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Abstract
BACKGROUND
[bookmark: _Hlk4151156]Lymphovascular invasion (LVI) is suggested to be an early and important step in tumor progression toward metastasis, but its prognostic value and genetic mechanisms in colorectal cancer (CRC) have not been well investigated.

AIM
To investigate the prognostic value of LVI in CRC and identify the associated genomic alterations.

METHODS
We performed a retrospective analysis of 1219 CRC patients, and evaluated the prognostic value of LVI for overall survival (OS) by the Kaplan-Meier method and multivariate Cox regression analysis. We also performed an array-based comparative genomic hybridization (CGH) analysis of 47 fresh CRC samples to examine the genomic alterations associated with LVI. A decision tree model was applied to identify special DNA copy number alterations (DCNAs) for differentiating between CRCs with and without LVI. Functional enrichment and protein-protein interaction (PPI) network analyses were conducted to explore the potential molecular mechanisms of LVI.

RESULTS
[bookmark: _Hlk4157234][bookmark: _Hlk536774952]LVI was detected in 150 (12.3%) of 1219 CRCs, and the presence was positively associated with higher histological grade and advanced tumor stage (both P < 0.001). Compared with the non-LVI group, the LVI group showed a 1.77-fold (95% confidence interval: 1.40-2.25, P < 0.001) increased risk of death and a significantly lower 5-year overall survivalOS rate (P < 0.001). Based on the comparative genomic hybridizationCGH data, 184 DCNAs (105 gains and 79 losses) were identified to be significantly related to LVI (P < 0.05), and the majority were located at 22q, 17q, 10q, and 6q. We further constructed a decision tree classifier including seven special DCNAs, which could distinguish CRCs with LVI from those without it at an accuracy of 95.7%. Functional enrichment and protein-protein interactionPPI network analyses revealed that the genomic alterations related to LVI were correlated with inflammation, epithelial-mesenchymal transition (EMT), angiogenesis, and matrix remodeling.

CONCLUSION
[bookmark: _Hlk4162540]LVI is an independent predictor for survival in CRC, and its development may correlate with inflammation, epithelial-mesenchymal transitionEMT, angiogenesis, and matrix remodeling.
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[bookmark: _Hlk536692571][bookmark: _Hlk4156375][bookmark: _Hlk536692737]Core tip: Lymphovascular invasion (LVI) is suggested to be an obligatory step in tumor progression toward metastasis, but its genetic mechanisms in colorectal cancer (CRC) have not been fully understood. This study showed that LVI was significantly associated with features of aggressive tumors and reduced survival in CRC, and its development might correlate with inflammation, epithelial-mesenchymal transition, angiogenesis, and matrix remodeling. We also constructed a DNA copy number alteration classifier that could estimate the LVI status with high accuracy, which might contribute to the management of CRC.
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INTRODUCTION
[bookmark: _Hlk4150654][bookmark: _Hlk4151055]Colorectal cancer (CRC) is a major public health problem worldwide, with 1.4 million new cases and 0.7 million deaths estimated each year[1]. Surgical excision is the mainstay of treatment for CRC; however, 30%-50% of patients develop local tumor recurrence or metastasis even after potentially curative surgery[2]. Currently, the tumor-node-metastasis (TNM) staging system is a universal guideline for prognosis prediction and treatment decision-making[3]. Nevertheless, heterogeneous survival rates in patients with the same stage of disease have been noted[4,5]. It has been gradually recognized that some other clinicopathological features may contribute to a more individual prediction of prognosis in CRC, such as age, systemic inflammation, tumor grade, and lymphovascular invasion (LVI)[6,7].
[bookmark: _Hlk536773129]LVI is a histopathological finding defined by the presence of tumor cells within endothelium-lined lymphatic or vascular channels[8], with a presence of 10.0%-89.5% in CRC[9-13]. Indeed, LVI is an essential and important step in lymph node metastasis and systemic dissemination of cancer cells, and it is considered to increase the risk for micrometastases in localized carcinoma[14,15]. The unfavorable prognostic significance of LVI has been supported by studies in various cancers, such as breast cancer, gastric cancer, and prostatic cancer[11,16-18]. Furthermore, some studies have been conducted to explore the potential mechanisms underlying this association. Pan et al[19] reported that cyclooxygenase-2 up-regulates chemokine CC receptor 7 via EP2/EP4 receptor signaling pathways to enhance LVI of breast cancer cells. Tatti et al[20] suggested that matrix metalloproteinase 16 (MMP16) mediates a proteolytic switch to promote cell-cell adhesion and LVI in melanoma. A study by Mannelqvist et al[21] found that overexpression of MMP3 and collagen VIII in endometrial cancer correlates closely with the presence of LVI. However, the genetic mechanisms of LVI in CRC have not been well investigated. 
[bookmark: _Hlk536692599][bookmark: _Hlk4169756][bookmark: _Hlk3757039][bookmark: _Hlk536383699][bookmark: _Hlk536692680][bookmark: _Hlk3757138][bookmark: _Hlk4151592]We performed a retrospective analysis in 1219 CRC patients to evaluate the presence of LVI, as well as its relationship with classical clinicopathological parameters and patients’ outcome. We also analyzed the genomic profiles of 47 CRC samples using array-based comparative genomic hybridization (CGH) to identify the genomic alterations associated with LVI. Our findings may provide further insight into the biology of LVI in CRC and offer novel targets for the treatment and prevention of cancer dissemination. 

[bookmark: OLE_LINK4]MATERIALS AND METHODS
Retrospective population-based cohort
[bookmark: _Hlk3738010][bookmark: _Hlk535786675][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Patients with newly diagnosed, histologically confirmed colorectal adenocarcinoma (n = 1219) were included in this retrospective study. Among them, 1005 were recruited from Ruijin Hospital Affiliated to Shanghai Jiaotong University School of Medicine from January 2008 to December 2010, and 214 were enrolled from Zhuji People’s Hospital of Zhejiang Province between January 2007 and December 2010. All patients underwent standard surgical treatment and were retrospectively reviewed with a minimum 5-year postoperative follow-up. Patients with recurrent disease or another malignancy or those whose present status could not be ascertained were excluded from the study. Written consent was obtained from all patients, and their information was stored in the hospital database and used for research. Clinical and pathological data were abstracted from patients’ medical records, including gender, age, tumor site, differentiation, stage, and LVI status. Tumor was staged according to the American Joint Committee on Cancer TNM classification (version 8.0) and graded according to the 2010 World Health Organization classification. LVI was defined by the presence of malignant cells within endothelium-lined spaces on hematoxylin and eosin-stained sections[8].

Tumor samples and array-based CGH
[bookmark: _Hlk3757623][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: _Hlk3756702][bookmark: _Hlk536690573]Forty-seven surgically removed sporadic colorectal adenocarcinoma specimens were obtained from Yangpu Hospital Affiliated to Tongji University between June 2017 and December 2018, and were analyzed using array-based CGH. All specimens were evaluated by at least two pathologists and were stored at -– 80 °C until assay. Of these, 21 tumors presented with LVI, and the remaining 26 with non-LVI served as controls. The patients included 17 women and 30 men with ages ranging from 45 to 88 years; 6 six cases were stage I, 6 six stage II, 17 stage III, and 18 stage IV. None of the patients had a history of another malignancy or inflammatory bowel disease. There was no significant difference in gender, age, tumor site, differentiation, or stage between the case and control groups. Written informed consent was obtained before specimen collection, and this study was approved by the Research Ethics Committee of Yangpu Hospital (LL-2019-SCI-001).
DNA was extracted from frozen tumors using the QIAmp Tissue Kit (Qiagen GmbH, Hilden, Germany). Cytogenomic microarray analysis was performed using the Agilent SurePrint G3 Cancer CGH + SNP 4 × 180K Array, a cancer-specific CGH + SNP microarray designed by Cancer Genomics Consortium (https://www.chem-agilent.com/pdf/59909183en_lo_CGH+SNP_Cancer.pdf) (Agilent Technologies, Santa Clara, CA, United States). Arrays were scanned with the Agilent DNA Microarray Scanner with Surescan High-‐Resolution Technology. Whole genome microarray data were analyzed using Agilent CytoGenomics 2.5 software to identify DNA copy number alterations (DCNAs). The global ADM2 algorithm with a threshold 6.0 and aberration filter for a minimum of three consecutive probes per region were applied. Genomic linear positions were given relative to NCBI build 37 (hg19, http://genome.ucsc.edu/).

Statistical analysis
[bookmark: OLE_LINK27]Statistical analysis was performed with SPSS version 22.0 (Armonk, NYChicago, IL, United States) and R version 3.2.0 (R foundation for Statistical Computing, Vienna, Austria). Pearson’s χ2 test or Fisher’s exact test was used to compare the difference in the distribution of categorical variables. Differences in continuous variables were tested with Student’s t-test. The endpoint of the retrospective study was overall survival (OS), which was calculated from the date of diagnosis to death from any cause or the last follow-up. Survival curves were estimated using the Kaplan-Meier method and compared by the log-rank test. A multivariate Cox proportional hazards model was used to estimate adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) and to identify independent predictors for 5-year OS.
[bookmark: _Hlk4149680][bookmark: OLE_LINK12][bookmark: OLE_LINK13]The CGH data were shown for the autosomes only, and the sex chromosomes were not included in this analysis. The frequencies of DCNAs between CRCs with and without LVI were compared using Pearson’s χ2 test, with P < 0.05 considered significant. A decision-tree model J48 classifier attached to WEKA (http://www.cs.waikato.ac.nz/ml/weka/) was further applied to identify the DCNAs for differentiating between the two groups. In order to explore the molecular mechanism of LVI in CRC, the genes located at the significant DCNAs were mapped into the DAVID database (http://david.abcc.ncifcrf.gov/). Gene ontology (GO) analysis was applied to reveal functions of gene products from three aspects: Biological process (BP), cellular component (CC), and molecular function (MF). Kyoto encyclopedia of Genes and Genomes pathway analysis was used to identify relevant biological pathways. Search Tool for the Retrieval of Interacting Genes (STRING) (http://string-db.org) was used to investigate the interactive relationship among the acquired genes (confidence score > 0.95), and the protein-protein interaction (PPI) network was visualized using Cytoscape software (San Diego, CA, United States) (http://www.cytoscape.org). To identify the hub genes in the network, three centrality methods, including closeness, degree, and eigenvector centrality[22], were evaluated with the Cytoscape CytoNCA plugin. For all analyses, P < 0.05 was considered statistically significant.

RESULTS
Association of LVI with clinicopathological features
[bookmark: _Hlk4157277][bookmark: _Hlk4157335][bookmark: _Hlk4157357][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Of the 1219 CRC patients included in the retrospective analysis, 714 (58.6%) were male and 505 (41.4%) were female, with a median age of 62 years (range, 21-92 years). There were 569 (46.7%) colon cancers and 650 (53.3%) rectal cancers. Histologically, 894 (73.3%) cases were well or moderately differentiated, and 325 (26.7%) were poorly differentiated or mucinous. According to TNM classification, 219 (18.0%) patients were stage I, 398 (32.6%) stage II, 422 (34.6%) stage III, and 180 (14.8%) stage IV. LVI was detected in 150 tumors, with a presence of 12.3% (10.5%-14.2%). The comparison of clinicopathological features between CRCs with and without LVI showed that LVI group was more likely to be poorly differentiated or mucinous (P < 0.001) and its presence progressively increased with advancing tumor stage (5.5% in stage I, 7.5% in stage II, 15.2% in stage III, and 24.4% in stage IV, respectively, P < 0.001), whereas no significant correlation was detected for gender, age, or tumor site (all P > 0.05) (Table 1).

[bookmark: _Hlk534634581]Association of LVI with survival
[bookmark: _Hlk4158204]The 5-year OS rate of the study cohort was 63.0%. We analyzed the association of LVI with survival in a multivariate Cox analysis, and found that LVI was an independent predictor for 5-year OS after controlling for gender, age, tumor site, differentiation, and stage (Table 2). Compared with the non-LVI group, the LVI group showed a 1.77-fold (95%CI: 1.40-2.25, P < 0.001) increased risk of death and a significantly lower 5-year OS rate (66.8% vs 36.0%, log rank P < 0.001) (Figure 1).

Association of LVI with DCNA
[bookmark: _Hlk4159426][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: _Hlk4160162][bookmark: _Hlk4159398][bookmark: _Hlk536624078][bookmark: _Hlk4161076][bookmark: OLE_LINK9][bookmark: _Hlk4160710][bookmark: _Hlk4161137]Array-based CGH was performed on 47 CRC samples. Although there were differences in the DCNAs between each sample, gains were commonly observed at 20q (70.2% of 47 samples), 13q (59.6%), 8q (55.3%), 7p (51.1%), and 7q (51.1%), while losses were frequently detected at 5q (51.1%), 15q (42.6%), 14q (40.4%), 18q (40.4%), and 17p (36.2%). The comparison of CGH data between CRCs with and without LVI was summarized in Figure 2. 184 One hundred eight-four DCNAs (105 gains and 79 losses) exhibited a significant difference in their frequencies between the two groups (P < 0.05), and the majority were located at 22q (29.3% of 184 DCNAs), 17q (16.3%), 10q (13.0%), and 6q (7.1%). To construct a classifier that could effectively detect LVI, the 184 DCNAs were further input into a decision-tree model. Tumors with LVI were distinguished from those without it at a 95.7% accuracy rate by examining seven special DCNAs, including gains at chr6:95148725-95193920, chr14:106113380-106135655, chr7:159075079-159118566, chr8:145737350-145741217, and chr17:48266096-48267750, and losses at chr17:30770711-30859316 and chr9:43469486-43659512 (Figure 3). Moreover, a sensitivity of 95.7% and a specificity of 94.7% were obtained.

[bookmark: _Hlk536127295]Functional enrichment and PPI network analyses
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]A total of 1784 genes were identified in the 184 DCNAs correlated with LVI. To explore the biological relevance of these genes, we performed functional enrichment and PPI network analyses. Gene ontologyO analysis showed that these genes were significantly enriched in biological processBP terms such as complement activation, regulation of immune response, and negative regulation of transposition; cellular componentCC terms such as immunoglobulin complex; as well as molecular functionMF terms such as antigen binding and immunoglobulin receptor binding (Figure 4). Pathway analysis revealed that these genes were concentrated in pathways of natural killer cell mediated cytotoxicity, hypoxia-inducible factor-1 (HIF-1) signaling, and fork-head box O signaling (Figure 5). Furthermore, based on the Search Tool for the Retrieval of Interacting GenesSTRING database, a PPI network with 97 nodes and 142 edges was constructed (Figure 6). The top 20 nodes with higher PPI scores, respectively, identified by closeness, degree, and eigenvector were selected as hub genes (Table 3). After eliminating the repeated ones, 31 hub genes were obtained, including EP300, STAT3, SIRT1, RPS6KB1, MAPK1, etc.

DISCUSSION
[bookmark: _Hlk4156024][bookmark: _Hlk4151421][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: _Hlk4164103][bookmark: _Hlk4158062][bookmark: OLE_LINK40]LVI is a common histopathological finding and serves as an unfavorable prognostic factor in many cancers[11,16,17,23]. In terms of tumor biology, invasion of tumor cells into vascular channels is suggested to be an obligatory step in tumor progression toward metastasis[14,24]. According to previous studies, the presence of LVI in CRC varied widely from 10.0% to 89.5%[9-13], which might be caused by the differences in diagnostic techniques and patient populations included in different studies[8,25]. In the current study, LVI was observed in 150 (12.3%) of 1219 CRCs, and the presence increased with tumor stage from 5.5% in stage I to 24.4% in stage IV. Similar to other studies, our data showed that LVI was closely related to the features of aggressive tumors, such as higher histological grade and advanced tumor stage[11,18]. Thus, some findings suggested that the presence of LVI should be an indication of more extensive surgical resection[26,27]. Our study also confirmed that LVI was an independent predictor for survival in CRC, as shown by multivariate prognostic analysis. Therefore, it is important to explore the genetic mechanisms of LVI, which may provide novel diagnostic biomarkers or therapeutic targets for CRC.
[bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK45][bookmark: OLE_LINK46]Although various studies have reported gene signatures related to metastasis in CRC[28-30], much is unknown about the molecular pathogenesis of LVI; an early and critical step in metastasis. We performed an array-based CGH analysis of 47 CRC samples and found the most frequent aberrations were detected at 20q, 18q, 17p, 15q, 14q, 13q, 8q, 7p, 7q, and 5q, consistent with previous reports[31,32]. The comparison between CRCs with and without LVI revealed that 184 DCNAs were significantly associated with the presence of LVI, and more than half of them were found at 22q, 17q, 10q, and 6q. Knösel et al[33] and Nakao et al[34] indicated that the DCNAs associated with CRC metastases were mostly located at 22q, 20q, 17q, 15q, 10q, 8p, 8q, and 6q. These findings suggested the emergence of multiple chromosomal aberrations at the transition from LVI to metastasis formation. Furthermore, a decision tree classifier was applied to these significant DCNAs. It can allow for an automatic differentiation of LVI or non-LVI CRCs by checking seven special DCNAs, with a high accuracy of 95.7%. This is the first report of the development of a DCNA classifier in order to estimate the LVI status of each tumor for optimal diagnosis, thus contributing to personalized CRC management. However, the number of tumors examined in this study was limited, and large-scale studies might identify the DCNAs with a stronger impact on the evaluation of LVI status.
[bookmark: _Hlk4161221][bookmark: _Hlk4162206][bookmark: _Hlk536554139][bookmark: _Hlk4161788]In this study, a total of 1784 genes were identified in the 184 DCNAs related to LVI in CRC. With the identified genes, we performed functional enrichment analyses and found that they were significantly enriched in immune response and inflammation mediated by immunoglobulins and immune complexes. Previous studies have showed that perivascular lymphocytic infiltration is strongly associated with the presence of LVI and aggressive tumor behavior[21,35]. Our findings supported the involvement of perivascular inflammation in the process of LVI, also suggesting the importance of inflammation in cancer progression[36,37]. Additionally, we constructed a PPI network and screened out some key genes, such as EP300, STAT3, SIRT1, and RPS6KB1, which have been related to epithelial-mesenchymal transition (EMT), active angiogenesis, or matrix remodeling. In the PPI network, EP300 possesses the highest values of all three centrality measures. It functions as transcriptional coactivator for some nuclear proteins, such as HIF-1α, thus participating in hypoxia-induced invasion and EMT process[38]. STAT3 is a central cytoplasmic transcription factor and suggested to be involved in tumor proliferation, apoptosis, invasion, and migration, by regulating the expression of vascular endothelial growth factor (VEGF) and MMPs[39]. SIRT1 encodes an NAD-dependent deacetylase and acts as a positive regulator of EMT, tumor vascularization, and metastatic growth[40]. RPS6KB1 is reported to be involved in tumor growth and angiogenesis through HIF-1α and VEGF expression[41]. The present study indicated that these genes might play an important role in the development of LVI, and further our understanding of the targets for early metastatic spread in CRC.
[bookmark: _Hlk536692645][bookmark: _Hlk4163888][bookmark: _Hlk4163304][bookmark: _Hlk4163609][bookmark: _Hlk536389964][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: _Hlk536692785][bookmark: _Hlk4165279]In conclusion, we identified that LVI was significantly associated with features of aggressive tumors and reduced survival in CRC, and constructed a DCNA classifier that could estimate the LVI status of CRC with high accuracy. Our results also indicated that the genomic alterations related to LVI were correlated with inflammation, EMT, angiogenesis, and matrix remodeling. These findings might contribute to an improved understanding of the molecular mechanisms involved in LVI and provide valuable information for better management of CRC.

ARTICLE HIGHLIGHTS
Research background
Colorectal cancer (CRC) is the third most common cancer and the fourth leading cause of cancer deaths worldwide. It has been reported that many clinicopathological factors may contribute to the prognostic prediction of cancer patients except tumor-node-metastasis stage, including lymphovascular invasion (LVI). LVI is suggested to be an early and critical step in lymph node metastasis and systemic dissemination of cancer cells. However, the prognostic value and genetic mechanisms of LVI in CRC have not been well investigated so far. 

Research motivation
LVI is a common histopathological finding in cancers and is considered to be an important step in cancer progression toward metastasis, but its genetic mechanisms in CRC have yet to be fully understood. Our study may offer new insight into the biology of LVI and provide valuable information for better management of CRC.

Research objectives
The objective of this study was to investigate the prognostic value of LVI in CRC and identify the genomic alterations associated with LVI using array-based comparative genomic hybridization (CGH).

Research methods
[bookmark: OLE_LINK16][bookmark: OLE_LINK24]We performed a retrospective analysis in a population of 1219 CRC patients to evaluate the presence of LVI, as well as its relationship with classical clinicopathological parameters and patient’s outcome. Kaplan-Meier method and Cox regression model were used for overall survival (OS) analysis. We also analyzed the genomic profiles of 47 CRC samples using CGH to identify the genomic alterations associated with LVI. A decision tree model classifier was applied to the CGH data to identify special DNA copy number alterations (DCNAs) for differentiating CRCs with and without LVI. We further performed functional enrichment and protein-protein interaction (PPI) network analyses to explore the potential molecular mechanisms of LVI in CRC.

Research results
[bookmark: OLE_LINK311][bookmark: OLE_LINK312][bookmark: _Hlk5181766]Of the 1219 CRC patients included in the retrospective analysis, 150 (12.3%) cases presented with LVI. The comparison of clinicopathological characteristics between CRCs with and without LVI found that the presence of LVI was significantly with higher histological grade and advanced tumor stage (both P < 0.001). Survival analysis showed that LVI was an independent predictor for overall survivalOS in CRC, with a hazard ratio of 1.77 (95% confidence interval: 1.40-2.25, P < 0.001). Based on the CGH data of 47 CRC samples, 184 DCNAs (105 gains and 79 losses) were found to exhibit a significant difference in the frequencies between LVI and non-LVI groups (P < 0.05), and the majority were located at 22q, 17q, 10q, and 6q. We further performed decision tree analysis and constructed a classifier which that could distinguish CRCs with LVI from those without it at an accuracy of 95.7% by examining seven special DCNAs. Functional enrichment analyses showed that the genomic alterations related to LVI were correlated with immune response and inflammation. Additionally, we constructed a protein-protein interactionPPI network and screened out some key genes, such as EP300, STAT3, SIRT1, and RPS6KB1, which were involved in epithelial-mesenchymal transition (EMT), active angiogenesis or matrix remodeling.

Research conclusions
The present study identified that LVI was significantly associated with features of aggressive tumors and reduced survival in CRC, and its development might correlate with inflammation, epithelial-mesenchymal transitionEMT, angiogenesis, and matrix remodeling.

Research perspectives
Our study preliminarily explored the genetic alterations associated with LVI in CRC, which might offer novel targets for the treatment and prevention of cancer dissemination. Further studies are required to confirm our findings and to clarify the precise mechanism involved in LVI.
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Table 1 Comparison of characteristics between colorectal cancer patients with and without lymphovascular invasion
	Characteristic
	LVI, (n = 150)
	
	Non-LVI, (n = 1069)
	
	P value

	
	No. of patients (%)
	
	No. of patients (%)
	
	

	Gender
	
	
	
	
	

	Male
	93 (62.0)
	
	621 (58.1)
	
	

	Female
	57 (38.0)
	
	448 (41.9)
	
	0.377 

	Age in (yr)
	
	
	
	
	

	≤ 65
	87 (58.0)
	
	629 (58.8)
	
	

	> 65
	63 (42.0)
	
	440 (41.2)
	
	0.860 

	Tumor site
	
	
	
	
	

	Colon
	72 (48.0)
	
	497 (46.5)
	
	

	Rectum
	78 (52.0)
	
	572 (53.5)
	
	0.793 

	Histological differentiation
	
	
	
	
	

	Well/moderately
	79 (52.7)
	
	815 (76.2)
	
	

	Poorly/mucinous
	71 (47.3)
	
	254 (23.8)
	
	< 0.001

	TNM stage
	
	
	
	
	

	I
	12 (8.0)
	
	207 (19.4)
	
	

	II
	30 (20.0)
	
	368 (34.4)
	
	

	III
	64 (42.7)
	
	358 (33.5)
	
	

	IV
	44 (29.3)
	
	136 (12.7)
	
	< 0.001


LVI: Lymphovascular invasion; TNM: Tumor-node-metastasis.


Table 2 Multivariate Cox analysis for 5-year overall survival in 1219 colorectal cancer patients
	Characteristic
	HR (95%CI)
	P value

	Gender
	
	

	Male
	1 (Reference)
	

	Female
	0.93 (0.77-1.13)
	0.481 

	Age in (yr)
	
	

	≤ 65
	1 (Reference)
	

	> 65
	1.93 (1.60-2.33)
	< 0.001

	Tumor site
	
	

	Colon
	1 (Reference)
	

	Rectum
	0.94 (0.78-1.13)
	0.497 

	Histological differentiation
	
	

	Well/moderately
	1 (Reference)
	

	Poorly/mucinous
	1.51 (1.24-1.85)
	< 0.001

	TNM stage
	
	

	I
	1 (Reference)
	

	II
	1.63 (1.07-2.47)
	0.022 

	III
	3.31 (2.24-4.90)
	< 0.001

	IV
	11.88 (7.94-17.77)
	< 0.001

	LVI
	
	

	Negative
	1 (Reference)
	

	Positive
	1.77 (1.40-2.25)
	< 0.001


HR: Hazard ratio; CI: Confidence interval; TNM: Tumor-node-metastasis; LVI: Lymphovascular invasion.


Table 3 Top 20 hub genes ranked by closeness, degree, and eigenvector
	Rank
	Closeness
	
	Degree
	
	Eigenvector

	
	Gene
	Value
	
	Gene
	Value
	
	Gene
	Value

	1
	EP300
	0.256684 
	
	EP300
	15
	
	EP300
	0.481394 

	2
	NOTCH1
	0.241814 
	
	PES1
	11
	
	ESR1
	0.320964 

	3
	ESR1
	0.240000 
	
	ESR1
	10
	
	STAT5A
	0.297293 

	4
	AKT1
	0.227488 
	
	MAPK1
	8
	
	STAT3
	0.285113 

	5
	DVL1
	0.225352 
	
	AKT1
	8
	
	MAPK1
	0.269273 

	6
	STAT5A
	0.223776 
	
	BRCA1
	7
	
	STAT5B
	0.240224 

	7
	MED1
	0.219680 
	
	NHP2L1
	7
	
	AKT1
	0.221299 

	8
	STAT3
	0.213808 
	
	STAT5A
	6
	
	MED1
	0.202291 

	9
	STAT5B
	0.213333 
	
	MED1
	6
	
	PPARA
	0.169136 

	10
	SIRT1
	0.212860 
	
	STAT3
	6
	
	BCR
	0.166509 

	11
	PPARA
	0.210526 
	
	CIRH1A
	6
	
	HDAC2
	0.164826 

	12
	HDAC2
	0.209607 
	
	SNRPD3
	6
	
	IL2RB
	0.151029 

	13
	ARNT
	0.209607 
	
	RPL3
	6
	
	KAT2A
	0.139521 

	14
	CSNK1E
	0.209150 
	
	STAT5B
	5
	
	HDAC10
	0.139521 

	15
	HDAC10
	0.206452 
	
	BCR
	5
	
	SIRT1
	0.137321 

	16
	KAT2A
	0.206452 
	
	SIRT1
	5
	
	ARNT
	0.124740 

	17
	MYB
	0.204691 
	
	HDAC2
	5
	
	RPS6KB1
	0.105985 

	18
	CITED2
	0.204691 
	
	CDH1
	5
	
	NOTCH1
	0.094497 

	19
	IGF1R
	0.204255 
	
	SNRPA1
	5
	
	IGF1R
	0.087082 

	20
	MAPK1
	0.202105 
	
	RPS6KB1
	4
	　
	MYB
	0.085425 
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[bookmark: OLE_LINK28]Figure 1 Kaplan-Meier curve for 5-year overall survival according to lymphovascular invasionLVI status. The 5-year overall survival rate of lymphovascular invasion (LVI) group was significantly lower than that of non-LVI group (36.0% vs 66.8%, log-rank P < 0.001). LVI: Lymphovascular invasion.
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Figure 2 The cComparison of DNA copy number alterations between colorectal cancers with and without lymphovascular invasionLVI. Data were shown for the autosomes only. Blue represents gain of expression; red represents loss of expression. 184 One hundred eighty-four DNA copy number alterations (105 gains and 79 losses) exhibited a significant difference in their frequencies between the two groups (P < 0.05). DCNA: DNA copy number alteration; LVI: Lymphovascular invasion.
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Figure 3 DNA copy number alterationDCNA classifier for differentiating between colorectal cancers with and without lymphovascular invasionLVI. The tumors with lymphovascular invasion (LVI) were distinguished from those without it at a 95.7% accuracy rate by examining seven special DNA copy number alterations (DCNAs). The procedures of this analysis were as follows: chr6:95148725-95193920 was taken as the first criterion. If a tumor showed gain at chr6:95148725-95193920, it was categorized as a tumor with LVI. Six6 of 47 tumors were classified into this group. When the DCNA of the tumor was not this case, the second criterion (Loss at chr17:30770711-30859316) was examined. Five5 tumors were separated from the remaining 41 tumors at this point. If the tumors showed no loss at chr17:30770711-30859316, then the third criterion (Gain at chr14:106113380-106135655) was checked. In this way, the DCNA of the tumor was in turn examined from the 1st to the 7th one. Each step successively sorted a cluster of either group. Finally, all colorectal cancers were divided into either of two groups, tumors with and without LVI. DCNA: DNA copy number alteration; LVI: Lymphovascular invasion.
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[bookmark: OLE_LINK17][bookmark: OLE_LINK3]Figure 4 Top gene ontologyGO terms enriched by the 1784 genes located at the 184 significant DNA copy number alterations. aP < 0.05; GO: Gene ontology.
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[bookmark: OLE_LINK21]Figure 5 Top Kyoto Encyclopedia of Genes and Genomes pathway terms enriched by the 1784 genes located at the 184 significant DNA copy number alterations. 
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[bookmark: OLE_LINK20]Figure 6 Protein‑protein interaction network for the genes related to lymphovascular invasion (confidence score > 0.95). Blue represents gain of expression; red represents loss of expression. Diamonds represent the 31 hug genes identified by closeness, degree, and eigenvector. 
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