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ABSTRACT

Objective Adeno-associated virus (AAV) is a defective
mono-stranded DNA virus, endemic in human population
(35%—80%). Recurrent clonal AAV2 insertions are
associated with the pathogenesis of rare human
hepatocellular carcinoma (HCC) developed on normal
liver. This study aimed to characterise the natural history
of AAV infection in the liver and its consequence in
tumour development.

Design Viral DNA was quantified in tumour and
non-tumour liver tissues of 1461 patients. Presence of
episomal form and viral mRNA expression were analysed
using a DNAse/TagMan-based assay and quantitative RT-
PCR. In silico analyses using viral capture data explored
viral variants and new clonal insertions.

Results AAV DNA was detected in 21% of the patients,
including 8% of the tumour tissues, equally distributed in
two major viral subtypes: one similar to AAV2, the other
hybrid between AAV2 and AAV13 sequences. Episomal
viral forms were found in 4% of the non-tumour tissues,
frequently associated with viral RNA expression and
human herpesvirus type 6, the candidate natural AAV
helper virus. In 30 HCC, clonal AAV insertions were
recurrently identified in CCNA2, CCNET, TERT, TNFSF10,
KMT2B and GLI1/INHBE. AAV insertion triggered
oncogenic overexpression through multiple mechanisms
that differ according to the localisation of the integration
site.

Conclusion We provided an integrated analysis of the
wild-type AAV infection in the liver with the identification
of viral genotypes, molecular forms, helper virus
relationship and viral integrations. Clonal AAV insertions
were positive selected during HCC development on non-
cirrhotic liver challenging the notion of AAV as a non-
pathogenic virus.

INTRODUCTION

Adeno-associated virus (AAV) is a small non-enveloped
DNA virus with an icosahedral capsid that contains a
4.7kb linear single-stranded genome.' * AAV genome
codes for non-structural proteins (Rep78, 68, 52
and 40), capsid proteins (VP1, VP2, VP3) and the
assembly activating protein (AAP).** At the extrem-
ities, inverse tandem repeats (ITR) are important for
the integration in host genome.’ ® AAV is a defective

14,15
1,217

Significance of this study

What is already known on this subject?

» The seroprevalence of adeno-associated virus
(AAV) in general population is 40%-80% and
AAV?2 is the most frequent serotype in human.

> AAV has a biphasic life cycle characterised by
latent and lytic phases.

» The presence of a helper virus is required for
the AAV replication.

» It is commonly believed that adenovirus is the
natural AAV helper virus.

» Although AAV is considered a non-pathogenic
virus, recurrent clonal AAV2 insertions were
associated with hepatocellular carcinoma (HCC)
development.

What are the new findings?

» Two viral subtypes are present in 21% of
the liver tissues: AAV2 and hybrid AAV2/13
sequences.

» Episomal AAV forms are found in 4% of non-
tumour liver tissues, mainly in young, female
patients without liver fibrosis.

» Human herpesvirus type 6 is the most frequent
AAV helper virus in the liver.

» The 2% of patients with HCC displayed clonal
AAV integration in cancer driver genes.

» AAV clonal insertion in HCC activates
oncogenes using various mechanisms.

virus that requires a helper virus for an active infec-
tion, otherwise it can establish a latent infection
through integration into host genome or maintenance
as circular episomal form.”” AAV seroprevalence
showed that the infection is endemic in human popu-
lations (30%-80%) starting during childhood.'®"?
Twelve distinct serotypes and more than 100 natural
variants have been identified, among which AAV2 is
the most frequent type in human.>~1¢

This small virus is attractive for gene therapy
because of the lack of identifiable associated
disease and the remarkable ability of recombinant
AAV (rAAV) vectors to transduce dividing and
non-dividing cells with high efficiency, long-term
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Significance of this study

How might it impact on clinical practice in the foreseeable

future?

» These findings are important to understand wild-type AAV
biology and its association with hepatocarcinogenesis.

» Our data are particularly relevant considering the large usage
of AAV vector in liver-targeted gene therapy.

» Even if rare, AAV insertional mutagenesis is a new risk factor
of HCC development, therefore the notion of AAV as non-
pathogenic virus should be reviewed.

transgene expression, low immunogenicity and specific tissue
tropism.!” Although AAV was discovered in 1965, many ques-
tions regarding the natural history of AAV infection in human
remain unanswered.” It is well known that the vector predom-
inantly persists in the nucleus as episomal form with sustained
RNA expression raising question on putative episomal AAV
form in wild-type infection.® Several helper viruses have been
identified but their precise association with wild-type liver AAV
infection remains unclear. The frequency of the different AAV
genotypes in the human population and AAV persistence in
tissues after first infection remains to be determined.'® More-
over, AAV link with tumour development is controversial, with
some studies reporting an oncogenic effect of AAV infection
in animal model and others suggesting a tumour suppressive
role.”’24

Recently, we reported the involvement of AAV2 in the patho-
genesis of human hepatocellular carcinoma (HCC) developed on
normal liver in the absence of classical HCC risk factors such as
infection with HBV and HCV, high alcohol intake, haemochro-
matosis or aflatoxin B1 exposure.”> Similar to HBV, recurrent
AAV2 clonal insertions were described in TERT, CCNE1 and
CCNA2 cancer driver genes, leading to their overexpression.”
The AAV insertions can activate oncogenes located nearby in the
human genome by a liver promoter recently identified within the
minimal common AAYV inserted sequence adjacent to the 3’ITR of
the virus.”

In this work, we investigated the natural history of wild-type
AAV infection in the liver and its consequences in tumour develop-
ment in a large cohort of 1461 patients with benign or malignant
liver tumours.

MATERIALS AND METHODS

Patients and tissue samples

A series of 1461 patients was included in the study approved by
our local institutional review board (IRB) committees (CCPRB
Paris Saint-Louis, 1997 and 2004; Bordeaux 2010-A00498-
31, Ile-de-France VII: projects C0-15-003 and PP 16-001).
Liver tissues were frozen immediately after surgery in French
hospitals. Tumour and non-tumour counterparts were analysed
in 1269 patients, only the tumour or non-tumour tissues were
investigated for 138 and 54 patients, respectively. The present
series included HCC (n=936), hepatocellular adenomas (HCA,
n=225), focal nodular hyperplasia (FNH, n=97), hepatoblas-
toma or transitional tumours (n=87), cholangiocarcinoma
(n=46), fibrolamellar carcinoma (n=36) and other tumours
(n=34, online supplementary table 1).

Viral DNA screening
Genomic DNA were analysed for the presence of viral DNA by
quantitative RT-PCR (qRT-PCR) on Fluidigm 96.96 dynamic

arrays using the BioMark Real-Time PCR system with TagMan
probe sets designed with Primer3Plus software (online supple-
mentary figure 1A and table 2). Results were analysed using
the Fluidigm Real-Time PCR Analysis software (V.4.1.3) and
reported to a reference gene, HMBS. The quantification was
expressed in viral copy number/cell. Copy number/cell values
were tested for unimodal and bimodal distribution using normal-
mixEM function of mixtools package in R.*°

Isolation of human AAV using viral capture sequencing
Viral capture of genomic DNA was performed for tumour
and matched normal sample, sequence as previously described
using 120-mer primers recognising all AAV genotypes 1-13
already described with around 305 probes/genotype.”’ Viral
reads were mapped to all AAV1 to AAV13 reference sequences
using Burrows-Wheeler Aligner (V.0.7.15).>! The number
of AAV reads correlates with the number of viral copies/cell
(online supplementary figure 1B). Read pairs with at least
one read aligned on the virus were extracted using samtools
(V.1.3),** and aligned to a custom reference genome including
human chromosomes and virus sequences. We calculated the
number of reads mapping the AAV/human chimeric and mate
regions in each samples by generating a 20k-bin size bed for
hg19 genome, which was used for computations with bedtools
multicov utility.”> For each bin, we calculated the mean of
coverage in the samples displayed in a pan genomic plot. We
used chimeric reads to identify insertion breakpoints at base
resolution by mapping sequences on both sides of the junc-
tions. Clonal events were considered when >25 reads over-
lapped the same locus, putative subclonal insertions when
4-24 overlapping reads were identified. All viral insertions
were validated by visual inspection on Integrative Genomics
Viewer. Sequences have been deposited in the Genbank data-
base MK231253 to MK231264 and KT258720 to KT258730.
The analysis of full-length human-AAV sequences is detailed
in online supplementary materials and methods. Sequences
have been deposited in the Genbank database MK139243 to
MK139299 and MK163929 to MK163942.

RNAseq

Samples enriched in poly(A)+ RNA were sequenced using Illu-
mina TruSeq Stranded mRNA kit on HiSeq2000 sequencer,
yielding approximately 45 million 100 base pair (bp) paired-end
reads (IntegraGen, Evry).** Reads were aligned and chimeric
sequences reconstructed with TopHat2* and Cufflinks
V.2.2.1.%* We used ElemeNT’” to predict transcription start
sites (TSS), Alamut Visual software (Interactive Biosoftware)
to identify splicing signals on the chimeric DNA sequence,
ATGpr*® to identify translation initiation sites and Poly(A)
Signal Miner to identify PolyA sites.>® Sequences were deposited
in EGA database (EGAS00001002879, EGAS00001001284 and
EGAS00001003310).

Detection of viral episomal form

A specific DNAse/TagMan-based assay was adapted from
protocol by Werle-Lapostolle et al*® to detect AAV episomal
form (detailed procedures in online supplementary materials and
methods). Junctions of the circular AAV were amplified using
two couples of primers surrounding the ITRs (online supplemen-
tary table 2) in 2.5% glycerol and 5% dimethyl sulfoxide. PCR
products were sequenced by Sanger after ExoSAP-IT (Applied
Biosystem) purification.*!
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Figure 1

Adeno-associated virus (AAV) full-length sequences in 57 human liver tissues. (A) Schematic representation of AAV genome (reference

NC_001401) with location of the two open reading frames encoding replication proteins (Rep78, Rep68, Rep52 and Rep40), structural proteins

(VP1, VP2 and VP3) and assembly activating protein (AAP) protein. Inverted terminal repeats (ITR) are represented on the 5 and 3’ ends. Promoters
(p5, p19 and p40) are indicated with arrows. (B) Nucleotides sequences (4679 bp) from 57 full-length AAV isolated from human liver tissues (ID
number indicated with #) multialigned with the ClustalW algorithm compared with reference sequences on the top, AAV2 (NC_001401, in white),
AAV3 (NC_001729.1) and AAV13 (EU285562.1). Two distinct viral genotypes, AAV2 and AAV2/13 were identified. Colour bars indicated nucleotide
divergence with the AAV2 reference genome similar to AAV3 and/or AAV13 genomes (green) or not (grey), similarities with NC_001401 are in white.
Variations due to flip-flop ITR configurations compared with AAV2 reference are labelled in light grey. The liver-specific enhancer-promoter element
(LSP) described by Logan et al is indicated.?® (C) Amino acid variations compared with the AAV2 reference are indicated. The triangles indicate
genome location of specific AAV2/13 (top) or AAV2 (middle) variants in the series of 57 human liver AAV isolates. Common variants shared by both
genotypes are shown (bottom). Grey and black colours refer to silent and missense AAV variants, respectively; numbers correspond to wild-type AAV2

nucleotide sequence coordinates (NC_001401).

Quantitative RT-PCR

AAV mRNA and inserted target genes expressions were anal-
ysed using qRT-PCR. Specifically, we used seven AAV custom
made and human catalogue TagMan probes (online supple-
mentary table 2) with AB7900HT PCR System (Applied
Biosystem) and BioMark Real-Time PCR system. Expression
data were normalised with the 272 method relative to ribo-
somal 18S (Hs03928990 gl1). Five normal tissues were used
as reference.

Site-directed mutagenesis

The role of the viral polyA signal in AAV-induced gene over-
expression was investigated in two plasmids containing AAV
insertions in the 3’'UTR of TNFSF10.* QuikChange Lightning

site-directed mutagenesis kit (Agilent) was used to introduce
four point mutations in the viral polyA signal (NC_001401:
4424 A>C, 4426 T>G, 4427 A>C, 4429 A>C). All mutations
were verified using Sanger sequencing.

Cell culture, transfection and dual luciferase assay

HuH7, HepG2 and HuH6 cells were purchased from ATCC and
cultured in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum and 100 U/mL penicillin/strepto-
mycin. Cells were tested for mycoplasma contamination. Identity
was verified by exome sequencing. Cells were transfected using
Lipofectamine 3000 (Life Technologies) with pmirGLO plasmid
(Promega) containing wild-type TNFSF10 3’UTR, the 3’UTR
with AAV2 insertions or scrambled AAV2 sequence downstream

LaBellaT et al. Gut 2020,69:737-747. doi:10.1136/gutjnl-2019-318281
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Figure 2 Adeno-associated virus (AAV) DNA in non-tumour tissues and viral episomal form. (A) Copy number/cell distribution in 233 samples. The
density line defines the low and high positivity groups in blue and red, respectively. (B) Contingency analysis of AAV positive and negative patients
according to gender, age and Metavir fibrosis score. Frequency of AAV-positive patients is displayed (y2 test with Monte Carlo simulation and y? test
for trend in proportions for Metavir score). (C) Frequency of RNA expression according to REP and CAP viral transcripts in patients with episomal and
not-episomal AAV (x2 test with Monte Carlo simulation). (D) Viral copy number/cell (log,,) in AAV-positive samples according to the episomal status
and the transcriptional activity of the episome (Wilcoxon rank-sum test). (E) Distribution of the different viral molecular forms according to the age of

the patients. *P<0.05, **p<0.01, ***p<0.001.

a luciferase reporter gene. Luminescence from firefly luciferase
was normalised on the corresponding renilla luciferase activity.
Fold change was calculated relative to the wild-type TNFSF10
3’UTR construct.

Statistical analysis

Statistical analyses were performed using RStudio (V.1.0.136) and
GraphPad Prism (V.6.0a). Relationship between AAV and clin-
ical, histological features of the patients was investigated using
X? test. P values adjustment was computed for a Monte Carlo
test with 2000 permutations. Statistical significance of quantita-
tive variable was determined by Wilcoxon rank-sum test. Asso-
ciation among variables was modelled by a multinomial logistic
regression. Luciferase activity of transfected versus control cells
was compared using Student’s t-test. All tests were two-tailed
and a p value <0.05 was considered as statistically significant.

RESULTS

Identification of two major AAV genotypes in the liver
Screening of frozen liver tissues from 1319 patients with 6
Tagman probes distributed along the genome that collectively
recognise all AAV genotypes 1-13 identified AAV DNA in 18%
(n=233) of non-tumour liver tissues (online supplementary
figure 1). For viral AAV DNA capture of all known genotypes
1-13, we selected 80 non-tumour liver samples including 68
positive samples ranging from 2x107*to 0.18 copy number/
cell. After sequencing, a full-length AAV sequence was recon-
structed in 57 samples and two major AAV subtypes were iden-
tified (figure 1A-B). The first subtype (n=25) is highly similar
to AAV2 reference sequence (NC_001401) and to VP1 clade B

genotype isolated in human'*** (online supplementary table 2).

The second subtype (n=32) showed hybrid sequences including
various parts of the AAV13 capsid (similar to clade C'*** and
c-ter in the context of an AAV2 5’ part, it was named AAV2/13
(figure 1B and online supplementary figure 2). We identified
along the viral genome 42 silent variants shared by both AAV
subtypes, but different from the AAV2 reference NC 001401
(figure 1C). In contrast, several nucleotide variants leading to
amino acid substitutions in AAV2/13 sequences were located in
the hypervariable regions (HVRs) 5, 6 7 and 10 and originated
from AAV13 sequence (figure 1B-C). Screening the overall series
of 1319 samples with two probes specific of AAV2/13 subtype
and located in the CAP2 region (online supplementary figure 1),
identified 47.6% AAV2 and 52.4% AAV2/13 genotypes among
143 samples positive for the variable region.

AAV infection and episomal form

In the 233 AAV positive liver samples, quantification of the viral
DNA showed a bimodal distribution: 97% of the tissues exhib-
ited a low number of copy/cell (ranging from 4.6 X107 to 0.04)
and only 8 patients showed a higher quantity of AAV ranging
from 0.07 to 0.18 copy/cell (figure 2A). AAV was significantly
enriched in female (p<0.001), young patients (p=0.016) and
occurred more frequently in a background of non-fibrotic liver
(p<0.001; figure 2B).

In 64/233 (27.5%) of the tissues positive for AAV, all the
genomic AAV regions were amplified suggesting the presence
of the entire viral genome. We designed a DNAse/TagMan-
based assay (online supplementary figure 3A), which allowed
to detect episomal AAV in 60 patients, corresponding to 26%
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of AAV positive samples and 4.6% of all patients. Using in silico
analyses of the AAV capture sequencing, among the 57 cases
with a complete reconstructed AAV genomic sequence, we
identified 14 cases with 3’ITR-5’ITR junctions. Circularised
concatemeric structures may escape from our experimental
method to identify episomal form,* however, we did not iden-
tified insertion of concatemer in silico. The 3’ITR-5’ITR junc-
tions showed various sequences presenting a double-D ITR
structure, in flip or flop configuration, with a 125 bp deletion
confirmed by Sanger sequencing (online supplementary figure
3C-D and 4).

AAV transcription is associated with episomal form

Then, we screened for AAV RNA expression in 101 non-tumour
liver tissues positive for AAV by qRT-PCR. AAV transcript was
identified in 64% of the tested liver tissues. Either AAV REP
or CAP expression were enriched in liver tissues with episomal
form (p<0.001) and both transcripts were more frequently
associated in presence of episomal than not-episomal AAV
form (p=0.022), defining a population of patients with an
‘episomal-expressed AAV’ (figure 2C). A higher AAV copies
per cell was identified in liver tissues with episomal-expressed
AAV, supporting the hypothesis of a viral active infection in
these liver samples (figure 2D). Episomal AAV were also more
frequent in female patients (p<0.001) and patients without
cirrhosis (p<0.001; online supplementary figure SA). Analysis

A

of AAV positivity in function of age showed a peak of frequency
at 259% in the 30-40 years class. AAV episomal form was more
frequent in young patients (aged <40 years old) reaching
the highest frequency level in the twenties (figure 2E and
online supplementary figure 5B). These results suggest that
AAV active infection is more frequent in the second and third
decade during life, while inactive not-episomal forms subsist
after the primary infection.

Co-infection with AAV helper viruses

As AAV is a defective virus, we searched for the presence of
potential AAV helper viruses by screening the entire cohort of
1319 liver tissues for human adenoviruses (AdV types A-F),
human herpesviruses (HHV type 1, 2, 4, 5, 6, 7 and 8) and
human papillomavirus type 16 (HPV16) by qRT-PCR. At least
one of these viruses was detected in 43% of the patients (n=570),
and only one per patient in 39% (n=520). HHV6 was the most
frequent (39%), then HHV4 (Epstein-Barr virus, 6%), while
HHV7 and adenovirus were only rarely detected (2% and 0.5%,
respectively, figure 3A). No HPV16 and HHV type 1 (HSV1), 2
(HSV2), 5 (CMV) and 8 (KSHV) were found in our cohort of
liver tissues. HHV6 was the only helper virus enriched in AAV-
positive patients (37.3% vs 44.8%, p=0.039), in particular in
patients with episomal or expressed-episomal forms (52.5% and
67.9%, respectively, p<0.001; figure 3B).
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*P<0.05, **p<0.01, ***p<0.001. ns, not significant.

To identify independent features associated with AAV infec-
tion in the overall cohort of patients, we performed a multivar-
iate analysis (figure 3C). Female gender (OR=1.83, p<0.001),
the age (OR=1.42, p=0.044), non-cirrhotic liver (OR=1.96,
p<0.001) and co-infection with HHV6 (OR=1.15, p=0.031)
were independently associated with AAV positivity. Three factors
were also significantly associated with the presence of episomal
and expressed AAV: female gender (OR=4.71, p=0.013), non-
fibrotic liver (OR=12.13, p=0.018) and co-infection with
HHV6 (OR=1.61, p=0.01).

AAV in tumour tissues
AAV DNA positivity was less frequently identified in the
tumour tissues (n=109, 8%) compared with non-tumour

liver tissues (n=233, 18%) with only 4.7% of patients
presenting AAV in both tumour and non-tumour compart-
ments (figure 4A). Twenty out of the 109 positive tumours
showed a high number of AAV copies/cell ranging from 0.07
to 6.08. This value might be underestimated considering
both potential contamination by normal cells and ploidy of
tumour hepatocytes. The vast majority (n=83, 76%) had only
one or two amplified viral regions with an enrichment for
the 3’ITR region of the virus (online supplementary figure
6A-B). AAV was detected with a similar frequency in malig-
nant and benign tumours, but with a higher number of copies/
cell in malignant tumours corresponding to the clonal AAV
insertion events (figure 4B-C; online supplementary table 3).
Conversely, in all patients with benign tumours except one

742

LaBellaT, et al. Gut 2020,69:737-747. doi:10.1136/gutjnl-2019-318281

yBuAdod Aq paloaloid 1senb Agq £20g ‘T Jequiaidas uo jwod fwgnby/:dny wouy papeojumoq "6T0Z IsnbBny z uo T8Z8TE-6T0Z-UNNB/IETT 0T St paysiignd 1s11y 1IN


https://dx.doi.org/10.1136/gutjnl-2019-318281
https://dx.doi.org/10.1136/gutjnl-2019-318281
https://dx.doi.org/10.1136/gutjnl-2019-318281
http://gut.bmj.com/

Hepatology

A B

s 2 go
INHBE (12q13) GLI1 (12q13) ______ e ;f;gﬂ(g;g; H2AFY2 (10g22) #1920T () e
i PRES #1920T (Flip) T P %
g % % W € #19197 (Fiip) -8
- [ =~ ’ e =}
8 S K2 L
5 e oo r : ek
I+ F* I* 3
1 [ | l | &
.l \i . 1 [T 1 I T
} 1 2 3456 T e 8 _9

| eon2i2 (mfXJem #1020

(| lexon212 TR
05kb
(L exon212  EICRuy
(e R 19217
(eI T P #3765T
1kb
% 4= & #129T (Flip)
TERT (5p15) # #985T (Fiip) CCNA2 (4927) «—5 dasdst (1)
AT b o |
d #2102T (Flip) __,,v.':“’*._ — #zzos-r(ﬂiz)
E o8 @ 580‘; #313T (Flop)
Q& = @ TqL e
1.5kb B 8 SN T 1kb
P
[l [ | [ Ilh l llulu H | H__
(L T 111 1Tl [ ] j
3 46 78 910 1 12 131416 SAKIOY
o T%:GAAAUZ 1CGAAgOF
e ETTTEET I VT, #985T, #2102T e ——
— T T e— #3137
05kb e ST T e— 1122067

e P e— /2112
——
CmEsd #2128T
[ R — #120T

0.5kb

2 go
8 8R )

S Be 3

? =99 <)

; <

_______ 4:! #2141T (Flop) .
CCNE1 (19q12) _____ J— 5 lsearr TNFSF10 (3q26) #2557T/#2558T (Flop) N
______ 13 #1007 (Ficy #1602T (Flop) 13y
....... = €= #M257T (Flop) 15kb 5 &
= = = €= #2208T (Flop) ' 8 3
= 3 388 S
Q Q & &8 1kb
! bl . I M
/' B n H | | | | _
st 24 @@,’L 56 TE 12 3 S
¥
coa § TN S — T
m \WT: #2141T. #3641T; #2208T [ exont6 ) #2558T
(T — 0i257T T —) 16027
= #1591T '—|0.5kb
1.5 kb
G H g =g
s %3
Intergenic Region chr10 (10g21) 3T KMT2B (1913) @ #15T ()
ccoce g8
T A7
J— BT e 1kb
I | —
L [T 11 [
1 2 3 4-7 89 4 56

1 2 3 -4678 914 1519 20-26 27-30 3137

L | [[[ [ lexond-37 [ | 1] Ry

(T 11c5T
H
0.5kb

Figure 5 Adeno-associated virus (AAV) clonal integration sites and transcripts consequences in tumours. Genes structure are schematised with
boxes referring to exons and lines to introns regions. Transcription start sites location is shown on 5’ of the gene. Arrows indicate viral insertion sites
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fusion viral sequences in red. WT, wild type.

with focal nodular hyperplasia (FNH), AAV was more highly were rarely identified in tumours (n=8, 0.6%), mostly in
positive in the non-tumour counterpart than in the corre- benign tumours (four HCA and two FNH) and only two HCC
sponding tumour (figure 4C). Finally, viral episomal forms (supplementary figure 3C-D and 4).
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AAV insertion in liver tissues
We identified seven novel clonal insertions in six HCCs, in
GLI1/INHBE, (figure SA-B) TERT (figure 5C) and CCNA2
(figure 5D). Only one clonal insertion was identified in a benign
focal nodular hyperplasia, it occurred in an intergenic region
of chromosome 10 (figure 5G) without consequences on the
expression of the nearest genes (figures 4D and 5). Combining
with AAV insertions identified in TCGA and ICGC sequenced
HCC** and previously described cases in our cohort, ** we
re-analysed a total of 30 independent AAV insertions in liver
tumours (online supplementary table 4). Viral insertions occurred
in both directions, AAV2 and AAV2/13 subtypes were equally
represented (55% vs 45% of the interpretable cases, respec-
tively) and the minimal AAV region commonly inserted (nucle-
otide 4390-4570) was identified in 25 out of the 30 insertions.
Six oncogenes were recurrently activated by AAV
(online supplementary figure 7). Insertions in GLI1/INHBE
(four adenomas transformed into HCC, figure 5A-B), TERT
(two HCC, figure 5C), CCNE1 (seven HCC, figure SE),
TNFSF10 (two HCC, figure 5F) and KMT2B (two HCC,
figure SH) led in almost all the cases to an overexpression of
full-length coding region of these oncogenes by a promoter
and/or a enhancer cis mechanism (figure 5). CCNA2 was
inserted in nine HCC; all insertions but one clustered in
CCNA?2 intron 2, they resulted in an abnormal AAV-CCNA2
transcript leading to a stable oncogenic truncated protein
lacking the N-terminal regulatory domain (figure SD).** The
3’UTR of TNFSF10 showed AAV insertions in two HCC
inducing TNFSF10 overexpression with transcripts that
prematurely ended at the viral polyadenylation (figure SF).
Here, using site-directed mutagenesis of both insertions, we

demonstrated that the viral polyA signal is required to ensure
a strong luciferase overexpression in three different tested cell
lines (online supplementary figure 8).

In the non-tumour liver tissues, no clonal AAV insertions were
identified; non-clonal insertions were significantly associated
with the presence of episomal AAV (p<0.001), in contrast to
the tumour samples. In both non-tumour and tumour tissues,
non-clonal AAV insertions were randomly distributed along
the genome (figure 4D and online supplementary figure 9). No
specific enrichment was found in major target of AAV previously
described in cell lines.***”

AAV features and tumour heterogeneity

We explored intertumour heterogeneity by analysing multi-
nodules (n=475) from 186 patients for the presence of viral
DNA, clonal insertions and episomal form. Of those, AAV DNA
was detected in 25 patients (online supplementary figure 6C),
including 4 patients with clonal AAV insertion in at least one
nodule. Two patients with HCC displayed clonal AAV integra-
tions in all nodules. Thanks to the next generation sequencing
(NGS) data, we were able to predict the evolution of these
tumours by looking at the common and private somatic muta-
tions and copy number alterations (CNA) in each nodule. Inter-
estingly, the two tumours from patient #2557 showed the same
viral insertion in TNFSF10, similar gene mutations and CNA
profiles, demonstrating that AAV insertion is a truck alteration
occurring before intrahepatic metastasis (figure 6A). Conversely,
the three tumours from patients #1919, resulting from a malig-
nant transformation of adenoma in carcinoma, harboured three
different clonal insertions all targeting GLI1, with different gene

A AAV (209bp) in TNFSF10 SETD2 Leu1689Pro
TERT promoter c-124 é’gg’3’(1191AL5P113(B’7TG|
BRD7 Ser123Asn eu n HCC: #2557T (WGS) #2557T
SETD2 Asp2064 frame shift .’ Not-episomal AAV #2558T
| ALB Indel l 127 RS (0.51 copies/cell)

I

NT FGF19/CCND1 amplification Primary
Not-episomal
AAV

(0.008 copies/cell)

Focal CDKN2A deletion tumor
WGD and deletions leading
to near-triploid state

N,
TNS1 Arg117Gin

NKAPL Asp147Asn
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Figure 6 Tumour development in patients with multiple nodules and clonal adeno-associated virus (AAV) insertions. The relation between the
tumours is determined according to gene mutation profile and copy number alteration (CNA) of each nodule. The number of shared and private
alterations is indicated above each branch. The major alterations with amino acid consequences are listed; mutations in driver genes and main CNAs
are in bold. The AAV status, diagnosis and sources of genomic information (WGS, WES) are specified for each nodule. The thickness of the branch
indicates the number of alterations. The position of the nodules for each patient is represented on the right. (A) The two hepatocellular carcinoma
(HCC) nodules of patients #2557 display the same AAV insertion in TNFSF10 and they share 199 somatic mutations and several CNAs. This profile
suggests that the nodules originate from the same primary tumour. (B) The three nodules of patient #1919 are heterogeneous for mutation profile and
AAV insertions suggesting an independent origin of the tumours. NT, non-tumour.
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Figure 7 Adeno-associated virus (AAV) and helper viruses in the general population and in human liver. Frequency of different AAV genotypes and

seroprevalence of AAV'®"? and helper viruses®® '

in the general population are showed in the upper panel. The error bar in the histogram represents

the range of helper viruses seroprevalence according to the literature. The bottom panel summarises the results found in this study, with estimated
frequencies in the general population. For men and women, the global AAV frequency, the presence of episomal transcribed AAV and the prevalence
of oncogenic clonal AAV insertions are indicated. *This prevalence is normalised according to the frequency of clonal AAV insertion in hepatocellular
carcinoma (HCC) (2%) and the prevalence of HCC in France (0.013%). AdV, human adenovirus; EBV, Epstein Barr virus; HHV, human herpesvirus.

mutation profile and no CNA suggesting that the three nodules
have an independent origin (figure 6B).

DISCUSSION

In this study, we provided a comprehensive description at large
scale of the different AAV viral forms in the liver and of its
oncogenic consequences, contributing to better understand the
natural history of AAV infection in human.

The prevalence of AAV was observed in 21% of patients in
non-tumour and/or tumour liver in agreement with the sero-
prevalence of antibody against AAV identified in 30%-80%
of the general population.!®*?*® QOur result showed that one
out of five patients demonstrates persistent AAV DNA in the
liver during life, mainly in the population of young and female
patients without liver fibrosis (figure 7). However, since most of
our liver tissues were sampled from patients with liver diseases,
the exact prevalence of AAV DNA in the liver of healthy individ-
uals remains to be evaluated.

Only two AAV genotypes, AAV2 and hybrids AAV2/13, were
identified in our cohort equally distributed among the patients.
AAV2/13 sequences were hybrids between AAV2 in the 5’ part
and AAV13 in the 3’ corresponding to the previous clade C of
the VP1 classification.'® Since only one full-length AAV sequence
from clade C was publicly available,** our work significantly
increased the number of human AAV full-length sequences
enlightening the genomic variants associated with an efficient
natural AAV infection in the liver. In contrast to previous sero-
logical analysis,'® "' ** we did not identified other AAV genotypes
in the liver, even if AAVS and AAVS were frequent in circulating
monocytes.**

AAV episomal form was identified in the non-tumour tissues
of 4.6% of the patients, representing 26% of all AAV-positive
liver samples, whereas episomal AAV has only been described
in human tonsil and adenoid previously.” It was frequently
associated with viral mRNA expression suggesting that the

episomal AAV are also transcriptionally active in a significant
proportion of the population in the liver (figure 7). Several
viruses’ °! are able to support AAV replication in vitro, and
it was commonly admitted that adenovirus is the natural AAV
helper. Here, we identified HHV6 as the virus most frequently
associated with episomal and transcribed AAV in the liver.
This co-occurrence was previously described in healthy blood
donors* and HHV6 is able to infect hepatocytes.’** The
increased frequency of HHV6 in patients with episomal-
expressed AAV form could indicate an ongoing active infec-
tion in the liver of 2.1% of the patients. In contrast, only
very rare patients showed an association with adenovirus or
other candidate helper viruses even in livers with episomal
and expressed AAV (figure 7). All these results may suggest
the role of HHV6 as the natural helper virus of AAV in the
liver. However, co-infection with other helper viruses could
occur at the initial acute AAV infection, followed by its clear-
ance. Replication-competent infectious AAV has been rescued
from human tonsil and adenoid tissue and lymphocytes, it
remains to be searched in fresh liver tissues.*® *° Viral clones
were isolated and their infectivity was tested in vitro in HeLa
cells showing that only AAV clones with a complete double-D
ITR structure were able to replicate and gave rise to infectious
virus.”® Interestingly, the analysis of the ITRs junctions of the
episomal form in our series highlighted the presence of the
same double-D structure supporting its role in an active AAV
infection. Moreover, here a peculiar link between episomal-
expressed AAV in the liver and age suggested that AAV active
infection occurs during the first three decades of life and then
remains latent.

Analyses of the tumour tissues confirmed the selection of
clonal AAV insertion in HCC development in non-cirrhotic liver.
Recurrent somatic viral integrations were identified in 2% of
our HCC cohort, targeting CCNA2 (33.3%), CCNE1 (27.8%),
GLI1/INHBE (11.1%), TERT (11.1%), TNFSF10 (11.1%) and
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KMT2B (5.6%). AAV insertion induced the overexpression of the
target genes through multiple mechanisms that differ according
to the target and the localisation of the integration. Clonal inser-
tions upstream the TSS or within the 5” region of the gene lead
to the gain of a positive regulatory mechanism such as the usage
of viral enhancers and transcription factor binding sites (TFBS).
Interestingly, a recent work by Logan et al has described a liver-
specific enhancer-promoter element in wild-type AAV genome
within the common inserted region in HCC tumours.” It consists
of 124 nucleotides sequence that contains TFBSs for HNF1-q.,
HNF6 and GATA6. Noteworthy, this region is absent in many
AAV vectors currently in use and should raise a biosafety flag or
be deleted in the remaining. In line with our finding, this result
strongly supports the mechanism of AAV-induced overexpres-
sion of the target gene. In addition, viral insertions in CCNA2
and TNFSF10 genes led the expression of a truncated protein or
the premature ending of the transcript within the viral polyA,
respectively.

AAV oncogenic integrations were identified in our cohort of
European patients with HCC. They were also observed in the
ICGC-Japan cohort in 3 HCC cases out of 268 HCC (1.1%),"
in 4 out of 334 HCC (1.2%) of the TCGA cohort™ and in 2
out of 289 HCC (0.7%) from Korea.’® Interestingly, the most
frequent AAV integrated oncogenes are similar to HBV, that are,
CCNA2, CCNE1, TERT and KMT2B. The lower prevalence of
AAV could be due to the lack of chronic liver disease associated
with active AAV replication in contrast to chronic HBV infec-
tion. In the present series, we reinforced the link between AAV
oncogenic insertion and the occurrence of HCC in normal liver,
including recurrent AAV insertions in the malignant transfor-
mation of hepatocellular adenoma in carcinoma targeting GLI1
that defines the activated sonic hedgehog molecular subgroup of
adenoma, shHCA.?” In the same line, AAV insertions in cyclin
A2 or E1 in HCC are associated with unique chromosomal rear-
rangement signature and poor prognosis mainly occurring in
HCC developed in normal liver.>* These results underline the
role of AAV insertion in the development of a specific subgroup
of HCC without other aetiologies.

In conclusion, we provided a portrait of AAV infection in the
liver with a description of viral genotypes, molecular forms and
helper virus paving the way for a renovated interest in wild-
type AAV biology. New highlights on the understanding of the
oncogenic consequences of AAV integration in HCC tumours
emerged from this work. However, further studies are neces-
sary to clarify the impact of AAV infection in additional cohort
of patients and the frequency of insertional mutagenesis across
different countries.
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