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ABSTRACT 49 

The human papillomavirus (HPV) genome is integrated into host DNA in most HPV-positive 50 

cancers, but the consequences for chromosomal integrity are unknown. Continuous long-read 51 

sequencing of oropharyngeal cancers and cancer cell lines identified a previously undescribed 52 

form of structural variation, “heterocateny,” characterized by diverse, interrelated, and repetitive 53 

patterns of concatemerized virus and host DNA segments within a cancer. Unique breakpoints 54 

shared across structural variants facilitated stepwise reconstruction of their evolution from a 55 

common molecular ancestor. This analysis revealed that virus and virus-host concatemers are 56 

unstable and, upon insertion into and excision from chromosomes, facilitate capture, 57 

amplification, and recombination of host DNA and chromosomal rearrangements. Evidence of 58 

heterocateny was detected in extrachromosomal and intrachromosomal DNA. These findings 59 

indicate that heterocateny is driven by the dynamic, aberrant replication and recombination of 60 

an oncogenic DNA virus, thereby extending known consequences of HPV integration to include 61 

promotion of intratumoral heterogeneity and clonal evolution. 62 

 63 

SIGNIFICANCE 64 

Long-read sequencing of HPV-positive cancers revealed “heterocateny,” a previously 65 

unreported form of genomic structural variation characterized by heterogeneous, interrelated, 66 

and repetitive genomic rearrangements within a tumor. Heterocateny is driven by unstable 67 

concatemerized HPV genomes, which facilitate capture, rearrangement, and amplification of 68 

host DNA, and promotes intratumoral heterogeneity and clonal evolution. 69 

70 
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INTRODUCTION 71 

Human papillomavirus (HPV) causes more than 630,000 cancers worldwide each year, 72 

including anogenital and oropharyngeal squamous cell carcinomas (1). Early in infection, the 73 

viral genome is maintained as an ~8-kilobase pair (kb) extrachromosomal circular DNA 74 

(ecDNA), i.e., an episome. In a majority of subsequent cancers, HPV DNA has integrated into 75 

the host genome, connecting viral and cellular DNAs at breakpoints (2-5) in intrachromosomal 76 

DNA (icDNA) and/or ecDNA forms (6). HPV integration promotes tumorigenesis by increasing 77 

expression and stability of transcripts encoding the E6 and E7 oncoproteins (7), which target 78 

tumor suppressors p53 and pRb for degradation, respectively (8,9). Recent whole genome 79 

sequencing (WGS) analyses of cervical and oropharyngeal cancers revealed that HPV 80 

integrants are enriched in genomic regions with structural variants (SVs) and copy number 81 

variants (CNVs) (2,4,5,10). Diverse genetic consequences of HPV integration have been 82 

identified, including dysregulated host gene expression near integrants (2-5). 83 

An improved understanding of the mechanisms by which HPV integration leads to SVs, 84 

CNVs, and aberrant host gene expression depends upon enhanced resolution of genomic 85 

sequence variants and their connectivity. To resolve the structures of genomic rearrangements 86 

flanking HPV integration sites, we conducted continuous long-read sequencing (LR-seq) of 87 

HPV-positive oropharyngeal cancers and human cell lines. This analysis revealed a form of 88 

genomic structural variation, which we named “heterocateny” (for “variable chain”). 89 

Heterocateny is characterized by diverse, interrelated, and repetitive patterns of concatemerized 90 

virus and host DNA segments within a tumor. Evolutionary models based on LR-seq data 91 

explained heterocateny as the consequence of aberrant host DNA replication and 92 

recombination induced by HPV integration. We conclude that HPV integration promotes 93 

intratumoral heterogeneity and clonal evolution. 94 

 95 

 96 
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RESULTS 97 

Our analysis of 105 HPV-positive oropharyngeal cancers by WGS identified HPV-host 98 

breakpoints that directly flank, bridge, or map within host genomic regions enriched with SVs 99 

and CNVs (5). To resolve genomic rearrangements at sites of HPV integration, here we used 100 

Illumina WGS and two forms of LR-seq, PacBio HiFi and Oxford Nanopore Technologies (ONT). 101 

These methods were chosen because they yield high resolution reads with few errors at a 102 

single nucleotide level (WGS, PacBio) or longer, continuous reads that can span across 103 

genomic features, including repetitive elements, for tens of kilobases (ONT). Given the expected 104 

lengths of ONT reads, we selected five HPV-positive primary oropharyngeal cancers and four 105 

cell lines, each with virus-host breakpoints that were mapped by WGS to CNV target regions 106 

with copy number (CN) ≥4n and/or SVs with breakpoints <60 kb apart. Of the 105 107 

oropharyngeal tumors studied by WGS, CNVs with CN ≥4n were observed within 1 108 

megabasepair (Mbp) of HPV insertional breakpoint(s) in 45% of tumors with integrated virus (5). 109 

Cell lines included 93-VU-147T (hereafter VU147) (11), GUMC-395 (12), HeLa (13), and HTEC 110 

(14). Details about distributions of read lengths and depths of sequencing coverage are 111 

provided in Supplementary Data (Supplementary Figs. S1.1-S1.4 and Supplementary Tables 112 

S1.1 and S1.2).  113 

 114 

Extensive concatemerization and variation of HPV genomic DNA 115 

After initial infection, HPV is maintained as an ~7.9-kb ecDNA episome in cell nuclei. Therefore, 116 

we evaluated the technical ability of both LR-seq approaches to capture and identify small 117 

circular DNA molecules, using the endogenous, ~16.5-kb circular mitochondrial (mt)DNA 118 

genome as a proxy. Histograms of ONT mtDNA reads displayed frequency peaks at 16.5 and 119 

33 kb (Supplementary Fig. S2.1A-J and Supplementary Table S1.1). Plots of the distance 120 

between the 5’ and 3’ ends of mapped reads were within 100 base pairs (bp) in the reference 121 

mtDNA genome, indicating predominantly one- and two-unit circular mtDNA genomes. This 122 
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analysis confirmed the ability of LR-seq to detect ecDNAs, determine their lengths, and identify 123 

head-to-tail tandem repeats. 124 

Comparable analysis of ONT reads mapped to the HPV reference genome revealed 125 

read lengths frequently exceeding ~7.9 kb (Fig. 1A-D, top, and Supplementary Fig. S2.2A and 126 

B, top). Plots of the distance between the 5’ and 3’ ends of mapped reads (Fig. 1E) indicated a 127 

predominance of single-unit HPV episomes in one primary cancer (Fig. 1A, bottom, Tumor 1) 128 

and multi-unit, head-to-tail virus-virus concatemers in others (Fig. 1A-D, bottom, Fig. 1F, and 129 

Supplementary Fig. S2.2A and B, bottom), consistent with recent reports (15) (bioRxiv 130 

2021.10.22.465367). 131 

In contrast to mtDNA, ONT reads of HPV genomes deviated more frequently from the 132 

expected unit lengths (i.e., multiples of ~7.9 kb; Fig. 1A-D, bottom), revealing rearrangements in 133 

virus DNA. All unique virus-virus breakpoints were confirmed by at least two and almost always 134 

by all three sequencing platforms, arguing against technical artifacts (16) (Supplementary 135 

Tables S2.1, S3.1, S3.3, S3.5, S4.1, S5.1, S5.3, and S5.5). Alignment of ONT reads from 136 

VU147, Tumor 2 and Tumor 3 against an HPV16 template model revealed rearrangements 137 

including tandem duplications, deletions, and inversions (Fig. 1G and Supplementary Fig. S2.3A 138 

and B). The seven unique virus-virus breakpoints detected in VU147 were each assigned a 139 

numerical identifier (i.e., 1-7). To facilitate pattern recognition, DNA segments in LR-seq reads 140 

were visualized using block diagrams, and breakpoints were visualized using breakpoint plots 141 

(Fig. 1H). The HPV reference genome coordinate of 0 was depicted as black or red vertical lines 142 

in these and all subsequent visualizations (Figs. 1-6). Numerous, diverse rearrangements in 143 

HPV DNA were apparent in VU147 (Fig. 1H), indicating genetic instability of the concatemerized 144 

virus genomes. 145 

 146 

Identification of heterocateny, a unique form of structural variation 147 
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Extending our analysis beyond virus-only LR-seq reads, we found that Tumor 4 harbored a total 148 

of 22 unique breakpoints flanking regions of CNVs and SVs on Chrs. 5p13, 5q14, and Xp22, 149 

including 14 HPV-host, five host-host, and three virus-virus breakpoints (Fig. 2A and 150 

Supplementary Table S2.1). Rearrangements included two chromosomal translocations -- 151 

t(5;X)(p13;p22) and t(5;X)(q14;p22). To facilitate resolution of genomic structural 152 

rearrangements as covered by ONT reads, the breakpoints that were best-supported by 153 

discordant or split WGS and/or LR-seq reads were selected as segment-defining breakpoints. 154 

This allowed us to delineate host or virus DNA segments based on the reference human and 155 

HPV type-specific genomes (Supplementary Table S2.2). 156 

Tumor 4 harbored ~171 HPV16 genome copies per haploid genome, as estimated from 157 

WGS. Virus-virus concatemers comprising up to 6 tandem HPV16 genomes were detected (Fig. 158 

2B, group A1), but HPV nucleotides 5144-7906 plus 1-776 were deleted intermittently from 159 

adjoining viral genome units, forming a unique, recurring virus-virus breakpoint (i.e., breakpoint 160 

20; Fig. 2B, group A2, and Supplementary Table S2.1). ONT reads with lengths ≥20 kb 161 

(N = 178) revealed rearranged virus-host structures in which distinct segments of Chr. X (e.g., 162 

XB, XD) and/or Chr. 5 (e.g., 5B, 5E, 5G) were inserted precisely where viral genome segments 163 

were deleted (Fig. 2B, groups A3-10). Individual molecules displayed specific patterns of virus 164 

and/or host DNA segments and breakpoints, which in some cases were repeated in series (Fig. 165 

2B, groups A6, 9, 10). These diverse patterns were analogous to those observed in the virus-166 

only ONT reads of VU147 (Fig. 1H). We clustered Tumor 4 reads into groups based on key 167 

distinct breakpoints (Fig. 2B, groups A1-10). Both within and between these read groups, 168 

breakpoint patterns diverged markedly, demonstrating extensive intermolecular heterogeneity. 169 

Distinct patterns of breakpoints and segments defining a group were occasionally linked with 170 

other group patterns in individual molecules. For example, breakpoint 13 in group A3 was also 171 

connected to breakpoints 12 and 14 in group A5 (Fig. 2B). 172 
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We used the unique breakpoints and patterns shared across heterogeneous structures 173 

in Tumor 4 as molecular barcodes to reconstruct genomic structural evolution from a common 174 

molecular ancestor (Methods). According to the resulting mechanistic model, insertion of 175 

concatemerized HPV genomes initially occurred at the host DNA segment XC deletion site on 176 

Chr. X (Fig. 3). During their subsequent excision from Chr. X, these concatemerized HPV 177 

genomes captured host DNA and formed ecDNA, which then inserted into Chr. 5p and 5q (Fig. 178 

3). Shared virus and host DNA segments and breakpoints were linked in series in recurrent 179 

patterns but lacked single nucleotide variants or small insertions/deletions (Supplementary Fig. 180 

S3.1A-C), consistent with a formation mechanism involving homologous recombination and 181 

intermittent high-fidelity amplification by rolling-circle replication or recombination-dependent 182 

replication (RDR) (17-20). 183 

Counts of reads supporting integration of rearranged virus-host concatemers into 184 

flanking chromosomal DNA were very low in Tumor 4. Therefore, we inferred that the numerous 185 

virus-host concatemers observed in this tumor mostly occurred as ecDNA. Notably, predictions 186 

for ecDNA made by AmpliconArchitect software (21) were oversimplified and inaccurate 187 

compared to the virus-host concatemers we detected by LR-seq (Fig. 2B and Supplementary 188 

Fig. S3.2A-H), likely due to inherent limitations of short-read WGS data. 189 

In sum, Tumor 4 LR-seq data revealed a striking degree of genomic structural variation 190 

flanking virus-host breakpoints, characterized by diverse, interrelated, and repetitive patterns of 191 

virus and host DNA segments and breakpoints. We named this form of genomic structural 192 

variation “heterocateny." Multiple independent lines of evidence for heterocateny were observed 193 

in all cancers and cell lines studied, as described below. 194 

 Tumor 2 harbored a total of 23 breakpoints, including 14 virus-host, four host-host, and 195 

five virus-virus, at the ~60 kb EP300 locus on Chr. 22q13.2 (Supplementary Table S3.1). EP300 196 

is frequently inactivated by somatic mutation in HPV-positive oropharyngeal cancers (22). Of the 197 

breakpoints, 14 were chosen as segment-defining breakpoints (Fig. 4A and Supplementary 198 
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Table S3.2). As done for Tumor 4, we used key breakpoints to sort ONT reads into groups (Fig. 199 

4B). ONT reads (N = 154) supported concatemers with multiple tandem full-length HPV genome 200 

units interspersed with tandems lacking nucleotides 7065-7906 and 1-2312 (breakpoint 17; Fig. 201 

4B, group B2). Virus concatemers containing breakpoint 17 were detected in series with EP300 202 

segments (Fig. 4B, groups B3-10). Structural heterogeneity within and between read groups, 203 

analogous to that in Tumor 4 (Fig. 2B), provided further evidence of heterocateny. Per the 204 

model based on LR-seq data, these structures evolved from a clonal ancestor by sequential 205 

events, including insertion of concatemerized HPV genomes, ecDNA excision, copy number 206 

amplifications, and additional rearrangements such as serial deletions (Supplementary Fig. 207 

S4.1). No WGS or LR-seq reads supported integration of virus-host structures into Chr. 208 

22q13.2, suggesting that virus-host concatemers containing EP300 fragments occurred 209 

predominantly or exclusively as ecDNA. 210 

Interestingly, ONT reads in Tumor 2 independently identified integration of virus-host 211 

concatemers into flanking host sequences at Chr. 4p15.31 (Fig. 4C and Supplementary Table 212 

S3.1). Detection of the same breakpoint 17 both in Chr. 4 (Fig. 4D) and at the Chr. 22 EP300 213 

locus indicated that the virus-host concatemers at these two distinct sites were clonally related. 214 

This example demonstrated that concatemers can coexist as ecDNA and as icDNA integrants 215 

within the same tumor and that the same breakpoint can be found in both forms of genomic 216 

DNA. 217 

 Virus-host concatemers detected in Tumor 5 mapped near or included the cancer driver 218 

gene MYC on Chr. 8q24.21, a hotspot for HPV integration in oropharyngeal (5) and cervical 219 

cancers (23). We identified six breakpoints, three virus-host and three host-host (Supplementary 220 

Table S3.3), which were selected to delineate host segments A through J at MYC 221 

(Supplementary Fig. S4.2A and Supplementary Table S3.4). While HPV concatemers were not 222 

detected, a deletion at HPV nucleotides 1803-2170 was identified. We detected 110 ONT reads 223 

(each ≥20 kb) defining SVs at the MYC locus. Of these, 98 (88%) supported a genomic 224 
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rearrangement in which MYC was duplicated at least twice in tandem (segment E, 225 

Supplementary Fig. S4.2B). Less common but related SVs were derived from this ancestral 226 

molecule by recombination events. Because no reads supported integration of virus-host 227 

concatemers into adjacent chromosomal DNA, they likely existed predominantly in ecDNA form. 228 

As this tumor harbored ~20 HPV16 genome copies per haploid genome, each cell may have 229 

contained a range of ecDNA molecules with lengths commensurate with numbers of linked HPV 230 

units (Supplementary Fig. S4.2C). The relative homogeneity of ecDNA structure in Tumor 5, 231 

relative to Tumors 4 and 2 above, is consistent with a selective, clonal growth advantage 232 

conferred by the captured MYC oncogene. 233 

In Tumor 3, HPV16 episomes ranging from one- to six-genome units predominated (Fig. 234 

1C and F). Five virus-host breakpoints mapped to a gene-rich region on Chr. 3q27.1 235 

(Supplementary Fig. S4.2D and Supplementary Tables S3.5 and S3.6), and LR-seq data 236 

supported insertion of a virus concatemer at this locus (Supplementary Fig. S4.2E and F). 237 

Relatively low read counts and few derivative rearrangements (Supplementary Fig. S4.2E, 238 

groups E3-5) suggested that ecDNA excision and recombination likely occurred in a subclonal 239 

cell population. Tumors 5 and 3 thus comprised dominant clonal or subclonal cell populations, 240 

respectively, harboring ecDNAs induced by HPV integration. 241 

 242 

Heterocateny in cancer cell lines 243 

The GUMC-395 cell line was derived from a liver metastasis of an aggressive cervical 244 

neuroendocrine carcinoma (12). GUMC-395 cells harbored 13 breakpoints, including five virus-245 

host and seven host-host, clustered within an ~200-kb region of extreme hyper-amplification (up 246 

to ~225n) and structural rearrangements at the MYC locus (Fig. 5A and Supplementary Table 247 

S4.1). Eight of the breakpoints defined sequential host DNA segments A-L (Supplementary 248 

Table S4.2). Segments B and C encompassed MYC. This cell line had ~112 HPV copies per 249 

haploid genome. 250 
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Analogous to our observations in primary cancers, marked heterogeneity in patterns of 251 

virus and host DNA segments and breakpoints was observed in ONT reads from GUMC-395 252 

cells (Fig. 5B). Insertion of a virus concatemer was detected in Chr. 8 between segments E and 253 

F (Fig. 5A), defining breakpoints 6 and 7. Interestingly, no sequence data supported a normal 254 

allele connecting host DNA segments E to F (Supplementary Table S4.1), indicating loss of 255 

heterozygosity. Most virus-host concatemers identified in ONT reads (N = 774, ≥20 kb) 256 

contained breakpoint 7, nominating this insertion as an early, likely tumorigenic event. 257 

Moreover, many structural variants shared the same V-F-B-C pattern containing MYC and 258 

deletion of host segments D and E (Fig. 5B), consistent with evolution from a common 259 

molecular ancestor. In our evolutionary model for GUMC-395, ecDNAs were generated from 260 

concatemerized HPV genomes integrated at the MYC locus and then underwent subsequent 261 

amplification and recombination (Fig. 5C). These HPV-host concatemers continued to evolve 262 

via secondary recombination and deletion events (Fig. 5C) and ultimately gave rise to diverse 263 

but related variant structures indicative of heterocateny (Fig. 5B). The model provided a 264 

potential explanation for the step changes in CNVs identified from WGS data at several 265 

segment junctions, including F to G, H to I, J to K, and K to L (Fig. 5A). We concluded that HPV 266 

integration was responsible for hyper-amplification of MYC in GUMC-395, a seminal event 267 

which likely promoted the development and growth of that lethal cancer. 268 

 269 

Chromosomal translocations mediated by virus-host concatemers 270 

Fluorescence in situ hybridization (FISH) analysis of GUMC-395 cells using an HPV16 probe 271 

localized the virus to two copies of Chr. 8q and two copies of Chr. 21 in all metaphase spreads 272 

examined, due to a t(8;21)(q24.21;q11.2) translocation involving the centromere of Chr. 21 273 

(Supplementary Fig. S5.1A-E). Consistent with this observation, LR-seq data showed virus-host 274 

concatemers integrated adjacent to host segment E on Chr. 8q24.21 (Fig. 5B, group D1) and 275 

into a second site joining host segment E to the centromere of Chr. 8 (Fig. 5B, group D9). In 276 
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addition, numerous ONT reads that joined centromeric repeats of Chrs. 8 and 21 over several 277 

kb were detected (Supplementary Table S4.1). We inferred that these concatemers (likely as 278 

ecDNA) were inserted by homologous recombination at the MYC locus, followed by Chr. 8 279 

duplication, intrachromosomal Chr. 8q inversion, t(8;21)(q24.21;q11.2) translocation, and 280 

duplication of this translocation (Fig. 5D). 281 

Numerous HeLa ONT reads supported virus-host concatemers integrated upstream of 282 

MYC on Chr. 8q24.21 (Fig. 6A and B and Supplementary Tables S5.1 and S5.2), corroborating 283 

previous analyses (24-26). A chromosomal translocation in HeLa at t(8;22)(q24;q13) was 284 

initially identified by spectral karyotyping (26) but was not detected using WGS or haplotype-285 

resolved data (24,25). Its relationship with HPV integration, if any, was not reported previously. 286 

Our LR-seq data uniquely confirmed and resolved this translocation. We identified virus-host 287 

concatemers with breakpoints identical to those integrated in Chr. 8 but connecting the 5’ end of 288 

HeLa genomic segment C with a 2-kb segment of repeated telomeric sequences (i.e., 5’-289 

TTAGGG) on Chr. 22, forming breakpoint 2 (Fig. 6C). Consistent with ONT data, HPV18 FISH 290 

probes hybridized to two of three copies of Chr. 8, a t(8;22)(q24;q13) translocation, and a 291 

complex der(5)t(5;22;8)(q11;q11q13;q24) rearrangement (Supplementary Fig. S5.1B) (26). 292 

WGS data indicated that four of the five copies of Chr. 8q extended from the HPV integration 293 

site to a telomere. Thus, we inferred that virus-host concatemers first integrated into Chr. 8, 294 

followed by Chr. 8 duplication, translocation to the telomere of Chr. 22, and translocation from 295 

the Chr. 22 centromere to the Chr. 5 centromere (Fig. 6D). 296 

Collectively, our combined analysis of HeLa and GUMC-395 cells revealed that 297 

integrated virus-host concatemers are unstable and can induce chromosomal translocations 298 

and other forms of genomic structural variation. 299 

 300 

HPV integrants in cell line icDNA and ecDNA 301 
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The GUMC-395 and HeLa ONT data supported integration of virus-host concatemers into 302 

icDNA. In contrast, VU147 ONT data revealed virus-host concatemers containing Chr. 17q12 303 

segments in ecDNA form and virus-host concatemers anchored into icDNA at Chr. Xp21.1 304 

(Supplementary Fig. S5.2A-E and Supplementary Tables S5.3 and S5.4). To evaluate the 305 

possible occurrence of virus-host concatemers in ecDNA form in GUMC-395, HeLa, and 306 

VU147, we performed metaphase FISH with HPV probes and Circle-seq. Both methods 307 

identified HPV-containing ecDNA in subsets of all cell lines examined (Supplementary Figs. 308 

S5.3A-C and S5.4A-D). GUMC-395 and HeLa Circle-seq data aligned well to their respective 309 

amplified regions at the MYC locus on Chr. 8q24.21, supporting ecDNA, and comparable data 310 

also were observed for VU147. This analysis confirmed structurally similar virus-host 311 

concatemers in ecDNA and icDNA forms in cell lines, indicating excision from and insertion into 312 

chromosomes. 313 

 314 

HPV integration at the MYC locus in vitro 315 

The human tonsillar epithelial cell line (HTEC) was created upon transfection of primary cells 316 

with HPV16 episomal DNA in vitro, followed by clonal selection in cell culture (14). Virus 317 

integration and formation of HPV-host concatemers occurred solely during cell culture in vitro. 318 

LR-seq data revealed striking similarities between HPV integration sites and genomic 319 

rearrangements at the MYC locus in HTEC and those in both GUMC-395 and HeLa cells. In 320 

HTEC, two virus-host breakpoints flanked the 5’ ends of two amplified genomic loci (i.e.,16-19n) 321 

~350 kb upstream of MYC (Fig. 6E and Supplementary Tables S5.5 and S5.6), analogous to 322 

HeLa in their location (Fig. 6A) and to GUMC-395 in their structural variation (Fig. 5A). ONT 323 

reads demonstrated integrated virus-host concatemers that displayed homology to host DNA 324 

segments captured in the concatemer (Fig. 6F), supporting a mechanism of insertion induced by 325 

homologous recombination comparable to that of HeLa (Fig. 6B and Supplementary Fig. S5.1C 326 

and D). In serially passaged HTEC cells, Circle-seq reads aligning at this locus showed 327 
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structural variation and additional discordant rearrangements, suggesting the instability of 328 

intrachromosomal insertions had resulted in occasional excision of ecDNA from this site 329 

(Supplementary Fig. S5.4E). HPV16 FISH probes localized to Chr. 8q and to both ends of 330 

isochromosome i(8q) in all metaphase spreads examined (Supplementary Fig. S5.1E), 331 

indicating viral integration preceded formation of this chromosomal abnormality as these 332 

epithelial cells evolved in vitro (Fig. 6G). 333 

 334 

HPV genomic structures and transcripts in the context of heterocateny 335 

Virtually all primary tumor and cell line ONT reads containing HPV sequences included at least 336 

one copy of the viral origin of replication (HPV16 nucleotides 7838-7906 and 1 to 100) and the 337 

region encoding E6 and E7 (nucleotides 83 to 858), even when other HPV genomic sequences 338 

were deleted (or not observed). RNA-Seq analysis revealed high levels of E6 and E7 transcripts 339 

in all cases (22) (Supplementary Fig. S6). Except for Tumor 5, in which E1 was deleted, the 340 

primary tumors with a predominance of virus-host concatemers in ecDNA form contained full-341 

length HPV genomes and expressed E1 and E2 transcripts. In contrast, the cell lines with a 342 

predominance of virus-host concatemers in icDNA, i.e., HeLa, GUMC-395, and HTEC, had 343 

deletions in E1 and/or E2, and the corresponding transcripts were poorly expressed. Thus, E6 344 

and E7 were expressed regardless of whether E2 had been disrupted. 345 

 346 

DISCUSSION 347 

Here we identified heterocateny, a striking form of genomic structural variation induced by HPV 348 

integration in human cancers, characterized by highly diverse, interrelated, and repetitive 349 

patterns of virus and host DNA segments and breakpoints that coexist within a tumor. We 350 

detected strong evidence of heterocateny in HPV-containing ecDNA, icDNA, or both across all 351 

cancers and cell lines evaluated. Evolutionary models based on LR-seq data explained 352 

heterocateny as the consequence of aberrant host DNA replication and recombination, induced 353 
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by HPV integration and frequently involving concatemerized, circularized DNA. We inferred that 354 

virus-virus and virus-host genomic structural rearrangements characteristic of heterocateny are 355 

unstable, whether present in ecDNA or icDNA, leading to further intratumoral heterogeneity and 356 

clonal evolution. For this reason, we also use the term heterocateny to describe the stepwise 357 

process by which HPV integration induces this form of genomic heterogeneity. 358 

Our previous WGS analyses of cell lines (2) and primary tumors (5) prompted us to 359 

develop a mechanistic “looping” model to explain extensive genomic structural variation 360 

observed at HPV integration sites (2). Our HPV looping model proposed that double-stranded 361 

breaks in HPV DNA facilitate capture of host DNA, resulting in insertional breakpoints followed 362 

by amplification, recombination, repair, and integration of virus-host concatemers in icDNA (2). 363 

However, short WGS reads limited our ability to connect genomic segments and breakpoints 364 

over longer genomic distances. The new insights gained here have enabled expansion of this 365 

HPV looping model to include generation and insertion of unstable, concatemerized HPV 366 

genomes into icDNA; capture and rearrangement of host DNA during excision of HPV ecDNAs 367 

from icDNA and their insertion back into icDNA; HPV-host segment amplification by rolling-circle 368 

replication or RDR; recombination between repetitive or homologous segments, likely by 369 

homology-directed repair or template-switching during replication, resulting in novel 370 

combinations of breakpoint and segment patterns; and formation of chromosomal inversions 371 

and translocations between repeats in concatemers and telomeres and/or centromeres (Fig. 7). 372 

Steps 1-5 in our evolutionary model (Fig. 7) are consistent with the existing literature. 373 

For example, Southern blotting and two-dimensional electrophoresis provided low-resolution 374 

evidence of integrated and/or episomal HPV concatemers in cervical cancers and cell lines 375 

(27,28). Excision of HPV integrants from icDNA after unlicensed replication from the HPV origin 376 

was proposed after analysis of short-read WGS data from TCGA (29). Unlicensed DNA 377 

replication and genome instability can be induced at HPV integration sites in cervical cancer cell 378 
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lines upon binding of the HPV E1-E2 complex to the viral origin of replication (30,31). However, 379 

here we observed heterocateny in tumors and cell lines that did not have detectable E1 and E2 380 

expression (e.g., Tumor 5, GUMC, and VU147) in addition to others that expressed E1 and E2. 381 

Although virus-host concatemers (2) and hybrid episomes (29) have been described, the 382 

discovery and characteristics of heterocateny as illustrated in steps 6-10 of our model (Fig. 7) 383 

have not been reported previously, to the best of our knowledge. 384 

We note both similarities and differences between heterocateny and other causes of 385 

cancer genomic structural variation, including chromothripsis, chromoplexy, breakage fusion 386 

bridge cycles (BFBC) and seismic amplification. Both heterocateny and chromothripsis are 387 

associated with formation of focal host CNVs, SVs, and ecDNAs. While chromothripsis is 388 

characterized by random rearrangements of shattered chromosomal segments (32), virus and 389 

host genomic segments in heterocateny are joined in organized, repetitive patterns. Formation 390 

of chromothriptic ecDNA involves a single catastrophic event, whereas heterocateny occurs 391 

sequentially in an orderly way, frequently involving recombination events that cause serial 392 

deletions and insertions. This difference may be due to tethering of HPV-containing ecDNA to 393 

mitotic chromosomes, whereas other ecDNAs are subject to mitotic micronuclear expulsion 394 

(33). Virus-host concatemers inserted at icDNA sites share identical host DNA segments 395 

captured by virus genomes, implying that homologous recombination mediates their integration. 396 

In contrast, chromothriptic ecDNAs preferentially integrate near telomeres (34). The 397 

chromosomal translocations observed here are more ordered in structure when compared to 398 

chromoplexy (35), in which random fragments from multiple chromosomes are linked in series. 399 

Large-scale inversions occur directly within telomeres in heterocateny, whereas BFBC events 400 

are attributable to absent telomeres (36). Similar to seismic amplification, HPV concatemers and 401 

rearrangements in heterocateny are associated with CNV step changes and increased 402 

expression of host genes such as MYC (5,37). However, CNV changes in seismic amplification 403 
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are attributable largely to recombination whereas our models indicate serial deletion events 404 

predominate in heterocateny. Recombination likely also contributes. 405 

Cancer evolution involves two essential processes: genetic variation and clonal selection 406 

(38). Comparisons of LR-Seq reads, as visualized in breakpoint plots in Figs. 2B, 4B, and 5B, 407 

for example, demonstrated extensive intratumoral genomic structural variation directly linked 408 

with HPV integrants. Our evolutionary models implicated these HPV integrants as the inducers 409 

of heterocateny across individual cells and subclones in each tumor. Collectively, our data and 410 

resulting models describe the selection of DNA segments containing a host oncogene or its 411 

regulatory elements by HPV integrants, e.g., MYC in Tumor 5 and cell lines GUMC-395 and 412 

HeLa, in addition to the viral oncogenes expressed in all HPV-positive cancers. Similarities 413 

between the structural variants observed at the MYC locus in HTEC, which was immortalized 414 

and clonally selected upon transfection with HPV16 in vitro, and those in Tumor 5, HeLa, and 415 

GUMC-395 provide compelling experimental evidence implicating heterocateny as a driver 416 

event in the evolution of human tumors. 417 

Overall, virus-virus and virus-host concatemers in ecDNA form showed more extensive 418 

heterocateny compared with those anchored into icDNA, implicating circular forms of ecDNA as 419 

active agents or substrates in heterocateny. Across primary tumors, several chromosomal loci 420 

affected by HPV integration lacked LR-seq support for anchoring of integrants into icDNA, 421 

suggesting they harbored ecDNA predominantly. In contrast, FISH analysis of cell lines 422 

demonstrated HPV integration in chromosomal DNA in every cell examined here and previously 423 

(2). Nevertheless, FISH, LR-seq and Circle-seq data from cell lines consistently suggested that 424 

integrated virus-virus and virus-host concatemers also occasionally undergo excision, forming 425 

HPV ecDNAs. Distinctions observed between primary cancers and cultured cells may be 426 

attributable to differences in numbers of ecDNAs maintained in different cellular contexts. For 427 

example, essential factors required to replicate and maintain HPV ecDNA may be 428 
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downregulated or lost upon derivation and growth of cell lines in vitro. Alternatively, primary 429 

cancer subclones harboring icDNA HPV integrants may benefit from selective growth 430 

advantages during cell line derivation. 431 

We note both similarities and differences between HPV-containing ecDNAs and HPV-432 

negative ecDNAs observed in neuroblastoma (39), glioma (40), and other cancers. The latter 433 

ecDNAs comprise very large (>1 megabase pair) circles (41) with unknown mechanisms of 434 

replication (42). Like HPV-containing ecDNAs, they frequently contain cellular oncogenes (e.g., 435 

MYC, EGFRVIII) (40,43). Such ecDNAs can increase intratumoral heterogeneity and facilitate 436 

rapid adaptation to selective environmental pressures, attributed to unequal replication and 437 

segregation of ecDNAs in daughter cells during mitosis (39,40,43,44). In contrast, HPV-438 

containing ecDNAs have the viral origin of replication and encode viral proteins including 439 

oncoproteins E6 and E7. These features may increase their stable maintenance as ecDNAs by 440 

facilitating replication, segregation, and tethering onto chromosomes during mitosis (45,46). 441 

Loss of HPV-containing ecDNAs would likely undergo strong negative selection because 442 

expression of E6 and E7 is necessary for the malignant phenotype. 443 

HPV undergoes two predominant modes of replication that depend upon the 444 

differentiation status of the infected cell (47-49). Maintenance replication in the basal epithelium 445 

occurs in S phase by bidirectional theta replication initiated from the viral origin and depends 446 

upon HPV E1 helicase and E2 transcriptional regulatory proteins. In contrast, rolling-circle 447 

replication and RDR occur in the G2/M phase, are less dependent on the viral origin, and are 448 

unidirectional (17,47,48). The latter two modes of replication depend upon E7- or E1-induced 449 

activation of the ATM-mediated DNA repair pathway (50). The virus-virus and virus-host 450 

concatemers observed here, which lacked SNVs or indels at the unit junctions (Supplementary 451 

Fig. S3.1A-C), likely resulted from E6/E7 expression, abrogation of the G1-S checkpoint, 452 

prolonged stalling of the cell cycle in G2, and rolling-circle replication or RDR (17). 453 
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Each primary cancer and cell line analyzed here provided a snapshot in time to inform 454 

our model for heterocateny (Fig. 7) (2). We acknowledge a lack of longitudinally collected 455 

cancers and data to validate the sequence of events. To date, we have not demonstrated that 456 

HPV ecDNA-mediated amplification of host oncogenes contributes directly to cancer formation 457 

or progression. Furthermore, despite many advantages over WGS data, including longer read 458 

length distributions and continuous sequences, LR-seq data still cannot determine whether the 459 

heterogeneous, repetitive virus-host concatemerized structures detected here were linked within 460 

the same, very long (>100 kb) molecules, co-existed within the same cells, and/or were 461 

segregated among distinct subclones. Our rigorous requirement for validation by multiple 462 

supporting ONT LR-seq reads may have underestimated the extent of molecular heterogeneity 463 

in each cancer. Although we observed evidence of heterocateny in all samples studied here, a 464 

larger sample size would be required to estimate the proportion of HPV-positive cancers with 465 

heterocateny.  466 

The model shown in Fig. 7 proposes mechanisms by which HPV integration induces 467 

formation of CNVs and SVs, extensive diversity, and heterocateny. We conclude that this 468 

structural variation is caused by HPV integration and does not reflect a preference for HPV 469 

integration at sites of pre-existing SVs and CNVs. These data extend our understanding of the 470 

consequences of HPV integration to include promotion of intratumoral heterogeneity and clonal 471 

evolution in human cancers. In addition, these findings may have broader implications for 472 

cancers caused by other DNA tumor viruses that integrate into host genomic DNA, including 473 

Merkel cell polyomavirus and hepatitis B virus (51-53). To our knowledge, neither the genomic 474 

structures of these cancers nor the potential of these viruses to induce heterocateny has been 475 

investigated using LR-seq to date. We speculate that aberrant firing of origins of replication 476 

endogenous to human chromosomes (54) also could induce various forms of genomic 477 

instability, potentially including heterocateny.  478 
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 479 

METHODS 480 

Cell lines and primary tumors 481 

HeLa (13) and 293T cell lines were obtained from ATCC. 93-VU-147T (VU147), GUMC-395, 482 

and HTEC were obtained from Drs. RD Steenbergen (11), Richard Schlegel (12), and John Lee 483 

(14), respectively. The cell lines were authenticated using short tandem repeat DNA profiling at 484 

The University of Texas MD Anderson Cancer Center cytogenetics and cell authentication core, 485 

and were tested periodically for mycoplasma using the MycoAlert PLUS mycoplasma detection 486 

kit (Lonza, LT07-703). Primary oropharyngeal cancer specimens were obtained with written 487 

informed consent from human subjects enrolled in a genomics study at The Ohio State 488 

University conducted in accordance with the Declaration of Helsinki and studied under approved 489 

Institutional Review Board protocols (OSU, MDACC) as described (5,22).  490 

 491 

Sequencing libraries and data generation 492 

Genomic DNA was extracted from cancer samples as previously described (22). For WGS, all 493 

samples were prepared for 2 x 150 bp paired end libraries for Illumina WGS sequencing (5). 494 

For LR-seq libraries, molecular weight distributions of genomic DNA samples were 495 

evaluated using a Femto Pulse pulse-field capillary electrophoresis system (Agilent; 496 

RRID:SCR_019498). To prepare PacBio libraries, genomic DNA was sheared with a 497 

Megaruptor (Diagenode) or Covaris g-tube to obtain >15-25 kb fragments. Resulting sheared 498 

DNA fragments were re-assessed using the Femto Pulse. Up to 5 μgs of DNA was used to 499 

prepare a SMRTbell library with a PacBio SMRTbell Express Template prep kit 2.0 (Pacific 500 

Biosciences of California). Briefly, single-stranded DNA overhangs were removed, DNA damage 501 

was repaired by end-repair and A-tailing, PB adapters were ligated, desired size fragments were 502 

purified using AMpure PB beads, and resulting CCS HiFi libraries were sized-selected in the 10-503 

50 kb fragment range using a BluePippin system (Sage Science; RRID:SCR_020505). LR-seq 504 
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data were generated on one SMRT cell 8M with v2.0/v2.0 chemistry on a PacBio Sequel II 505 

instrument (Pacific Biosciences; RRID:SCR_017990) with movie length of 30 hours. Circular 506 

consensus sequence (CCS) data files and high accuracy subreads were generated using SMRT 507 

Link software, v. 9.0.0 to 10.1.0 (RRID:SCR_021174). If yield was < 10x fold coverage, 508 

additional library aliquots were re-sequenced.  509 

For ONT libraries, samples containing high molecular-weight DNA fragments were 510 

sheared by passage 2-5 times (depending on starting material size distribution) through a 26.5-511 

gauge needle. DNA size distributions were assessed again with Femto Pulse. Five μg of DNA 512 

were used to prepare each ONT library with an Oxford Nanopore SQK-LSK-110 kit. Libraries 513 

were size-selected to remove shorter fragments using a Short Read Eliminator (SRE) kit 514 

(Circulomics). Sized libraries were sequenced on a PromethION 24 cell PROM0002 instrument 515 

(ONT; RRID:SCR_017987) for 3 days, including a nuclease flush performed at 24 h to increase 516 

yield. Base-calling, trimming of adapters and quality checking were performed using Guppy 517 

(Oxford Nanopore), resulting in FASTQ files.  518 

We prepared Circle-seq libraries from cultured cancer cells as described 519 

(https://doi.org/10.1038/protex.2019.006). Briefly, 5 μg of genomic DNA was purified from serial 520 

passages of each cell line by proteinase K digestion and phenol/chloroform extraction. DNA was 521 

treated with 0.2 units/ul Plasmid-Safe ATP-Dependent DNase (Epicentre) for 5 days at 37°C. A 522 

SYBR Green quantitative (q)PCR (Thermo Fisher Scientific) assay of a 173bp HBB amplicon 523 

and TaqMan qPCR (Life Technologies) assay of a 153bp ERV3 amplicon were used to confirm 524 

degradation of linear chromosomal DNA (i.e., expected cycle threshold values >35). Remaining 525 

circular DNA was amplified by Multiple Displacement Amplification using φ29 DNA polymerase 526 

and random hexamer primers using the Qiagen REPLI-g Mini kit (Qiagen, 150023). Magnetic 527 

bead-based purification was used to remove the polymerase and primers. Amplified circular 528 

DNA was sheared with ten cycles (on/off, 30/30) using a Bioruptor Pico with a cooler 529 

(Diagenode). Sequencing libraries were prepared using a NEBNext DNA Library prep kit (New 530 
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England Biolabs, E7805S) resulting in a target insert size of 250 bp as confirmed by 531 

TapeStation 4200 (Agilent; RRID:SCR_018435). Resulting DNA libraries were pooled at 10 nM 532 

and sequenced in 2 x 76-bp format (Illumina), resulting in >35 million read pairs per library. 533 

 534 

Bioinformatics analysis of sequencing data 535 

Global sequence alignment and analysis: WGS data (Illumina) were aligned against a hybrid 536 

human-HPV reference genome comprised of GRCh37 + 15 high-risk HPV type genomes 537 

(GRCh37 + HPV) (5). CNVs, SVs and breakpoints were detected as described (5,55). We 538 

previously validated our WGS pipeline for virus-host breakpoint calls with Sanger sequencing, 539 

which confirmed ~100% (2,5).  540 

PacBio and ONT reads were aligned globally against a hybrid GRCh37 + HPV16 541 

reference using Minimap2 version 2.17 (RRID:SCR_018550) (56), as part of PRINCESS 542 

version 1.0 (57). We selected default options appropriate to each sequencing platform (-x map-543 

pb and -x map-ont, respectively). For HeLa cell analysis, we used a hybrid GRCh37 + HPV18 544 

reference. Resulting alignments were compared against those from LRA version 1.3.2 (58), 545 

based on the same hybrid reference genomes indexed using the commands lra global, with lra 546 

align and option -CCC for PacBio HiFi data and with -ONT for ONT data. Comparable results 547 

were observed. SVs were identified from these global alignments using Sniffles v1.0.12 548 

(RRID:SCR_017619) (59) with or without a VCF file generated by Lumpy analysis of WGS short 549 

reads (option –Ivcf; RRID:SCR_003253). This step identified reads covering target regions of 550 

interest including clustered HPV insertional breakpoints (Supplementary Tables S2-S5). 551 

Local realignments and analysis: Breakpoints (i.e., virus-virus, virus-host, or host-host) 552 

that were detected with ≥20 Illumina short reads, ≥5 PacBio, and/or ≥5 ONT reads, and called 553 

by two or more of these platforms, were selected for further analysis. We defined boundaries of 554 

genomic segments by identifying sites of copy number transitions or discontinuous read 555 

alignments. Particular breakpoints that were best-supported by discordant or split WGS and/or 556 
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LR-seq reads were selected as segment-defining breakpoints to delineate host or virus DNA 557 

segments based on the reference human and HPV type-specific genomes. By contrast, other 558 

breakpoints included those that did not flank a copy number transition site or were <1 kb from a 559 

segment-defining breakpoint due to alignment constraints (Supplementary Tables S2-S5). 560 

Target regions of interest were defined by alignment of virus-host breakpoints against 561 

the human reference genome, and then we added +/- 50 kb of flanking genomic sequences. For 562 

local realignments, we extracted long reads that aligned in part or in total to the target regions. 563 

To facilitate local alignment, target regions of interest were extended by adding 1 Mbp of 564 

reference sequences up- and downstream (referred to as “pad” in Supplementary Tables S2-565 

S5). We used these coordinates to create a local reference sequence model for each sample 566 

locus as template for local re-alignments. Genomic coordinates of segments used for local 567 

realignments are listed in Supplementary Tables S2-S5. 568 

Realignments of extracted long reads against extended target regions were performed 569 

using Minimap2 (56). Reads with at least one segmental alignment > 1 kbp were included for 570 

further analysis. SVs in the realigned long reads were confirmed using Sniffles by alignment 571 

with these custom local sequence models (Supplementary Tables 2-5). Further local 572 

realignments were evaluated using a custom script to count numbers of long reads supporting 573 

individual segments and/or breakpoint junctions. Local realignments and qualities were 574 

visualized in alignment dotplots (e.g., Fig. 1) generated using pafR package 575 

(https://github.com/dwinter/pafr; RRID:SCR_023151). 576 

Reconstructing clonal evolution of virus-host concatemers and rearrangements: This 577 

analysis was restricted to informative ONT reads ≥20 kb in length that contained HPV and host 578 

DNA segments and breakpoints in a target region of interest. All breakpoints and segments in 579 

each read and their order in sequence were annotated. Further analysis was restricted to 580 

annotated patterns supported by three or more reads. To facilitate manual curation, DNA 581 

segments in LR-seq reads were visualized using block diagrams and breakpoints were 582 
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visualized using breakpoint plots. LR-seq reads were then sorted into groups based upon 583 

differences in annotated patterns of segments and breakpoints. 584 

To elucidate how annotated patterns in grouped LR-Seq reads from target regions of 585 

interest may be interrelated, grouped LR-Seq reads were serially ordered based upon the 586 

minimal number of additional DNA segments or breakpoints present when compared to the 587 

previous and subsequent group. The analysis was repeated until all LR-Seq groups from target 588 

regions of interested were included. 589 

After the grouped LR-Seq reads were ordered, differences in annotated patterns and 590 

genomic coordinates between groups were manually inspected at single-base pair resolution, 591 

using breakpoints as molecular barcodes, to infer a mechanism by which one group could be 592 

derived from the previously ordered group with the minimal number of events, including 593 

deletion, insertion, inversion, ecDNA excision, amplification by rolling-circle or recombination-594 

dependent replication, recombination, or translocation. We applied this examination within and 595 

across ordered groups of LR-Seq reads. This analysis was predicated upon a reasonable 596 

statistical assumption that a unique individual breakpoint occurred only once in time and would 597 

remain in downstream genomic structures unless they were deleted. Such a deletion would 598 

result in a novel breakpoint, prompting us to trace its molecular lineage. For some models, 599 

hypothetical intermediate structures were proposed to explain stepwise evolution of breakpoint 600 

patterns observed in LR-Seq reads. The sequence of inferred, ordered events were then used 601 

to create evolutionary models for each tumor or cell line. 602 

Bioinformatics analysis for ecDNA detection using Circle-seq data: To increase the 603 

accuracy of structural variant (SV) detection, we merged paired-end reads having ≥15 nt 604 

overlap between them to form longer, continuous single reads using BBMAP 605 

(https://sourceforge.net/projects/bbmap/) before alignment. Resulting merged reads were 606 

aligned to human reference genome GHCh37 + HPV16/18 genome by BWA v0.7.17 (60). SVs 607 

including duplications were called by Lumpy v 0.3.0 (RRID:SCR_003253) (55). Candidate 608 
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circular DNAs were detected by the following criteria: SVs (duplications as a marker of circular 609 

DNA) with ≥2 supporting reads; 95% coverage of regions flanked by SVs; and the mean depth 610 

of sequencing coverage in the amplified SV region was greater than that in the flanking region 611 

of the same length (61). 612 

Prediction of ecDNA and rearrangement structures by AmpliconArchitect (AA): We used 613 

20x coverage Illumina paired-end WGS data as input for AmpliconArchitect (v1.2) (21) 614 

(RRID:SCR_023150). First, reads were aligned against human GRCh37 + HPV reference 615 

genome using BWA, and highly amplified regions were selected using amplified_intervals script 616 

(option --gain: 4n, --cnsize: 1000 bp). We ran AmpliconArchitect using both EXPLORE mode 617 

and VIRAL mode and comparatively predicted virus-associated amplicons. We also ran 618 

AmpliconArchitect on virus-associated amplification regions using VIRAL_CLUSTERED mode 619 

for further resolution. Amplicon types were annotated using AmpliconClassifier (v0.3.8) and 620 

amplicons predicted as ecDNA-like circular structures were visualized using CycleViz (v. 0.1.1; 621 

RRID:SCR_023149). 622 

 623 

RNA-seq analysis 624 

Total RNA was extracted and strand-specific RNA-seq libraries were prepared and sequenced 625 

as previously described (22). RNA-seq reads (2 x 150 nt) were aligned against a custom, hybrid 626 

genome comprised of human GRCh37 reference with 13 appended HPV type genome 627 

sequences (2) using STAR aligner version 2.7.2 (RRID:SCR_004463) (62). For HPV transcript 628 

analysis, we calculated mean depth of coverage every 10 bp along the HPV16 or -18 reference 629 

genomes (NC_001526.3 and NC_001357.1) and normalized against total aligned read count 630 

per million. 631 

 632 

Fluorescence in situ hybridization (FISH) 633 
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Metaphase chromosomes were prepared from cultured cells by incubating them in 0.02 mg/ml 634 

Colcemid (Invitrogen; Grand Island, NY) for ~2 h. Cells then were incubated in hypotonic 635 

(0.075M) KCl solution and fixed in methanol/acetic acid (3:1). Slides were incubated at 37°C 636 

before FISH was performed. Biotinylated HPV probes were purchased from Enzo Life Sciences. 637 

Whole chromosome paint probes were generated in-house using PCR labeling techniques (63). 638 

To increase the signal of the HPV probe, the Tyramide SuperBoost kit (ThermoFisher Scientific) 639 

was used during detection. Slides were imaged on a Leica DM-RXA fluorescence microscope 640 

equipped with appropriate optical filters (Chroma) and a 63X fluorescence objective. Slides then 641 

were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) or with YOYO-1 (ThermoFisher 642 

Y3601). When HPV probe signal co-localized with YOYO-1 signal detecting DNA at 63x 643 

magnification, HPV-containing ecDNA was counted. In a proof-of-principle experiment, 293T 644 

cells were transfected with a pGEM-T vector (Promega A362A) engineered to contain or lack 645 

full-length HPV16, and processed as described above. 646 

 647 

Date availability 648 

Illumina WGS data and LR-seq data from all cancer samples and cell lines (with the exception 649 

of HeLa) were deposited at European Genome Archive (EGA; https://ega-archive.org/). The 650 

accession numbers are EGAD00001009630, EGAD00001009631, and EGAD00001009632. 651 

WGS and LR-seq data from HeLa cells were deposited at the database of Genotypes and 652 
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FIGURE LEGENDS 857 

Figure 1. LR-seq reads containing only HPV sequences revealed frequent HPV concatemers 858 

with and without structural variants in multiple cancers and cell lines. A-D, Shown are (top, y-859 

axis) read count histograms and (bottom, y-axis) plots of the distance (Δ) between 5’ and 3’ 860 

mapped coordinates when HPV-only ONT reads were aligned against the HPV16 reference 861 

genome for (A) Tumor 1, (B) Tumor 2, (C) Tumor 3, and (D) VU147 cell line. X-axis, top and 862 

bottom panels, ONT read lengths in kilobase pairs (kb); n, number of aligned ONT reads. 863 

Bottom, heatmap, read counts. E, Schematic depicting distance Δ between read 5’ and 3’ ends 864 

(based on half-maximal genome unit circumference, 7906 bp ÷ 2). Grey, top and bottom, two 865 

ONT reads aligned against (red) a one-unit circle of the HPV16 genome. F, Representative 866 

ONT reads from samples in panels A-D aligned against concatemeric HPV genomes. X-axis, 867 

dashed lines, ~7.9-kb HPV genome unit length; black arrows, orientation of HPV genome from 868 

coordinate 1 to 7906. G, Dotplots depict (light gray) alignments of (x-axis) representative ONT 869 

reads from VU147 cells of variable lengths against (y-axis, arrow) one ~7.9-kb HPV genome 870 

unit. DUP, duplications; DEL, deletions; INV, inversions; colored circles, sites of discordant or 871 

split reads supporting a breakpoint. H, Virus-only VU147 ONT reads shown as (top) block 872 

diagrams and (bottom) breakpoint plots, grouped by presence of unique virus-virus breakpoints. 873 

Red lines, HPV genome (vertical black ticks, HPV reference coordinate 0; vertical white ticks, 874 

HPV rearrangement); colored dots, numbers, inset key, breakpoints; numbers below block 875 

diagrams, group-defining breakpoints. See also Supplementary Figs. S2.2 and S2.3. 876 

 877 

Figure 2. HPV integration induced intratumoral heterogeneity and clonal evolution. Analysis of 878 

LR-seq reads from Tumor 4 revealed shared breakpoint patterns and extensive heterogeneity in 879 

virus-virus and virus-host DNA structures. A, Depths of sequencing coverage, estimated copy 880 

number, and breakpoints at HPV integration sites at (left to right) Chrs. 5p, 5q, and Xp and in 881 

the HPV16 genome, as indicated. Top, IGV browser display of (y-axis, blue) WGS coverage; 882 
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middle (red) virus-host and (gray) host-host or virus-virus breakpoints at chromosomal 883 

coordinates. Bracketed numbers, range of aligned sequence read counts; numbers above WGS 884 

coverage, estimated copy number; circles, numbers, identifiers of each (top) segment-defining 885 

and (bottom) segment non-defining breakpoint (see Supplementary Table S2.1). Bottom, left, 886 

genomic segments defined by breakpoints (see Supplementary Table S2.2); right, HPV genes. 887 

B, ONT reads ≥20 kb are shown as (top) block diagrams and (bottom) breakpoint plots. Groups 888 

A1-A10 are defined by shared breakpoint patterns based on breakpoint IDs specified below 889 

block diagrams. Red blocks, HPV genome; vertical black lines, HPV reference coordinate 0; 890 

white vertical lines, HPV rearrangement; colored blocks, host genome segment as indicated in 891 

panel A. Breakpoint plots within groups also display further heterogeneity characteristic of 892 

heterocateny. Red lines, HPV genome; vertical red ticks, HPV reference coordinate 0; gray 893 

lines, host DNA segments; colored dots, numbers, inset key, breakpoints. Numbers in 894 

parentheses, counts of reads in group, from which representative reads were selected for 895 

presentation. 896 

 897 

Figure 3. A model of heterocateny depicts how groups of structural variants could evolve from a 898 

common molecular ancestor. Block diagrams (e.g., A1, A2, A3), representative ONT reads as in 899 

Fig. 2B; brackets, hypothetical intermediate structures; gray, deletions; green, insertions; tan, 900 

ecDNA excisions; dashed lines, circularized segments; circular arrow, amplification; block 901 

colors, segments defined in Fig. 2A and B. 902 

 903 

Figure 4. Heterocateny disrupted the EP300 locus and Chr. 4p15 in Tumor 2. A, Depths of 904 

sequencing coverage, estimated copy number, and HPV insertional breakpoints at (left to right) 905 

the EP300 gene locus at Chr. 22q13.2 and in the HPV16 genome as indicated (see legend of 906 

Figure 2, panel A and Supplementary Tables S3.1 and S3.2 for more details). B, ONT reads of 907 

length ≥20 kb shown as (top) block diagrams or (bottom) breakpoint plots. Groups B1-B10 are 908 
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defined by the breakpoint patterns per breakpoint IDs specified below block diagrams. Red 909 

blocks, HPV genome; vertical black lines, HPV reference coordinate 0; white vertical lines, HPV 910 

rearrangement; arrowhead, inverse orientation; colored blocks, host genome segment as 911 

indicated in panel A. Breakpoint plots within groups display further heterogeneity characteristic 912 

of heterocateny. Red lines, HPV genome; vertical red ticks, HPV reference coordinate 0; gray 913 

lines, host DNA segments; colored dots, numbers, inset key, breakpoints. Numbers in 914 

parentheses, counts of reads in group, from which representative reads were selected for 915 

presentation. C, Depths of sequencing coverage, estimated copy number, and virus-host 916 

breakpoints at Chr. 4p15 in Tumor 2 as per panel A. D, Block diagram (top) for a virus-host 917 

concatemer in icDNA in Chr. 4 supported by (bottom) representative LR-seq reads ≥20 kb 918 

depicted as breakpoint plots. Breakpoint 17 is shared by concatemers at both chromosomal loci.  919 

 920 

Figure 5. Intratumoral heterogeneity and clonal evolution are observed in LR-seq reads at 921 

MYC in GUMC-395 cells. A, Depths of sequencing coverage, estimated copy number, and 922 

breakpoints at HPV integration sites at (left to right) Chr. 8q24.21 (MYC and PVT1 genes) and 923 

in HPV16, as indicated (see legend of Fig. 2A and Supplementary Tables S4.1 and S4.2 for 924 

more details). B, ONT reads of length ≥20 kb shown as (top) block diagrams or (bottom) 925 

breakpoint plots. Structural variant groups D1-D9 are defined by the breakpoint patterns per 926 

breakpoint IDs specified below block diagrams. Red blocks, HPV genome; vertical black lines, 927 

HPV reference coordinate 0; colored blocks, host genome segment as indicated in panel A. 928 

Breakpoint plots within groups display further heterogeneity characteristic of heterocateny. Red 929 

lines, HPV genome; vertical red ticks, HPV reference coordinate 0; gray lines, host DNA 930 

segments; colored dots, numbers, inset key, breakpoints. Numbers in parentheses, counts of 931 

reads in group, from which representative reads were selected for presentation. C, Schematic 932 

depicts potential evolution of structural variant groups in panel B from a common molecular 933 

ancestor. Black X, site of potential homologous recombination; brackets, hypothetical 934 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-22-0900/3265473/cd-22-0900.pdf by C

old Spring H
arbor Laboratory user on 10 February 2023



38 
 

intermediate structures; gray, deletions; green, insertions; tan, ecDNA excisions; dashed lines, 935 

circularized segments; circular arrow, amplification; block colors, segments defined in panel A. 936 

D, Schematic supported by LR-seq reads depicts a stepwise model by which insertion of a 937 

virus-host concatemer containing MYC is followed by Chr. 8 duplication, inversion of Chr. 8q, 938 

chromosomal translocation between centromeres of Chr. 8 and Chr. 21 resulting in 939 

t(8;21)(q24;q11), and duplication of this translocation. White arrowhead, inverse orientation. 940 

 941 

Figure 6. HPV integration in HeLa cells and human tonsillar epithelial cells (HTEC) 942 

induced CNV, SV, and intrachromosomal rearrangements. Virus-host concatemers in icDNA 943 

lead to chromosomal instability in HeLa (A-D) and HTEC (E-G) cells. A, Depths of sequencing 944 

coverage, estimated copy number, and breakpoints at HPV integration sites in HeLa at (left to 945 

right) Chr. 8q24.21 (upstream of MYC) and in the HPV18 genome, as indicated (see legend of 946 

Fig. 2A and Supplementary Tables S5.1 and S5.2 for more details). B and C, Top, block 947 

diagrams depicting concatemerized HPV integrants and rearrangements (B) integrated into 948 

flanking intrachromosomal segments at Chr. 8q24 and (C) joining Chr. 22 and Chr. 8 at a 949 

translocation. Red blocks, HPV genome; vertical black lines, HPV reference coordinate 0; 950 

arrowhead, inverse orientation; colored blocks, host genome segment as indicated in panel A. 951 

Bottom, breakpoint plots of representative ONT reads ≥20 kb supporting each block diagram. 952 

Many of the ONT reads demonstrate intrachromosomal integration as they directly connect 953 

concatemers with flanking host DNA segments A (left) and F (right). Red lines, HPV genome; 954 

vertical red ticks, HPV reference coordinate 0; gray lines, host DNA segments; colored dots, 955 

numbers, inset key, breakpoints. D, Stepwise model depicting molecular evolution of Chr. 8, 956 

starting with insertion of a virus-host concatemer (inset) into Chr. 8q24.21, likely by homologous 957 

recombination, followed by chromosomal translocation to the telomere of Chr. 22 and then to 958 

the centromere of Chr. 5. E, Depths of sequencing coverage, estimated copy number, and 959 

breakpoints at HPV integration sites in HTEC at (left to right) Chr. 8q24.13 (upstream of MYC) 960 
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and in the HPV16 genome, as indicated (see legend of Fig. 2A and Supplementary Tables S5.5 961 

and S5.6 for more details. F, ONT reads (bottom, breakpoint plots) supporting integration of a 962 

virus-host concatemer in icDNA at Chr. 8q24.13 (top, block diagram). G, Left to right, stepwise 963 

model depicting molecular evolution of Chr. 8 in HTEC in vitro, starting with insertion of a virus-964 

host concatemer (inset) into Chr. 8q24.13, likely by homologous recombination, followed by 965 

chromosomal duplication and development of isochromosome 8. 966 

 967 

Figure 7. A model of HPV heterocateny development, depicting highly diverse but related 968 

genomic rearrangements including CNVs and SVs at HPV integration sites, is derived 969 

from multiple lines of evidence. (1) Rolling-circle replication of HPV episomes results in (2) 970 

unstable virus genome ecDNA concatemers that (3) acquire structural rearrangements and (4) 971 

integrate into chromosomes at sites of double-strand DNA breaks. (5) Dynamic excision of virus 972 

with captured host DNA leads to (6) serial rounds of amplification of ecDNA by rolling-circle or 973 

recombination-dependent replication and recombination events between host and/or HPV 974 

segments in the same cells, driving (7) HPV heterocateny and thus intratumoral heterogeneity 975 

and clonal evolution. (8) Insertion of ecDNA by recombination into chromosomes (likely through 976 

homology-directed repair) can induce (9) chromosomal inversions (INV) and translocations 977 

(TRA). (10) Occasional additional rounds of excision may produce more diverse HPV ecDNAs. 978 
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Fig. 1 - Akagi, et al.
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Fig. 2 - Akagi, et al.
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Fig. 3 - Akagi, et al.
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Fig. 4 - Akagi, et al.
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Fig. 5 - Akagi, et al.
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Fig. 6 - Akagi, et al.
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Fig. 7 - Akagi, et al.
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