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Abstract

Background—While the prognostic relevance of lymphovascular invasion (LVI) in breast cancer 

is well known, its molecular biology is poorly understood. We hypothesized that pathologically 
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determined LVI reflects molecular features of tumors and can be discerned from their genomic and 

transcriptomic profiles.

Methods—LVI status and Nottingham histological scores of primary breast tumors of The 

Cancer Genome Atlas (TCGA) project were assessed from pathology reports; other clinical and 

molecular data were obtained from TCGA data portals and publications. Two independent datasets 

(GSE5460 and GSE7849) were combined and used for validation.

Results—LVI status was determinable for 639 and 196 cases of the TCGA and validation 

cohorts, among whom LVI incidence was 37.8% and 37.2%, respectively. LVI was associated with 

high tumor Ki67 expression, advanced pathologic stage, and high Nottingham scores. LVI-positive 

cases had worse overall and progression-free survival regardless of cancer subtype. Surprisingly, in 

both cohorts, LVI was not associated with lymphangiogenesis or lymphatic vessel density as 

estimated from tumor expression of lymphatic endothelium-associated genes. LVI-positive tumors 

had higher genome copy number aberrations, aneuploidy, and homologous recombination defects, 

but not single nucleotide variations or intra-tumor genome heterogeneity. Tumor immune cell 

composition and cytolytic activity was not associated with LVI status. On the other hand, 

expression of cell proliferation-related genes was significantly increased in LVI-positive tumors.

Conclusions—Our study suggests that breast cancer with LVI is a highly proliferative cancer, 

and it does not correlate with gene expression markers for lymphangiogenesis or immune 

response.

Keywords

breast cancer; cell proliferation; lymphatic invasion; lymphovascular invasion; transcriptome

Background

The association of pathological features of cancer and tumor microenvironment, a battlefield 

between cancer cells and host stroma including immune system, has been attracting a lot of 

attention. Lymphovascular invasion (LVI) is a pathological determination that cancer cells 

have infiltrated into blood or lymphatic vessels in or around tumors. LVI is thought to lead to 

cancer dissemination through lymphatic vessels [1,2]. It is associated with worse clinical and 

pathological features [3,4], and is predictive of worse survival.

LVI was reported to have strong correlation with increased lymphatic vessel density (LVD) 

in a recent meta-analysis of 12 studies [5]. LVD, whose determination requires 

immunohistochemical staining of lymphatic vessels, has been the gold standard to quantify 

lymphangiogenesis, the generation of new lymphatic vessels. Lymphatic endothelial cell 

(LEC) markers such as prospero homeobox protein 1 (PROX1), podoplanin (PDPN/D2–40), 

vascular endothelial growth factor C (VEGFC) [6,7], and lymphatic vessel endothelial 

hyaluronan receptor 1 (LYVE1) [8] have been used for immunohistochemical staining of 

lymphatic vessels [9]. Increased LVD and expression of LEC markers have been shown to 

correlate with metastasis and poor prognosis [2,10,11]. It has therefore been thought that 

lymphangiogenesis associates with LVI, and spreading of cancer cells through the lymphatic 

vessels contributes to distant metastasis or tumor recurrence and worse outcome [12]. In 

agreement, our group has reported that sphingosine-1-phosphate (S1P) generated by 
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sphingosine kinase 1 (SPHK1) is a mediator of lymphangiogenesis [13] and linked to 

inflammation-related metastasis in breast cancer [13], and demonstrated that S1P-high breast 

cancer is associated with increased lymph node metastasis [14]. Lymphatic vessels also have 

an important role in conveying tumor antigens and immune cells from peripheral tissues to 

lymph nodes. The anti-cancer immune response includes transportation of tumor antigens to 

lymph nodes by dendritic cells, expansion of antigen-recognizing naïve T cells, and 

infiltration of the matured T cells into tumors [1]. In this regard, LVI may be expected to 

enhance tumor-associated immunity.

While the clinical relevance of LVI in breast cancer has been studied well, the molecular 

biology of LVI is still largely undefined. We hypothesized that pathologically determined 

LVI in breast cancer may reflect an aggressive cancer biology characterized by features such 

as enhanced lymphangiogenesis, suppressed cancer immunity, and accelerated cell 

proliferation, and that such features can be discerned from the genomic and transcriptomic 

profiles of tumors. We examined treatment-naïve primary breast tumors of The Cancer 

Genome Atlas (TCGA) project for this purpose. Data from two independent, previously 

published studies was combined and used for validation.

Materials and Methods

Examination of pathology reports of the TCGA-BRCA project

As detailed in supplementary Text S1, the Text Information Extraction System (TIES) 

Cancer Research Network [15] was used to obtain LVI status and Nottingham histological 

system scores from pathology reports of hematoxylin-eosin (H&E)-stained tissue sections of 

1,046 cases. A determinable LVI status could be recorded for 639 cases, with LVI present in 

242 and absent in 397. The groups of LVI-determinable and non-determinable cases did not 

significantly differ for age, lymph node status, or positivity for estrogen receptor (ER), 

human epidermal growth factor receptor 2 (HER2), or progesterone receptor (PR) 

expression (Table S1). However, the two groups had modest but significant differences for 

overall surviving fraction (88.7% vs. 82.4%) and tumor size distribution (both Fisher exact 

test p < 0.05; Table S1). At least two types of histological scores could be recorded for 625 

cases. Collected LVI status and histological scores are in supplementary Table S2.

Data of the TCGA-BRCA cohort

Tumor gene expression data was generated from mapped RNA sequencing counts obtained 

from Genome Data Commons portal of National Cancer Institute, USA (Text S1). Survival 

data was from the TCGA PanCancer Clinical Data Resource [16]. Other clinical information 

and gene mutation status were obtained from the cBio Cancer Genomics Portal [17] in late 

2017. Tumor aneuploidy, copy number alteration (CNA), genome heterogeneity, and 

homologous recombination defect (HRD) values were from Thorsson et al [18]. All and 

APOBEC-mediated single nucleotide mutation counts of tumors were estimated using 

TCGA’s public MAF (mutation annotation format) data [19] with Helmsman [20] software 

(1.1.0) and deconstructSigs [21] Bioconductor package (1.8.0). Immune-related 

measurements like T cell receptor diversity and relative immune cell fractions estimated 
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from tumor gene expression by CIBSERSORT method [22] were from Thorsson et al [18]. 

Immune cytolytic activity was calculated from tumor gene expression as CYT score [23].

Data of the validation cohort

We identified two studies that collected information on both LVI status and gene expression 

of primary breast cancer tumors. Both studies, with cohorts of 128 [24] and 68 [25] patients, 

used H&E-stained tissue sections for LVI assessment. All samples of the former cohort and 

about half of the latter were therapy naïve. Clinical and gene expression data were obtained 

from Gene Expression Omnibus (accession numbers GSE5460 and GSE7849). Gene 

expression data of the two studies were merged using ComBat (3.30.1) [26] as detailed in 

Text S1.

Curation of endothelium-specific gene-sets

A set of 88 genes whose expression was determined to be > 20x higher in lymphatic 

compared to vascular endothelia was collected from six studies [27–32] (Text S3). A 45-

gene lymphatic-specific gene-set was generated by combining the six lymphatic endothelial 

cell signatures defined in the xCell cell subset enumeration method [33]. General 

endothelium and microvascular endothelium-specific sets with 174 and 359 genes were 

similarly generated using nine and 11 xCell signatures, respectively. Supplementary Table 

S3 lists the gene-set members.

Analyses of gene expression data

Unless noted otherwise, log2-transformed normalized gene expression measurements were 

used. For t-distributed stochastic neighbor embedding (tSNE), the t-SNE R package (0.15) 

with perplexity of 30 was used. GSEA (3.0) and GSVA Bioconductor package (1.30.0) with 

the gene-set variation analysis (GSVA) method [34] were used for gene set enrichment 

analysis [35] of Hallmark [36] (50 sets) and C2 CP:Reactome [37] (674 sets) gene set 

collections of the Molecular Signatures Database (mSigDB 6.2). Categories of Reactome 

sets were the top-level pathway node in the Reactome pathway hierarchy [37]. Raw, gene-

level, mapped sequencing read count values and Poisson distribution were used for GSVA 

analysis of TCGA tumors; log2-transformed normalized values and the Gaussian distribution 

were used for others. Two-group comparison of tumor GSVA scores as well as of gene 

expression were performed using an empirical Bayes-moderated t test as implemented in 

limma Bioconductor package (3.38.2) [38], with the Benjamini-Hochberg method used for 

false discovery control.

Statistical analyses

Statistical analyses and data plotting were performed using R (3.6) and Prism (7.0d; 

GraphPad Software®, San Diego, USA). Unless noted otherwise, Fisher’s exact and equal-

variance t tests were respectively used in group comparisons for categorical and continuous 

variables, and a threshold of 0.05 was used to deem significance from p values of statistical 

tests. For survival analyses, performed with survival (2.44) and greyzoneSurv (1.0) packages 

in R, Cox proportional hazard model and Kaplan-Meier method with log-rank test were 
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used. The glmer function in lme4 package for R (1.1.21) was used for multivariate analysis 

with age as random effect.

Results

LVI associates with worse survival in both TCGA and validation cohorts

Among patients with determinable tumor LVI status, LVI was present in 242 (37.8 %) and 

73 (37.2 %) cases of the TCGA and validation cohorts, respectively, and absent in the others. 

The incidence of LVI was not associated with age (< 50 vs. ≥ 50 years) or ethnicity 

(Caucasian vs. other). TCGA patients with LVI-positive tumors had shorter progression-free 

interval (p = 0.044, hazard ratio [HR] = 2.3), as well as worse overall survival (OS; p = 

0.002, HR = 3.2; Fig. 1a). Incidence of LVI had no association with tumor status for ER, 

HER2, or PR expression as determined by immunohistochemical staining. On the other 

hand, LVI was about 2-fold more frequent among HER2-positive compared to -negative 

tumors in the validation cohort (p = 0.01; Fig. 1b). OS was consistently worse for LVI-

positive TCGA patients regardless of ER, HER2, or PR status in TCGA cohort (Fig. 1c), 

which is in agreement with the previous reports [39,40]. Survival analyses by receptor 

subtype was not performed for the validation cohort because of limited availability of 

survival data.

LVI associates with aggressive clinical features in both TCGA and validation cohorts

Tumors with high histological grade, high scores for mitotic rate, nuclear grade, or tubular 

formation, and increased MKI67 gene expression had higher frequency of LVI in the TCGA 

cohort. Similar observations were obtained with the validation cohort (Fig. 2a). Interestingly, 

the association of LVI with significantly worse OS was seen only in patients with T2 or T3 

(p < 0.001 and 0.016, respectively), N0 (p = 0.007), and stage II (p = 0.004) disease, but not 

with the other clinical stages (Fig. 2b). These results suggest that the survival impact of LVI 

is largest for cancer of intermediate aggressiveness.

LVI is not associated with tumor expression of lymphatic endothelial cell (LEC)-specific 
genes

It has been reported that LVI has a strong positive correlation with intratumoral LVD [2,5]. 

We therefore expected that tumors with LVI will have a higher expression of LEC marker 

genes. However, the expression levels of four well-known marker genes, PDPN, PROX1, 

LYVE1 and VEGFC, or of the S1P-related genes SPHK1 and S1PR1 were not statistically 

different between tumors with and without LVI in any cohort (Fig. 3a). In order to further 

clarify the association between LVI and LVD, we obtained a set of 88 genes with high 

specificity for expression in LECs through a review of previously published studies. A 

second such set was generated using 45 genes that constitute LEC-specific gene signatures 

used with the xCell method to enumerate cell subsets from transcriptomes [33]. Examination 

of the TCGA tumors for expression of these two LEC-specific gene sets did not reveal a 

difference between LVI-positive and -negative cases. Of the 88-gene set, only one gene 

(STK26) was identified as differentially expressed, with FDR < 0.05 and fold-change > 1.2. 

For the 45-gene xCell set, no gene was identified as differentially expressed. Clustering 

analyses of the TCGA tumors by their gene expression for the two sets also did not reveal 
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any difference between the LVI-positive and -negative cases (Fig. 3b).We also examined the 

tumors for clustering by expression of 174 general endothelium-specific or 359 

microvascular endothelium-specific genes of the xCell signatures. As observed for two LEC-

specific gene sets, clustering by LVI status was also absent for these two gene sets in both 

cohorts (Fig. 3b). These findings indicate that the density of lymphatic or blood microvessels 

in tumor is not associated with LVI.

LVI is more prevalent in tumors with higher genome instability and tumors without CDH1 
mutation

Given the association of LVI with clinically aggressive features, we expected that LVI will 

associate with higher genome instability. Copy number alterations (both segment numbers 

and fractions altered [18]) and aneuploidy were more prevalent in LVI-positive compared to 

-negative tumors in the TCGA cohort (Fig. 4a). Defects in homologous recombination, a 

mechanism to repair double-strand breaks in DNA during cell cycle [41], were also higher in 

tumors with LVI. Burden of single nucleotide variation, either all or those likely caused by 

APOBEC DNA deaminases, and intra-tumor clonal heterogeneity were not different 

between LVI-positive and -negative tumors (Fig. 4a). We also examined the association 

between LVI and the ten most commonly mutated genes in TCGA-BRCA primary tumors 

(Table S4). Other genes were excluded because of low mutation frequencies. LVI rate was 

significantly lower in tumors with CDH1 mutation (p = 0.04; Fig. 4b). Interestingly, CDH1 
mRNA levels in LVI-positive tumors were significantly higher (∼1.4x) compared to -

negative tumors in both TCGA and validation cohorts (data not shown).

Immune microenvironments of tumors with and without LVI are similar

There was no significant difference between the tumors for not only innate immune cells 

such as dendritic cells and macrophages but also for adaptive immune cells like memory B 

and regulatory T cells. Only the activated dendritic cell fraction was significantly higher 

among LVI-positive tumors in the TCGA cohort (p = 0.02; Fig. 5a). However, this was not 

observed for the validation cohort (Fig. 5b). Tumor immune cytolytic activity (CYT score) 

as well as B or T cell receptor diversity (Shannon’s score), were also not different between 

LVI-positive and -negative tumors (Fig. 5a). Our findings suggest that the immune 

microenvironment is not associated with LVI.

Tumors with LVI have enriched expression of genes associated with cell proliferation

Due to the association of aggressive clinical characteristics with LVI, we hypothesized that 

cellular processes of cancer progression such as cell proliferation, cell invasion, 

angiogenesis, and epithelial-mesenchymal transition are enhanced in tumors with LVI. To 

test this, we compared LVI-positive and -negative tumors for enriched expression of mSigDb 

Hallmark and Reactome gene sets using both classical GSEA and GSVA methods. In GSEA 

analysis of the TCGA cohort, 12 Hallmark sets were significantly enriched among LVI-

positive tumors (FDR < 0.25, normalized enrichment score > 2). Four of these sets are 

related to cell proliferation: E2F targets, G2M checkpoint, mTORC1 signaling, and Myc 

targets V1. Enrichment plots for these gene sets are shown in Fig. 6a. For Reactome, 

enrichment for LVI-positive tumors was observed for 107 sets in the TCGA cohort and 16 

sets in the validation cohort. Respectively, 44 (41.1%) and 7 (43.8%) of the enriched gene 
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sets belong to categories of either cell cycle or DNA replication (Fig. 6b). GSEA results 

were validated with the GSVA method. Enrichment for LVI-positive tumors was seen in the 

TCGA and validation cohorts, respectively, for 17 and 6 Hallmark sets, and 201 and 38 

Reactome sets. Of the Reactome sets, 56 (27.8 %) and 15 (39.4%) respectively are of cell 

cycle or DNA replication category. Examples of ridgeline plots of GSVA scores for some of 

the Hallmark gene sets with enrichment in the TCGA cohort are shown in Fig. 6c. Gene sets 

with significant enrichment in LVI-positive tumors as per the GSVA method and for both 

cohorts are listed in Tables S5 and S6, and categories of the Reactome sets are shown in Fig. 

6d. Enrichment for gene sets related to cancer development processes such as angiogenesis 

or epithelial mesenchymal transition, or enrichment for the four endothelium-related gene 

sets of this study was not observed for any cohort with either GSEA or GSVA methods. In a 

multivariate analysis with a logit-linked generalized linear mixed model using the various 

cell proliferation-related variables that we had thus far identified to be associated with LVI, 

significance was seen only for tumor size (p = 0.01) and Nottingham mitotic score (p = 0.02) 

but not MKI67 gene expression (p = 0.79) or GSVA scores for proliferation-related gene sets 

such as E2F targets (p = 0.19). This indicates that the gene expression indicators for 

proliferation are secondary to tumor size and mitoses.

Given the association of LVI with cell cycle- and DNA replication-related gene sets, we 

compared the transcriptomes of LVI-positive and -negative tumors to identify individual 

differentially expressed genes. Expression of 152 and 60 genes respectively was up- and 

down-regulated by > 1.2x in LVI-positive tumors in the TCGA cohort at FDR < 0.05 (Table 

S7). Fifty and 20 genes respectively were similarly up- and down-regulated in both the 

TCGA and validation cohorts with p < 0.05 and fold-change > 1.2. Genes related to cell 

proliferation, like CDC20, CDC45, and FOXM1 were up-regulated the most in LVI-positive 

tumors. Overall, these findings support our hypothesis that LVI-positive tumors have 

increased cell proliferation.

Discussion

In this study, we investigated primary breast cancers from TCGA and two independent and 

published datasets to understand the molecular biology of LVI-positive human breast cancer. 

The incidence of LVI in the TCGA (37.8 %) and validation (37.2 %) cohorts as well as its 

association with worse prognosis (progression-free and/or overall survival) are consistent 

with previous studies [42–47]. LVI incidence rates reported for different subtypes of breast 

cancer have been inconsistent [47,48]. In the current study also, HER2 subtype had 

significantly higher rate of LVI in the validation cohort but not in the TCGA cohort.

Digital images of H&E-stained tumor section slides are available for all TCGA-BRCA 

cases, and this has been utilized in novel ways including assessment of LVI [49–51]. An 

advantage of using the TCGA image collection is that it allows for a uniform, standardized 

LVI assessment. A possible disadvantage is that the number and the area of images/slides is 

less than what is commonly used by the pathologists who assessed LVI for the reports that 

we used in our study, though we cannot truly assert this without a proper comparison. We 

did not utilize TCGA image collection to include more cases in our study because we did 

not want to introduce variability in our LVI assessments.
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The level of diagnostic agreement for LVI in invasive breast cancer with H&E staining has 

been reported to be 0.86 for LVI-positive and 0.93 for LVI-negative tumors [40]. The 

incidence rate of LVI and the associations of LVI with various clinical and pathological 

factors that we observed for our cohorts are similar to that reported in multiple previously 

published studies. This indicates that the LVI determinations in our study were reliable.

The impact of LVI on OS was not observed for either very early (stage I) or advanced (stage 

III/IV) disease. We interpret these findings as that a tumor in early-stage such as T1 or stage 

I is not malignant enough for LVI to affect breast cancer mortality. For instance, cancer cells 

of such tumors may have a slow cell proliferation, or a limited ability to establish metastasis. 

Conversely, an advanced cancer such as T4, lymph node-positive, or stage III or IV has such 

high metastatic potential that LVI has no consequence on survival. In our study, LVI was 

more frequent in tumors with higher tumor grade or MKI67 gene expression. These factors 

are widely accepted as indicators of rapid cancer growth. These associations between LVI 

and clinical and pathological features such as larger tumor size and Ki67 expression that are 

found in our study are consistent with previous studies [e.g., 52,53,54].

LVI in breast cancer has been associated with tumor LVD [5], and positive correlation of 

LVD with classical LEC markers such as PDPN and LYVE1 has been reported in many 

studies [55,9]. However, there was no difference between LVI-positive and -negative tumors 

for the expression of such LEC marker genes in either cohort of our study. We also did not 

observe any association of LVI with tumor expression for a larger set of LEC markers. These 

observations suggest that LVI is independent of LVD, a disagreement with the reported 

correlation of LVI and LVD. This discrepancy can mean that our hypothesis was faulty. We 

had speculated that tumors that have more lymphatic vessels, i.e., a higher LVD, should have 

a greater LEC marker content in their bulk gene expression data, which we failed to observe. 

This may be because many of the LEC marker genes that we used are not highly specific for 

lymphatic vessels. Furthermore, because LECs constitute only a small fraction of tumors, 

their contribution to the whole tumor gene expression profile may have been minor. Another 

reason for our failure to observe an LVI-LVD association could be that different regions of 

the tumors were used for LVI and gene expression assessment. It is well known that gene 

expression level as well as both LVD and LVI vary across different regions of tumors [9,55]. 

Finally, it is possible that the association of LVI with LVD is strong only for LVD in the 

peri-tumoral region. The LVD that we inferred from bulk tumor gene expression data is 

intra-tumoral and not peri-tumoral. Peri-tumoral LVD is typically greater than intra-tumoral 

LVD [56], and while both are associated with LVI as well as lymph node metastasis in breast 

cancer, the associations for peri-tumoral LVD are stronger than for intra-tumoral LVD 

[5,57,58].

We found that CNA, aneuploidy and HRDs were significantly higher in LVI-positive tumors. 

It is known that homologous recombination repair during the cell cycle is more prevalent in 

tumors with higher cell proliferation [59,60]. LVI-positive and -negative tumors had similar 

burden of SNVs, and they did not differ in intra-tumor genomic heterogeneity. Incidence of 

LVI was about 40% less in tumors that had a mutation in CDH1 gene. CDH1 encodes the E-

cadherin epithelial cell adhesion molecule and CDH1 mutations generally result in a 

reduction of E-cadherin protein level [61,62]. LVI incidence was less among tumors with 
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reduced CDH1 gene expression. Moreover, it was significantly less in invasive lobular 

carcinoma compared to invasive ductal carcinoma in TCGA cohort (24 % vs. 44 %, p < 

0.05). Additionally, expression of other cell adhesion-related genes, such as CEACAM5 and 

CNTNAP2, was also significantly higher in LVI-positive tumors (supplementary Table S6). 

These findings suggest that LVI can be driven by cell adhesion mediated by proteins like E-

cadherin.

Because of the association of LVI with tumor aggressiveness, we expected the immune 

microenvironment of LVI-positive tumors to be different from LVI-negative ones. However, 

we found that the two types of tumors had similar anti-cancer immune responses, as 

assessed from the relative fractions of tumor-infiltrating CD8 T cells, M1 macrophages, and 

NK cells, as well as tumor immune cytolytic activity and B and T cell receptor diversity. 

Pro-cancerous immune features such as abundance of M2 macrophages and regulatory T 

cells were also not different between LVI-positive and -negative tumors. These results 

implicate that LVI has no significant association with the tumor immune microenvironment. 

An important caveat for this conclusion is that our quantification of lymphangiogenesis and 

immune features were based on gene expression signatures of the same sample, which is 

most likely not taken from the region where lymphangiogenesis is commonly measured by 

immunohistochemistry [9,63]. Nonetheless, a lack of association of LVI with various tumor 

immune features such as intra-tumoral total lymphocyte, T cell, and macrophage infiltration 

has been noted in many studies [56,64,65].

While enrichment of genes related to angiogenesis or epithelial-mesenchymal transition was 

not observed, a higher expression of cell proliferation-related genes was noticeable among 

LVI-positive tumors. This agrees with the observations on positive association of LVI 

incidence with high MKI67 gene expression, and Nottingham mitotic count and nuclear 

grade scores, which all indicate increased cell proliferation. Previously, Kurozumi et al. 

identified 99 genes whose expression was significantly different between LVI-positive and -

negative cases; they included cell proliferation-related genes such as CDCA5 [49]. Increased 

cell proliferation in breast cancer tumors has been associated with greater genomic 

aberrations like CNAs and HRDs [66], which too were associated with presence of LVI in 

our study. These results imply that highly proliferative cancer cells have a greater tendency 

to invade lymphatic vessels.

A limitation of our study is that the LVI determinations made by pathologists for both the 

TCGA and validation cohorts were neither centralized nor standardized, and lymphatic 

vessel and blood vessel invasion were not distinguished for determining LVI status. This 

may not be important because invasion of lymphatic vessels is the predominant form of LVI 

in breast cancer compared to blood vascular invasion [47,67]. The portion of tumor used for 

LVI assessment may have been different from that used for genome or transcriptome 

profiling. Another limitation is that some patients with LVI may have received additional 

radiation therapy, and that could affect survival data. Indeed, radiation after mastectomy has 

been noted to improve survival in only LVI-positive patients [68]. However, we were unable 

to assess any treatment association with LVI in our study because of data unavailability in 

neither of the cohorts.
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In conclusion, our assessment of LVI in the TCGA and validation cohorts were comparable 

with previous studies in terms of incidence and association with survival. We found that LVI 

in breast cancer is associated with gene expression signatures of cell proliferation, but not 

that of lymphangiogenesis or tumor immune microenvironment features. We thus 

demonstrate that LVI, a pathological finding, can reflect breast cancer biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CNA copy number alteration

ER estrogen receptor

GSEA gene set enrichment analysis

GSVA gene set variation analysis

HER2 human epidermal growth factor receptor 2

HRD homologous recombination defect

LEC lymphatic endothelial cell

LVD lymphatic vessel density

LVI lymphovascular invasion

PR progesterone receptor

S1P sphingosine-1-phosphate

SNV single nucleotide variation

TCGA The Cancer Genome Atlas

TIES Text Information Extraction System

TPM transcripts per million

tSNE t-distributed stochastic neighbor embedding
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Figure 1. 
Lymphovascular invasion (LVI) in primary tumors of TCGA-BRCA cohort. a Kaplan-Meier 

survival plots along with log-rank test p and hazard ratio (HR) values are shown for 

association of LVI with progression-free and overall survival. b LVI incidence rates 

(fractions) as per tumor status for estrogen (ER), HER2, and progesterone (PR) receptors are 

depicted with barplots. P values were determined with Fisher’s exact test. c Kaplan-Meier 

survival plots along with log-rank test p values are shown for overall survival among LVI-

positive and -negative cases of the cohort sub-grouped by ER, HER2, and PR status.
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Figure 2. 
Lymphovascular invasion (LVI) and clinical and pathological features. a LVI incidence rates 

(fractions) in the TCGA-BRCA and validation cohorts are plotted for different features. P 

values were determined with Fisher’s exact test. Median value was used to classify tumors 

into two groups by their MKI67 gene expression. LN, lymph node. b Kaplan-Meier survival 

plots along with log-rank test p values are shown for overall survival among LVI-positive 

and -negative cases of the TCGA cohort sub-grouped by TNM T and N status and 

pathologic stage.
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Figure 3. 
Association of lymphovascular invasion (LVI) with tumor expression of lymphatics-

associated genes. a Tukey boxplots of expression of six lymphatics-associated genes in 

groups of LVI-positive and -negative tumors are shown for the TCGA-BRCA and validation 

cohorts. P values in two-group comparison with standard t test are shown. Expression 

measurements were unavailable for the validation cohort for three genes. TPM, transcripts 

per million. b Clustering of LVI-positive and -negative cases of the TCGA-BRCA and 

validation cohorts by expression of genes of the 88-gene or the three xCell endothelium-

Asaoka et al. Page 18

Breast Cancer Res Treat. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific gene sets. T-distributed stochastic neighborhood embedding (tSNE) was used to 

generate the two dimension values that are plotted.
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Figure 4. 
Association of lymphovascular invasion (LVI) with genomic alterations in primary tumors of 

TCGA-BRCA cohort. a Tukey boxplots of values for the LVI-positive and -negative cases 

are shown for various cancer genome characteristics. P values in two-group comparisons 

were calculated with standard t tests. CNA, copy number alteration; HRD, homologous 

recombinant defect; ITH, intra-tumor heterogeneity; SNV, single nucleotide variation. b The 

barplots show LVI incidence rates among tumors with and without mutations in five genes 

that are most frequently mutated in the cohort. Fisher’s exact test was used to determine the 

p values.
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Figure 5. 
Association of lymphovascular invasion (LVI) with immune characteristics of primary 

tumors of a TCGA-BRCA and b validation cohorts. Tukey boxplots of values for relative 

fractions of tumor-infiltrating immune cells of different types, tumor immune cytolytic 

activity, and B (BCR) and T cell receptor (TCR) diversity in the tumor microenvironment 

are shown for the LVI-positive and -negative cases of the two cohorts, respectively. 

Measurements of some features were unavailable for the validation cohort. The p values in 

two-group comparisons were calculated with standard t test. NK, natural killer.

Asaoka et al. Page 21

Breast Cancer Res Treat. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Gene set enrichment comparison of primary tumors with and without lymphovascular 

invasion (LVI). a Examples of enrichment plots obtained with the classical gene set 

enrichment analysis (GSEA) method for mSigDb Hallmark gene sets for the TCGA-BRCA 

cohort. NES, normalized enrichment score. b Pie charts show the categories of mSigDb 

Reactome gene sets for which significant enrichment was observed in LVI-positive 

compared to -negative tumors in analysis with GSEA method for TCGA-BRCA and 

validation cohorts. c Ridgeline plots of gene set variation analysis (GSVA) scores of LVI-
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positive and -negative tumors for the mSigDb Hallmark gene sets are shown for the five sets 

with highest absolute fold-change values in LVI-positive vs. -negative comparison. EMT, 

epithelial mesenchymal transition. d Pie charts show the categories of mSigDb Reactome 

gene sets for which significant enrichment was observed in LVI-positive compared to -

negative tumors in analysis with GSVA method for TCGA-BRCA and validation cohorts.
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