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ABSTRACT 23 

Epstein-Barr virus (EBV) is the causative agent for multiple neoplastic diseases of epithelial 24 

and lymphocytic origin1-3. The heterogeneity of the viral elements expressed and the 25 



mechanisms by which these coding and non-coding genes maintain cancer cell properties in 26 

vivo remain elusive4,5. Here we conducted a multi-modal transcriptomic analysis of EBV-27 

associated neoplasms and identified that the ubiquitously expressed RPMS1 non-coding RNAs 28 

support cancer cell properties by disruption of the interferon response. Our map of EBV 29 

expression shows a variable, but pervasive expression of BNLF2 discerned from the 30 

overlapping LMP1 RNA in bulk sequencing data. Using long-read single-molecule sequencing, 31 

we identified three new viral elements within the RPMS1 gene. Furthermore, single-cell 32 

sequencing datasets allowed for the separation of cancer cells and healthy cells from the same 33 

tissue biopsy and the characterization of a microenvironment containing interferon gamma 34 

excreted by EBV-stimulated T-lymphocytes. In comparison with healthy epithelium, EBV-35 

transformed cancer cells exhibited increased proliferation and inhibited immune response 36 

induced by the RPMS1-encoded microRNAs. Our atlas of EBV expression shows that the EBV-37 

transformed cancer cells express high levels of non-coding RNAs originating from RPMS1 and 38 

that the oncogenic properties are maintained by RPMS1 microRNAs. Through bioinformatic 39 

disentanglement of single cells from cancer tissues we identified a positive feedback loop where 40 

EBV-activated immune cells stimulate cancer cells to proliferate, which in turn undergo viral 41 

reactivation and trigger an immune response. 42 

  43 



Main 44 

Epstein-Barr virus (EBV) is estimated to cause 120,000-357,900 cases of neoplasms worldwide 45 

each year and 1.8% of all cancer deaths are attributed to EBV-associated malignancies1,2.  46 

 47 

Originally identified in the neoplastic cells of endemic Burkitt’s lymphoma (eBL), EBV is the 48 

first discovered human tumor virus and infection is extremely common with more than 95% 49 

seropositivity among adults worldwide3,6. EBV was subsequently implicated as the causative 50 

agent in other hematological neoplasms including a fraction of sporadic Burkitt’s lymphoma 51 

(sBL). The vast majority of nasopharyngeal carcinoma (NPC) and approximately every tenth 52 

gastric adenocarcinomas (GAC) are associated with EBV infection and these epithelial 53 

malignancies constitute more than 80% of all known EBV-associated cancer cases7. Cell lines 54 

have been derived from primary tumors or by immortalization of primary B-cells by EBV 55 

(lymphoblastoid cell lines)8-10.  56 

 57 

In recent years bulk transcriptome (RNA-Seq) and single-cell sequencing data (scRNA-Seq) 58 

from virus-associated neoplasms have become publicly available11-16. Viral gene expression in 59 

neoplasms have been shown to be associated with the respective known viral oncogenes, for 60 

example E6 and E7 in human papillomavirus associated cancer and T-antigen in polyomavirus 61 

associated cancer17. Multiple RNA-Seq studies have shown that EBV mRNA predominantly 62 

originate from the BamHI-A/I region, in which none of the known EBV-oncogenes are 63 

encoded. In a single gastric adenocarcinoma, it was initially suggested that the rightward 64 

transcribed long non-coding RNA RPMS1 was expressed in the tissues5,17. However, 65 

subsequent analysis of larger cohorts of EBV-expressing neoplasms suggested that the 66 

transcripts were encoded by the overlapping leftward transcribed genes4,18. EBV genomic 67 

fragments containing these regions have been shown to have transformative properties19,20. 68 



EBV in primary tissues and cell lines  69 

We started with bulk transcriptome data from publicly available datasets originating from four 70 

malignancies with known EBV-association, NPC, GAC, eBL and sBL, as well as EBV-71 

associated tumor-derived cell lines (ECL) and EBV-transformed lymphoblastoid cell lines 72 

(LCL)10,21-24. The datasets were mapped against the EBV reference genome (Figure 1a, 73 

Extended Data Table 1). The EBV fraction was calculated as parts per million (ppm) and 74 

datasets with lower than 10 ppm EBV reads were classified as EBV-negative and were not 75 

processed further25. In accordance with known epidemiology, the majority of NPC and eBL 76 

tumors contained more than 10 ppm EBV reads and conversely, the majority of GAC and sBL 77 

did not contain any EBV reads (Figure 1b)2. The EBV fraction in NPC varied between 14-1,131 78 

ppm, in GAC 15-331 ppm, in eBL 18-470 ppm, and in sBL 149-502 ppm, likely reflecting the 79 

purity of tumor cell in the biopsy (Extended Data Fig. 1a). Of the fourteen ECL, eight cell lines 80 

contained less than two ppm EBV reads, while the remaining six contained 135-286 ppm EBV 81 

reads. All LCL datasets contained, as expected, high levels of EBV reads ranging from 816-82 

16,946 ppm. The EBV gene expression of 156 tumors with minimum 10 ppm EBV-reads 83 

originating from 106 NPC, 30 GAC, 16 eBL, and 4 sBL were further processed. The detected 84 

EBV-reads were then aligned to the viral genome on coverage plots (Figure 1c) (Supplementary 85 

Information; EBV RNA). Of the average EBV coverage in these primary tumors, RNA from 86 

the adjacent BamHI-A and I region constituted 88% (standard deviation ±15%) in NPC, 92% 87 

(±6%) in GAC, 85% (±19%) in eBL, and 92% (±7%) in sBL (Extended Data Fig. 1b). In 88 

contrast, with the exception of the ECL C666-1 (90% BamHI-A/I RNA), on average 6% 89 

(standard deviation ±7% and ±4% respectively) of the EBV RNA, in the ECL and LCL datasets, 90 

aligned to the BamHI-A/I region.  91 



EBV genes expressed in cancer 92 

The majority of the EBV RNA mapped to the BamHI-A/I regions in primary tumors aligned to 93 

areas in which multiple genes overlap (Figure 1d). In order to discern the RNA elements within 94 

the BamHI-A/I regions we conducted RNA peak (Extended Data Fig. 2a,b), strand-specificity 95 

(Figure 1d third panel above/below baseline) (Supplementary Information; EBV RNA), 96 

transcription start site (Figure 1e) (Supplementary Information; RPMS1 transcription start site), 97 

RNA splicing (Figure 1f) (Supplementary Information; BamHI-A/I splice-junctions), and 98 

polyadenylation signal analyses (Figure 1g) (Extended Data Table 2). The results all supported 99 

that the major transcript in the four EBV-positive tumor types originated from the long non-100 

coding RNA RPMS1. However, RNA located in the RPMS1 introns not coupled to the 101 

constitutive exons (Figure 1d, BALF5 mid-region) suggests the presence of other RNA 102 

elements. Co-transcriptional activation of these elements was observed in an inducible RPMS1 103 

promoter mutant Burkitt’s lymphoma cell line (Supplementary Information; EBV RNA, 104 

BamHI-A/I splice-junctions and Namalwa modified cell lines). An adapted full-length single-105 

molecule sequencing of RPMS1 (Extended Data Fig. 2c-e)26, allowed us to identify three new 106 

rightward elements which we named BamHI-A rightward elements, BARE1-3, (Supplementary 107 

Information; BamHI-A rightward elements). We amended the EBV reference genome 108 

(NC_007605.1) with the new annotations for BAREs and aligned the EBV reads to the new 109 

genome. Non-aligned EBV reads were plotted and additional gene segments were added to 110 

increase the aligned fraction producing an >95% EBV mappability for all except three datasets 111 

(Extended Data Table 1). In order to produce an unbiased quantification of the global EBV 112 

expression in the different tumor types and cell lines, we applied the length-adjusted tpm-values 113 

of house-keeping genes and EBV genes by normalizing them to the content of the entire dataset 114 

(Extended Data Table 3). Calculation of tpm-values for EBV genes required additional 115 

modifications due to overlapping regions exemplified by RPMS1 and BAREs, for which we 116 



calculated the tpm-values relative to their unique regions and the overlapping regions as a fused 117 

gene, RPMS1/BAREs (Figure 2a-f) (Extended Data Table 4). The tpm-values of RPMS1 were 118 

thus calculated relative to its first four exons and BAREs relative to respective first exons, while 119 

the fused RPMS1/BAREs was calculated based on RPMS1 exons V-VII which all rightward 120 

BamHI-A/I genes share. This division creates a bias with artificially lower values for the 121 

RPMS1 and BAREs unique regions, due to 5’-degradation of mRNA which is overrepresented 122 

in polyA-enriched libraries (Figure 2g). The similar division was also employed for the 123 

LMP1/BNLF2 and LMP2A/B genes (Figure 2h-i).  124 

 125 

Although no absolute threshold can be set, we chose to mainly consider genes with tpm-values 126 

over 5 (Supplementary Information; Tpm-threshold) (Extended Data Fig. 3a-c). The 127 

normalized tpm-values of EBV genes in tumors are diluted due to the inclusion of stromal 128 

cells27. Conversely, using a low tpm-cutoff will include viral genes that are likely to originate 129 

from few cells undergoing reactivation, which are responsible for the high viral background. A 130 

high degree of EBV reactivation can be observed in three tumors, NPC3, eBL1 and eBL5, in 131 

which global viral transcription including oriLyt RNA (eBL1) can be observed (Extended Data 132 

Fig. 4) (Supplementary Information; EBV gene expression). With the exception of tumors with 133 

EBV reactivation, high expression of viral genes was only observed for the genes 134 

RPMS1/BAREs (77% of tumors), LMP1/BNLF2 (10% of tumors) and LMP2A/B (1% of 135 

tumors). Intermediate expression of RPMS1/BAREs, LMP1/BNLF2 and LMP2A/B were 136 

detected at 15%, 14% and 8% of tumors respectively. Low expression of RPMS1/BAREs were 137 

detected in the remaining tumors (8%) and LMP1/BNLF2 and LMP2A/B were observed in 22% 138 

and 31% of tumors. Thus, RPMS1/BAREs were expressed in all tumors, on average 77 tpm. 139 

The most abundant and common protein coding RNA originated from the LMP1/BNLF2 gene. 140 

LMP1 has a 2 kb unique 5’-region separated from BNLF2, compared with 840 base pairs for 141 



RPMS1 and BARE1, and therefore less likely to be false negative due to RNA degradation. 142 

Amongst the NPC, 61 datasets had >5 tpm LMP1/BNLF2, but only 29 datasets had LMP1 143 

expression >5 tpm (Figure 2h). The majority (46/61) NPC had at least two-fold higher tpm-144 

value of LMP1/BNLF2 compared with only LMP1. This indicates that the RNA originated from 145 

BNLF2 and not LMP1 in the majority of neoplasms28,29. In contrast, BNRF1 which is located 146 

within the last intron of LMP2A/B and shares 448 base pairs 3’-UTR with LMP2A/B was not 147 

expressed in the neoplasms (Figure 2i). In contrast, in all six EBV-expressing cell lines (ECL), 148 

BHRF1 can be detected at low or moderate levels in the lymphoma cell lines. Multiple EBNAs 149 

were expressed, as well as LMPs. However, compared with primary neoplasms RPMS1/BAREs 150 

were only expressed at low levels in two lymphoma ECL and at high levels in the NPC cell line 151 

C666-1 (Figure 2e). In LCL the EBV expression encompassed almost the entire viral genome 152 

in all datasets, which likely reflect the different cell/virus cycle stages in the in vitro culture and 153 

a distinct proliferative drive compared with the tumor samples (Figure 2f).  154 

Comparison between EBV-positive and their EBV-negative counterparts has previously 155 

described that EBV-tissues have an enrichment of genes correlating to an upregulation of 156 

proliferative and immune signaling pathways4,22,30. To identify EBV-induced perturbations we 157 

applied a variance stabilizing transformation normalization using all tumors in each respective 158 

cancer category to find the largest differences between the tumors irrespective of EBV-status31 159 

(Extended Data Fig. 5a). The principal components with largest Euclidean distance between 160 

the midpoint of the EBV-positive and EBV-negative datasets showed the genes that most likely 161 

influenced by the presence of EBV (Fig. 2j, Extended Data Fig. 5b-e). A pathway enrichment 162 

analysis for each of the principal components showed that all the EBV associated cancer types 163 

contained perturbations of MYC and E2F targets, G2M cell cycle progression and interferon 164 

response. However, using bulk RNA sequencing, perturbations may arise from interindividual 165 

differences and stromal cell composition. Also, cell pathways activated/down-regulated in both 166 



EBV-positive and EBV-negative tumors would not be detected. We therefore extended our 167 

analyses to scRNA-Seq datasets, which allows for the identification of perturbations in specific 168 

cell populations. 169 

EBV expression in scRNA-Seq NPC samples 170 

We processed scRNA-Seq data of 532,122 cells originating from four NPC studies consisting 171 

of 63 primary nasopharyngeal samples including 52 NPC and 11 non-tumor (NT) tissues 172 

(Figure 3a, Extended Data Table 1)11-13,16. Amongst the NPC datasets, the single cell 173 

preparation in Study 1, 3 and 4 (scNPC1-15 & 32-52, scNT1 & 9-11) was achieved by direct 174 

dissociation of primary tissue. In Study 2 (scNPC16-31 and scNT2-8), the epithelial cells were 175 

first enriched by flow cytometry and then remixed with stromal cells. Cell type specific clusters 176 

of the nasopharyngeal tissue showed that epithelial cell content in the tumor varied among the 177 

samples in the different studies, 0.7-37.3% in Study 1, 0.3-18.5% in Study 3 and 0.0-7.5% in 178 

Study 4 (Extended Data Table 5). In Study 2 (0.2-69.2%) the epithelial cells were enriched and 179 

the results were therefore not representative of an unperturbed tissue. The variation of epithelial 180 

cell content likely reflects the biological differences, but also the efficiency of epithelial cell 181 

dissociation. The distribution of cell composition showed that T and B-lymphocytes were the 182 

most abundant stromal cell types in both NPC and non-tumor tissues (Extended Data Fig. 6).  183 

EBV reads were detected in the stromal and epithelial cells (Figure 3a). However, a high 184 

variation of the fraction of infected cells was observed between patients. No EBV was detected 185 

in the non-cancerous samples (scNT), with the exception of scNT5 and scNT11 where one 186 

EBV-positive B-lymphocyte was found in each dataset. EBV status for the NPC tissues was 187 

clinicopathological analyzed by EBV encoded RNA in situ hybridization (EBER-ISH) (Study 188 

1-3) or using an EBV specific antibody (Study 4) (Figure 3b). When comparing the results of 189 

scRNA-Seq with the experimental assays, four samples in each group had a discordant EBV 190 

status. EBER-ISH had the highest sensitivity for the detection of EBV, and the inability of 191 



scRNA-Seq to detect EBV RNA in three tumors could be due to the limited number of input 192 

cells, low levels of EBV polyadenylated gene expression and/or the low capture rate of the 193 

scRNA-Seq technique32. In contrast, EBV was detected in four scRNA-Seq datasets which were 194 

negative in EBER-ISH or EBV antibody staining (Figure 3b, marked in grey). The proportion 195 

of EBV RNA positive epithelial cells in the EBV positive tumors was highly variable, ranging 196 

from 0.4-98.3%.  197 

When we considered the EBV expression in 18 samples that contained more than 100 EBV 198 

positive epithelial cells (Figure 3c), RPMS1/BAREs was detected in every tumor at high 199 

proportions (>46% of EBV-positive cells). Considering the capture rate of the methodology 200 

this implies that all cells expressed RPMS1/BAREs. LMP1/BNLF2 and LMP2/BNRF1 were also 201 

detected in every tumor, but at highly variable proportions. The variability was most prominent 202 

in LMP1/BNLF2 ranging from 3.4% to 99%. Even though scRNA-Seq has a lower sensitivity 203 

in terms of RNA capture compared to bulk sequencing (Extended Data Fig. 7), the absence of 204 

viral RNA background originating from reactivated cells observed in bulk sequencing allows 205 

for every viral transcript in scRNA-Seq to be considered. A few reactivated cells as defined by 206 

expression of the immediate-early genes BZLF1/BRLF1 was detected in half of the tumors 207 

(Supplementary Information; EBV-positive cells)33. Low levels of EBNA1/3B/3C can be 208 

observed in the majority of tumors. This supports that all NPC expresses RPMS1/BAREs at high 209 

levels, LMP1/BNLF2 and LMP2/BNRF1 at variable levels and possibly EBNA1/3B/3C at low 210 

levels (Extended Data Table 6). The EBV expression in stromal cells mostly mirrored the 211 

expression in epithelial cells, but specific tumors displayed a high degree of reactivation in 212 

stromal cells. 213 

The classification of cancer cell status solely based on EBV RNA has its limitations. A high 214 

fraction of EBV false negative cells is expected considering the low capture rate of the 215 

technology. A proportion of EBV false positive cells caused by indiscriminate uptake of 216 



apoptotic bodies from cancer cells by healthy cells would also reduce the correct 217 

classification34. Analysis by inference of copy-number variants, a pseudo-marker for 218 

chromosomal aberrations, allows for cancer cells assignment based on transcription from entire 219 

segments of chromosomes instead of a few EBV reads (Figure 3d) (Supplementary Information; 220 

Cancer cell identification). With minor exceptions, the pattern of malignant cells within the 221 

same tumor displayed a high homogeneity reflecting the clonality of the cancer cells. As 222 

expected, the assignment of cancer cells overlapped with the EBV-positive cells, but with an 223 

increased sensitivity (Figure 3e-g).  224 

Host perturbations in cancer cells 225 

Comparison of cancer cells with healthy epithelial cells from the same tumor removes 226 

interindividual bias and the shared microenvironment allows for detection of perturbations in 227 

tissue-specific conditions. Furthermore, removal of stromal cells increases the signal of cancer 228 

cell specific perturbations. A gene set enrichment analysis based on comparison of equal 229 

number of cancer and healthy cells from 42 tumors shows a distinctive pattern shared amongst 230 

the EBV-positive tumors (Figure 4a, Extended Data Fig. 8)35. EBV-positive cancer cells from 231 

the four studies shared eight upregulated pathways compared with corresponding healthy cells 232 

for each tumor. Upregulation of five proliferative pathways were observed in the EBV-positive 233 

tumor cells as well as basal cells compared with corresponding differentiated cells in seven 234 

non-tumor biopsies (Supplementary Information; Epithelial cell classification). Cancer cells 235 

from the EBV-negative tumors displayed significantly upregulation of the pro-proliferative 236 

mitotic spindle pathway. In the EBV-negative HK1-cells transfected with RPMS1 miR-BARTs, 237 

but not RPMS1 long non-coding RNA (data not shown), the upregulation of four of the 238 

proliferative pathways were reconstituted.  239 



The EBV-positive cancer cells displayed downregulation of immune response36; a result not 240 

observed in the basal cells, demonstrating that the perturbation observed in the cancer cells is 241 

not due to differences in epithelial cell types. Downregulation of interferon response was further 242 

confirmed in both HK1-cells transfected with RPMS1 miR-BARTs as well as in a Burkitt’s 243 

lymphoma cell line, Namalwa with an induced RPMS1 promoter, but not in cells expressing 244 

ectopic RPMS1 long non-coding RNA (Extended Data Fig. 9) (Supplementary Information; 245 

Namalwa modified cell lines). These findings indicate that the RPMS1 miR-BARTs induces 246 

pro-proliferative pathways and inhibits immune response in cancer cells37. 247 

In order to identify EBV-induced changes we sorted the genes, based on the number of tumors 248 

in which they are perturbed in the same direction, and identified significantly enriched ones 249 

(Figure 4b, Extended Data Table 7). The genes were most strongly correlated with down-250 

regulation of oxidative phosphorylation in the EBV-positive cancer cells, likely to be due to the 251 

Warburg effect38. A strong correlation was also observed with the downregulation of interferon 252 

response. The genes involved in immune response downregulation were compiled in order to 253 

discern the various pathways (Figure 4c). More than two-thirds of these genes, including 254 

MHC139, were also shown to be downregulated in HK1 cells transfected with miR-BARTs and 255 

Namalwa with an induced RPMS1 promoter (Extended Data Table 7). The largest proportion 256 

of immune genes were regulated by cytokine response. Thus, we analyzed bulk sequencing data 257 

of NPCs to detect the gamut of expressed cytokines40. The origin of the expressed cytokines 258 

was then determined in the scRNA-Seq datasets. The epithelial cells expressed the majority of 259 

cytokines of which a few are known to be induced by interferon stimulation (Extended Data 260 

Fig. 10a). Amongst the two cell types found in all tumors, B- and T-cells, B-cells produced few 261 

cytokines at low levels in most studies. The costimulatory cytokine CD70 was expressed at 262 

highest levels in B-cells. Throughout the four studies, the chemokine CCL4 was expressed in a 263 

large fraction of T-cells and interferon gamma was expressed at high levels in a smaller subset 264 



of cells. The scRNA-Seq data shows that healthy epithelial cells and lymphocytes expresses 265 

interferon stimulated genes. Considering that these cells, especially the lymphocytes, 266 

constitutes a large proportion of the tumor, this would explain the interferon response 267 

upregulation found in the bulk sequencing results (Figure 2j-m). Conversely, the cancer cells 268 

exhibit a dysregulated response to interferon. To determine whether this contrasting response 269 

we looked at downstream effector genes of interferon gamma (Extended Data Fig. 10b).  270 

No unified difference can be observed in the expression of interferon gamma receptor and 271 

downstream kinases between the cancer cells and healthy cells. Multiple genes were expressed 272 

at too low levels to allow for a proper comparison. However, the highest expressed STAT3-gene 273 

were upregulated in cancer cells from all four studies (significantly in three), but not in the 274 

EBV-negative tumors (Extended Data Fig. 10b). A weaker trend for STAT1 downregulation 275 

can also be observed. Both STAT1 and STAT3 are known to be bound by miR-BARTs37,41. The 276 

downregulation of interferon and p53 pathways as well as upregulated proliferative pathways 277 

are known hallmarks of STAT-dysregulation42. We therefore propose that the ubiquitously 278 

expressed EBV RPMS1 gene induces interferon response dysregulation through viral 279 

microRNA perturbations of STAT-expression (Figure 4d).  280 
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Figure Legends 407 

Figure 1. Detection and characterization of EBV gene expression  408 

a, RNA-Seq data from four types of neoplasms and two types of EBV cell lines were analyzed 409 

for their EBV-content. The viral RNA from datasets containing more than 10 ppm EBV RNA 410 

were plotted against the EBV genome. Further sub-analyses were conducted on the EBV-411 

positive tumors (box). b, Fraction of datasets with high (>10 ppm, red) or low (2-10 ppm, grey) 412 

EBV content. Numbers in parentheses indicate the number of patients for each category and 413 

percentages represent the fraction of datasets with high EBV content. c, Average coverage of 414 

EBV RNA in the four types of neoplasms. Numbers on the x-axis correspond to the EBV 415 

genome position. Alignment to the BamHI digestion map is shown in the bottom. d, 416 

Magnification of the RNA reads within the BamHI-A/I region. Rightward RPMS1 exons (in 417 

roman numerals) and leftward genes depicted in the bottom. Unique regions without overlap 418 

with other genes are shown in dotted boxes. e, RNA coverage of transcription start site of 419 

RPMS1 in NPC1. (F) Splice-junction reads detected within the BamHI-A/I region in NPC1. 420 

Lines between the constitutive exons of RPMS1 are shown in bold. g, poly-A containing reads 421 

detected at the 3’-end of RPMS1 in NPC1. Reference sequence and poly-A signal shown in the 422 

bottom. ppm, parts per million reads; NPC, nasopharyngeal carcinoma; GAC, gastric 423 

adenocarcinoma; eBL, endemic Burkitt’s lymphoma; sBL, sporadic Burkitt’s lymphoma; ECL, 424 

EBV associated tumor derived cell line; LCL, lymphoblastic cell line. 425 

 426 

Figure 2. EBV gene expression in bulk RNA sequencing data 427 

a-f, Heatmap depicting tpm-values of four gene regions RPMS1/BAREs, LMP1/BNLF2, 428 

LMP2A/B and EBNA1 in NPC, GAC, eBL, sBL, ECL and LCL. Three datasets containing 429 

additional EBV genes expressed at more than 5 tpm are marked with an asterisk. These datasets 430 



contained EBV genes indicative of lytic replication within the neoplasm. g-i, tpm-distribution 431 

of genes with overlapping 3’. The fused RPMS1/BAREs 3’ end, compared with the unique 432 

regions for RPMS1, BARE1, BARE2 and BARE3, the fused LMP1/BNLF2 3’ end, compared 433 

with the unique regions for LMP1 and the fused LMP2A/2B 3’ end, compared with the unique 434 

regions for LMP2A, LMP2B and BNRF1 in NPC, GAC, eBL and sBL. j, Generalized pathway 435 

perturbations in principal components for respective cancer type. Principal components 436 

correlating with highest EBV-status separation are marked with bold.  tpm, transcripts per 437 

million reads; NPC, nasopharyngeal carcinoma; GAC, gastric adenocarcinoma; eBL, endemic 438 

Burkitt’s lymphoma; sBL, sporadic Burkitt’s lymphoma; PC, principal component. 439 

 440 

Figure 3. Nasopharyngeal carcinoma single-cell RNA sequencing datasets 441 

a, Proportion of epithelial and stromal cells in the four studies. Striped portion of the bar shows 442 

the fraction of EBV-expressing cells in each category. b, Classification of each sample 443 

according to their origin and EBV-status according to EBER in situ hybridization, antibody 444 

detection or UMI in the single-cell data. Samples showing concordant results from two analyses 445 

are shown in green, discordant in purple and unknown in grey. c, EBV expression in datasets 446 

containing more than 100 epithelial cells (green). The proportion of epithelial cells from each 447 

tumor expressing fused EBV gene is shown in the respective column (orange). Genes expressed 448 

over 2 cpm were included. d, Inferred chromosomal RNA expression throughout the genome 449 

in T-cells (upper panel) and epithelial cells (lower panel), position on x-axis correspond to 450 

position in respective chromosome. Epithelial cells divided by unsupervised hierarchical 451 

clustering. Areas in red depicts inferred gains and blue loss of chromosomal segment. e-g, 452 

Epithelial cells extracted from NPC1 were reclustered in UMAP. Cancer cells classified 453 

according to EBV expression (blue) showed a lower sensitivity compared to cancer (red) and 454 

healthy cell classification based on inference of chromosomal copy number variation. NPC, 455 



nasopharyngeal carcinoma; EBER, Epstein–Barr virus–encoded small RNAs; UMI, unique 456 

molecular identifier; cpm, counts per million reads; UMAP, uniform manifold approximation 457 

and projection. 458 

 459 

Figure 4. EBV-induced host perturbations 460 

a, Changes in biological pathways between cancer cells and healthy cells from the same 461 

patients. Hallmarks enriched in all four EBV-positive NPCs studies are listed. The same 462 

pathways for EBV-negative tumors and healthy controls in which basal cells were compared to 463 

differentiated cells in non-tumor samples are shown alongside. Absence of bar indicates no 464 

significant differences. Induced changes in the EBV-negative nasopharyngeal carcinoma cell 465 

line HK1 transfected with RPMS1 miR-BARTs (circles) and Namalwa cells treated with 466 

doxycycline (triangles) to upregulate RPMS1 gene are shown in the right column. b, Genes 467 

perturbed in the same direction in multiple tumors. Enriched genes are marked with green 468 

(upregulated) and magenta (downregulated). The x-axis shows the negative log10 of the false 469 

discovery rate q-value (FDRq) for pathways in respective category. c, Immune response genes 470 

downregulated in tumor cells categorized according to pathway. Genes in italics are also part 471 

of the NF-κB pathway. d, Depiction of factors involved in viral perturbations in NPC epithelial 472 

cells. MITSP, mitotic spindle; UVD, UV responsed down; IFNA, interferon alpha response; 473 

IFNG, interferon gamma response; OXPH, oxidative phosphorylation; IFN, interferon. 474 



Methods 475 

Patient datasets 476 

The transcriptome datasets of the primary tumor tissues and the cell lines were downloaded 477 

from several databases. List of the datasets can be found in Extended Data Table 1. 478 

 479 

Bulk RNA analyses 480 

The raw reads were quality filtered using PRINSEQ/0.20.3. The sequencing adapters were 481 

removed using TrimGalore/0.4.4. The reads were aligned towards human (Grch38) and EBV 482 

(NC_007605.1) respectively with STAR/2.5.2b. Both alignment files were filtered to allow 10 483 

multimapped reads, 3 mismatches and a minimum alignment length of 40 nucleotides. Due to 484 

the limitations of the sequencing datasets where short RNAs were not included into the 485 

sequencing library the remaining reads mapping to EBV encoded RNAs (EBERs) have been 486 

artificially omitted. Additional information regarding analysis of RPMS1 transcription start site, 487 

BamHI-A/I splice-junctions and EBV gene expression can be found in Supplementary 488 

Information. Polyadenylation signal analysis was conducted by identifying all reads containing 489 

the termination polyA-signal, and polyA-stretches found 10-30 basepairs downstream of the 490 

polyA-signal (Extended Data Table 2). 491 

 492 

Single-cell RNA analyses 493 

The NPC single cell RNA datasets was mapped using Cellranger/3.0.2 against the modified 494 

Akata EBV reference genome and the human reference genome GRCh38 (hg38, UCSC)33. 495 

Cells with less than 200 or more than 9000 genes were removed from the cellranger filtered 496 

matrix and all the counts in remaining cells were normalized using the R package sctransform 497 



default settings. The principal component analysis of all genes in remaining cells was performed 498 

to compute 100 principal components and the first 20 were used for the additional 499 

dimensionality reduction and visualization of the cells using UMAP (k=30).  500 

 501 

The cell type of different clusters were annotated based on the distribution and expression of 502 

canonical marker gene sets or SingleR according to the human cell atlas. Each sample was 503 

analyzed separately in order to avoid the batch effects.The epithelial-like cluster which was not 504 

annotated as epithelial by singleR but expressed a high level of epithelial cell markers were 505 

classified as epithelial cells manually.  506 

The total unique molecular identifier (UMI) count of every EBV gene in each sample was 507 

counted and used for the calculations. EBV counts per million reads (cpm) is the EBV total 508 

UMI in each cell/sample divided by the total UMI count of both viral and host genes in that 509 

cell/sample. By extracting the EBV gene UMI in each epithelial cell and the total UMI per cell, 510 

the single-cells as bulk heatmaps were created. The UMI-features (genes) matrix of the 511 

epithelial cells from each sample was extracted using Seurat, followed by re-normalization and 512 

sub-clustering the epithelial cells. Due to the variation of the number of epithelial cells in the 513 

samples, only selected datasets were included in this analysis. The criteria for inclusion are 1) 514 

the sample contained epithelial cells, including both healthy and tumor; 2) the sample had at 515 

least two sub-epithelial cell clusters; 3) both EBV positive and negative cell clusters could be 516 

separated. The malignant and healthy cells from each selected sample were then utilized for 517 

comparison. The number of differentially expressed genes without filtering were added into 518 

Supplementary Table 7. The genesets selected based on cutoffs of log2 fold change and p-519 

adjusted values were utilized for the enriched hallmarks profiling by GSEA.  520 

 521 

Cells, plasmids and chemicals 522 



The nasopharyngeal carcinoma cell lines C666-1 and HK1, and the Burkitt's lymphoma cell 523 

line Namalwa were grown in RPMI-1640 medium (Gibco) supplemented with 10% fetal calf 524 

serum and cultured at 37°C with 5% CO2.  525 

 526 

To generate a Tet-On 3G-Expressing stable Namalwa cell line, 1ug of pCMV-Tet3G plasmid 527 

was transfected in 5.6x105 Namalwa cells by electroporation (Thermo Neon Transfection 528 

System). Positive cells were selected by G418 (800ug/ml) over two weeks. Plasmids pTRE3G-529 

BI-mCherry, pCMV-Tet3G and linear selection Marker (puromycin) were purchased from 530 

Takara. The CRISPR/Cas9 plasmid (px458) was purchased from Addgene. To construct the 531 

template for Cas9-triggered homologous recombination, a fragment containing homology arms 532 

(NC_007605, 5’:137469-138267 and 3’:138335-138946) and the mCherry with bidirectional 533 

promoter were cloned into a pUC19 vector by using DNA assembly cloning kit (NEB, E5520S). 534 

The fragment used for replacing the endogenous RPMS1 promoter containing homology arms 535 

at both ends, mCherry and the bidirectional promoter were amplified by PCR and purified by 536 

PCR Cleanup Kit (NEB). The RPMS1 promoter was recognized by dual sgRNAs inserted 537 

within px458, targeting 138265-138284 and 138332-138351 respectively. Five days post-538 

transfection, cells were sorted as single cells into 96-well plates and cultured for six weeks. The 539 

RPMS1 promoter replaced by an inducible bidirectional promoter encoding mCherry, between 540 

the Cas9 target sites was confirmed by whole genome sequencing. The plasmid used for 541 

overexpressing RPMS1 long non-coding RNA was 17ADVGAP, the vector with the entire long 542 

non-coding RPMS1 cDNA, which was ordered from GeneArt. The sequence encoding miR-543 

BARTs clusters was cloned from C666-1 and inserted into the blue fluorescent protein gene as 544 

an intron43.  545 

 546 



RPMS1-FISH was performed using the ViewRNA Cell Plus Assay (#88–1900, Affymetrix) 547 

according to the manufacturer’s protocol. After fixation and permeabilization, Cell Plus Probe 548 

Solution was prepared by diluting Probe Sets 1:100 in pre-warmed Cell Plus Probe Set Diluent 549 

and vortexing briefly to mix. The cells were overlaid with Cell Plus Probe Solution (400 μl per 550 

well) and gently rocked to mix and distribute the diluted target probe for 2 h at 40 ± 1 °C in a 551 

validated incubator. Next, we aspirated the Cell Plus Probe Solution and gently and extensively 552 

washed the cells with the Cell Plus RNA Wash Buffer Solution using a dropper or pipette to 553 

slowly and carefully add 800 μl per well. The cells were covered with Wash Buffer Solution 554 

for 24 h at 4 °C in the dark. The next day, the samples were pre-warmed to room temperature. 555 

The Cell Plus RNA Wash Buffer Solution was aspirated, and the cells were overlaid with Cell 556 

Plus Amplifier Diluent (400 μl with 15 μl Cell Plus PreAmplifier Mix) for 1 h at 40 ± 1 °C in 557 

a validated incubator. The cells were washed extensively, counterstained with DAPI on the 558 

slides and mounted with Antifade Reagent (#p36930, Invitrogen). The RPMS1 probe set was 559 

designed by custom service and ordered from AH Diagnostics. 560 

 561 

Working solutions of 3 mM sodium butyrate (Alfa Aesar) and 32 nM (20 ng/ml) phorbol 12-562 

myristate 13-acetate/12-O-tetradecanoylphorbol-13-acetate (Fisher Bioreagents) were made in 563 

distilled water and DMSO, respectively. C666-1 cells were seeded at an initial concentration 564 

of 4 x 105 cells/mL. 24 hours after subculture, cells were incubated in fresh medium 565 

supplemented with chemical inducing agents. Total RNA was extracted at indicated time 566 

points using TRIzol reagent (Life Technologies). 567 

Sequencing 568 

Nanopore single-molecule long-read sequencing was performed as previously described26. In 569 

brief, total RNA was extracted from C666-1 using TRIzol and subsequently treated with 570 

TURBO DNA-free Kit (Thermo Fisher). Libraries were prepared using a PCR-cDNA approach 571 



with forward primers at variable positions and a common barcoded reverse primer 572 

(Supplementary Table 8). Total RNA (1.5 to 2 μg) was reverse transcribed followed by 40 573 

cycles of PCR amplification. Pooled libraries were sequenced on a MinION Mk1B device 574 

(MIN-101B) and fast5 files were basecalled using Guppy (v3.6.1+249406c, 575 

dna_r9.4.1_450bps_hac, default settings). Minimap2 was used for splice-aware alignment to 576 

the EBV genome. Long-read splicing analysis was performed using FLAME. 577 

Promoter replaced (ProRe) Namalwa cells was submitted to Dante Labs for whole genome 578 

sequencing. In total, 974,808,218 and 47,082 sequencing reads were mapped to the human 579 

reference genome and EBV reference genome, respectively. This resulted in a sequencing depth 580 

of coverage of 45.69x and 41.10x for the human sequences and the EBV sequences, 581 

respectively.  582 

 583 

Total RNA from the Namalwa cell lines and C666-1 cell line was extracted using TRIzol 584 

reagent (Life Technologies) according to the supplier’s instructions. RNA yield was determined 585 

spectrophotometrically by measuring the absorbance at 260 nm (NanoDrop 2000). The eluate 586 

was subjected to DNase treatment (TURBO DNA-free™ Kit, Thermo Fisher Scientific) and 587 

then stored at -80°C. Stranded cDNA libraries preparation and paired-end sequencing were 588 

performed at GENEWIZ (Germany). The sequencing data was processed as mentioned 589 

above. The Namalwa derived cell lines were sequenced in triplicates, in total 21 datasets in this 590 

study.  591 

 592 

MicroRNA from the ProRe Namalwa cell line was extracted using the MiRNeasy 593 

Serum/Plasma Advanced Kit (Qiagen) after 48h doxycycline treatment. The quantity of the 594 

RNA was measured by Qubit. A microRNA library was prepared using QIAseq miRNA library 595 

kit and sequenced by IIIumina MiniSeq System with High-Output Kit. 596 



 597 

Quantitative PCR 598 

Control RPMS1 RNA was generated by MEGAscript T7 Transcription Kit (Thermo Fisher) 599 

according to the manufacturer’s protocol. After purification, the RNA concentration was 600 

measured by Nanodrop. 8.87x106 copies of control RPMS1 RNA were added to the TRIzol 601 

lysis of 1.49x106 Namalwa cells as a spike-in control for RNA extraction and RT-qPCR. RT-602 

qPCR was performed using SuperScript III Platinum One-Step RT-qPCR Kit (Thermo). The 603 

Ct values of control (without spike-in) and experiment (with spike-in) were used to calculate 604 

the copy number of endogenous RPMS1 transcripts. 605 

 606 

The expression of BZLF1 and RPMS1 was assessed by RT-qPCR after DNA removal using 607 

TURBO DNA-free™ Kit (Life Technologies). cDNA synthesis was performed using High-608 

Capacity cDNA Reverse Transcription Kit (Thermo Fisher) according to the supplier’s 609 

instructions. The reverse transcription reaction mixture was subsequently diluted 1:3 and a 1.5 610 

μl-portion was used for qPCR. Each qPCR reaction was assembled in a total volume of 20 μl 611 

and contained 2x TATAA SYBR GrandMaster Mix (TATAA Biocenter) and 0.5 μM of each 612 

primer. The following cycling conditions were used: 95°C for 3 min followed by 45 cycles with 613 

95°C for 10, 60°C for 30 s and 72°C for 30 s. Comparative quantification of gene expression 614 

was done using the ΔΔCt method with B-actin as normalizer and an untreated sample at each 615 

time point as calibrator. Results were analyzed from three technical replicates.  616 

 617 

HK1 cells were transfected 24 hours after passaging into a 24-well plate at 70% confluence 618 

with Lipofectamine 3000 according to the manufacturer’s instructions (Invitrogen). Expression 619 

plasmids used for transfections included C1-mCherry (Control) and C1-BFP-miR-BARTs. 620 

After 48 hours of transfection, total RNA was extracted by TRIzol and treated with TURBO 621 



DNA-free Kit. Two-tailed RT-qPCR was performed according to the manufacturer’s 622 

instructions44. The two-tailed RT and qPCR primers for miR-BARTs were designed by TATAA 623 

Biocenter. 624 

 625 

Statistical analysis 626 

All statistical analyses were performed using R packages Seurat45, ggpubr, and DESeq231. 627 

Pathway enrichment analysis was done using GSEA35. ROC-AUC was performed using the R 628 

package pROC46 while PCA on the bulk RNA-seq data was performed using the R package 629 

stats. 630 

 631 

Data availability 632 

Source data are provided upon publication.  633 
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Additional Information 654 

Extended data figure and tables legends 655 

Extended Data Figure 1. EBV RNA tumors and cell lines 656 

a, The fraction of EBV-content in each dataset was quantified. Samples containing more than 657 

10 ppm EBV RNA were considered positive. EBV ppm-distribution in EBV-positive 658 

neoplasms and cell lines. b, Fraction of EBV reads aligning to the BamHI-A/I region in 659 

neoplasms and cell lines. The majority of EBV reads in primary samples originated from a 660 

single region, the BamHI-A/I region, of the EBV genome. NPC, nasopharyngeal carcinoma; 661 

GAC, gastric adenocarcinoma; eBL, endemic Burkitt’s lymphoma; sBL, sporadic Burkitt’s 662 

lymphoma; ECL, EBV-associated tumor derived cell lines; LCL, lymphoblastoid cell lines. 663 

 664 

Extended Data Figure 2. Peak analysis of RNA in the BamHI-A/I region 665 

a, Heatmap of peaks above 15% of top value in each tumor within the BamHI-A/I region. Each 666 

row represents a single tumor and each column a genome segment of the region. Red depicts 667 

areas where peaks were detected. b, Percentage of datasets with peaks in the segments for each 668 

cancer type. Alignment to genes encoded within the region (bottom), the exons of RPMS1 are 669 

marked with roman numerals. c, Novel BARE transcript variants. C666-1 RNA coverage of 670 

RPMS1/BAREs from short-read sequencing data. The rightward RPMS1 exons are depicted as 671 

black boxes/arrow and leftward genes are shown in blue. d, Magnification of region with novel 672 

BamHI-A rightward elements (BAREs). Single-molecule long-read sequencing of non-673 

overlapping regions with starting positions of the three new genes BARE1 (red), BARE2 (green) 674 

and BARE3 (turquoise). e, The two most common transcript variants of each BARE aligned to 675 

the BamHI-A region. Splicing for BARE1 is observed at genome position 153,528.  676 

 677 

Extended Data Figure 3. Calculation of RPMS1 copy number in Namalwa cells 678 



a, Confocal microscopy of RPMS1 RNA in situ hybridization showed a variation in the number 679 

of foci in the nucleus. Cell nuclei were counterstained with DAPI. Multiple focal planes of a 680 

single region (red square) with positive and negative cells. b, Quantitative PCR of RPMS1 681 

showed an average value of two RNA copies per cell. c, Expression levels (tpm-values) of 682 

housekeeping genes for all EBV-positive neoplasms. Datasets were sorted in a decreasing order 683 

according to the EBV ppm levels within each tumor type. NPC, nasopharyngeal carcinoma; 684 

GAC, gastric adenocarcinoma; eBL, endemic Burkitt’s lymphoma; sBL, sporadic Burkitt’s 685 

lymphoma. tpm, transcripts per million 686 

 687 

Extended Data Figure 4. Normalized EBV gene expression in neoplasms and cell lines 688 

a-f, Tpm-values of EBV genes in NPC, GAC, eBL, sBL, ECL and LCL. Datasets from primary 689 

tumors with global EBV gene expression indicative of EBV replication are marked in colour 690 

(NPC3, green; eBL1, blue; eBL5, red). Tpm, transcripts per million; NPC, nasopharyngeal 691 

carcinoma; GAC, gastric adenocarcinoma; eBL, endemic Burkitt’s lymphoma; sBL, sporadic 692 

Burkitt’s lymphoma. 693 

 694 

Extended Data Figure 5. Gene set enrichment assay of bulk sequencing datasets 695 

a, Pathway perturbations for each principal component for all tumor types. b-e, Calculation of 696 

Euclidean distance between EBV-positive and EBV-negative samples for each tumor type. 697 

 698 

Extended Data Figure 6. Nasopharyngeal carcinoma single-cell RNA sequencing datasets 699 

a, Cell type characterization for each sample. b, Fraction of EBV-expressing cells in each cell 700 

type. Cell types with fewer than 10 cells were omitted. Epi, epithelial cell; B, B lymphocyte; T, 701 

T lymphocyte; NK, natural killer cell; Mye, myeloid cell; Others, other cell types.  702 

 703 



Extended Data Figure 7. Merged EBV gene expression  704 

The tumors were separated according to the library preparation chemistry used for each study. 705 

a-c, The average cpm-value of EBV genes of entire NPC single cell dataset analyzed as bulk. 706 

Tumors from Study 2 were omitted from this analysis due to epithelial cell enrichment. d-f, The 707 

average cpm-value of EBV genes in epithelial cells. cpm, counts per million reads. 708 

 709 

Extended Data Figure 8. Genes set enrichment analysis of cancer cells 710 

Cancer cells were compared to their healthy counterparts in each tumor. Variance of gene 711 

expression was analyzed by genes set enrichment analysis and significant perturbations were 712 

plotted for each study to compensate for batch effect. Tumor cells from EBV-negative samples 713 

(EBV-) were compared to healthy cells from the same tissue sample, and basal cell were 714 

compared to differentiated cells in non-tumor samples (Controls). Absence of bar indicates no 715 

significant differences. Induced changes in the EBV-negative nasopharyngeal carcinoma cell 716 

line HK1 transfected with RPMS1 miR-BARTs (circles) and Namalwa cells treated with 717 

doxycycline (triangles) to upregulate RPMS1 gene are shown in the right column (Cell lines). 718 

 719 

Extended Data Figure 9. EBV microRNA expression 720 

a, MicroRNA expression in BL, GAC and ProRe normalized according to falling expression 721 

levels in patient samples. b, Two-tailed PCR of EBV microRNA in HK1-cells transfected with 722 

plasmids encoding miR-BARTs in the introns. c, Down-regulation of interferon stimulated 723 

genes in HK1-cells transfected with plasmids encoding miR-BARTs. BL, Burkitt’s lymphoma; 724 

GAC gastric adenocarcinoma; ProRe, Namalwa cells with replaced inducible promoter. 725 

 726 

Extended Data Figure 10. Expression of cytokines and IFN pathway 727 



a, Cytokines verified to be expressed in bulk sequencing NPC datasets were quantified in the 728 

three cell types (epithelial, B and T cells) found in almost all tumors. The size of the dot depicts 729 

the percentage of respective cell types which expressed specific cytokines. The intensity of the 730 

colour corresponds to the mean expression level of the cytokine in respective cell type 731 

compared with average expression in the other cell types. b, Interferon receptor and STAT-732 

expression in cancer cells compared with healthy epithelial cells in EBV-positive and EBV-733 

negative tumors as well as undifferentiated epithelial cells compared with differentiated 734 

epithelial cells in control biopsies, divided by study.  735 
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Figures

Figure 1

Detection and characterization of EBV gene expression  a, RNA-Seq data from four types of neoplasms
and two types of EBV cell lines were analyzed  for their EBV-content. The viral RNA from datasets
containing more than 10 ppm EBV RNA  were plotted against the EBV genome. Further sub-analyses were



conducted on the EBV positive tumors (box). b, Fraction of datasets with high (>10 ppm, red) or low (2-10
ppm, grey)  EBV content. Numbers in parentheses indicate the number of patients for each category and
 percentages represent the fraction of datasets with high EBV content. c, Average coverage of  EBV RNA
in the four types of neoplasms. Numbers on the x-axis correspond to the EBV  genome position.
Alignment to the BamHI digestion map is shown in the bottom. d,  Magni�cation of the RNA reads within
the BamHI-A/I region. Rightward RPMS1 exons (in  roman numerals) and leftward genes depicted in the
bottom. Unique regions without overlap  with other genes are shown in dotted boxes. e, RNA coverage of
transcription start site of  RPMS1 in NPC1. (F) Splice-junction reads detected within the BamHI-A/I region
in NPC1.  Lines between the constitutive exons of RPMS1 are shown in bold. g, poly-A containing reads
 detected at the 3’-end of RPMS1 in NPC1. Reference sequence and poly-A signal shown in the  bottom.
ppm, parts per million reads; NPC, nasopharyngeal carcinoma; GAC, gastric  adenocarcinoma; eBL,
endemic Burkitt’s lymphoma; sBL, sporadic Burkitt’s lymphoma; ECL,  EBV associated tumor derived cell
line; LCL, lymphoblastic cell line.



Figure 2

EBV gene expression in bulk RNA sequencing data  a-f, Heatmap depicting tpm-values of four gene
regions RPMS1/BAREs, LMP1/BNLF2,  LMP2A/B and EBNA1 in NPC, GAC, eBL, sBL, ECL and LCL. Three
datasets containing  additional EBV genes expressed at more than 5 tpm are marked with an asterisk.
These datasets contained EBV genes indicative of lytic replication within the neoplasm. g-i, tpm-
distribution  of genes with overlapping 3’. The fused RPMS1/BAREs 3’ end, compared with the unique



 regions for RPMS1, BARE1, BARE2 and BARE3, the fused LMP1/BNLF2 3’ end, compared  with the
unique regions for LMP1 and the fused LMP2A/2B 3’ end, compared with the unique  regions for LMP2A,
LMP2B and BNRF1 in NPC, GAC, eBL and sBL. j, Generalized pathway  perturbations in principal
components for respective cancer type. Principal components  correlating with highest EBV-status
separation are marked with bold. tpm, transcripts per  million reads; NPC, nasopharyngeal carcinoma;
GAC, gastric adenocarcinoma; eBL, endemic  Burkitt’s lymphoma; sBL, sporadic Burkitt’s lymphoma; PC,
principal component.



Figure 3

Nasopharyngeal carcinoma single-cell RNA sequencing datasets  a, Proportion of epithelial and stromal
cells in the four studies. Striped portion of the bar shows  the fraction of EBV-expressing cells in each
category. b, Classi�cation of each sample  according to their origin and EBV-status according to EBER in
situ hybridization, antibody  detection or UMI in the single-cell data. Samples showing concordant results
from two analyses  are shown in green, discordant in purple and unknown in grey. c, EBV expression in
datasets  containing more than 100 epithelial cells (green). The proportion of epithelial cells from each
 tumor expressing fused EBV gene is shown in the respective column (orange). Genes expressed  over 2
cpm were included. d, Inferred chromosomal RNA expression throughout the genome  in T-cells (upper
panel) and epithelial cells (lower panel), position on x-axis correspond to  position in respective
chromosome. Epithelial cells divided by unsupervised hierarchical  clustering. Areas in red depicts
inferred gains and blue loss of chromosomal segment. e-g,  Epithelial cells extracted from NPC1 were
reclustered in UMAP. Cancer cells classi�ed  according to EBV expression (blue) showed a lower
sensitivity compared to cancer (red) and  healthy cell classi�cation based on inference of chromosomal
copy number variation. NPC, nasopharyngeal carcinoma; EBER, Epstein–Barr virus–encoded small RNAs;
UMI, unique  molecular identi�er; cpm, counts per million reads; UMAP, uniform manifold approximation
 and projection.



Figure 4

EBV-induced host perturbations  a, Changes in biological pathways between cancer cells and healthy
cells from the same  patients. Hallmarks enriched in all four EBV-positive NPCs studies are listed. The
same  pathways for EBV-negative tumors and healthy controls in which basal cells were compared to
 differentiated cells in non-tumor samples are shown alongside. Absence of bar indicates no  signi�cant
differences. Induced changes in the EBV-negative nasopharyngeal carcinoma cell  line HK1 transfected



with RPMS1 miR-BARTs (circles) and Namalwa cells treated with  doxycycline (triangles) to upregulate
RPMS1 gene are shown in the right column. b, Genes  perturbed in the same direction in multiple tumors.
Enriched genes are marked with green  (upregulated) and magenta (downregulated). The x-axis shows
the negative log10 of the false  discovery rate q-value (FDRq) for pathways in respective category. c,
Immune response genes  downregulated in tumor cells categorized according to pathway. Genes in italics
are also part  of the NF-κB pathway. d, Depiction of factors involved in viral perturbations in NPC
epithelial  cells. MITSP, mitotic spindle; UVD, UV responsed down; IFNA, interferon alpha response;  IFNG,
interferon gamma response; OXPH, oxidative phosphorylation; IFN, interferon.
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