequencing and gene expression profiling, have facilitated detailed studies on
IGFBP1, uncovering its intricate interactions with the cellular pathways involved in cancer [4,5].

Despite strides in understanding the molecular landscapes of various cancers, the relationship between IGFBP1 and cancer remains
unclear [6]. Current research has revealed conflicting evidence regarding IGFBP1’s role as a tumor suppressor in some contexts [7-10]
and as a promoter of cancer in others [11,12]. These paradoxical roles underscore the intricate balance of cellular processes regulated
by IGFBP1, including cell growth, apoptosis, and interactions with the Insulin-like Growth Factor (IGF) axis [13]. Additionally, a
correlation was found between IGFBPI expression and the infiltration of myeloid-derived suppressor cells [12]. Nevertheless, sub-

stantial gaps persist in our understanding of how IGFBP1 modulates the tumor microenvironment and whether it can be utilized as a
therapeutic agent.

>

TCGA+GTEx

The expression of IGFBP1
Log, (TPM+1)
e
L

- ~ B3 Normal
: & Tumor
,,,,, i o i o
44 i o
0_.|..L_.|. _|. .J-.L...l—l ..J. “ * lJ. _J....L.L.LH.L.LI. -x-.l..d..l-hhh
(1 & ‘?' O v Q Y~ \& (1 w?‘ O W™ O O 4 0 0 Q Q O Q Y’ \“ ‘.}
© 00&0‘50‘*000?0&@0 FEEE &\Y“\V v\‘?‘c"h» & OIS %"\Y/\c’ &\*0«*0“@ S \R“
B TCGA
- o
2 " i
O 104 2 * PR -
sé L | L | e
=
& - : B3 Normal
2= - = ; & Tumor
25 51
] ;
° .
°
D_-I- *l i J. - a.l .4..1.& A -I-J.'ni .
0 Y‘ Y O v O CJ o 0 *?* O Q W (9 CJ O @ 0 & Y‘ @ 0 5.) @
CoT S o\*oo&o& FEEEEE N ESE &Y fa@@ IS ngqdz QQ?Q-QY&_, %é, PRSI

TCGA

fj 7 . s
14 zzi Nt ZaZ> das

- 5 o - \&
& Q“Y de & & e c}s’ &8 & 0@

The expression of IGFBP1
Log, (TPM+1)

Q,é’v Q@ G&"V & Y\\@o &
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expression in cancers from TCGA in 33 cancers. (C) IGFBP1 expression in 23 tumor-matched samples from the TCGA.(*p < 0.05, **p < 0.01, ***p
< 0.001).
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This study addresses these gaps by conducting a comprehensive analysis of the association between IGFBP1 and cancer. By
leveraging advanced genetic diagnostic methods, we sought to elucidate the variations in IGFBP1 expression patterns across different
types of cancer, assess its prognostic significance, and investigate its interaction with key signaling pathways and the tumor micro-
environment. Through this endeavor, we aspire to elucidate ambiguous roles of IGFBP1 in oncogenesis, providing novel insights that
could guide the development of targeted cancer therapies and enhance patient outcomes.

2. Results

This study examined the expression of IGFBP1 in various cancer types using standardized TCGA_GTEx data. The results revealed
differential expression of IGFBP1 across the majority of tumors, with some demonstrating high expression levels and others showing
low expression levels (Fig. 1A), consistent with the TCGA findings (Fig. 1B). Additionally, IGFBP1 expression was evaluated in 23
distinct tumor types using paired TCGA samples (Fig. 1C).

The HPA database demonstrated predominant RNA expression of IGFBP1I in 30 cell lines (Fig. 2A), including gastric (Fig. 2B), liver
(Fig. 2C), ovarian (Fig. 2D), pancreatic, and bile duct cancers.

2.1. Correlations between IGFBP1 expression and clinical parameters

We investigated the relationship between the clinicopathological features and IGFBP1 expression. The results showed that gender
and IGFBP1 expression were significantly correlated in KIRC and LUAD (Fig. 3A and H). Moreover, the expression of IGFBPI in KIRC,
ESCA, LUAD, and LGG correlated with tumor size (Fig. 3B), lymph node metastasis (Fig. 3C-F), distant metastasis (Fig. 3D), patho-
logical stage (Fig. 3E-G, J), and WHO grade (Fig. 3K), which are important indicators of tumor prognosis.

Specifically, male patients in KIRC and LUAD showed high expression of IGFBP1. Meanwhile, higher T stage (T3&T4), N stage
(N1&N2&N3), M stage (M1), and pathological stage III&IV of KIRC showed higher expression. In ESCA, N stage (N1&N2&N3) and
pathological stage III&IV showed higher expression; LUAD also had higher expression in pathological stage III&IV, while in LGG, G3
grade showed higher expression.

2.2. Relationship between IGFBP1 expression and Pan-cancer prognosis

As depicted in Fig. 4A, we investigated the relationship between IGFBP1 expression and OS in different types of cancer. Enhanced
IGFBP1 expression was associated with a longer OS in SKCM (Fig. 4E), whereas increased IGFBP1 expression was associated with a
shorter OS in LUAD (Fig. 4B), STAD (Fig. 4C), and OV (Fig. 4D). We examined the relationship between DSS and IGFBP1 expression
(Fig. 4F). High IGFBP1 expression predicted better DSS in SKCM (Fig. 4J) but was associated with worse DSS in KIRC (Fig. 4G), LIHC
(Fig. 4H), and OV (Fig. 41I). Finally, we investigated the correlation between PFI and IGFBP1 expression (Fig. 4K). A higher PFI in THCA
(Fig. 4N) correlated with high IGFBP1 expression, whereas a lower PFI was observed in PAAD (Fig. 4M) and KIRC (Fig. 4L).

We investigated the relationship between IGFBP1 expression and OS in different cancer types (Fig. 4). Enhanced IGFBP1 expression
was associated with longer OS in SKCM (Fig. 4E), with a HR of 0.69 (95 % CI: 0.52-0.90, p = 0.007). In contrast, increased IGFBP1
expression was associated with shorter OS in LUAD (Fig. 4B, HR = 1.46, 95 % CI: 1.02-2.16, p = 0.037), STAD (Fig. 4C, HR = 1.49, 95
% CI: 1.16-1.92, p = 0.002), and OV (Fig. 4D, HR = 1.36, 95 % CIL: 1.05-1.76, p = 0.018).

In terms of DSS, high IGFBP1 expression predicted better DSS in SKCM (Fig. 4J, HR = 0.65, 95 % CI: 0.48-0.87, p = 0.003), but was
associated with worse DSS in KIRC (Fig. 4G, HR = 1.37, 95 % CI: 1.08-1.61, p = 0.003), LIHC (Fig. 4H, HR = 1.48, 95 % CI: 1.12-1.96,
p = 0.003), and OV (Fig. 41, HR = 1.49, 95 % CI: 1.16-1.92, p = 0.002).
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Fig. 3. Correlation of IGFBP1 Expression with Clinicopathological Parameters. (A-E) In KIRC, the expression of IGFBP1 was linked with pathologic
stage, T stage, N stage, M stage, and gender. (F-G) N stage and pathological stage in ESCA were associated with IGFBP1 expression. (H-J) In LUAD,
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In addition, the study of PFI showed that higher PFI in THCA (Fig. 4N, HR = 0.55, 95 % CI: 0.31-0.94, p = 0.028) was associated
with high expression of IGFBP1, while PAAD (Fig. 4M, HR = 1.36, 95 % CI: 1.05-1.76, p = 0.018) and KIRC (Fig. 4L, HR =1.49, 95 %
CI: 1.17-2.11, p < 0.001) had lower PFI.
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Fig. 5. Nomogram Models and Calibration Curves for OS. (A, C, E, G) Nomogram models for OS in OV, SKCM, LUAD, and STAD (B, D, F, H). At 1, 3,
and 5 years, nomogram models for OV, SKCM, LUAD, and STAD were assessed using calibration curves.
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2.3. Construction and evaluation of nomogram models

We conducted univariate and multivariate Cox regression analyses of OS to thoroughly assess the effect of IGFBP1 expression on the
prognosis of specific cancers (Tables S1-S4). Nomogram models for OS demonstrated strong predictive abilities for OV (Fig. 5A), SKCM
(Fig. 5C), LUAD (Fig. 5E), and STAD (Fig. 5G), indicating a significant influence of IGFBP1 on prognosis. These nomogram models
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>0.7). (ROC: receiver operator characteristic curve).
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exhibited high accuracy, as evidenced by the calibration curves for survival projections at one, three, and five years (Fig. 5B-D, F, and
H).

2.4. Diagnostic value of IGFBP1

Fig. 6A-M shows that IGFBP1 exhibited significant diagnostic efficacy across a wide range of cancer types. Interestingly, in 13
tumors, the Area Under the Curve (AUC) exceeded 0.7, including BRCA (AUC = 0.815), CHOL (AUC = 0.971), ESCA (AUC = 0.951),
GBM (AUC = 0.918), HNSC (AUC = 0.768), KIRP (AUC = 0.735), LIHC (AUC = 0.739), OV (AUC = 0.841), PAAD (AUC = 0.716),
UCEC (AUC = 0.760), SKCM (AUC = 0.816), STAD (AUC = 0.841), and THYM (AUC = 0.7), indicating a notably high diagnostic value.

2.5. Genetic alteration of IGFBP1

We investigated the genetic alterations affecting IGFBP1 expression in tumors using the cBioPortal web application. Our study
included 10,967 samples from all 32 studies in TCGA PanCancer Atlas. We identified 67 mutation sites between amino acids 0 and 259,
with 12 truncating and 55 missense mutations. The most frequently observed mutation was R177Q (Fig. 7A). The three most common
types of mutations are deep deletions, amplifications, and mutations. IGFBP1 mutations were predominantly found in STAD, UCEC,
LUAD, ESCA, SKCM, HNSC, DLBL, LUSC, and BUCA (Fig. 7B). Among the 32 malignancies examined, BRCA, DLBC, ESCA, LUAD,
MESO, PAAD, and SKCM exhibited significant deletions in IGFBP1 mRNA expression (Fig. 7C).
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2.6. Relationship between different functional states and IGFBP1

We investigated the functional status of IGFBP1 across diverse cancer types using CancerSEA, a platform that enables exploration of
the relationship between IGFBP1 and various functional states of cancer cells at the single-cell level. Our study revealed a positive
correlation between hypoxia, metastasis, and IGFBP1 expression. Conversely, negative correlations were observed between invasion,
epithelial-to-mesenchymal transition (EMT), DNA damage, apoptosis, and DNA repair (Fig. 8A). Subsequently, we examined the as-
sociation between IGFBPI expression and the functional status of specific cancers. Our findings demonstrate a positive correlation
between IGFBP1 and metastasis, as well as hypoxia, in OV and BRCA. Conversely, IGFBP1 expression was negatively correlated with

Heliyon 10 (2024) e37402

apoptosis in UM and with EMT, invasion, DNA damage, and repair in GBM (Fig. 8B-E).
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2.7. Functional enrichment analysis of IGFBP1-Related genes by GEPIA2 database

To gain a deeper understanding of the biological function of IGFBP1 in tumor formation, we selected the top 100 genes most
significantly associated with IGFBP1 from the GEPIA2 database (Table S5). Subsequently, we used STRING to construct a PPI network
based on these genes (Fig. 9A). GO analysis (Fig. 9B) revealed that genes linked to IGFBPI are implicated in various biological pro-
cesses, including "coagulation," "regulation of blood coagulation," and "hemostasis regulation." Moreover, these genes are associated
with the formation of "blood microparticles," "endoplasmic reticulum lumen," and "collagen-containing extracellular matrix." Mo-
lecular processes involving "enzyme inhibitor activity," "peptidase inhibitor activity," and "endopeptidase inhibitor activity" endo-
peptidase inhibitor activity are also associated with IGFBP1-associated genes. Additionally, KEGG pathway analysis (Fig. 9C) suggested
that these 100 genes might be involved in pathways such as the "PPAR signaling pathway," "Biosynthesis of amino acids," and "Pyruvate
metabolism," among others.

Furthermore, GSEA was employed to elucidate the biological function of IGFBP1 in five tumor types (KIRC, LUAD, OV, SKCM, and
STAD), where IGFBP1 expression was linked to prognosis. The results indicated that IGFBP1 is predominantly associated with cell cycle
checkpoints, DNA methylation, and the PD-1 signaling pathway (Fig. 9D-H).

The significant enrichment of IGFBP1-related genes during cell migration and adhesion suggests their involvement in the meta-
static mechanism of tumors. These processes are crucial for the dissemination of tumor cells from the primary site to distant organs,
facilitating the emergence of an invasive phenotype and metastasis. Furthermore, analysis revealed a significant enrichment of
IGFBP1-related genes in signaling pathways that stimulate cell proliferation and survival. The activation of these pathways is asso-
ciated with the uncontrolled proliferation and apoptosis resistance of tumor cells, thereby contributing to tumor progression.
Angiogenesis is essential for tumor growth and metastasis, as it supplies nutrients and oxygen to tumor cells. The enrichment in
angiogenesis-related signaling pathways suggests that IGFBP1 may play a pivotal.

2.8. IGFBPI-associated genes and PPI network using STRING database and functional enrichment analysis

We utilized a predetermined threshold and conducted a STRING database query to identify 50 genes strongly associated with
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IGFBP1, leading to the construction of a protein-protein interaction (PPI) network (Fig. 10A-B). The top ten hub genes identified
within this network were INS, IGFBP1, AKT1, IGF1, LEP, TP53, IL6, IGFIR, IGFBP3, and ADIPOQ (Fig. 10C). Subsequently, using
PathLinker plugins, we successfully reconstructed the signaling circuit involving these 10 hub genes (Fig. 10D). Subsequently, KEGG
and GO enrichment analyses were performed. The top three GO terms enriched in biological processes were insulin-like growth factor I
binding, hormone activity, and insulin receptor binding. Prominent cellular component terms encompassed endoplasmic reticulum
lumen, plasma membrane signaling receptor complex, and secretory granule lumen. Notable molecular function terms included
cellular response to peptides, response to peptides, and insulin-like growth factor receptor signaling pathway. Additionally, the top
KEGG pathways identified were longevity-regulating, AMPK signaling, and prostate cancer pathways (Fig. 10E).

2.9. GSEA functional enrichment analysis

The GSEA results for the eight cancers associated with prognosis are presented in Fig. 11A-H. These findings encompass pathways,
including PD1 signaling, B cell receptor (BCR) signaling, CD22-mediated BCR regulation, biological oxidation, TCR signaling via BCR,
fatty acid metabolism, Fceri-mediated MAPK activation, and the PI3KCI pathway, among others. The presence of these common
enrichment pathways suggests a strong association between IGFBP1, immunity, and energy metabolism in various malignancies.

2.10. Correlation of IGFBP1 expression and tumor immune microenvironment

The immunological microenvironment of the tumor plays a crucial role in the onset and progression of cancer. To investigate the
relationship between immune cells and IGFBPI expression across various cancer types, we conducted a correlation study using TIMER
2.0. The heat maps in Fig. 12A, B, 12C, and 12D illustrate the correlations between IGFBP1 expression and B cells, CD4" T cells, CD8* T
cells, and macrophages, respectively. The following specific correlations were observed: IGFBP1 expression was negatively associated
with B cells in CHOL and positively with UCS; IGFBP1 expression was negatively associated with CD4™ T cells in TGCT and positively
with ESCA; IGFBP1 expression was negatively associated with CD8" T cells in CHOL and positively with MESO; and IGFBP1 expression
was negatively associated with macrophages in CESC and positively with MESO.

2.11. Influence of IGFBP1 expression and immunological infiltration on overall survival
To elucidate the impact of immune cell infiltration on tumor prognosis, we utilized TIMER 2.0 to examine the combined effects of

IGFBP1 expression and immune cell infiltration on overall survival (OS). The data presented in Fig. 13A-D suggest that B cell infil-
tration may influence the prognosis of OV and SKCM. Moreover, there appeared to be a correlation between OS and infiltration of
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Fig. 11. IGFBPI Expression in Eight Malignancies using GSEA Functional Enrichment Analysis. In OV, LUAD, SKCM, STAD, KIRC, LIHC, PAAD, and
THYM(A-H), the top 10 GSEA functional enrichment pathways of IGFBP1.

CD4" and CD8™ T cells in LUAD and SKCM (Fig. 13E-L). Additionally, macrophage infiltration was associated with the prognosis of
OV, LUAD, SKCM, and STAD (Fig. 13M—P). Importantly, the impact of immune cells on tumor prognosis varies depending on the level
of IGFBP1 expression, indicating the dependency of immune cell function on IGFBP1 expression levels.

2.12. Different molecular and immune subtypes of cancer associated with IGFBP1 expression

Using the TIDIB database, we analyzed IGFBP1 expression across various molecular and immunological subtypes of malignancies
associated with prognosis. The results revealed notable variations in IGFBP1 expression among 4 molecular subtypes of cancer (P <
0.05): STAD (five subtypes), BRCA (five subtypes), ESCA (five subtypes), LGG (six subtypes), and LIHC (three subtypes) (Fig. 14A-F).
Additionally, significant expression changes of IGFBP1 were observed in KIRC in the context of immunological subtypes (P < 0.05)
(Fig. 14G-L).
2.13. Immunogenomic analyses of IGFBP1

IGFBP1 was positively correlated with chemokines in ACC, PAAD, UCS, and BLCA, and negatively correlated with ESCA, OV, and

12



Z. Yao et al. Heliyon 10 (2024) e37402
% s 8 gL
b Eegg 8%
g Sggg Bt
B 4 GegBizdari
! 3 E58883< 8532
H 2 dadsa88888
3 H g8gggggogge
TTITEITETE ] ] Lk r g g
ACC (0=79) 8 i A2 (%)
: BLGA (n=408) sy
e BRCA (n=1100) SRCA 1100
ACC (n=79) BRCA-Basal (n=191) W ensal il
o BRCA (n=1100) BRCA-LumA (1=568) RCA-LiEnA (et
5 BRCA-Basal (n=191) BRCA-LumB (1=219) &
BRCA-LumB (n=219) BRCA-Her2 (n=82) - ERGATLS ety
st prasty . v=300) cesc (e
GHOL (n=36) = |

LuSC (ne501)
MESO (n=87)

oV (n=303)

PAAD (ne179)

PCPG (ne181)

PRAD (n=498)

READ (n=166)

SARC (n=260)

SKCM (n=471)
SKCM-Metastasis (n=368)

CHOL (n=36)
COAD (ned58)
LB (n=48)

ESCA (ne185)

GBM (n=153)

HNSC (n=522)
HNSC-HPV- (n=422)
HNSC-HPV» (n=98)
KICH (n=06)

KIRG (n=533)

KIRP (1=200)

LGG (ne510)

=a71)

LUAD (n=515)
LUSC (n=501)
MESO (n=87)

SKM (n=471)
=368)
=103)

SKCM-Metastas:

‘SKCM-Primar

STAD (n=415)
TGCT (n=150)

COAD (n=458)
DLBC (n=48)

ESCA (n=185)

GBM (n=153)

HNSC (n=522)
HNSC-HPV- (n=422)
HNSC-HPV+ (n=08)

READ (n=166)

KICH (0e60)
KIRC (1639
KIRP (1=200)
166 (1e516)
UKG (s371)
LUAD (ne516)
LUSC (501)
MESO (n=87)

X p>005
W p..005

Partial_Cor
1

0
L

oV (ne303)
PARD (12170)

PCPG (n2181)

PRAD (1-408)

READ (12106)

SARC (1<260)

SKem =a71)
SKCM-Motastass (1368)
SKCM-Primary (1£103)
STAO (n=a15)

ToCT (n160)

THCA (15500)

THCA (n2509)
THYM (n=120)
UCEC (n=545)
ucs (nes7)
UM (1=80)

THYM (02120
UGEC (ne545)
ues (nes7)
VM (1=60)

UVM (n=80)
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respectively.

STAD (Fig. 15A) according to the TIDIB database. Additionally, In ACC, GBM, KIRC, KIRP, MESO, SARC, UCEC, and UCS, IGFBP1
exhibited a positive connection with immunoinhibitors; in contrast, OV, STAD, and LIHC showed a negative correlation (Fig. 15B).
Moreover, IGFBP1 was negatively associated with immunostimulators in CESC, CHOL, LIHC, OV, and STAD and positively correlated
with them in KIRC, MESO, SARC, UCEC, and UCS (Fig. 15C). Regarding lymphocytes, IGFBP1 negatively correlated with CESC, KICH,
READ, OV, and STAD, and positively correlated with ACC, GBM, KIRC, KIRP, MESO, SARC, UCEC, and UCS (Fig. 15D). Furthermore,
IGFBP1 was negatively associated with the majority of MHC molecules in CESC, CHOL, LUAD, OV, and STAD but was positively
associated with the majority of MHC molecules in ACC, GBM, LGG, MESO, SARC, UCEC, and UCS (Fig. 15E). In terms of receptors,
Fig. 15F shows that IGFBPI had a positive connection with the majority of receptors in KIRP, KIRC, MESO, and UCS and a negative
association with them in CESC, LIHC, OV, and PAAD.

3. Discussion

The insufficiency of current cancer diagnostics and treatments accentuates the need for advanced research to improve therapeutic
efficacy and patient prognosis, necessitating a deeper understanding of the disease mechanisms. IGFBP1, which plays a pivotal role in
oncogenesis, emergeshas emerged as a crucial research target and promises significant insights for therapeutic advancement. This
study aimed to elucidate IGFBP1’s role in cancer, bridge critical research gaps, and highlight the potential of its outcomes in refining
clinical strategies and enhancing prognostic accuracy.

The variable expression of IGFBP1 across different cancer types, with some tumors showing high levels and others showing low
levels, aligns with the standardized TCGA and GTEx data, indicating that IGFBP1 plays a significant role in the oncogenesis of diverse
cancers. This differential expression suggests that IGFBP1 may be integral to the distinct pathways of cancer development and pro-
gression. The association of IGFBP1 expression with clinicopathological parameters in cancers such as KIRC, ESCA, LUAD, and LGG,
which correlates with pathological staging, tumor staging, and WHO grading, underscores its potential impact on tumor behavior and
patient prognosis. In KIRC, IGFBP1 expression is linked to various stages of tumor development and sex, while in LGG, it correlates with
the WHO grade, indicating its influence on tumor aggressiveness and outcome.

Furthermore, the relationship between IGFBP1 expression levels and survival metrics such as OS, DSS, and PFI revealed its
prognostic value. High IGFBP1 expression was associated with longer OS in SKCM, but predicted shorter OS in LUAD, STAD, and OV,
highlighting its dual role and importance as a prognostic biomarker. These findings suggest that IGFBPI function and its impact on
survival outcomes vary considerably across different types of cancer, reflecting its complex role in cancer biology. The substantial
diagnostic efficacy of IGFBP1 in cancers, such as BRCA, CHOL, and ESCA, with ROC AUC values exceeding 0.7, underscores its po-
tential as a biomarker. An AUC above 0.7 indicates good diagnostic performance, highlighting IGFBP1’s prospective utility in cancer
detection.

Functional enrichment analysis of 100 IGFBP1-related genes derived from the GEPIA2 database revealed their involvement in
biological processes such as the regulation of blood coagulation. This analysis offers deeper insights into IGFBP1’s role in tumori-
genesis by elucidating the biological pathways involving these genes. A protein-protein interaction network constructed using the
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Fig. 13. Influence of Immune Cell Infiltration on Overall Survival. OS was associated with IGFBP1 expression. (A-D) The effects of B cell infiltration

on OS at different levels of IGFBP1 expression in LUAD, OV, SKCM, and STAD. (E-H) The effects of CD4™ T cell infiltration on OS at various IGFBP1
expression levels in LUAD, OV, SKCM, and STAD. (I-L) Analysis of the expression of CD8" T cells at different IGFBP1 levels and its influence on OS in
LUAD, OV, SKCM, and STAD. (M — P) Analysis of the expression of macrophages at varying IGFBP1 levels and their impact on OS in LUAD, OV,

SKCM, and STAD.

STRING database identified ten hub genes, including INS and IGFBP3, which are pivotal for network integrity and functionality. These
hub genes, central to the network architecture, play critical roles in understanding the mechanistic pathways of tumor development.
INS, which is involved in insulin signaling pathways, is associated with cancer metabolism and growth [20]. Similarly, the role of
IGFBP3, another member of the IGFBP family, can be explored in the context of its interaction with IGFBP1 and its collective impact on

tumor biology [21].

IGFBP1 is a multifunctional protein that influences cell proliferation, apoptosis, and migration. Its expression levels in various
cancers can be modulated by multiple factors, including the tumor microenvironment and the activity of distinct signaling pathways.
In cutaneous melanoma (SKCM), the upregulation of IGFBP1 may be linked to its role in promoting cell proliferation and tumor growth
by augmenting the availability of insulin-like growth factor (IGF), which aids tumor cells in adapting and surviving within a specific
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microenvironment [22,23] Furthermore, the upregulation of IGFBP1 may be associated with immune regulation, enabling tumor cells
to evade immune system attack. Conversely, the downregulation of IGFBP1 in lung adenocarcinoma (LUAD) may indicate its tumor
suppressor function [24]° IGFBP1 can inhibit the IGF signaling pathway by sequestering IGF, thereby reducing cell proliferation and
promoting apoptosis. In these cancers, other cell growth-promoting signaling pathways, such as the PI3K/AKT and MAPK pathways,
may be more active. Consequently, inhibiting IGFBP1 could be advantageous for cancer cell proliferation. Additionally, genetic and
epigenetic regulatory mechanisms, including DNA methylation, alterations in transcription factor activity, and the regulation of
noncoding RNA, can also influence IGFBP1 expression. Thus, the expression pattern of IGFBP1 across different cancers reflects its
complex and varied biological functions. The upregulation or downregulation of IGFBP1 may correspond to its pro-oncogenic or
anti-oncogenic effects within the tumor microenvironment, respectively. These differences are likely determined by the intracellular
and extracellular signaling environments and the genetic regulatory mechanisms unique to specific cancer types.

IGFBP1 harbors several critical domains, such as the IGF-binding domain and the heparin-binding domain. Mutations within these
domains can compromise the protein’s capacity to bind IGFs, thereby modulating their availability and activity. Disruption of the
heparin-binding domain may perturb the protein’s interaction with extracellular matrix components, thereby influencing cell adhesion
and migration.

The interaction of IGFBP1 with various cellular proteins and components is pivotal for its proper function. Such mutations can
disrupt these interactions, thereby potentially modulating signaling pathways. For instance, IGFBP1’s engagement with integrins and
other cell surface receptors is indispensable for mediating cell adhesion and migration. Disruption of these interactions may result in
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abnormal cell behavior, which could contribute to tumor progression and metastasis.

GSEA has identified pathways such as PD-1 signaling, which are likely to be prevalent across multiple malignancies and are affected
by IGFBP1. The PD-1 signaling pathway, which is vital for immune checkpoint regulation [25], offers insight into IGFBP1’s role in
cancer immune evasion. The similarity of these pathways indicates that IGFBP1 modulates immune responses and energy metabolism
across various tumor types.

A detailed exploration of the genetic alterations affecting IGFBP1 has revealed a diverse array of mutations, shedding light on its
intricate involvement in the genomic landscape of cancers. Leveraging CancerSEA to probe IGFBPI’s correlation between various
functional states of cancer cells, including metastasis and hypoxia, has yielded invaluable insights into its underlying biological
mechanisms.

Hypoxic conditions facilitate the invasiveness and survival of tumor cells. Targeting IGFBP1 could potentially reduce tumor cell
survival and metastasis by modulating the hypoxia response pathway. IGFBP1 expression is inversely associated with invasion and
epithelial-mesenchymal transition (EMT) in glioblastoma multiforme (GBM). Invasion and EMT are critical processes enabling tumor
cells to gain migratory and metastatic potential. Modulating IGFBP1 expression may influence EMT and invasion status, thereby
inhibiting tumor progression.

The TIMER2 database revealed that IGFBP1 expression is correlated with immune cells, such as B cells, CD4™ T cells, CD8™ T cells,
and macrophages across cancers. Elevated IGFBP1 levels in certain breast cancers are associated with an increased number of M2
macrophages and decreased survival rates. In colorectal cancer, higher IGFBP1 levels are correlated with more regulatory T cells,
aiding in immune evasion. Patients with lung adenocarcinoma with high IGFBP1 expression had a median survival of 22 months,
compared to 36 months in those with lower expression. In melanoma, high IGFBP1 levels correspond to fewer CD8™ T cells, affecting
the treatment response. These insights underscore IGFBP1’s impact on the immune microenvironment and its pivotal role in cancer
prognosis and therapy. Investigating IGFBP1’s effect on immune infiltration offers a deeper understanding of its function in immune
regulation within tumors [26]. IGFBP1 expression is also linked to the expansion of regulatory T cells and myeloid suppressor cells. By
inhibiting IGFBP1 expression, the proliferation of these immunosuppressive cells can be diminished, thereby reducing tumors’ ability
to evade immune responses. Furthermore, IGFBP1 may modulate the secretion of inhibitory cytokines (e.g., TGF-p, IL-10) and che-
mokines (e.g., CCL2, CXCL8). Targeting the IGFBP1 pathway is anticipated to enhance the tumor immune microenvironment and
bolster the efficacy of immunotherapy by modulating the balance of these factors. Future research should assess the potential of
IGFBP1 as a predictive biomarker and therapeutic target for immunotherapy. It should also investigate the clinical outcomes of
combining immune checkpoint inhibitors with IGFBP1-targeted therapy and elucidate the mechanisms by which IGFBP1 influences
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the immune microenvironment and immune cell function. This will provide a theoretical foundation for the development of novel
immunotherapy protocols.

In addition, our study revealed that IGFBP1 possesses significant diagnostic and prognostic value across various cancer types,
imparting substantial clinical relevance. Initially, IGFBP1 is anticipated to emerge as an effective biomarker for early cancer detection,
with the potential to enhance detection sensitivity and specificity via non-invasive blood tests. Furthermore, IGFBP1 expression levels
can serve as a tool for patient stratification, aiding in the identification of high-risk and low-risk individuals. This enables the
implementation of personalized monitoring and treatment strategies. Moreover, IGFBP1 expression can guide treatment selection and
may be employed to predict treatment responsiveness, facilitating the development of targeted therapeutic agents. Consequently,
investigating the clinical application potential of IGFBP1 holds great importance for enhancing the early detection, precise treatment,
and comprehensive management of cancer.

To enhance diagnostic accuracy further, investigating the synergistic application of IGFBP1 with additional biomarkers or imaging
techniques can yield a more nuanced understanding of tumor characteristics, thereby augmenting the detection rate and classification
precision of cancer. For instance, we intend to integrate IGFBP1 with imaging modalities like computed tomography (CT) or magnetic
resonance imaging (MRI) in the near future. This combination may offer superior sensitivity and specificity for the early detection of
tumor lesions and their staging. Additionally, by synthesizing the findings from multiple biomarkers (including, but not limited to, CEA
and CA-125), a comprehensive diagnostic model can be constructed to facilitate more precise early screening and diagnosis across a
range of cancer types.

Although this comprehensive analysis provides valuable insights into IGFBP1’s involvement in cancer, several limitations should be
acknowledged. First, the retrospective nature of TCGA-based analysis may introduce selection bias, thereby limiting the generaliz-
ability of the findings to broader populations [14]. Secondly, the functional mechanisms underlying IGFBP1’s diverse roles of in
different cancer types remain unexplored, necessitating further mechanistic studies to fully elucidate its biological significance. Lastly,
the study primarily relied on mRNA expression data, which might not fully capture IGFBPI’s post-translational modifications and
interactions in the tumor microenvironment, potentially overlooking crucial aspects of its functionality [27,28].

Future studies on IGFBP1 should address these limitations by incorporating prospective studies, functional assays, and multi-omics
approaches to provide a more comprehensive understanding of IGFBP1’s role in cancer. Specifically, efforts should focus on eluci-
dating the mechanistic pathways through which IGFBPI influences cancer progression, metastasis, and patient prognosis. Secondly,
investigating IGFBP1’s interacts with other proteins and plays a role in the tumor microenvironment, particularly its impact on im-
mune infiltration and response to therapy [28]. Third, we assessed the therapeutic potential of targeting IGFBPI, including the
development of inhibitors and antibodies to modulate its activity in cancer cells [29]. We intend to pursue further research in the
future, employing gene editing technologies like CRISPR to systematically investigate the specific functions and underlying mecha-
nisms of IGFBP1 within critical pathways. This will be achieved through targeted knockout or overexpression studies.

In conclusion, this study highlights IGFBP1’s critical role in cancer biology and its potential use as a prognostic marker. Overcoming
the current research limitations and pursuing further studies will enhance our understanding of IGFBP1’s complex function in cancer
development. Additionally, this study sets the stage for further investigation into IGFBPI’s capacity to improve cancer diagnosis,
prognosis, and treatment approaches.

4. Materials and Methods
4.1. Data gathering

The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/) [14] provides extensive molecular profiles and clinical data
across 33 cancer types using the TCGA_GTEx dataset hosted on the UC Santa Cruz (UCSC) Xena platform (https://xena.ucsc.edu/)
[15]. These types include Adrenocortical Carcinoma (ACC), Bladder Urothelial Carcinoma (BLCA), Breast Invasive Carcinoma (BRCA),
Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma (CESC), Cholangiocarcinoma (CHOL), Colon Adenocarcinoma
(COAD), Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (DLBC), Esophageal Carcinoma (ESCA), Glioblastoma Multiforme
(GBM), Head and Neck Squamous Cell Carcinoma (HNSC), Kidney Chromophobe (KICH), Kidney Renal Clear Cell Carcinoma (KIRC),
Kidney Renal Papillary Cell Carcinoma (KIRP), Acute Myeloid Leukemia (LAML), Brain Lower Grade Glioma (LGG), Liver Hepato-
cellular Carcinoma (LIHC), Lung Adenocarcinoma (LUAD), Lung Squamous Cell Carcinoma (LUSC), Mesothelioma (MESO), Ovarian
Serous Cystadenocarcinoma (OV), Pancreatic Adenocarcinoma (PAAD), Pheochromocytoma and Paraganglioma (PCPG), Prostate
Adenocarcinoma (PRAD), Rectum Adenocarcinoma (READ), Sarcoma (SARC), Skin Cutaneous Melanoma (SKCM), Stomach Adeno-
carcinoma (STAD), Testicular Germ Cell Tumors (TGCT), Thyroid Carcinoma (THCA), Thymoma (THYM), Uterine Corpus Endometrial
Carcinoma (UCEC), Uterine Carcinosarcoma (UCS), Uveal Melanoma (UVM). For expression data acquisition, RNA-seq data for these
33 cancer projects were downloaded and organized from TCGA database using the STAR pipeline, with the data extracted in the TPM
format. Data processing involved the application of the log2(value + 1) transformation method to normalize the RNA-seq data. In the
data analysis, R programming language was employed, utilizing packages such as ggplot2 (version 3.3.6) for data visualization, stats
(version 4.2.1) for statistical analysis, and car (version 3.1-0) for advanced linear modeling. As the study adhered to protocols
established by TCGA and UCSC, it was exempt from requiring ethical approval and patient informed consent.

4.2. IGFBP1 expression analysis
In the analysis of IGFBP1 expression in TCGA samples, including TCGA and GTEx samples, as well as TCGA paired samples, we
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evaluated the mRNA expression levels in malignant and normal tissues. Additionally, the mRNA expression of IGFBP1 in various cell
lines was obtained from the Human Protein Atlas (HPA) website (https://www.proteinatlas.org/).

4.3. Relationship between clinical characteristics and IGFBP1 expression

The methodology for acquiring clinical pathology data closely mirrors that used to obtain the expression data. Data unrelated to
clinical information were systematically discarded during the acquisition process. Additionally, the association between important
clinical features and IGFBP1 expression was investigated in cancer types in which IGFBP1 could affect patient outcomes. This
investigation included an analysis of IGFBP1 expression with respect to sex, pathological stage, and T, N, and M stages, with the aim of
uncovering any significant associations that could inform patient management strategies.

4.4. Prognosis analysis

The data filtering strategy involved removing normal samples and non-clinical information and retaining only datasets containing
survival information. Subsequently, the data were processed using log2 transformation (log2(value + 1)). Using data from The TCGA
database, this study assessed the correlation between IGFBP1 expression and clinical outcomes, including overall survival (OS),
progression-free interval (PFI), and disease-specific survival (DSS), across various cancer types. The Kaplan-Meier method, along with
the log-rank test, was employed, and survival curves with a significance level below 0.05 were emphasized. Furthermore, cancers
exhibiting a potential prognostic impact of IGFBP1 were chosen to construct receiver operating characteristic (ROC) curves. This
analysis utilizes R packages including survival (version 3.3.1), survminer (version 0.4.9), ggplot2 (version 3.3.6), and pROC (version
1.18.0).

4.5. Creation and assessment of the nomogram models

For the nomogram models, cancers affected by IGFBP1 expression in terms of OS, PFI, and DSS were subjected to univariate Cox
regression analysis with a focus on OS. Tumors showing p-values below 0.05 and sample sizes exceeding 300 were selected to develop
nomogram models, proving to be an effective approach for predicting OS in individual cases. The predictive accuracy of the models
was then evaluated using calibration curves over one, three, and five-year periods.

The nomogram and calibration plot were created using the R package survival (version 3.3.1) and rms (version 6.3-0). The pro-
cessing included proportional hazard hypothesis testing and Cox regression analysis using the survival package. Furthermore, the rms
package was employed to build nomogram-related models, conduct calibration analyses, and visualize the results.

4.6. Analysis of genetic alterations

In this study, we used cBioPortal (https://www.cbioportal.org/) for Cancer Genomics to examine genetic alterations in IGFBP1
[16]. Specifically, we utilized the "mutations" module to identify the locations of mutations, and the "mRNA vs. study" and "cancer
types summary and mutations" modules facilitated the exploration of somatic mutation frequency and genomic details of IGFBP1
mutations across various cancer types.

4.7. Relationship between IGFBP1 and cancer cell functionality

We used CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp), which is a comprehensive database designed to investi-
gate the functional state of cancer cells at the single-cell level [17]. Focusing on the average association between IGFBP1 expression
and various functional states across four cancer types, we explored the functional implications of IGFBP1 expression in diverse
malignancies.

4.8. Protein-protein interaction network and functional enrichment analysis

The GEPIA2 database was used to identify 100 IGFBPI-related genes with expression patterns most similar to those of IGFBP1.
Potential protein interactions with IGFBP1 were determined and integrated into the STRING database (https://string-db. org). Sub-
sequently, a PPI network investigation was conducted using the acquired relevant genes, with the significance threshold set at a
confidence score exceeding 0.7. The resulting data were loaded into Cytoscape (v3.8.2) (https://cytoscape.org/) for visualization and
further analysis.

Enrichment studies of genes closely interacting with IGFBP1 were performed using Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG). Following conversion of the input molecule IDs, the clusterProfiler package was employed to conduct
enrichment analysis. Subsequently, the GOPlot package was used to calculate the corresponding z-scores for each enrichment entry,
using the molecular values provided. The cut-off level for significance was established at p-value <0.05.

Gene Set Enrichment Analysis (GSEA) was conducted using the "clusterProfiler" package to investigate biological pathway dif-
ferences between high- and low-IGFBP1 groups. P-value below 0.05 and a false discovery rate (FDR) below 0.05 were considered
indicative of significantly altered pathways. Each analysis included 1000 permutations of the gene set. The results of the GSEA were
visualized using the R "ggplot2” package.
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4.9. Immune infiltration analysis

TIDIB (Tumor-Immune Database) is a database that specifically collects and organizes tumor-immune related data, aiming to help
researchers better understand tumors and the mechanisms of their interaction with the immune system. The TIDIB database collects
publicly available high-throughput sequencing data, including gene expression data, transcriptome data, proteome data, and
immunology-related sequencing data.

Using TIMER, TIDE, and other algorithms, we explored the association between IGFBP1 expression and various immune cell types,
including B cells, macrophages, CD8" T cells, and CD4 " T cells, using Tumor Immune Estimation Resource 2.0 (TIMER2.0), accessible
at http://timer.cistrome.org/ [18]. Furthermore, a comprehensive analysis was conducted to assess the impact of immune cell infil-
tration on overall survival (OS) following the classification of IGFBP1 expression across different cancer types.

We also used the TISIDB database (http://cis.hku.hk/TISIDB/index.php) to explore the association between IGFBP1 expression and
the molecular or immunological subtypes [19]. Furthermore, we investigated the correlations between IGFBP1 expression and MHC
molecules, chemokine receptors, chemokines, immunoinhibitors, immunostimulators, and tumor-infiltrating lymphocytes.

5. Statistical analysis

Correlations between the two groups were assessed using the Spearman rank test, and differences between groups were compared
using the Wilcoxon rank-sum test. Factors influencing prognosis were determined using univariate and multivariate Cox proportional
hazard regression analyses. Survival analysis was conducted using Kaplan-Meier analysis with the log-rank test. Statistical analyses
were performed using R (version 4.2.1), with significance set at p < 0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001).
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