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ABSTRACT 
  
Purpose: Dysregulation of viral-like repeat RNAs are a common feature across many 

malignancies that are linked with immunological response, but the characterization of these in 

hepatocellular carcinoma (HCC) is understudied. In this study, we performed RNA in situ 

hybridization (RNA-ISH) of different repeat RNAs, immunohistochemistry (IHC) for immune cell 

subpopulations, and spatial transcriptomics to understand the relationship of HCC repeat 

expression, immune response, and clinical outcomes.     

Experimental Design: RNA-ISH for LINE1, HERV-K, HERV-H, and HSATII repeats and IHC for 

T-cell, Treg, B-cell, macrophage, and immune checkpoint markers were performed on 43 

resected HCC specimens. Spatial transcriptomics on tumor and vessel regions of interest was 

performed on 28 specimens from the same cohort. 

Results: High HERV-K and high LINE1 expression were both associated with worse overall 

survival. There was a positive correlation between LINE1 expression and FOXP3 T-regulatory 

cells (r = 0.51 p < 0.001) as well as expression of the TIM3 immune checkpoint (r = 0.34, p = 

0.03). Spatial transcriptomic profiling of HERV-K high and LINE-1 high tumors identified 

elevated expression of multiple genes previously associated with epithelial mesenchymal 

transition, cellular proliferation, and worse overall prognosis in HCC including SSX1, MAGEC2, 

and SPINK1. 

Conclusion: Repeat RNAs may serve as useful prognostic biomarkers in HCC and may also 

serve as novel therapeutic targets. Additional study is needed to understand the mechanisms by 

which repeat RNAs impact HCC tumorigenesis.  
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INTRODUCTION  

 The majority of the human genome is composed of non-coding repeat elements (1, 2) 

that are normally silenced in adult differentiated tissues, but are de-repressed in the setting of 

carcinogenesis (3-5). The expression patterns of repeat species, and association with immune 

cell infiltrates, vary significantly across different cancer types (5-7). These relationships appear 

to be linked to differences in repeat RNA sequence (8) and secondary structure (9), which both 

contribute to the activation of innate immune anti-viral responses (9-17). More recently, human 

endogenous retrovirus (HERV) repeats have been associated with response to immune 

checkpoint inhibitors (7, 18-20).  However, satellite repeats appear to be associated with poor 

immunological response to tumors and with more invasive phenotypes (7, 21). Altogether, the 

diverse and expansive repertoire of repeat RNA species in the human genome are linked with 

differences in interactions with the immune microenvironment.   

 In this study, we sought to understand the relationship of repeat RNA expression and the 

immune response in hepatocellular carcinoma (HCC). Given the known viral drivers of HCC via 

chronic hepatitis B and C viral (HBV and HCV) infection, we hypothesized that endogenous 

repeat viral-like elements are important in carcinogenesis and the immunological response in 

HCC.  Prior work has demonstrated the worsened prognosis of HCC patients with 

hypomethylation of the LINE1 repeat (22-25) and evidence of retrotransposition events in viral 

and non-viral HCC (26).  Further, there is mounting evidence of the interplay between HBV and 

HCV driven HCC oncogenesis with LINE1 (27, 28).  Here, we have developed and optimized 

RNA in situ hybridization (RNA-ISH) for different repeat RNA species for use in formalin-fixed 

paraffin-embedded tissue and quantified the expression of these viral-like elements in a cohort 

of resected primary HCC tumors. We found differences in the expression levels of each of these 

repeat species and correlation with tumor immune infiltrates.  Finally, we utilized spatial 

transcriptomics to define cancer cell and endothelial cell expression patterns linked with repeat 

expression profiles. 
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METHODS 

Tissue Procurement and Annotation 

Patient tumor materials were obtained under Massachusetts General Hospital IRB 

protocol 2011P001236 and Dana-Farber Harvard Cancer Center IRB protocol 02-240. Archived 

FFPE samples in tissue microarray (TMA) format from 43 patients who underwent surgical 

resection or liver transplantation for the treatment of hepatocellular carcinoma between March 

2004 and December 2015 were obtained. Clinical and pathologic data was obtained through 

review of the Massachusetts General Hospital electronic medical record. 

RNA In Situ Hybridization (RNA-ISH) 

Detection of each of the repeat RNA levels was performed with an automated RNA-ISH 

assay on the Leica Biosystems BondRx 6.0 auto-stainer platform using the Affymetrix ViewRNA 

platform. The ViewRNA eZL Detection Kit (Affymetrix) was used on the Bond RX 

immunohistochemistry and ISH Staining System with BDZ 6.0 software (Leica Biosystems). The 

Bond RX user-selectable settings for part 2 were as follows: VjewRNA eZ-L Detectjon 1-plex 

(Red) protocol; ViewRNA Dewax1 Preparation protocol; ViewRNA Enzyme 2 (10); ViewRNA 

Probe Hybridization 3hrs. With these settings, the RNA unmasking conditions for the FFPE tissue 

consisted of 10-minute incubation with Proteinase K from the Bond Enzyme Pretreatment Kit at 

1:1000 dilution (Leica Biosystems). HERV-K (Cat# DVF1-19321), HSATII (Cat# VA1-10874), 

LINE1 (Cat# DVA1-19767), and HERV-H (Cat # DVF1-19702) Ez probes were diluted as 1:40 in 

ViewRNA Probe Diluent (Affymetrix). Post run, slides were rinsed with water, air dried for 30 

minutes at room temperature and mounted using Dako Ultramount (Dako, Carpinteria,CA).  

Immunohistochemistry 

Immunohistochemistry (IHC) was performed on the automated Leica Biosystems BondRx 

auto-stainer. The antibody clones and conditions are as listed below. 
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Marker Company 
Catalog 
Information 

Dilution 
used ER Conditions 

CD3 
Leica 
Novacastra 

Cat #NCL-L-
CD3-565 RTU 20min ER2 95C 

CD4 
Leica 
Novacastra 

Cat #NCL-L-
CD4-368 1:100 20min ER2 95C 

CD8 
Leica 
Novacastra 

Cat #NCL-L-
CD8-4B11 1:500 15-20min ER2 95C 

FOXP3 
Invitrogen 
(Thermofisher) 

Cat #14-
4774-80 1:100 20min ER2 95C 

CD20 
Leica 
Novacastra 

Cat #NCL-L-
CD20-L26 1:100 20min ER1 95C 

CD163 
Leica 
Novacastra 

Cat #NCL-L-
CD163 1:400 20min ER1 95C 

LAG3 
(D2G40) Cell Signaling Cat #15372 1:200 20min ER1 95C 

TIM3 
(D5D5R) Cell Signaling Cat #45208 1:400 20min ER2 95C 

PD1 (EH33) Cell Signaling Cat #43248 1:200  20min ER2 95C 

PDL1 
(E1L3N)  Cell Signaling Cat #13684  

1:200-
1:400  20min ER2/ER1 95C 

 

RNA-ISH and IHC Quantification 

The RNA-ISH slides were imaged with the Motic EasyScan Infinity Digital Pathology 

Scanner at 40x magnification. RNA quantification was performed with the Halo Image Analysis 

Platform by Indica Labs. Individual tissue areas on the TMA corresponding to each patient were 

annotated. In each tissue area, cellular segmentation was performed by detection of hematoxylin-

stained nuclei and the RNA-ISH probe was detected by red chromogen. For HERV-K, HERV-H, 

and HSATII, the average number of probe copies per cell in the tissue area was quantified. For 

LINE1, due to the density of stain in the samples with the highest expression, accurate detection 

of individual red copies was challenging. LINE1 expression was therefore quantified as the probe 

detected per µm2 tissue area.  

The IHC slides were imaged with the Leica Aperio CS-O Digital Pathology Slide Scanner 

at 40x magnification. Cells were quantified by annotation by an anatomic pathologist (AN) and 

quantification was performed using the Halo platform (Indica labs) by detecting the chromogen 

positive area per µm2 of each tissue area on the TMA. 
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Spatial Transcriptomics Data Generation and Analysis 

The GeoMxTM Digital Spatial Profiler (DSP) platform (NanoString Technologies, Seattle, 

WA) was used to characterize the transcriptional profile of each tumor. Serial sections from the 

FFPE TMA blocks were prepared. Each slide was stained with photocleavable oligonucleotide 

probes from the GeoMxTM Cancer Transcriptome Atlas, which contains probes against 18,676 

unique mRNAs. The slides were then stained with fluorescent antibodies against arginase (Anti-

Arginase 1/ARG1/liver Arginase Antibody [Alexa Fluor 532], Novus NBP1-32731AF532) and 

CD31 (Anti-CD31 antibody [EPR3094], Abcam (ab76533) conjugated using Alexa Fluor® 647 

Conjugation Kit - Lightning-Link from Abcam) to allow for segmentation of tumor cells and 

endothelial cells, respectively. After staining, 300µm regions of interest (ROIs) were selected. A 

photomask was applied based on the different emission spectra of the fluorescent markers, 

allowing the instrument to segment the tissue into distinct tumor and endothelial area of interest 

(AOIs). Ultraviolet light was then applied to cleave and collect the oligonucleotides from each AOI 

for sequencing on the Illumina NextSeq 500/550. 

The sequencing data was quantile normalized for analysis. Differential expression 

analysis was performed comparing the differences in transcriptional profile of repeat-high and 

repeat-low tumors defined as the upper tercile and lower tercile of repeat RNA expression 

quantified by RNA-ISH. We obtained cell type-enriched spatial transcriptomes for cancer and 

endothelial cells separately. For each cell type, we performed differential gene expression 

analyses on the transcriptomes from repeat-high versus repeat-low individuals using Wilcoxon 

rank-sum test. To determine differentially expressed genes, we used a log fold change threshold 

of 0.5 and a p-value threshold of 0.05 for FDR-adjusted p-values. Results are visualized in volcano 

plots and heatmaps.  

Statistical Analysis 

Survival analyses using Kaplan Meier analysis with log-rank test for significance, and 

correlation analysis between repeat RNA expression and immune markers performed using 
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Pearson9s correlation were performed with Stata Statistical Software 17.0. Two-sided FDR-

adjusted p-values of < 0.05 were deemed statistically significant. 

 

Data Availability Statement 

All images and primary data will be made available upon request.  Spatial transcriptomic 

expression matrices will be available upon request. 

 

Code Availability Statement 

All code and statistical packages are detailed in the methods above and will be made 

available upon request. All software for RNA expression and digital image data analysis is 

described in the methods above and all software will be provided upon request. 

 

RESULTS 

Patient characteristics 

Characteristics of the patient population are summarized in Table 1. The median age of 

patients at the time of operation was 59 years old. The majority of patients (79%) had underlying 

cirrhosis with the most common etiology being chronic HCV infection (44%) followed by chronic 

HBV infection (14%). Of the 43 patients in the cohort, 33 underwent surgical resection and 10 

underwent liver transplantation. The median survival after surgery was 4.2 years (95% CI 2.0 3 

7.9 years) and the 5-year survival of the cohort was 46.5%. 

 

Repeat RNA expression in hepatocellular carcinoma 

Repeat RNA expression was evaluated using RNA-ISH across our HCC cohort samples.   

Digital imaging followed by cellular segmentation and RNA-ISH signal quantification using the 

HALO AI platform (Fig. 1A) was used to quantify expression of HERV-K, HERV-H, LINE1 and 

HSATII in the HCC tumor tissue as shown in (Fig. 1B3E). Patient samples were divided into 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2023. ; https://doi.org/10.1101/2023.12.04.570014doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.04.570014
http://creativecommons.org/licenses/by-nc-nd/4.0/


terciles based on the expression of each repeat RNA element. Patients with expression in the 

upper tercile were designated as <high= and samples in the lower tercile were designated as <low= 

(Fig. 1F). The relationship between expression of each parameter and overall survival (OS) was 

assessed using Kaplan Meier analysis and log-rank test to determine significance (Fig. 2). High 

HERV-K expression was associated with worsened overall survival than low HERV-K expression 

(median OS 1.31 vs. 7.90 years, p = 0.02). Similarly, high LINE1 expression was also associated 

with worsened overall survival (median OS 1.90 vs. 8.49 years, p = 0.03). There were no 

significant differences in survival between patients with HERV-H and HSATII high and low tumors. 

Altogether, these findings indicate that there are repeat expression profiles in HCC with higher 

HERV-K and LINE1 expression being associated with poor prognosis. 

 

Distinct immune infiltrates associated with different repeat expression profiles 

 Given prior work demonstrating different immune infiltrates are associated with certain 

repeat elements, we evaluated for a panel of immune cell markers in our cohort of HCC samples 

using IHC. This included markers for T cells (CD3, CD4, CD8), regulatory T cells (Tregs; FOXP3), 

B cells (CD20), and macrophages (CD163).  We also evaluated for immune checkpoint molecules 

including LAG3, TIM3, PD1, and PDL1.  We quantified total immune cells expressing each marker 

over a tumor area defined by gastrointestinal pathologists (AC, VD).  Representative IHC images 

for each of these markers are shown in Fig. 3A-H. 

The relationship between expression of each repeat species and the tumor immune 

infiltrate was assessed using Pearson9s correlation (Fig. 4). We found that the expression of 

several of the repeat RNA species were correlated (Supplemental Fig. 1). HERV-K expression 

positively correlated with HERV-H (r = 0.67 p < 0.001), HSATII (r = 0.43, p = 0.005), and LINE1 (r 

=0.68, p < 0.001). There was also a strong positive correlation between LINE1 and HERV-H 

expression (r = 0.86, p < 0.001). There was no statistically significant correlation between HSATII 

and either LINE1 (r = 0.30, p = 0.05) or HERV-H (r = 0.13, p = 0.42). This distinct co-expression 
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pattern of HSATII is consistent with our prior work in colorectal, pancreatic, and ovarian cancer 

(21). When assessing the relationship between repeat RNA expression and the immune cell 

infiltrate, there was a positive correlation between LINE1 expression and FOXP3 T-regulatory 

cells (r = 0.51 p < 0.001). LINE1 also had weakly positive correlations between CD4 (r = 0.26, p 

= 0.09) and CD20 (r = 0.28, p = 0.08), however these were not statistically significant. HERV-K 

and HERV-H both had weakly positive correlations with FOXP3, but these were not statistically 

significant (r = 0.21, p = 0.20 and r = 0.28, p = 0.07 respectively). CD163 and CD8 had minimal 

correlation with any of the RNA repeats. With regard to immune checkpoint protein expression, 

HSATII expression positively correlated with LAG3 (r = 0.36, p = 0.02), and LINE1 expression 

positively correlated with TIM3 (r = 0.34, p = 0.03). LINE1 also positively correlated with LAG3 (r 

= 0.21; p =0.20), PD1 (r = 0.20; p = .21), and PDL1 (r = 0.24; p = 0.14) however these were not 

statistically significant relationships. There were no statistically significant relationships between 

HERV-K or HERV-H and the immune checkpoints. 

 

Spatial transcriptomic analysis reveals differences in gene expression profiles of tumors 

and vessels in high repeat HCCs vs low repeat HCCs 

 To obtain a more comprehensive molecular analysis of repeat RNA patterns with coding 

genes, we performed spatial transcriptomics in tumor cell and vessel compartments of 28 HCC 

samples from the same TMAs. Spatial transcriptomic profiling of HERV-K high and LINE1 high 

tumors revealed several differentially expressed genes in the tumor and vessel compartments 

(Fig. 5A).  In HERV-K high tumors (Fig. 5B-C) there was high expression of SSX1 and SPINK1, 

genes that have previously been independently associated with poor prognosis in multiple 

cancers (29, 30). In addition, CEBPA, IRAK1, MAP2K2, GP1, and CD63 were also highly 

expressed in HERV-K high tumors. In HERV-K low tumors there was significantly higher 

expression of EPCAM, a well-established epithelial gene, and SOCS2, a suppressor of cytokine-

induced JAK/STAT signaling that has been implicated in the regulation of epithelial-mesenchymal 
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transition in cancers (31, 32). In the vessels of HERV-K high tumors (Fig. 5D-E), we noted 

elevated expression of SSX1 and SPINK1, as well as TUBB, OAZ1, SREBF1, GPX1, CEBPA, 

SOD2, IDH1, and ATOX1. Altogether, these findings support shared co-expression of SSX1 and 

SPINK1 in both HCC tumor cells and in the surrounding supporting endothelial cell ecosystem in 

HERV-K high tumors. 

In the tumors with high LINE1 expression (Fig. 5F-G), several genes were highly 

expressed including SSX1, MAGEC2, CD276, IRS1, CXCL6, IFI6, CCL15, SERINC2, and 

ST6GAL1. There were fewer differentially expressed genes when comparing LINE1 high and 

LINE1 low vessels (Fig. 5H-I), but C3 and CCL15 were highly expressed in the vessels of LINE1 

high tumors. In summary, LINE1 high tumors shared similar SSX1 enrichment with HERV-K high 

tumors, but there were additional distinct gene programs in these tumors, suggesting fundamental 

differences in coding gene co-expression patterns between LINE1 and HERV-K repeat 

expression. 

 

DISCUSSION 

The development and progression of hepatocellular carcinoma is influenced by complex 

interactions in the tumor microenvironment between tumor cells, immune cells, and the tumor 

vasculature. In this study, we quantified the expression of LINE1, HSATII, HERV-K, and HERV-H 

repeat RNA species in HCC tumors. We found differences in overall survival associated with 

different repeat profiles, and positive correlations between repeat expression and multiple 

immune-suppressive markers. Patients with LINE1 high tumors and HERV-K high tumors had 

worse overall survival, consistent with the findings of prior work (22 3 24). To further explore the 

association between repeat RNA expression and clinical outcomes in HCC, we characterized the 

immune milieu by immunohistochemistry and spatial transcriptomics to understand the molecular 

differences in the tumor and vascular compartments of HCC.  
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We found that LINE1 expression positively correlated with both FOXP3 and TIM3 

expression, implying an association between high LINE1 expression and an immune suppressive 

phenotype. TIM3 is a known negative regulator of the human immune system effector function, 

with known roles in the development of immune tolerance and the negative regulation of the 

immune response to chronic viral infection (33-35). Prior work has indicated that TIM3 is 

preferentially expressed on HCC tumor-derived Treg cells and that TIM3+FOXP3+Treg cells 

exhibit a particularly suppressive effect on CD8+ T-cells when compared with TIM3-FOXP3+Treg 

cells (36, 37). High-LINE1 expression has been observed in quiescent T-cells, with LINE1 

knockdown resulting in a reduction in TIM3, LAG3, and PD-1 positive cells, suggesting that LINE1 

directly contributes to an immune suppressive tumor microenvironment (38).  

Spatial transcriptomic analysis revealed several differentially expressed genes in HERV-

K high and LINE1 high tumors that have previously been associated with more aggressive tumor 

behavior and worse prognosis. In HERV-K high tumors and vessels, SPINK1 was highly 

expressed. SPINK1 overexpression has been noted in several cancers including HCC and has 

been associated with poor prognosis potentially due to its ability to function as a growth factor via 

EGFR signaling (30). There was significantly lower expression of EPCAM in HERV-K high tumors 

which suggests HERV-K low tumors may maintain more epithelial differentiation than HERV-K 

high tumors. Loss of EPCAM has been identified as an early event in epithelial-mesenchymal 

transition (39). This is further supported by the increased expression of SOCS2 in HERV-K low 

tumors. Increased SOCS2 expression has been shown to inhibit EMT, and the downregulation of 

SOCS2 has been associated with EMT activation, increased metastasis, and worse overall 

prognosis in HCC and other cancers (31, 32, 40). In both LINE1 high and HERV-K high tumors, 

members of the Cancer Testis Antigen (CTA) group (SSX1 and MAGEC2) were highly expressed. 

CTAs are a group of genes normally expressed in the gametes of males. Although the biological 

functions of CTAs are poorly understood, in HCC overexpression of CTAs has been associated 

with epithelial-mesenchymal transition and cancer progression (29, 41). High SSX1 and MAGEC2 
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specifically have both previously been associated with poor overall survival across numerous 

solid-organ and hematologic malignancies (42). High CTA and high repeat RNA expression may 

both be indicators of DNA hypomethylation and overall genomic instability, which have been linked 

with a worse prognosis in HCC. Given these findings, LINE1 and HERV-K may be useful 

prognostic biomarkers for more aggressive forms of HCC.  

In addition to their potential as prognostic biomarkers, our findings indicate that repeat 

RNA expression profiles maybe useful in identifying patients that could benefit from novel 

therapeutic options. With response rates to immunotherapies in advanced HCC ranging from 15% 

in nivolumab monotherapy to about 30% in nivolumab-ipilimumab combination therapy and 

atezolizumab-bevacizumab combination therapies, additional progress is needed to identify novel 

therapeutic targets to augment treatment response. Given their limited expression in normal 

tissues and high expression in many cancers, CTAs have been explored as potential novel targets 

for immunotherapy in the form of cancer vaccines (43). Similarly, CD276 (also known as B7-H3) 

which was highly expressed in LINE1 high tumors, has limited expression in normal tissues but 

high expression in cancer tissues, and CAR-T cells targeting B7-H3 protein have demonstrated 

immune-mediated anti-tumor effects in pre-clinical models (44). 

These highly expressed repeat RNAs may also represent potential novel therapeutic 

targets. Of the repeat RNA species evaluated in this study, high expression of the two that encode 

for protein products 3 HERV-K and LINE1 3 were associated with worse overall survival. HERV-

K is considered the most transcriptionally active of the endogenous retroviruses, encoding for 

proviral Gag, Pro, Pol, and Env proteins (45). Specific targeting of HERV-K proteins with 

monoclonal antibodies (46), HERV-K reactive cytotoxic T-cells derived from patient serum (47) 

(48), and CAR T-cells (49) have demonstrated anti-tumor effects in preclinical models. LINE1 

encodes for ORF1 an RNA-binding protein and ORF2 which has endonuclease and reverse 

transcriptase activity. These protein products of LINE1 may similarly be targetable in HCC. 
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The RNA-ISH staining and quantification in this study was performed on FFPE sections 

and quantified using digital pathology analysis, techniques that can be readily translated to clinical 

applications. Given the differences in HCC clinical outcomes based on different repeat RNA 

expression profiles, repeat RNAs may be useful biomarkers for predicting prognosis and 

identifying potential therapeutic targets in HCC patients at risk for poor clinical outcomes. 

The limitations of this study include the small sample size and the retrospective nature of 

the analysis. The tissue samples were operative samples from patients who underwent surgical 

resection or transplantation for management of their HCC, therefore patients with unresectable 

or metastatic disease who may have different tumor biology were not represented in the cohort. 

Finally, while differing tumor immune profiles were identified with correlational analyses, additional 

mechanistic experiments are needed to further assess any potential causal relationships.  

In summary, our study is the first to characterize different repeat elements in HCC. We 

identified potentially novel repeat RNA prognostic biomarkers, associations between certain 

repeat RNAs and immune and additional microenvironmental features, providing novel 

mechanistic insight into the relationship of repeats with the coding transcriptome. Subsequent 

mechanistic studies will strengthen these immune and vascular microenvironmental features and 

generate further motivation for additional therapeutic interventions targeting the repeat 

transcriptome. 
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Figure 1. Repeat RNA Expression Quantification in Hepatocellular Carcinoma. A. RNA-ISH stained 
slide and corresponding digital cell segmentation for ISH quantification on Halo AI platform. B-E. 
Representative images of RNA-ISH for HERV-K, HERV-H, HSATII, and LINE1. F. Dot plots of repeat RNA 
expression, n = 43, median and terciles shown. 
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Figure 2. Kaplan-Meier survival curves of HCC stratified by repeat-expression level. A. HERV-K 
low (n = 13) vs HERV-K high (n = 15) B. HERV-H low (n = 13) vs HERV-H high (n = 14) C. HSATII low 
(n = 13) vs HSATII high (n = 14) D. LINE1 low (n = 13) vs LINE1 high. P value is log-rank test. 
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Figure 3. Representative images of immune cell and immune checkpoint immunohistochemistry 

in HCC samples. Scale bar = 100 µm 
 
 
 

 
Figure 4. Correlation matrices of repeat RNAs, immune cells, and immune checkpoints. A. 
Pearson9s correlations of repeat expression and T-cells (CD3, CD4, CD8), T-regulatory cells (FOXP3), 
B-cells (CD20), and macrophages (CD163). B. Pearson9s correlations of repeat expression and 
expression of immune checkpoints LAG3, TIM3, PD1, and PD-L1. * p < 0.05 
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Figure 5. GeoMx Digital 
Spatial Profiling of 
Hepatocellular Carcinoma 
Tumor Samples.  
A. Schematic of GeoMx 
staining workflow. B-C. 
Heatmap and volcano plot of 
differentially expressed genes 
in HERV-K high and HERV-K 
low tumor AOIs. D-E. Heatmap 
and volcano plot of 
differentially expressed genes 
in HERV-K high and HERV-K 
low vessel AOIs. F-G. 
Heatmap and volcano plot of 
differentially expressed genes 
in LINE1 high and LINE1 low 
tumor AOIs. H-I. Heatmap and 
volcano plot of differentially 
expressed genes in LINE1 
high and LINE1 low vessel 
AOIs. Differentially expressed 
genes determined by log fold 
change threshold of 0.5 and 
FDR-adjusted p-value 
threshold of 0.05. 
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