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

positive cancers, but the consequences for chromosomal integrity are unknown.
Continuous long-read sequencing of oropharyngeal cancers and cancer cell lines identified a previously
undescribed form of structural variation, “heterocateny, characterized by diverse, interrelated, and
repetitive patterns of concatemerized virus and host DNA segments within a cancer. Unique breakpoints
shared across structural variants facilitated stepwise reconstruction of their evolution from a common
molecular ancestor. This analysis revealed that virus and virus-host concatemers are unstable and, upon
insertion into and excision from chromosomes, facilitate capture, amplification, and recombination of
host DNA and chromosomal rearrangements. Evidence of heterocateny was detected in extrachromo-
somal and intrachromosomal DNA. These findings indicate that heterocateny is driven by the dynamic,
aberrant replication and recombination of an oncogenic DNA virus, thereby extending known conse-
quences of HPV integration to include promotion of intratumoral heterogeneity and clonal evolution.

Long-read sequencing of HPV-positive cancers revealed “heterocateny, a previously
unreported form of genomic structural variation characterized by heterogeneous, interrelated, and
repetitive genomic rearrangements within a tumor. Heterocateny is driven by unstable concatemerized
HPV genomes, which facilitate capture, rearrangement, and amplification of host DNA, and promotes

intratumoral heterogeneity and clonal evolution.

See related commentary by McBride and White, p. 814.

INTRODUCTION

Human papillomavirus (HPV) causes more than 630,000
cancers worldwide each year, including anogenital and oro-
pharyngeal squamous cell carcinomas (1). Early in infection,
the viral genome is maintained as an ~8-kilobase pair (kb)
extrachromosomal circular DNA (ecDNA)—that is, an episome.
In a majority of subsequent cancers, HPV DNA has integrated
into the host genome, connecting viral and cellular DNAs at
breakpoints (2-5) in intrachromosomal DNA (icDNA) and/
or ecDNA forms (6). HPV integration promotes tumorigenesis
by increasing expression and stability of transcripts encoding
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the E6 and E7 oncoproteins (7), which target tumor suppres-
sors p53 and pRb for degradation, respectively (8, 9). Recent
whole-genome sequencing (WGS) analyses of cervical and oro-
pharyngeal cancers revealed that HPV integrants are enriched in
genomic regions with structural variants (SV) and copy-number
variants (CNV; refs. 2, 4, 5, 10). Diverse genetic consequences of
HPV integration have been identified, including dysregulated
host gene expression near integrants (2-5).

An improved understanding of the mechanisms by which
HPV integration leads to SVs, CNVs, and aberrant host gene
expression depends upon enhanced resolution of genomic
sequence variants and their connectivity. To resolve the
structures of genomic rearrangements flanking HPV integra-
tion sites, we conducted continuous long-read sequencing
(LR-seq) of HPV-positive oropharyngeal cancers and human
cell lines. This analysis revealed a form of genomic structural
variation, which we named “heterocateny” (for “variable
chain”). Heterocateny is characterized by diverse, interre-
lated, and repetitive patterns of concatemerized virus and
host DNA segments within a tumor. Evolutionary models
based on LR-seq data explained heterocateny as the conse-
quence of aberrant host DNA replication and recombina-
tion induced by HPV integration. We conclude that HPV
integration promotes intratumoral heterogeneity and clonal
evolution.

RESULTS

Our analysis of 105 HPV-positive oropharyngeal cancers
by WGS identified HPV-host breakpoints that directly flank,
bridge, or map within host genomic regions enriched with
SVs and CNVs (5). To resolve genomic rearrangements at
sites of HPV integration, here we used Illumina WGS and two
forms of LR-seq, PacBio HiFi and Oxford Nanopore Technol-
ogies (ONT). These methods were chosen because they yield
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high-resolution reads with few errors at a single-nucleotide
level (WGS, PacBio) or longer, continuous reads that can span
across genomic features, including repetitive elements, for
tens of kilobases (ONT). Given the expected lengths of ONT
reads, we selected five HPV-positive primary oropharyngeal
cancers and four cell lines, each with virus-host breakpoints
that were mapped by WGS to CNV target regions with copy
number (CN) 24n and/or SVs with breakpoints <60 kb
apart. Of the 105 oropharyngeal tumors studied by WGS,
CNVs with CN 24n were observed within 1 megabase pair
(Mbp) of HPV insertional breakpoint(s) in 45% of tumors
with an integrated virus (5). Cell lines included 93-VU-147T
(hereafter VU147; ref. 11), GUMC-395 (12), HeLa (13), and
HTEC (14). Details about distributions of read lengths and
depths of sequencing coverage are provided in Supplemen-
tary Figs. S1.1-S1.4 and Supplementary Tables S1.1 and S1.2.

Extensive Concatemerization and Variation of HPV
Genomic DNA

After initial infection, HPV is maintained as an ~7.9-kb
ecDNA episome in cell nuclei. Therefore, we evaluated the tech-
nical ability of both LR-seq approaches to capture and identify
small circular DNA molecules, using the endogenous, ~16.5-
kb circular mitochondrial DNA (mtDNA) genome as a proxy.
Histograms of ONT mtDNA reads displayed frequency peaks
at 16.5 and 33 kb (Supplementary Fig. S2.1A-S2.1] and Sup-
plementary Table S1.1). Plots of the distance between the
5" and 3’ ends of mapped reads were within 100 base pairs (bp)
in the reference mtDNA genome, indicating predominantly
one- and two-unit circular mtDNA genomes. This analysis con-
firmed the ability of LR-seq to detect ecDNAs, determine their
lengths, and identify head-to-tail tandem repeats.

Comparable analysis of ONT reads mapped to the HPV
reference genome revealed read lengths frequently exceed-
ing ~7.9 kb (Fig. 1A-D, top; Supplementary Fig. S2.2A and
S2.2B, top). Plots of the distance between the 5" and 3’ ends of
mapped reads (Fig. 1E) indicated a predominance of single-
unit HPV episomes in one primary cancer (Fig. 1A, bottom,
tumor 1) and multiunit, head-to-tail virus-virus concatem-
ers in others (Fig. 1A-D, bottom, Fig. 1F; Supplementary
Fig. S2.2A and S2.2B, bottom), consistent with recent reports
(ref. 15; bioRxiv 2021.10.22.465367).

In contrast to mtDNA, ONT reads of HPV genomes deviated
more frequently from the expected unit lengths (i.e., multiples
of ~7.9 kb; Fig. 1A-D, bottom), revealing rearrangements in virus
DNA. All unique virus-virus breakpoints were confirmed by at
least two and almost always by all three sequencing platforms,
arguing against technical artifacts (ref. 16; Supplementary
Tables S2.1, S3.1, $3.3, S3.5, S4.1, S5.1, S5.3, and S5.5). Align-
ment of ONT reads from VU147, tumor 2, and tumor 3 against
an HPV16 template model revealed rearrangements including
tandem duplications, deletions, and inversions (Fig. 1G; Sup-
plementary Fig. S2.3A and S2.3B). The seven unique virus-virus
breakpoints detected in VU147 were each assigned a numerical
identifier (i.e., 1-7). To facilitate pattern recognition, DNA seg-
ments in LR-seq reads were visualized using block diagrams and
breakpoints were visualized using breakpoint plots (Fig. 1H).
The HPV reference genome coordinate of 0 was depicted as
black or red vertical lines in these and all subsequent visualiza-
tions (Figs. 1-6). Numerous, diverse rearrangements in HPV

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

Identification of Heterocateny, a Unique Form of
Structural Variation

Extending our analysis beyond virus-only LR-seq reads, we
found that tumor 4 harbored a total of 22 unique breakpoints
flanking regions of CNVs and SVs on Chrs. 5p13, 5q14, and
Xp22, including 14 HPV-host, five host-host, and three
virus-virus breakpoints (Fig. 2A; Supplementary Table S2.1).
Rearrangements included two chromosomal translocations:
t(5;X)(p13;p22) and t(5;X)(q14;p22). To facilitate resolution
of genomic structural rearrangements as covered by ONT
reads, the breakpoints that were best supported by discordant
or split WGS and/or LR-seq reads were selected as segment-
defining breakpoints. This allowed us to delineate host or
virus DNA segments based on the reference human and HPV
type-specific genomes (Supplementary Table S2.2).

Tumor 4 harbored ~171 HPV16 genome copies per hap-
loid genome, as estimated from WGS. Virus-virus concate-
mers comprising up to six tandem HPV16 genomes were
detected (Fig. 2B, group Al), but HPV nucleotides 5,144
to 7,906 plus 1 to 776 were deleted intermittently from
adjoining viral genome units, forming a unique, recurring
virus-virus breakpoint (i.e., breakpoint 20; Fig. 2B, group
A2; Supplementary Table S2.1). ONT reads with lengths >20
kb (N = 178) revealed rearranged virus-host structures in
which distinct segments of Chr. X (e.g,, XB and XD) and/
or Chr. 5 (e.g.,, 5B, SE, and 5G) were inserted precisely where
viral genome segments were deleted (Fig. 2B, groups A3-10).
Individual molecules displayed specific patterns of virus and/
or host DNA segments and breakpoints, which in some
cases were repeated in series (Fig. 2B, groups A6, 9, 10).
These diverse patterns were analogous to those observed in
the virus-only ONT reads of VU147 (Fig. 1H). We clustered
tumor 4 reads into groups based on key distinct breakpoints
(Fig. 2B, groups A1-10). Both within and between these read
groups, breakpoint patterns diverged markedly, demonstrat-
ing extensive intermolecular heterogeneity. Distinct patterns
of breakpoints and segments defining a group were occasion-
ally linked with other group patterns in individual molecules.
For example, breakpoint 13 in group A3 was also connected
to breakpoints 12 and 14 in group AS (Fig. 2B).

We used the unique breakpoints and patterns shared
across heterogeneous structures in tumor 4 as molecular
barcodes to reconstruct genomic structural evolution from
a common molecular ancestor (Methods). According to the
resulting mechanistic model, insertion of concatemerized
HPV genomes initially occurred at the host DNA segment
XC deletion site on Chr. X (Fig. 3). During their subsequent
excision from Chr. X, these concatemerized HPV genomes
captured host DNA and formed ecDNA, which was then
inserted into Chr. 5p and 5q (Fig. 3). Shared virus and host
DNA segments and breakpoints were linked in series in recur-
rent patterns but lacked single-nucleotide variants (SNV) or
small insertions/deletions (indel; Supplementary Fig. S3.1A-
S3.1C), consistent with a formation mechanism involving
homologous recombination and intermittent high-fidelity
amplification by rolling-circle replication or recombination-
dependent replication (RDR; refs. 17-20).
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Figure 1. LR-seqreads containing only HPV sequences revealed frequent HPV concatemers with and without SVs in multiple cancers and cell lines. A-D, Shown
are read count histograms (top, y-axis) and plots of the distance (A) between 5’ and 3’ mapped coordinates (bottom, y-axis) when HPV-only ONT reads were
aligned against the HPV16 reference genome for tumor 1 (A), tumor 2 (B), tumor 3 (C), and VU147 cell line (D). X-axis, top and bottom panels, ONT read lengths
in kb; n, number of aligned ONT reads. Bottom, heat map, read counts. E, Schematic depicting distance A between read 5" and 3’ ends (based on half-maximal
genome unit circumference, 7,906 bp +2). Top and bottom, two ONT reads (gray) aligned against a one-unit circle of the HPV16 genome (red). F, Representative
ONT reads from samples in A-D aligned against concatemeric HPV genomes. X-axis, dashed lines, ~7.9-kb HPV genome unit length; black arrows, orientation of
HPV genome from coordinates 1 to 7,906. G, Dot plots depict alignments (light gray) of representative ONT reads from VU147 cells of variable lengths (x-axis)
against one ~7.9-kb HPV genome unit (y-axis, arrow). DUP, duplications; DEL, deletions; INV, inversions; colored circles, sites of discordant or split reads sup-
porting a breakpoint. H, Virus-only VU147 ONT reads are shown as block diagrams (top) and breakpoint plots (bottom), grouped by the presence of unique virus-
virus breakpoints. Red lines, HPV genome (vertical black ticks, HPV reference coordinate O; vertical white ticks, HPV rearrangement); colored dots, numbers,

and inset key, breakpoints; and numbers below block diagrams, group-defining breakpoints. See also Supplementary Figs. S2.2 and S2.3.
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Figure 2. HPVintegration induced intratumoral heterogeneity and clonal evolution. Analysis of LR-seq reads from tumor 4 revealed shared break-
point patterns and extensive heterogeneity in virus-virus and virus-host DNA structures. A, Depths of sequencing coverage, estimated copy number, and
breakpoints at HPV integration sites at Chrs. 5p, 5q, and Xp and in the HPV16 genome as indicated. Top, Integrative Genomics Viewer browser display of
WGS coverage (y-axis, blue); middle, virus-host (red) and host-host or virus-virus (gray) breakpoints at chromosomal coordinates. Bracketed numbers,
range of aligned sequence read counts; numbers above WGS coverage, estimated copy number; and circles and numbers, identifiers of each segment-
defining (top) and segment-nondefining (bottom) breakpoint (see Supplementary Table S2.1). Bottom, host genomic segments defined by breakpoints
(see Supplementary Table S2.2) and host or HPV genes. (continued on following page)

Counts of reads supporting the integration of rearranged
virus-host concatemers into flanking chromosomal DNA
were very low in tumor 4. Therefore, we inferred that the
numerous virus-host concatemers observed in this tumor
mostly occurred as ecDNA. Notably, predictions for ecDNA
made by AmpliconArchitect software (21) were oversimplified
and inaccurate compared with the virus-host concatemers we
detected by LR-seq (Fig. 2B; Supplementary Fig. S3.2A-S3.2H),
likely due to inherent limitations of short-read WGS data.

In sum, tumor 4 LR-seq data revealed a striking degree
of genomic structural variation flanking virus-host break-
points, characterized by diverse, interrelated, and repetitive
patterns of virus and host DNA segments and breakpoints.
We named this form of genomic structural variation “hetero-
cateny.” Multiple independent lines of evidence for hetero-
cateny were observed in all cancers and cell lines studied, as
described below.

Tumor 2 harbored a total of 23 breakpoints, including 14
virus-host, four host-host, and five virus-virus, at the ~60-kb

EP300 locus on Chr. 22q13.2 (Supplementary Table S3.1).
EP300 is frequently inactivated by somatic mutation in HPV-
positive oropharyngeal cancers (22). Of the breakpoints, 14
were chosen as segment-defining breakpoints (Fig. 4A; Sup-
plementary Table S3.2). As done for tumor 4, we used key
breakpoints to sort ONT reads into groups (Fig. 4B). ONT
reads (N = 154) supported concatemers with multiple tan-
dem full-length HPV genome units interspersed with tandems
lacking nucleotides 7,065 to 7,906 and 1 to 2,312 (breakpoint
17; Fig. 4B, group B2). Virus concatemers containing break-
point 17 were detected in series with EP300 segments (Fig. 4B,
groups B3-10). Structural heterogeneity within and between
read groups, analogous to that in tumor 4 (Fig. 2B), provided
further evidence of heterocateny. Per the model based on
LR-seq data, these structures evolved from a clonal ancestor
by sequential events, including insertion of concatemerized
HPV genomes, ecDNA excision, copy-number amplifications,
and additional rearrangements such as serial deletions (Sup-
plementary Fig. S4.1). No WGS or LR-seq reads supported

914 | CANCER DISCOVERY APRIL 2023

AACRJournals.org

€202 1udy €0 Uo Jasn Jsjuad Jaoued uosiepuy AN Aq 1pd 0L6/LSL6LEE/0LE/Y/E LAPd-ajonie/Aionoosipiaoues/biosjeuinolioee/:dyy woly papeojumod



HPV Integration Drives Heterocateny RESEARCH ARTICLE

B A1 (n=14) A4 (n=3) A7 (n=6) A9 (n=33)
XD XE 5A XD 5E XD XD XD XD
8 o T j— THE e
14 2 79
+———— ———t—t — = G0 }=—t=0-C—0 =0~ -
— e —_—t - +eo (=0
+——t——t T —_— +=o C-o
——f———i= e E— -2 C—o
et - e +
i —0t—e- » C=o +—i—o
—+——— A5 (n=12) e @ Hdo—a 9 C=® 4—i—
—— =9 =t
B XD XB :
e [ e— |
i o2 P A8 (n=34) +C—o- +-o
oo oo XD 5BXDS5B o
=ttt 3 6 - 0 (=0-0-C-C=o
A2 (n=13) ———t—e0 o «+o - C=9-0 C- C—
T —t—t—eo— “C(=9-0 C-C~ o
20 - o Jo—¢ & - g
— S PN TIPS *—¢ & & Ho— . . 5
T« o to— « O C=0- (=0~ g
ettt —t— —+o—eo to—¢ & = ()=
e ——e0—— L g o =9 C- %
- & +o— S
== —p—t—i{—00 o & +o- . 3_
— to—o — - Z
o * * = ()=~ g
e =0 (\=—+=0- (= 2
i A6 (n=39) <o ®+ %.
+——— XD XD XD XD o to—ac o —o-C- o 5
+ ——— N N N e —e & = @ O G >
14 19 ’ 5
=0 t—i—®- =0 10 . <
_ o +—o- - - +o—ew —-cal )
A3 (n=14) <= o do—en o - Bnat-ntad
XB o8 o : §
— ] | ‘o © @
3 . o o e T et o —o —o 8
e =0 =0 +—o- + —Cs & g
O = o +—o +o —. (=9 0 <
o—+——t - o +o . oo 2
O —o—o— . : —<eci—eo - ' 3
. Q
— Of—f—imo— - o + «i—e o - e +C 2
& =0 + ° ° - £
@it o o + e o o i 2
o e —q & 1o =3
——t— @
e e et “tih A10 (n=10) 2
e o
ek - O =0 =0 1o XD 5G XD 2
- < & o— S
® @ =@ F=@- +=@ o jo— 10 11 3
“e e o +eo o o E
T T 1 E— —+o 0  +o + g
0 20 40 60 (kb) - oo+ —— 0 =
-+e +o o - S
- At @
- o +o o o —o o0  — z
I HPV genome (1 unit) = e =i = HPV genome (1 unit) - o o e
. . . -+ e o ]
Il Virus—virus breakpoint . —— === Host genome .- o >0 :Q
Breakpoints é
’ 2 4 o5 8 ®7 ©10 ® 13 15 @17 19 | ®20 22 §
®3 ®6 ©12 9 11 ® 14 @16 18 o 21 z
7]
5p host—host 5p host—virus Chr. 5-X host-host | 5q host-virus Xp host—virus Virus—virus §
g
g
Figure 2. (Continued) B, ONT reads >20 kb are shown as block diagrams (top) and breakpoint plots (bottom). Groups Al to A10 are defined by shared N
breakpoint patterns based on breakpoint IDs specified below block diagrams. Red blocks, HPV genome; vertical black lines, HPV reference coordinate 0; &

white vertical lines, HPV rearrangement; and colored blocks, host genome segment as indicated in A. Breakpoint plots within groups also display further
heterogeneity characteristic of heterocateny. Red lines, HPV genome; vertical red ticks, HPV reference coordinate 0; gray lines, host DNA segments;
and colored dots, numbers, and inset key, breakpoints. Numbers in parentheses, counts of reads in group from which representative reads were selected
for presentation.

the integration of virus-host structures into Chr. 22q13.2, host sequences at Chr. 4p15.31 (Fig. 4C; Supplementary
suggesting that virus-host concatemers containing EP300 Table S3.1). Detection of the same breakpoint 17 both in Chr.
fragments occurred predominantly or exclusively as ecDNA. 4 (Fig. 4D) and at the Chr. 22 EP300 locus indicated that the

Interestingly, ONT reads in tumor 2 independently identi- virus-host concatemers at these two distinct sites were clon-
fied the integration of virus-host concatemers into flanking ally related. This example demonstrated that concatemers
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Figure 3. Amodel of heterocateny depicts how groups of SVs could evolve from a common molecular ancestor. Block diagrams (e.g., A1, A2, and A3),
representative ONT reads as in Fig. 2B; brackets, hypothetical intermediate structures; gray, deletions; green, insertions; tan, ecDNA excisions; dashed
lines, circularized segments; circular arrow, amplification; and block colors, segments defined in Fig. 2A and B.

can coexist as ecDNA and as icDNA integrants within the
same tumor and that the same breakpoint can be found in
both forms of genomic DNA.

Virus-host concatemers detected in tumor 5 mapped near
or included the cancer driver gene MYC on Chr. 8q24.21,
a hotspot for HPV integration in oropharyngeal (5) and
cervical cancers (23). We identified six breakpoints, three
virus-host and three host-host (Supplementary Table S3.3),
which were selected to delineate host segments A through
J at MYC (Supplementary Fig. S4.2A and Supplementary
Table S3.4). Although HPV concatemers were not detected,
a deletion at HPV nucleotides 1,803 to 2,170 was identified.
We detected 110 ONT reads (each 220 kb) defining SVs at
the MYC locus. Of these, 98 (88%) supported a genomic
rearrangement in which MYC was duplicated at least twice
in tandem (segment E, Supplementary Fig. S4.2B). Less
common but related SVs were derived from this ancestral
molecule by recombination events. Because no reads sup-
ported the integration of virus-host concatemers into adja-
cent chromosomal DNA, they likely existed predominantly

in ecDNA form. As this tumor harbored ~20 HPV16 genome
copies per haploid genome, each cell may have contained a
range of ecDNA molecules with lengths commensurate with
numbers of linked HPV units (Supplementary Fig. S4.2C).
The relative homogeneity of ecDNA structure in tumor 5,
relative to tumors 4 and 2 above, is consistent with a selec-
tive, clonal growth advantage conferred by the captured
MYC oncogene.

In tumor 3, HPV16 episomes ranging from one to six
genome units predominated (Fig. 1C and F). Five virus-host
breakpoints mapped to a gene-rich region on Chr. 3q27.1
(Supplementary Fig. S4.2D; Supplementary Tables S3.5 and
$3.6), and LR-seq data supported insertion of a virus con-
catemer at this locus (Supplementary Fig. S4.2E and S4.2F).
Relatively low read counts and few derivative rearrange-
ments (Supplementary Fig. S4.2E, groups E3-5) suggested
that ecDNA excision and recombination likely occurred in a
subclonal cell population. Tumors S and 3 thus comprised
dominant clonal or subclonal cell populations, respectively,
harboring ecDNAs induced by HPV integration.

>

Figure 4, Heterocateny disrupted the EP300 locus and Chr. 4p15 in tumor 2. A, Depths of sequencing coverage, estimated copy number, and HPV
insertional breakpoints at the EP300 gene locus at Chr. 22q13.2 and in the HPV16 genome (left to right) as indicated (see legend of Fig. 2A and Sup-

plementary Tables 53.1 and 53.2 for more details). B, ONT reads of length =20 kb shown as block diagrams (top) or breakpoint plots (bottom). Groups

B1 to B10 are defined by the breakpoint patterns per breakpoint IDs specified below block diagrams. Red blocks, HPV genome; vertical black lines, HPV
reference coordinate 0; white vertical lines, HPV rearrangement; arrowhead, inverse orientation; and colored blocks, host genome segment as indicated in
A. Breakpoint plots within groups display further heterogeneity characteristic of heterocateny. Red lines, HPV genome; vertical red ticks, HPV reference
coordinate 0; gray lines, host DNA segments; and colored dots, numbers, and inset key, breakpoints. Numbers in parentheses, counts of reads in group
from which representative reads were selected for presentation. C, Depths of sequencing coverage, estimated copy number, and virus-host breakpoints
at Chr. 4p15 in tumor 2 as per A. D, Block diagram for a virus-host concatemer in icDNA in Chr. 4 (top) supported by representative LR-seq reads >20 kb
depicted as breakpoint plots (bottom). Breakpoint 17 is shared by concatemers at both chromosomal loci.
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Heterocateny in Cancer Cell Lines

The GUMC-395 cell line was derived from a liver metasta-
sis of an aggressive cervical neuroendocrine carcinoma (12).
GUMC-395 cells harbored 13 breakpoints, including five
virus-host and seven host-host, clustered within an ~200-
kb region of extreme hyperamplification (up to ~225n) and
structural rearrangements at the MYC locus (Fig. 5A; Supple-
mentary Table S4.1). Eight of the breakpoints defined sequen-
tial host DNA segments A to L (Supplementary Table S4.2).
Segments B and C encompassed MYC. This cell line had ~112
HPV copies per haploid genome.

Analogous to our observations in primary cancers, marked
heterogeneity in patterns of virus and host DNA segments
and breakpoints was observed in ONT reads from GUMC-
395 cells (Fig. 5B). Insertion of a virus concatemer was
detected in Chr. 8 between segments E and F (Fig. 5A), defin-
ing breakpoints 6 and 7. Interestingly, no sequence data
supported a normal allele connecting host DNA segments
E to F (Supplementary Table S4.1), indicating loss of het-
erozygosity. Most virus-host concatemers identified in ONT
reads (N = 774,220 kb) contained breakpoint 7, nominating
this insertion as an early, likely tumorigenic event. Moreover,
many SVs shared the same V-F-B-C pattern containing MYC
and deletion of host segments D and E (Fig. 5B), consistent
with the evolution from a common molecular ancestor. In
our evolutionary model for GUMC-395, ecDNAs were gener-
ated from concatemerized HPV genomes integrated at the
MYC locus and then underwent subsequent amplification
and recombination (Fig. SC). These HPV-host concatemers
continued to evolve via secondary recombination and dele-
tion events (Fig. SC) and ultimately gave rise to diverse but
related variant structures indicative of heterocateny (Fig. 5B).
The model provided a potential explanation for the step
changes in CNVs identified from WGS data at several seg-
ment junctions, including Fto G, Hto I,J to K, and Kto L
(Fig. SA). We concluded that HPV integration was responsi-
ble for hyperamplification of MYC in GUMC-395, a seminal
event that likely promoted the development and growth of
that lethal cancer.

Chromosomal Translocations Mediated by Virus-
Host Concatemers

Fluorescence in situ hybridization (FISH) analysis of
GUMC-395 cells using an HPV16 probe localized the virus
to two copies of Chr. 8q and two copies of Chr. 21 in all
metaphase spreads examined due to a t(8;21)(q24.21;q11.2)

<

translocation involving the centromere of Chr. 21 (Supple-
mentary Fig. S5.1A-SS5.1E). Consistent with this observa-
tion, LR-seq data showed virus-host concatemers integrated
adjacent to host segment E on Chr. 8q24.21 (Fig. 5B, group
D1) and into a second site joining host segment E to the cen-
tromere of Chr. 8 (Fig. 5B, group D9). In addition, numerous
ONT reads that joined centromeric repeats of Chrs. 8 and
21 over several kb were detected (Supplementary Table S4.1).
We inferred that these concatemers (likely as ecDNA) were
inserted by homologous recombination at the MYC locus,
followed by Chr. 8 duplication, intrachromosomal Chr. 8q
inversion, t(8;21)(q24.21;q11.2) translocation, and duplica-
tion of this translocation (Fig. SD).

Numerous HeLa ONT reads supported virus-host concate-
mers integrated upstream of MYC on Chr. 8q24.21 (Fig. 6A
and B; Supplementary Tables S5.1 and S5.2), corroborating
previous analyses (24-26). A chromosomal translocation in
HeLa at t(8;22)(q24;q13) was initially identified by spec-
tral karyotyping (26) but was not detected using WGS or
haplotype-resolved data (24, 25). Its relationship with HPV
integration, if any, was not reported previously. Our LR-seq
data uniquely confirmed and resolved this translocation. We
identified virus-host concatemers with breakpoints identical
to those integrated in Chr. 8 but connecting the 5" end of
HeLa genomic segment C with a 2-kb segment of repeated
telomeric sequences (i.e., 5" TTAGGG) on Chr. 22, forming
breakpoint 2 (Fig. 6C). Consistent with ONT data, HPV18
FISH probes hybridized to two of three copies of Chr. 8, a
t(8;22)(q24;q13) translocation, and a complex der(5)t(5;22;8)
(q11;911q13;q24) rearrangement (Supplementary Fig. S5.1B;
ref. 26). WGS data indicated that four of the five copies of
Chr. 8q extended from the HPV integration site to a telomere.
Thus, we inferred that virus-host concatemers first integrated
into Chr. 8, followed by Chr. 8 duplication, translocation to
the telomere of Chr. 22, and translocation from the Chr. 22
centromere to the Chr. 5 centromere (Fig. 6D).

Collectively, our combined analysis of HeLa and GUMC-
395 cells revealed that integrated virus-host concatemers are
unstable and can induce chromosomal translocations and
other forms of genomic structural variation.

HPV Integrants in Cell Line icDNA and ecDNA

The GUMC-395 and HeLa ONT data supported the inte-
gration of virus-host concatemers into icDNA. In contrast,
VU147 ONT data revealed virus-host concatemers contain-
ing Chr. 17q12 segments in ecDNA form and virus-host

Figure 5. Intratumoral heterogeneity and clonal evolution are observed in LR-seq reads at MYC in GUMC-395 cells. A, Depths of sequencing coverage,
estimated copy number, and breakpoints at HPV integration sites at Chr. 8q24.21 (MYC and PVT1 genes) and in HPV16 (left to right) as indicated (see
the legend of Fig. 2A and Supplementary Tables S4.1 and S4.2 for more details). B, ONT reads of length >20 kb are shown as block diagrams (top) or
breakpoint plots (bottom). SV groups D1 to D9 are defined by the breakpoint patterns per breakpoint IDs specified below block diagrams. Red blocks,
HPV genome; vertical black lines, HPV reference coordinate 0; and colored blocks, host genome segment as indicated in A. Breakpoint plots within groups
display further heterogeneity characteristic of heterocateny. Red lines, HPV genome; vertical red ticks, HPV reference coordinate O; gray lines, host DNA
segments; and colored dots, numbers, and inset key, breakpoints. Numbers in parentheses, counts of reads in group from which representative reads
were selected for presentation. C, Schematic depicts the potential evolution of SV groups in B from a common molecular ancestor. Black X, site of poten-
tial homologous recombination; brackets, hypothetical intermediate structures; gray, deletions; green, insertions; tan, ecDNA excisions; dashed lines,
circularized segments; circular arrow, amplification; and block colors, segments defined in A. D, Schematic supported by LR-seq reads depicts a stepwise
model by which insertion of a virus-host concatemer containing MYC is followed by Chr. 8 duplication, inversion of Chr. 8q, chromosomal translocation
between centromeres of Chr. 8 and Chr. 21 resulting in t(8;21)(q24;q11), and duplication of this translocation. White arrowhead, inverse orientation.
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concatemers anchored into icDNA at Chr. Xp21.1 (Supple-
mentary Fig. S5.2A-S5.2E; Supplementary Tables S5.3 and
S5.4). To evaluate the possible occurrence of virus-host con-
catemers in ecDNA form in GUMC-395, HeLa, and VU147, we
performed metaphase FISH with HPV probes and Circle-seq.
Both methods identified HPV-containing ecDNA in subsets
of all cell lines examined (Supplementary Figs. S5.3A-S5.3C
and S5.4A-S5.4D). GUMC-395 and HelLa Circle-seq data
aligned well to their respective amplified regions at the MYC
locus on Chr. 8q24.21, supporting ecDNA, and comparable
data were also observed for VU147. This analysis confirmed
structurally similar virus-host concatemers in ecDNA and
icDNA forms in cell lines, indicating excision from and inser-
tion into chromosomes.

HPV Integration at the MYC Locus In Vitro

The human tonsillar epithelial cell (HTEC) line was
created upon transfection of primary cells with HPV16
episomal DNA in vitro, followed by clonal selection in cell
culture (14). Virus integration and formation of HPV-host
concatemers occurred solely during cell culture in vitro.
LR-seq data revealed striking similarities between HPV
integration sites and genomic rearrangements at the MYC
locus in HTEC and those in both GUMC-395 and Hela
cells. In HTEC, two virus-host breakpoints flanked the
S’ ends of two amplified genomic loci (i.e.,16-19n) ~350 kb
upstream of MYC (Fig. 6E; Supplementary Tables S5.5 and
§5.6), analogous to HeLa in their location (Fig. 6A) and
to GUMC-395 in their structural variation (Fig. SA). ONT
reads demonstrated integrated virus-host concatemers
that displayed homology to host DNA segments captured
in the concatemer (Fig. 6F), supporting a mechanism of
insertion induced by homologous recombination compa-
rable to that of HeLa (Fig. 6B; Supplementary Fig. S5.1C
and S5.1D). In serially passaged HTEC cells, Circle-seq
reads aligning at this locus showed structural variation
and additional discordant rearrangements, suggesting the
instability of intrachromosomal insertions had resulted in
occasional excision of ecDNA from this site (Supplemen-
tary Fig. S5.4E). HPV16 FISH probes localized to Chr. 8q
and to both ends of isochromosome i(8q) in all metaphase
spreads examined (Supplementary Fig. S5.1E), indicating
viral integration preceded the formation of this chromo-
somal abnormality as these epithelial cells evolved in vitro
(Fig. 6G).

<

HPV Genomic Structures and Transcripts in the
Context of Heterocateny

Virtually all primary tumor and cell line ONT reads con-
taining HPV sequences included at least one copy of the
viral origin of replication (HPV16 nucleotides 7,838-7,906
and 1-100) and the region encoding E6 and E7 (nucleotides
83-858), even when other HPV genomic sequences were
deleted (or not observed). RNA-seq analysis revealed high
levels of E6 and E7 transcripts in all cases (ref. 22; Sup-
plementary Fig. S6). Except for tumor 5, in which E1 was
deleted, the primary tumors with a predominance of virus-
host concatemers in ecDNA form contained full-length HPV
genomes and expressed E1 and E2 transcripts. In contrast,
the cell lines with a predominance of virus-host concatemers
in icDNA—that is, HeLa, GUMC-395, and HTEC—had dele-
tions in E1 and/or E2, and the corresponding transcripts were
poorly expressed. Thus, E6 and E7 were expressed regardless
of whether E2 had been disrupted.

DISCUSSION

Here we identified heterocateny, a striking form of genomic
structural variation induced by HPV integration in human
cancers, characterized by highly diverse, interrelated, and
repetitive patterns of virus and host DNA segments and
breakpoints that coexist within a tumor. We detected strong
evidence of heterocateny in HPV-containing ecDNA, icDNA,
or both across all cancers and cell lines evaluated. Evolution-
ary models based on LR-seq data explained heterocateny
as the consequence of aberrant host DNA replication and
recombination, induced by HPV integration and frequently
involving concatemerized, circularized DNA. We inferred
that virus-virus and virus-host genomic structural rearrange-
ments characteristic of heterocateny are unstable whether
present in ecDNA or icDNA, leading to further intratu-
moral heterogeneity and clonal evolution. For this reason,
we also use the term heterocateny to describe the stepwise
process by which HPV integration induces this form of
genomic heterogeneity.

Our previous WGS analyses of cell lines (2) and pri-
mary tumors (5) prompted us to develop a mechanistic
“looping” model to explain the extensive genomic structural
variation observed at HPV integration sites (2). Our HPV
looping model proposed that double-stranded breaks in
HPV DNA facilitate the capture of host DNA, resulting in

Figure 6. HPV integration in Hela cells and HTECs induced CNV, SV, and intrachromosomal rearrangements. Virus-host concatemers in icDNA lead to
chromosomal instability in HelLa cells (A-D) and HTECs (E-G). A, Depths of sequencing coverage, estimated copy number, and breakpoints at HPV integra-
tion sites in HelLa at Chr. 8g24.21 (upstream of MYC) and in the HPV18 genome (left to right) as indicated (see the legend of Fig. 2A and Supplementary
Tables S5.1 and S5.2 for more details). B and C, Top, block diagrams depicting concatemerized HPV integrants and rearrangements integrated into flank-
ing intrachromosomal segments at Chr. 8g24 (B) and joining Chr. 22 and Chr. 8 at a translocation (C). Red blocks, HPV genome; vertical black lines, HPV
reference coordinate 0; arrowhead, inverse orientation; colored blocks, host genome segment as indicated in A. Bottom, breakpoint plots of representa-
tive ONT reads 220 kb supporting each block diagram. Many of the ONT reads demonstrate intrachromosomal integration as they directly connect con-
catemers with flanking host DNA segments A (left) and F (right). Red lines, HPV genome; vertical red ticks, HPV reference coordinate O; gray lines, host
DNA segments; and colored dots, numbers, and inset key, breakpoints. D, Stepwise model depicting molecular evolution of Chr. 8, starting with insertion
of a virus-host concatemer (inset) into Chr. 8q24.21, likely by homologous recombination, followed by chromosomal translocation to the telomere of Chr.
22 and then to the centromere of Chr. 5. E, Depths of sequencing coverage, estimated copy number, and breakpoints at HPV integration sites in HTECs at
Chr.8q24.13 (upstream of MYC) and in the HPV16 genome (left to right) as indicated (see legend of Fig. 2A and Supplementary Tables S5.5 and S5.6 for
more details). F, ONT reads (bottom, breakpoint plots) supporting integration of a virus-host concatemer in icDNA at Chr. 8q24.13 (top, block diagram).
G, Left to right, stepwise model depicting molecular evolution of Chr. 8 in HTEC in vitro, starting with insertion of a virus-host concatemer (inset) into
Chr. 8q24.13, likely by homologous recombination, followed by chromosomal duplication and development of isochromosome 8.
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Figure 7. A model of HPV heterocateny development, depicting highly diverse but related genomic rearrangements including CNVs and SVs at HPV
integration sites, is derived from multiple lines of evidence. (1) Rolling-circle replication of HPV episomes results in (2) unstable virus genome ecDNA
concatemers that (3) acquire structural rearrangements and (4) integrate into chromosomes at sites of double-strand DNA breaks. (5) Dynamic excision
of virus with captured host DNA leads to (6) serial rounds of amplification of ecDNA by rolling-circle or RDR and recombination events between host
and/or HPV segments in the same cells, driving (7) HPV heterocateny and thus intratumoral heterogeneity and clonal evolution. (8) Insertion of ecDNA by
recombination into chromosomes (likely through homology-directed repair) can induce (9) chromosomal inversions (INV) and translocations (TRA). (10)
Occasional additional rounds of excision may produce more diverse HPV ecDNAs. DUP, duplications.

insertional breakpoints followed by amplification, recom-
bination, repair, and integration of virus-host concatemers
in icDNA (2). However, short WGS reads limited our ability
to connect genomic segments and breakpoints over longer
genomic distances. The new insights gained here have ena-
bled the expansion of this HPV looping model to include the
generation and insertion of unstable, concatemerized HPV
genomes into icDNA; capture and rearrangement of host
DNA during excision of HPV ecDNAs from icDNA and their
insertion back into icDNA; HPV-host segment amplification
by rolling-circle replication or RDR; recombination between
repetitive or homologous segments, likely by homology-
directed repair or template switching during replication,
resulting in novel combinations of breakpoint and segment
patterns; and formation of chromosomal inversions and
translocations between repeats in concatemers and telom-
eres and/or centromeres (Fig. 7).

Steps 1 to S in our evolutionary model (Fig. 7) are consist-
ent with the existing literature. For example, Southern blot-
ting and 2D electrophoresis provided low-resolution evidence
of integrated and/or episomal HPV concatemers in cervical

cancers and cell lines (27, 28). Excision of HPV integrants
from icDNA after unlicensed replication from the HPV origin
was proposed after analysis of short-read WGS data from The
Cancer Genome Atlas (29). Unlicensed DNA replication and
genome instability can be induced at HPV integration sites
in cervical cancer cell lines upon binding of the HPV E1-E2
complex to the viral origin of replication (30, 31). However,
here we observed heterocateny in tumors and cell lines that
did not have detectable E1 and E2 expression (e.g., tumor
S, GUMC, and VU147) in addition to others that expressed
E1 and E2. Although virus-host concatemers (2) and hybrid
episomes (29) have been described, the discovery and charac-
teristics of heterocateny as illustrated in steps 6 to 10 of our
model (Fig. 7) have not been reported previously to the best
of our knowledge.

We note both similarities and differences between het-
erocateny and other causes of cancer genomic structural
variation, including chromothripsis, chromoplexy, break-
age-fusion-bridge cycles (BFBC), and seismic amplification.
Both heterocateny and chromothripsis are associated with
formation of focal host CNVs, SVs, and ecDNAs. Although
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chromothripsis is characterized by random rearrangements
of shattered chromosomal segments (32), virus and host
genomic segments in heterocateny are joined in organized,
repetitive patterns. Formation of chromothriptic ecDNA
involves a single catastrophic event, whereas heterocateny
occurs sequentially in an orderly way, frequently involving
recombination events that cause serial deletions and inser-
tions. This difference may be due to the tethering of HPV-
containing ecDNA to mitotic chromosomes, whereas other
ecDNAs are subject to mitotic micronuclear expulsion (33).
Virus-host concatemers inserted at icDNA sites share identi-
cal host DNA segments captured by virus genomes, implying
that homologous recombination mediates their integration.
In contrast, chromothriptic ecDNAs preferentially inte-
grate near telomeres (34). The chromosomal translocations
observed here are more ordered in structure when compared
with chromoplexy (35), in which random fragments from
multiple chromosomes are linked in series. Large-scale inver-
sions occur directly within telomeres in heterocateny, whereas
BFBC events are attributable to absent telomeres (36). Similar
to seismic amplification, HPV concatemers and rearrange-
ments in heterocateny are associated with CNV step changes
and increased expression of host genes such as MYC (5, 37).
However, CNV changes in seismic amplification are attribut-
able largely to recombination, whereas our models indicate
serial deletion events predominate in heterocateny. Recombi-
nation likely also contributes.

Cancer evolution involves two essential processes: genetic
variation and clonal selection (38). Comparisons of LR-seq
reads, as visualized in breakpoint plots in Figs. 2B, 4B, and 5B,
for example, demonstrated extensive intratumoral genomic
structural variation directly linked with HPV integrants. Our
evolutionary models implicated these HPV integrants as the
inducers of heterocateny across individual cells and sub-
clones in each tumor. Collectively, our data and resulting
models describe the selection of DNA segments containing a
host oncogene or its regulatory elements by HPV integrants—
for example, MYC in tumor 5 and cell lines GUMC-395 and
HeLa—in addition to the viral oncogenes expressed in all
HPV-positive cancers. Similarities between the SVs observed
at the MYC locus in HTEC, which was immortalized and
clonally selected upon transfection with HPV16 in vitro, and
those in tumor 5, HeLa, and GUMC-395 provide compelling
experimental evidence implicating heterocateny as a driver
event in the evolution of human tumors.

Overall, virus-virus and virus-host concatemers in ecDNA
form showed more extensive heterocateny compared with
those anchored into icDNA, implicating circular forms
of ecDNA as active agents or substrates in heterocateny.
Across primary tumors, several chromosomal loci affected
by HPV integration lacked LR-seq support for anchoring of
integrants into icDNA, suggesting they harbored ecDNA
predominantly. In contrast, FISH analysis of cell lines dem-
onstrated HPV integration in chromosomal DNA in every cell
examined here and previously (2). Nevertheless, FISH, LR-seq,
and Circle-seq data from cell lines consistently suggested that
integrated virus-virus and virus-host concatemers also occa-
sionally undergo excision, forming HPV ecDNAs. Distinc-
tions observed between primary cancers and cultured cells
may be attributable to differences in numbers of ecDNAs

maintained in different cellular contexts. For example, essen-
tial factors required to replicate and maintain HPV ecDNA
may be downregulated or lost upon derivation and growth
of cell lines in vitro. Alternatively, primary cancer subclones
harboring icDNA HPV integrants may benefit from selective
growth advantages during cell line derivation.

We note both similarities and differences between HPV-
containing ecDNAs and HPV-negative ecDNAs observed in
neuroblastoma (39), glioma (40), and other cancers. The
latter ecDNAs comprise very large (>1 Mbp) circles (41)
with unknown mechanisms of replication (42). Like HPV-
containing ecDNAs, they frequently contain cellular onco-
genes (e.g., MYC, mutant EGER; refs. 40, 43). Such ecDNAs
can increase intratumoral heterogeneity and facilitate rapid
adaptation to selective environmental pressures, attributed
to unequal replication and segregation of ecDNAs in daugh-
ter cells during mitosis (39, 40, 43, 44). In contrast, HPV-
containing ecDNAs have the viral origin of replication and
encode viral proteins including oncoproteins E6 and E7.
These features may increase their stable maintenance as
ecDNAs by facilitating replication, segregation, and tether-
ing onto chromosomes during mitosis (45, 46). Loss of HPV-
containing ecDNAs would likely undergo strong negative
selection because expression of E6 and E7 is necessary for the
malignant phenotype.

HPV undergoes two predominant modes of replication
that depend upon the differentiation status of the infected
cell (47-49). Maintenance replication in the basal epithelium
occurs in S phase by bidirectional theta replication initiated
from the viral origin and depends upon HPV E1 helicase and
E2 transcriptional regulatory proteins. In contrast, rolling-
circle replication and RDR occur in the G,-M phase, are less
dependent on the viral origin, and are unidirectional (17,
47, 48). The latter two modes of replication depend upon
E7- or El-induced activation of the ATM-mediated DNA
repair pathway (50). The virus-virus and virus-host concate-
mers observed here, which lacked SNVs or indels at the unit
junctions (Supplementary Fig. S3.1A-S3.1C), likely resulted
from E6/E7 expression, abrogation of the G,-S checkpoint,
prolonged stalling of the cell cycle in G,, and rolling-circle
replication or RDR (17).

Each primary cancer and cell line analyzed here provided
a snapshot in time to inform our model for heterocateny
(Fig. 7; ref. 2). We acknowledge a lack of longitudinally col-
lected cancers and data to validate the sequence of events. To
date, we have not demonstrated that HPV ecDNA-mediated
amplification of host oncogenes contributes directly to can-
cer formation or progression. Furthermore, despite many
advantages over WGS data, including longer read length dis-
tributions and continuous sequences, LR-seq data still cannot
determine whether the heterogeneous, repetitive virus-host
concatemerized structures detected here were linked within
the same, very long (>100 kb) molecules, coexisted within the
same cells, and/or were segregated among distinct subclones.
Our rigorous requirement for validation by multiple sup-
porting ONT LR-seq reads may have underestimated the
extent of molecular heterogeneity in each cancer. Although
we observed evidence of heterocateny in all samples studied
here, a larger sample size would be required to estimate the
proportion of HPV-positive cancers with heterocateny.
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The model shown in Fig. 7 proposes mechanisms by which
HPV integration induces the formation of CNVs and SVs, exten-
sive diversity, and heterocateny. We conclude that this structural
variation is caused by HPV integration and does not reflect a pref-
erence for HPV integration at sites of preexisting SVs and CNVs.
These data extend our understanding of the consequences of
HPV integration to include the promotion of intratumoral het-
erogeneity and clonal evolution in human cancers. In addition,
these findings may have broader implications for cancers caused
by other DNA tumor viruses that integrate into host genomic
DNA, including Merkel cell polyomavirus and hepatitis B virus
(51-53). To our knowledge, neither the genomic structures of
these cancers nor the potential of these viruses to induce hetero-
cateny has been investigated using LR-seq to date. We speculate
that aberrant firing of origins of replication endogenous to
human chromosomes (54) could also induce various forms of
genomic instability, potentially including heterocateny.

METHODS

Cell Lines and Primary Tumors

HeLa (13) and 293T cell lines were obtained from ATCC. VU147,
GUMC-395, and HTEC were obtained from Drs. Renske Steenbergen
(11), Richard Schlegel (12), and John Lee (14), respectively. The cell
lines were authenticated using short tandem repeat DNA profiling
at The University of Texas MD Anderson Cancer Center Cytoge-
netics and Cell Authentication Core and were tested periodically
for Mycoplasma using the MycoAlert PLUS Mycoplasma detection
kit (Lonza, LT07-703). Primary oropharyngeal cancer specimens
were obtained with written informed consent from human subjects
enrolled in a genomics study at The Ohio State University conducted
in accordance with the Declaration of Helsinki and studied under
approved Institutional Review Board protocols (The Ohio State Uni-
versity and The University of Texas MD Anderson Cancer Center) as
previously described (5, 22).

Sequencing Libraries and Data Generation

Genomic DNA was extracted from cancer samples as previously
described (22). For WGS, all samples were prepared for 2 x 150 bp
paired-end libraries for Illumina WGS sequencing (5).

For LR-seq libraries, molecular-weight distributions of genomic
DNA samples were evaluated using a Femto Pulse pulse-field capil-
lary electrophoresis system (Agilent; RRID:SCR_019498). To prepare
PacBio libraries, genomic DNA was sheared with a Megaruptor
(Diagenode) or Covaris g-tube to obtain >15- to 25-kb fragments.
Resulting sheared DNA fragments were reassessed using the Femto
Pulse. Up to 5 ug of DNA was used to prepare an SMRTbell library
with a PacBio SMRTbell Express Template prep kit 2.0 [Pacific
Biosciences of California (PacBio)]. Briefly, single-stranded DNA
overhangs were removed, DNA damage was repaired by end-repair
and A-tailing, PacBio adapters were ligated, desired size fragments
were purified using AMPure PB beads, and resulting circular con-
sensus sequence (CCS) HiFi libraries were sized selected in the
10- to 50-kb fragment range using a BluePippin system (Sage Sci-
ence; RRID:SCR_020505). LR-seq data were generated on one SMRT
cell 8M with v2.0/v2.0 chemistry on a PacBio Sequel II instru-
ment (PacBio; RRID:SCR_017990) with a movie length of 30 hours.
CCS data files and high-accuracy subreads were generated using
SMRT Link software, v. 9.0.0 to 10.1.0 (RRID:SCR_021174). If yield
was <10x fold coverage, additional library aliquots were resequenced.

For ONT libraries, samples containing high-molecular-weight
DNA fragments were sheared by passage 2 to 5 times (depend-
ing on starting material size distribution) through a 26.5-gauge

needle. DNA size distributions were assessed again with Femto Pulse.
DNA (5 pg) was used to prepare each ONT library with an Oxford
Nanopore SQK-LSK-110 kit. Libraries were size-selected to remove
shorter fragments using a Short-Read Eliminator kit (Circulomics).
Sized libraries were sequenced on a PromethION 24 cell PROM0002
instrument (ONT; RRID:SCR_017987) for 3 days, including a nucle-
ase flush performed at 24 hours to increase yield. Base-calling, trim-
ming of adapters, and quality checking were performed using Guppy
(Oxford Nanopore), resulting in FASTQ files.

We prepared Circle-seq libraries from cultured cancer cells as
described (https://doi.org/10.1038/protex.2019.006). Briefly, 5 pg of
genomic DNA was purified from serial passages of each cell line by
proteinase K digestion and phenol/chloroform extraction. DNA was
treated with 0.2 units/uL Plasmid-Safe ATP-Dependent DNase (Epi-
centre) for 5 days at 37°C. A SYBR Green quantitative PCR (qPCR)
(Thermo Fisher Scientific) assay of a 173-bp HBB amplicon and
TaqMan qPCR (Life Technologies) assay of a 153-bp ERV3 amplicon
were used to confirm degradation of linear chromosomal DNA (i.e.,
expected cycle threshold values >35). The remaining circular DNA
was amplified by Multiple Displacement Amplification using ¢29
DNA polymerase and random hexamer primers using the Qiagen
REPLI-g Mini kit (Qiagen, 150023). Magnetic bead-based purifica-
tion was used to remove the polymerase and primers. Amplified
circular DNA was sheared with 10 cycles (on/off, 30/30) using a
Bioruptor Pico with a cooler (Diagenode). Sequencing libraries were
prepared using a NEBNext DNA Library prep kit (New England Bio-
labs, E7805S), resulting in a target insert size of 250 bp as confirmed
by TapeStation 4200 (Agilent; RRID:SCR_018435). Resulting DNA
libraries were pooled at 10 nmol/L and sequenced in 2 X 76-bp format
(Ilumina), resulting in >35 million read pairs per library.

Bioinformatics Analysis of DNA Sequencing Data

Global Sequence Alignment and Analysis. WGS data (Illumina) were
aligned against a hybrid human-HPV reference genome composed of
GRCh37 + 15 high-risk HPV-type genomes (GRCh37 + HPV; ref. 5).
CNVs, SVs, and breakpoints were detected as described (5, 55). We
previously validated our WGS pipeline for virus-host breakpoint
calls with Sanger sequencing, which confirmed ~100% (2, 5).

PacBio and ONT reads were aligned globally against a hybrid
GRCh37 + HPVI16 reference using Minimap2 version 2.17
(RRID:SCR_018550; ref. 56), as part of PRINCESS version 1.0
(57). We selected default options appropriate to each sequencing
platform (-x map-pb and -x map-ont, respectively). For HeLa cell
analysis, we used a hybrid GRCh37 + HPV18 reference. Resulting
alignments were compared against those from LRA version 1.3.2
(58) based on the same hybrid reference genomes indexed using the
commands Ira global, with Ira align and option -CCC for PacBio
HiFi data and with -ONT for ONT data. Comparable results were
observed. SVs were identified from these global alignments using
Sniffles v1.0.12 (RRID:SCR_017619; ref. 59) with or without a VCF
file generated by Lumpy analysis of WGS short reads (option -
Ivef; RRID:SCR_003253). This step identified reads covering target
regions of interest including clustered HPV insertional breakpoints
(Supplementary Tables S2-S5).

Local Realignments and Analysis. Breakpoints (i.e., virus-virus,
virus-host, or host-host) that were detected with >20 Illumina short
reads, >5 PacBio, and/or =25 ONT reads, and called by two or more
of these platforms, were selected for further analysis. We defined
boundaries of genomic segments by identifying sites of copy-number
transitions or discontinuous read alignments. Particular breakpoints
that were best supported by discordant or split WGS and/or LR-seq
reads were selected as segment-defining breakpoints to delineate
host or virus DNA segments based on the reference human and HPV
type-specific genomes. By contrast, other breakpoints included those
that did not flank a copy-number transition site or were <1 kb from
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a segment-defining breakpoint due to alignment constraints (Sup-
plementary Tables S2-S5).

Target regions of interest were defined by the alignment of virus-
host breakpoints against the human reference genome, and then we
added * 50 kb of flanking genomic sequences. For local realignments,
we extracted long reads that aligned in part or in total to the target
regions. To facilitate local alignment, target regions of interest were
extended by adding 1 Mbp of reference sequences upstream and
downstream (referred to as “pad” in Supplementary Tables S2-S5).
We used these coordinates to create a local reference sequence model
for each sample locus as a template for local realignments. Genomic
coordinates of segments used for local realignments are listed in Sup-
plementary Tables S2-S5.

Realignments of extracted long reads against extended tar-
get regions were performed using Minimap2 (56). Reads with at
least one segmental alignment >1 kbp were included for further
analysis. SVs in the realigned long reads were confirmed using
Sniffles by alignment with these custom local sequence models
(Supplementary Tables S2-SS). Further local realignments were
evaluated using a custom script to count the numbers of long
reads supporting individual segments and/or breakpoint junc-
tions. Local realignments and qualities were visualized in align-
ment dot plots (e.g., Fig. 1) generated using the pafR package
(hteps://github.com/dwinter/pafr; RRID:SCR_023151).

Reconstructing Clonal Evolution of Virus—Host Concatemers and
Rearrangements. This analysis was restricted to informative ONT
reads >20 kb in length that contained HPV and host DNA segments
and breakpoints in a target region of interest. All breakpoints and
segments in each read and their order in sequence were annotated.
Further analysis was restricted to annotated patterns supported by
three or more reads. To facilitate manual curation, DNA segments in
LR-seq reads were visualized using block diagrams and breakpoints
were visualized using breakpoint plots. LR-seq reads were then sorted
into groups based upon differences in annotated patterns of seg-
ments and breakpoints.

To elucidate how annotated patterns in grouped LR-seq reads
from target regions of interest may be interrelated, grouped LR-seq
reads were serially ordered based upon the minimal number of addi-
tional DNA segments or breakpoints present when compared with
the previous and subsequent groups. The analysis was repeated until
all LR-seq groups from target regions of interest were included.

After the grouped LR-seq reads were ordered, differences in anno-
tated patterns and genomic coordinates between groups were manu-
ally inspected at single-base pair resolution using breakpoints as
molecular barcodes to infer a mechanism by which one group could
be derived from the previously ordered group with the minimal
number of events, including deletion, insertion, inversion, ecDNA
excision, amplification by rolling-circle or RDR, recombination,
or translocation. We applied this examination within and across
ordered groups of LR-seq reads. This analysis was predicated upon
a reasonable statistical assumption that a unique individual break-
point occurred only once in time and would remain in downstream
genomic structures unless they were deleted. Such a deletion would
result in a novel breakpoint, prompting us to trace its molecular line-
age. For some models, hypothetical intermediate structures were pro-
posed to explain stepwise evolution of breakpoint patterns observed
in LR-seq reads. The sequence of inferred, ordered events was then
used to create evolutionary models for each tumor or cell line.

Bioinformatics Analysis for ecDNA Detection Using Circle-seq
Data. To increase the accuracy of SV detection, we merged paired-
end reads having >15 nt overlap between them to form longer, con-
tinuous single reads using BBMAP (https://sourceforge.net/projects/
bbmap/) before alignment. Resulting merged reads were aligned to
the human reference genome GHCh37 + HPV16/18 genome by BWA

v0.7.17 (60). SVs including duplications were called by Lumpy v 0.3.0
(RRID:SCR_003253; ref. 55). Candidate circular DNAs were detected
by the following criteria: SVs (duplications as a marker of circular
DNA) with >2 supporting reads; 95% coverage of regions flanked by
SVs; and the mean depth of sequencing coverage in the amplified
SV region was greater than that in the flanking region of the same
length (61).

Prediction of ecDNA and Rearrangement Structures by Amplicon-
Architect. We used 20X coverage Illumina paired-end WGS data as
input for AmpliconArchitect (v1.2; ref. 21; RRID:SCR_023150). First,
reads were aligned against the human GRCh37 + HPV reference
genome using BWA, and highly amplified regions were selected using
the amplified_intervals script (option -gain: 4n, —cnsize: 1,000 bp).
We ran AmpliconArchitect using both EXPLORE mode and VIRAL
mode and comparatively predicted virus-associated amplicons. We
also ran AmpliconArchitect on virus-associated amplification regions
using VIRAL_CLUSTERED mode for further resolution. Amplicon
types were annotated using AmpliconClassifier (v0.3.8), and ampli-
cons predicted as ecDNA-like circular structures were visualized
using CycleViz (v. 0.1.1; RRID:SCR_023149).

RNA-seq Analysis

Total RNA was extracted, and strand-specific RNA-seq librar-
ies were prepared and sequenced as previously described (22).
RNA-seq reads (2 X 150 nt) were aligned against a custom, hybrid
genome comprised of human GRCh37 reference with 13 appended
HPV-type genome sequences (2) using STAR aligner version 2.7.2
(RRID:SCR_004463; ref. 62). For HPV transcript analysis, we calcu-
lated the mean depth of coverage every 10 bp along the HPV16 or
HPV18 reference genomes (NC_001526.3 and NC_001357.1) and
normalized against total aligned read count per million.

FISH

Metaphase chromosomes were prepared from cultured cells by
incubating them in 0.02 mg/mL colcemid (Invitrogen) for ~2 hours.
Cells then were incubated in hypotonic (0.075M) KCI solution and
fixed in methanol/acetic acid (3:1). Slides were incubated at 37°C
before FISH was performed. Biotinylated HPV probes were purchased
from Enzo Life Sciences. Whole chromosome paint probes were
generated in-house using PCR labeling techniques (63). To increase
the signal of the HPV probe, the Tyramide SuperBoost kit (Thermo
Fisher Scientific) was used during detection. Slides were imaged on a
Leica DM-RXA fluorescence microscope equipped with appropriate
optical filters (Chroma) and a 63x fluorescence objective. Slides then
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) or
with YOYO-1 (Thermo Fisher Y3601). When the HPV probe signal
colocalized with the YOYO-1 signal detecting DNA at 63x magnifica-
tion, HPV-containing ecDNA was counted. In a proof-of-principle
experiment, 293T cells were transfected with a pGEM-T vector (Pro-
mega A362A) engineered to contain or lack full-length HPV16 and
processed as described above.

Date Availability

Ilumina WGS data and LR-seq data from all cancer samples and
cell lines (with the exception of HeLa) were deposited at the Euro-
pean Genome-phenome Archive (EGA; https://ega-archive.org/). The
accession numbers are EGAD00001009630, EGAD00001009631,
and EGAD00001009632. WGS and LR-seq data from HeLa cells were
deposited at the database of Genotypes and Phenotypes (dbGaP) as a
substudy under accession number phs000640.
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