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There are conflicting reports that integration of the wild-type adeno-associated virus 2 (AAV2) genome is
associated with induction of hepatocellular carcinoma (HCC) in a small subset of patients. However, there
are several lines of evidence that contradict this assertion: (i) AAV2 has long been known to be a non-
pathogenic virus, although *90% of the human population is seropositive for AAV2 antibodies; (ii) AAV2
has been shown to possess anticancer activity; (iii) epidemiological evidence suggests that AAV2 infection
plays a protective role against cervical carcinoma; and (iv) five different AAV serotype vectors (AAV1,
AAV2, AAV5, AAV8, and AAV9) have been or are currently being used in 162 Phase I/II clinical trials and
one Phase III clinical trial in humans to date, and no cancer of any type has ever been observed or
reported. A brief historical account of the putative role of infection by AAV in the etiology of cancer, or lack
thereof, is presented.
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IN LATE 2015, Nault et al.1 reported that of 193
patients with hepatocellular carcinoma (HCC), 11
(<6%) contained an integrated genome sequence of
the wild type (wt) adeno-associated virus 2 (AAV2),
and suggested that AAV2 is associated with onco-
genic insertional mutagenesis in human HCC. Al-
though this conclusion was questioned,2,3 in more
recent publications, Nault et al.4–7 continue to in-
sist that AAV2 is an oncogenic virus in initiating
HCC. Interestingly, Park et al.8 recently reported
that following evaluation of a total of 289 unrelated
patients with HCC, the presence of AAV2 DNA was
detected in tumor tissues from only two (<1%) pa-
tients, and concluded that AAV2-mediated HCC is
very rare in Korean patients. In view of these
seemingly contradictory reports, this review pro-
vides a brief historical account of the putative role
of AAV in the etiology of cancer, or lack thereof, and
attempts to resolve some of this controversy.

WILD-TYPE AAV2 AND CANCER

AAV2 was discovered in 1965,9 and for nearly
half a century, it was not only considered to be
a non-pathogenic human parvovirus,10 but was

shown to possess antitumor activity. For instance,
very early studies showed that AAV particles
could inhibit tumor formation by the type A ade-
noviruses, Ad12 and Ad31, in hamsters.11,12 It was
shown that this phenomenon did not require in-
tact AAV genomes13 and could be mediated by AAV
particles that contained small defective-interfering
(DI) genomes14 that comprised only the AAV in-
verted terminal repeats (ITRs). Furthermore, tu-
mor formation was also inhibited efficiently by
purified DNA extracted from these particles. This
activity of AAV2 is not limited to Ad12 viral-
induced oncogenesis. Raj et al.15 subsequently
showed that AAV2 could selectively induce apo-
ptosis and kill cells that lack p53 activity but had
no effect on cells with normal p53. This effect
appeared to be mediated by a DNA damage repair
response induced by the AAV DNA ITR, and in-
jection of a synthetic oligonucleotide containing
the AAV2 ITR sequence mediated the same effect.
The p53 tumor suppressor activity of p53 is lost
in most human tumors,16 and Raj et al.15 also
showed that injection of AAV2 could inhibit for-
mation and subsequent growth of tumors medi-
ated by a p53–/– cell line in athymic nude mice.
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AAV can inhibit cellular transformation and
oncogenicity, and some of these effects may be
mediated by the AAV rep gene. AAV1 inhibited
transformation of hamster embryo cells by Ad12,17

and infection of a HSV2-transformed hamster em-
bryo cell line decreased its oncogenicity in synge-
neic hamsters.18 Also, the oncogenicity of H14b
cells, an Ad5-transformed hamster cells line con-
taining only the Ad5 E1 genes, in hamsters was
substantially reduced by infection with AAV2.19

Although AAV did not replicate in H14b cells, ex-
pression of AAV mRNA was detected, and there
was a decrease in the expression of the Ad E1B 55K
oncogene protein. This may have represented ex-
pression of the AAV rep gene. AAV2 infection of an
NIH3T3 cell line transformed by the ras gene re-
sulted in decrease growth efficiency in vitro and
prolonged increase in the latent period for tumor
appearance in nude mice.20 The AAV rep78 gene
can inhibit expression of the H-ras gene.21 Also,
in vitro transformation of mouse fibroblasts jointly
by the adenovirus E1A gene and the Ha-ras gene
was inhibited by expression of the AAV rep gene
but not by the AAV DNA ITR sequences.22

An early report that examined the presence of
AAV antibodies in sera from cervical cancer pa-
tients and normal individuals showed a negative
correlation between the presence of AAV seroposi-
tivity and cervical carcinoma.23 This suggested that
AAV may have a protective effect against cervical
carcinoma. Attempts to test this hypothesis using
PCR assays to screen for AAV DNA sequences in
normal and cervical tumor tissues yielded mixed
and inconclusive results.24–26 However, subsequent
extensive studies by Hermonat et al. established the
inhibitory effects of AAV2 and AAV2 Rep proteins on
human and bovine papillomaviruses,27–33 hepatitis B
virus,34 and human immunodeficiency virus 1 (HIV-
1),35,36 all associated with malignancy. Furthermore,
these investigators also demonstrated the negative
regulatory role of the AAV2 Rep proteins on ex-
pression from the promoters of the human c-Ha-ras,
c-fos, and c-myc proto-oncogenes,21,37,38 which have
been implicated in the etiology of a wide variety of
human cancers.

Thus, on the basis of all published studies to date,
except for those reported by Nault et al.,1 there is
overwhelming, albeit circumstantial, evidence that
infection by the wt AAV2 is not associated with
cancer, and may in fact protect against cancer.

RECOMBINANT AAV2 AND CANCER

In contrast to the wt AAV2 genome, which has
been shown to stably integrate site-specifically into

human chromosome 19,39–42 recombinant AAV
(rAAV2) vectors were shown to lack this proper-
ty.43,44 It subsequently became clear that the lack
of site-specific integration of rAAV2 genomes was
due to the fact that the viral rep genes, which me-
diate site-specific integration, were deleted in all
rAAV2 vectors. However, this property of rAAV2
vectors was deemed as an advantage, since the risk
of insertional mutagenesis would be expected to be
reduced, if not obviated. However, it subsequently
became evident that rAAV vectors may integrate,
albeit at extremely low frequencies,45,46 and that
these integrations occur preferentially into active
genes, at least in mice.47

However, Donsante et al.48 reported that rAAV2
vectors induced HCC in neonatal mice with muco-
polysaccharidosis type VII. Similar observations
were also made with normal mice,49 in which four
vector-chromosomal junctions were identified in
the Rian locus, which contains the genes for several
microRNAs. Several of these microRNAs were
shown to be highly overexpressed in the tumors.
Since the Rian locus is expressed highly in neona-
tal mice, compared with adult mice, rAAV genomes
would be expected to undergo integration into this
site at a higher frequency. Induction of HCC was
also observed when AAV2 vector genomes were
introduced into the Rian locus using homologous
recombination.50 Although a few additional studies
further supported the observation that rAAV2
vectors induce HCC in mice,51,52 it is important to
note that the human genome lacks the Rian locus.
Furthermore, whereas Rosas et al.53 reported
HCC induction in a mouse model using self-
complementary AAV (scAAV) vectors, Gauttier
et al.54 found no tumor-initiating risk associated
with scAAV vectors in newborn rat liver. In ex-
tensive studies with large numbers of mice, Bell
et al.55 and Li et al.56 found no evidence for tumor-
igenesis induced by AAV vectors. Similarly, no ev-
idence of tumor formation in the liver was observed
following rAAV vector delivery in dogs and non-
human primates.57,58

Kaeppel et al.58 also reported a largely random
pattern of AAV integration in patients with lipo-
protein lipase deficiency following gene therapy,
and concluded that AAV integration is potentially
safe. More recently, Gil-Farina et al.59 reported
that rAAV integration is not associated with hep-
atotoxicity in humans or in non-human primates.

Thus, cumulative evidence to date suggests
that despite the use of relatively large doses ad-
ministered in large animal models as well as in
humans, rAAV2 vectors are not associated with
tumorigenesis.
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OF MICE AND MEN

Despite their extensive use in biomedical research,
it has become increasingly clear that for the most
part, rodent models are poor surrogates for humans,
as well as poor predictors for human diseases. The
current controversy is an apt example to illustrate
and emphasize this point further. For example, as
stated above, the Rian locus in the mouse genome
has been purported to play a critical role in the AAV
vector–mediated induction of HCC, but there is no
Rian ortholog in the human genome. Similarly, as
reported by Chandler et al.52 the rAAV genome was
found to be integrated most commonly in the albu-
min gene in mouse livers, whereas no integration of
the wt AAV genome was detected in this locus in the
human genome in any of the HCC patients in the
studies reported by Nault et al.1

Additional significant confounding factors be-
tween rodents and humans including species dif-
ferences, average life expectancies, the inbred
nature of most rodent models, susceptibility of in-
fection with the wt AAV, and the relatively high
rAAV vector dose administration, notwithstand-
ing, the authors concur with Valdmanis et al.60 in
their conclusion that rAAV-mediated tumorigene-
sis still remains unresolved. The conclusion by
Russell and Grompe61 that AAV has found its dis-
ease might be deemed premature, and further
corroborating evidence must be awaited in the
human population.

EPILOGUE AND PROLOGUE

As stated above, on the basis of all published
studies to date, except for those reported by Nault
et al.,1 there is overwhelming, albeit circumstan-
tial, evidence that infection by the wt AAV2 is not
associated with cancer, and may in fact protect
against cancer, in view of the fact that the wt AAV
possesses anti-tumorigenic properties. Additional
epidemiological evidence, suggesting a protective
role of AAV infection against cervical cancer not-
withstanding, there is convincing evidence that
the wt AAV2 negatively impacts various aspects of
life cycles of several viruses known be associated
with malignancies, such as adenoviruses, pa-
pillomaviruses, hepatitis B virus, and HIV-1, and
that that AAV Rep proteins have anti-oncogenic
activity and suppress expression of several human
proto-oncogenes, such as c-Ha-ras, c-fos, and
c-myc, which have been implicated in the etiology
of a wide variety of human cancers.

The case for the association of rAAV vectors with
cancer in humans is even less compelling, given

that at least five different serotypes, AAV1, AAV2,
AAV5, AAV8, and AAV9, have been, or are cur-
rently being used, in 162 Phase I/II, and one Phase
III clinical trials in humans to date62 (www.wiley
.com/legacy/wileychi/genmed/clinical/), and no ad-
verse events, much less cancer of any type, have ever
been observed or reported. It should be emphasized
that in all clinical trials performed to date, the vector
doses administered are likely to be far higher than
those encountered during a natural course of infec-
tion by the wt AAV. It is also important to note that
for the most part, only adult patients have been en-
rolled in clinical trials with rAAV vectors, whereas
infection with the wt AAV likely occurs during
childhood. Thus, age may be an important consid-
eration. In this context, it is of interest to note that
detection rate of AAV2 sequences in Korean pa-
tients with HCC (2/289) was significantly lower than
that in French patients with HCC (11/193). How-
ever, the Korean patients were younger than the
French patients, with the median age of the 11
French patients being 55 years compared with the
ages of the two Korean patients being 47 and 39
years. Considering that there is correlation be-
tween aging and cancer in general, this aspect
warrants further studies, as many years must
elapse before detectable tumors develop. It is also
important, based on the observations of Kaeppel
et al.,58 to ascertain what role, if any, rAAV vector
integration in the mitochondrial genome may play
in humans.

In the unlikely event that rAAV vectors are
found to induce neoplasia in a subset of patients
due to random integration, additional future pos-
sibilities to increase the overall safety and effi-
cacy further could be contemplated to include the
development of rAAV vectors co-expressing the
Rep proteins, which would not only mediate site-
specific integration of the vector genomes but
Rep-mediated suppression of oncogenicity as well.
Although this would further limit the packaging
capacity of rAAV vectors, it is not difficult to en-
visage the use a dual vector approach in which a
therapeutic rAAV vector is ad-mixed with a Rep-
expressing AAV vector. Indeed, such an approach
has been proven to be successful.63–67 Site-specific
integration of the rAAV vector genome in the target
cell would also ensure sustained, long-term trans-
gene expression in post-mitotic as well as in pro-
liferating cells, such as in the growing liver,
which may be beneficial to pediatric patients in
particular.

Finally, should high rAAV vector doses pose a
potential oncogenic threat, efforts should also
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continue toward the development of the next gen-
eration of rAAV vectors that are more efficient at
significantly reduced doses.68–70

ACKNOWLEDGMENTS

This work was supported in part by Public
Health Service grants R01 HL-097088, and R21
EB-015684 from the National Institutes of Health;

a grant from the Children’s Miracle Network; and
support from the Kitzman Foundation (to A.S.).

AUTHOR DISCLOSURE

A.S. holds issued patents related to AAV vectors
that have been licensed to various AAV gene
therapy companies. No competing financial inter-
ests exist for B.J.C.

REFERENCES

1. Nault JC, Datta S, Imbeaud S, et al. Recurrent
AAV2-related insertional mutagenesis in human
hepatocellular carcinomas. Nat Genet 2015;47:
1187–1193.

2. Berns KI, Byrne BJ, Flotte TR, et al. Adeno-
associated virus type 2 and hepatocellular carci-
noma? Hum Gene Ther 2015;26:779–781.

3. Buning H, Schmidt M. Adeno-associated vector
toxicity—to be or not to be? Mol Ther 2015;23:
1673–1675.

4. Nault JC, Colombo M. Hepatocellular carcinoma
and direct acting antiviral treatments: contro-
versy after the revolution. J Hepatol 2016;65:
663–665.

5. Nault JC, Datta S, Imbeaud S, et al. Adeno-
associated virus type 2 as an oncogenic virus in
human hepatocellular carcinoma. Mol Cell Oncol
2016;3:e1095271.

6. Nault JC, Mami I, La Bella T, et al. Wild-type AAV
insertions in hepatocellular carcinoma do not in-
form debate over genotoxicity risk of vectorized
AAV. Mol Ther 2016;24:660–661.

7. Nault JC, Datta S, Imbeaud S, et al. AAV2 and
hepatocellular carcinoma. Hum Gene Ther 2016;
27:211–213.

8. Park KJ, Lee J, Park JH, et al. Adeno-associated
virus 2-mediated hepatocellular carcinoma is very
rare in Korean patients. Ann Lab Med 2016;36:
469–474.

9. Atchison RW, Casto BC, Hammon WM.
Adenovirus-associated defective virus particles.
Science 1965;149:754–756.

10. Blacklow NR, Hoggan MD, Sereno MS, et al. A
seroepidemiologic study of adenovirus-associated
virus infection in infants and children. Am J Epi-
demiol 1971;94:359–366.

11. Kirschstein RL, Smith KO, Peters EA. Inhibition of
adenovirus 12 oncogenicity by adeno-associated
virus. Proc Soc Exp Biol Med 1968;128:670–673.

12. Mayor HD, Houlditch GS, Mumford DM. Influence
of adeno-associated satellite virus on adenovirus-
induced tumours in hamsters. Nat New Biol 1973;
241:44–46.

13. de la Maza LM, Carter BJ. Inhibition of adenovirus
oncogenicity in hamsters by adeno-associated
virus DNA. J Natl Cancer Inst 1981;67:1323–1326.

14. de la Maza LM, Carter BJ. Molecular structure of
adeno-associated virus variant DNA. J Biol Chem
1980;255:3194–3203.

15. Raj K, Ogston P, Beard P. Virus-mediated killing
of cells that lack p53 activity. Nature 2001;412:
914–917.

16. Vogelstein B, Kinzler KW. Achilles’ heel of cancer?
Nature 2001;412:865–866.

17. Casto BC, Goodheart CR. Inhibition of adenovirus
transformation in vitro by AAV-1. Proc Soc Exp
Biol Med 1972;140:72–78.

18. Cukor G, Blacklow NR, Kibrick S, et al. Effect
of adeno-associated virus on cancer expression
by herpesvirus-transformed hamster cells. J Natl
Cancer Inst 1975;55:957–959.

19. Ostrove JM, Duckworth DH, Berns KI. Inhibition of
adenovirus-transformed cell oncogenicity by
adeno-associated virus. Virology 1981;113:521–
533.

20. Katz E, Carter BJ. Effect of adeno-associated virus
on transformation of NIH 3T3 cells by ras gene
and on tumorigenicity of an NIH 3T3 transformed
cell line. Cancer Res 1986;46:3023–3026.

21. Hermonat PL. Inhibition of H-ras expression by the
adeno-associated virus Rep78 transformation
suppressor gene product. Cancer Res 1991;51:
3373–3377.

22. Khleif SN, Myers T, Carter BJ, et al. Inhibition of
cellular transformation by the adeno-associated
virus rep gene. Virology 1991;181:738–741.

23. Mayor HD, Drake S, Stahmann J, et al. Antibodies
to adeno-associated satellite virus and herpes
simplex in sera from cancer patients and normal
adults. Am J Obstet Gynecol 1976;126:100–104.

24. Strickler HD, Viscidi R, Escoffery C, et al. Adeno-
associated virus and development of cervical
neoplasia. J Med Virol 1999;59:60–65.

25. Odunsi KO, van Ee CC, Ganesan TS, et al. Eva-
luation of the possible protective role of adeno-
associated virus type 2 infection in HPV-associated
premalignant disease of the cervix. Gynecol Oncol
2000;78:342–345.

26. Coker AL, Russell RB, Bond SM, et al. Adeno-
associated virus is associated with a lower risk
of high-grade cervical neoplasia. Exp Mol Pathol
2001;70:83–89.

27. Meyers C, Alam S, Mane M, et al. Altered biology
of adeno-associated virus type 2 and human
papillomavirus during dual infection of natural
host tissue. Virology 2001;287:30–39.

28. Hermonat PL, Santin AD, Zhan D. Binding of the
human papillomavirus type 16 E7 oncoprotein and
the adeno-associated virus Rep78 major regula-
tory protein in vitro and in yeast and the potential
for downstream effects. J Hum Virol 2000;3:
113–124.

29. Zhan D, Santin AD, Liu Y, et al. Binding of the
human papillomavirus type 16 p97 promoter by
the adeno-associated virus Rep78 major regula-
tory protein correlates with inhibition. J Biol Chem
1999;274:31619–31624.

30. Hermonat PL, Meyers C, Parham GP, et al. In-
hibition/stimulation of bovine papillomavirus by
adeno-associated virus is time as well as multi-
plicity dependent. Virology 1998;247:240–250.

31. Hermonat PL, Plott RT, Santin AD, et al. Adeno-
associated virus Rep78 inhibits oncogenic transfor-
mation of primary human keratinocytes by a human
papillomavirus type 16-ras chimeric. Gynecol Oncol
1997;66:487–494.

32. Hermonat PL. Adeno-associated virus inhibits
human papillomavirus type 16: a viral interaction
implicated in cervical cancer. Cancer Res 1994;54:
2278–2281.

33. Hermonat PL. Inhibition of bovine papillomavirus
plasmid DNA replication by adeno-associated virus.
Virology 1992;189:329–333.

34. Hermonat PL. The adeno-associated virus Rep78
gene inhibits cellular transformation induced by bo-
vine papillomavirus. Virology 1989;172:253–261.

35. Liu T, Cong M, Wang P, et al. Adeno-associated
virus Rep78 protein inhibits Hepatitis B virus
replication through regulation of the HBV core
promoter. Biochem Biophys Res Commun 2009;
385:106–111.

36. Kokorina NA, Santin AD, Li C, et al. Involvement
of protein-DNA interaction in adeno-associated
virus Rep78-mediated inhibition of HIV-1. J Hum
Virol 1998;1:441–450.

37. Batchu RB, Kotin RM, Hermonat PL. The regula-
tory rep protein of adeno-associated virus binds to
sequences within the c-H-ras promoter. Cancer
Lett 1994;86:23–31.

326 SRIVASTAVA AND CARTER



38. Hermonat PL. Down-regulation of the human c-fos
and c-myc proto-oncogene promoters by adeno-
associated virus Rep78. Cancer Lett 1994;81:
129–136.

39. Kotin RM, Siniscalco M, Samulski RJ, et al.
Site-specific integration by adeno-associated
virus. Proc Natl Acad Sci U S A 1990;87:2211–
2215.

40. Kotin RM, Menninger JC, Ward DC, et al. Map-
ping and direct visualization of a region-specific
viral DNA integration site on chromosome 19q13-
qter. Genomics 1991;10:831–834.

41. Samulski RJ, Zhu X, Xiao X, et al. Targeted in-
tegration of adeno-associated virus (AAV) into
human chromosome 19. EMBO J 1991;10:3941–
3950.

42. Kotin RM, Linden RM, Berns KI. Characterization
of a preferred site on human chromosome 19q for
integration of adeno-associated virus DNA by
non-homologous recombination. EMBO J 1992;11:
5071–5078.

43. Ponnazhagan S, Erikson D, Kearns WG, et al. Lack
of site-specific integration of the recombinant
adeno-associated virus 2 genomes in human cells.
Hum Gene Ther 1997;8:275–284.

44. Kearns WG, Afione SA, Fulmer SB, et al. Re-
combinant adeno-associated virus (AAV-CFTR)
vectors do not integrate in a site-specific fashion
in an immortalized epithelial cell line. Gene Ther
1996;3:748–755.

45. Yang CC, Xiao X, Zhu X, et al. Cellular recombina-
tion pathways and viral terminal repeat hairpin
structures are sufficient for adeno-associated virus
integration in vivo and in vitro. J Virol 1997;71:
9231–9247.

46. Schnepp BC, Clark KR, Klemanski DL, et al. Ge-
netic fate of recombinant adeno-associated virus
vector genomes in muscle. J Virol 2003;77:3495–
3504.

47. Nakai H, Storm TA, Fuess S, et al. Pathways of re-
moval of free DNA vector ends in normal and DNA-
PKcs-deficient SCID mouse hepatocytes transduced
with rAAV vectors. Hum Gene Ther 2003;14:871–881.

48. Donsante A, Vogler C, Muzyczka N, et al. Ob-
served incidence of tumorigenesis in long-term

rodent studies of rAAV vectors. Gene Ther 2001;8:
1343–1346.

49. Donsante A, Miller DG, Li Y, et al. AAV vector
integration sites in mouse hepatocellular carci-
noma. Science 2007;317:477.

50. Wang PR, Xu M, Toffanin S, et al. Induction of
hepatocellular carcinoma by in vivo gene target-
ing. Proc Natl Acad Sci U S A 2012;109:11264–
11269.

51. Zhong L, Malani N, Li M, et al. Recombinant
adeno-associated virus integration sites in
murine liver after ornithine transcarbamylase
gene correction. Hum Gene Ther 2013;24:520–
525.

52. Chandler RJ, LaFave MC, Varshney GK, et al.
Vector design influences hepatic genotoxicity af-
ter adeno-associated virus gene therapy. J Clin
Invest 2015;125:870–880.

53. Rosas LE, Grieves JL, Zaraspe K, et al. Patterns of
scAAV vector insertion associated with oncogenic
events in a mouse model for genotoxicity. Mol
Ther 2012;20:2098–2110.

54. Gauttier V, Pichard V, Aubert D, et al. No
tumour-initiating risk associated with scAAV
transduction in newborn rat liver. Gene Ther
2013;20:779–784.

55. Bell P, Wang L, Lebherz C, et al. No evidence for
tumorigenesis of AAV vectors in a large-scale
study in mice. Mol Ther 2005;12:299–306.

56. Li H, Malani N, Hamilton SR, et al. Assessing the
potential for AAV vector genotoxicity in a murine
model. Blood 2011;117:3311–3319.

57. Niemeyer GP, Herzog RW, Mount J, et al. Long-
term correction of inhibitor-prone hemophilia B
dogs treated with liver-directed AAV2-mediated
factor IX gene therapy. Blood 2009;113:797–
806.

58. Kaeppel C, Beattie SG, Fronza R, et al. A largely
random AAV integration profile after LPLD gene
therapy. Nat Med 2013;19:889–891.

59. Gil-Farina I, Fronza R, Kaeppel C, et al. Re-
combinant AAV integration is not associated with
hepatic genotoxicity in nonhuman primates and
patients. Mol Ther 2016;24:1100–1105.

60. Valdmanis PN, Lisowski L, Kay MA. rAAV-
mediated tumorigenesis: still unresolved after an
AAV assault. Mol Ther 2012;20:2014–2017.

61. Russell DW, Grompe M. Adeno-associated vi-
rus finds its disease. Nat Genet 2015;47:1104–
1105.

62. Ginn SL, Alexander IE. Gene therapy: progress in
childhood disease. J Paediatr Child Health 2012;
48:466–471.

63. Surosky RT, Urabe M, Godwin SG, et al. Adeno-
associated virus Rep proteins target DNA se-
quences to a unique locus in the human genome.
J Virol 1997;71:7951–7959.

64. Owens RA. Second generation adeno-associated
virus type 2-based gene therapy systems with the
potential for preferential integration into AAVS1.
Curr Gene Ther 2002;2:145–159.

65. Huttner NA, Girod A, Schnittger S, et al. Analysis
of site-specific transgene integration follow-
ing cotransduction with recombinant adeno-
associated virus and a rep encoding plasmid. J
Gene Med 2003;5:120–129.

66. Howden SE, Voullaire L, Wardan H, et al. Site-
specific, Rep-mediated integration of the intact
beta-globin locus in the human erythroleukaemic
cell line K562. Gene Ther 2008;15:1372–1383.

67. Daya S, Cortez N, Berns KI. Adeno-associated
virus site-specific integration is mediated by pro-
teins of the nonhomologous end-joining pathway.
J Virol 2009;83:11655–11664.

68. Srivastava A. Adeno-associated virus: the natu-
rally occurring virus versus the recombinant vec-
tor. Hum Gene Ther 2016;27:1–6.

69. Srivastava A. In vivo tissue-tropism of adeno-
associated viral vectors. Curr Opin Virol 2016;21:
75–80.

70. Ling C, Li B, Ma W, et al. Development of opti-
mized AAV serotype vectors for high-efficiency
transduction at further reduced doses. Hum Gene
Ther Methods 2016;27:143–149.

Received for publication September 30, 2016;
accepted after revision November 7, 2016.

Published online: November 10, 2016.

AAV AND CANCER 327


