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Virus-mediated Genetic Surgery: Homologous
Recombination With a Little “Helper” From My Friends
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The sequence-specific modification of genomic DNA is an
important goal of gene- and stem cell-based therapies.'?
Since the demonstration that transgenic animals could be
generated by targeting specific genomic loci by homolo-
gous recombination,®* numerous investigators have focused
on developing gene-targeting strategies that will efficiently
and reliably correct mutations in genomic DNA.'*7 Three
papers have recently appeared,®'* including one in the early
online edition of Molecular Therapy, that describe an effi-
cient, helper-dependent adenovirus (HDAV)-based system
for targeted modification of specific sequences in human
embryonic and induced pluripotent stem (hES and hiPS,
respectively) cells. These studies lay the foundation not only
for the development of isogenic human pluripotent stem cells
for basic research, but also for the generation of therapeutic,
autologous, patient-derived stem cells in which the disease-
causing mutation has been corrected.

The derivation of hES cells in 1998 and hiPS cells in
200723 prompted researchers to develop approaches to
introduce sequence-specific genomic modifications into the
DNA of these pluripotent cells. Early reports showed some
promise and used classical gene-targeting vectors,'' but
few publications indicated that this strategy was sufficiently
robust in pluripotent cells. By 2009, relying on the observa-
tion that double-strand breaks (DSBs) enhance homolo-
gous recombination in mammalian cells,'®'® several groups
reported the successful targeting of multiple genes in hES
and hiPS cell lines by combining the expression of zinc-finger
nucleases (ZFNs) with the delivery of homologous plasmid®2°
or with oligo/polynucleotide donor DNA.”2' ZFNs®€ and more
recently, the transcription activator-like effort nucleases
(TALENSs)??2% have provided researchers the tools to carry-
out “genetic surgery” at specific genomic loci based on an
increased efficiency of homologous recombination.2° A pri-
mary concern with these targeted endonuclease systems is
their potential to generate nonspecific off-site cleavage that
could destabilize the genome of the targeted cells.5*'

The report in Molecular Therapy by Aizawa et al.’
describes the use of an HDAV system to deliver sequences

essentially homologous to the genomic target and both
overcomes some of the limitations of more classical
approaches to homologous recombination as well as mini-
mizes the potential for random integration into the genomic
DNA. The HDAV system is effectively a “gutted” adenovi-
rus from which all viral genes have been deleted, retaining
only those viral sequences required for direct packaging of
the DNA vector into the virus capsid.?* The HDAV vector is
packaged by cotransfection into a producer mammalian cell
line with a “helper” virus genome that contains all of the viral
genes necessary for vector replication, capsid production,
and vector packaging.?® An advantage of the recombinant
HDAV vector is that it can accommodate between 25-35
kb of DNA, as opposed to, for example, the ~4.7 kb limita-
tion imposed on the adeno-associated virus (AAV) system.
This capacity is more than sufficient to accommodate large
homologous regions of genomic DNA and drug selectable
markers to stimulate homologous recombination and to
allow enrichment of cells that have been targeted.

Because certain viruses have evolved precise mecha-
nisms to deliver DNA to the nucleus, viral transduction tends
to be much more efficient than that mediated by chemical or
physical methods. Recombinant viral vectors also have less
of a negative effect upon cell viability than nonviral methods
that disrupt the cellular and nuclear membranes or sequester
the DNA by binding it too tightly and interfering with deliv-
ery to the nucleus.??” Consistent with this, the HDAV sys-
tem described by Aizawa et al.® appears to give rise to little
cytotoxicity, exhibits a higher overall efficiency of DNA deliv-
ery when compared to electroporation or chemical-based
systems, and avoids the degradation and catenation of the
vector often associated with the latter systems.?” For all prac-
tical purposes, HDAV delivery can be viewed as functionally
equivalent to nuclear microinjection of DNA. The availability
of strategies to modify adenovirus vector tropism suggests
that it might be possible to adapt this strategy to specifically
target multiple types of cells or tissues.

The study uses a classical “positive—negative selection”
strategy to enrich for homologous recombinants.?® Initial
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selection for G418 (neomycin) resistance (G418%) enriches
for cells that have incorporated the recombinant target-
ing vector somewhere in their genomic DNA. The homolo-
gous targeting sequence is fused to the herpes simplex
virus-thymidine kinase (HSV-TK) gene, which is lost dur-
ing homologous recombination. Cells that have undergone
homologous recombination are thus not sensitive to killing
by HSV-TK activation following exposure to the pro-drug,
gancyclovir (GANC). In contrast, G418F cells containing ran-
dom integrations will retain the HSV-TK gene and will there-
fore be sensitive to GANC-induced killing. The hES or hiPS
cells were exposed to individual HDAV vectors targeting one
of five different native genes (HPRT1, LIG1, LIG3, KUS8O,
and HBY9). HPRT1, LIG1, LIG3, and KU80 are expressed
genes that are involved in either DNA synthesis (HPRTT)
or the non-homologous end-joining (NHEJ) DNA repair pro-
cessing (LIG1, LIG3, and KU80) pathways. The HB9 gene
is only transcriptionally active in motor neurons and is not
expressed in pluripotent cells. The absolute gene-targeting
efficiency ranged from 5.6 x 10~° to 2 x 10~ homologous
recombinants per cell, with relative recombination efficien-
cies ranging from 7% to an impressive 81% of the G418"
colonies. These results are consistent with what has been
observed in mouse ES cells and in other somatic cells as
well as when using ZFN-mediated homologous recombina-
tion and further confirms that the hES and hiPS cells are not
recalcitrant to vector-mediated homologous recombination.
Whether the range of efficiency is dependent on the genetic
target, the cell line or the transcriptional status of the tar-
get gene will require further statistical analysis as well as a
detailed analysis of the culture conditions at the time of the
experiment.

HDAV-mediated gene targeting has been recently reported
by an independent group at other gene targets: the laminin A
gene (LMNA) in hES and hiPS cells'® and the human -globin
gene.® As with the Aizawa study?® the cells that had undergone
HDAV-mediated homologous recombination maintained the
expression of markers diagnostic for hES/hiPS cells, a nor-
mal karyotype, and the capacity to differentiate.®'°

There are a few caveats common to all these studies,
some of which are inherent to HDAV-based gene targeting. If
applied in vivo, there is the potential for such vectors to elicit
an immune response to the adenovirus capsid proteins. This
is less likely to be an issue for ex vivo applications, since the
residual capsid proteins would likely be lost over several cell
divisions. While random integration of intact targeting vec-
tors was not detected in these studies, it is possible that a
fragmented targeting vector might integrate into the host cell
genome without detection. While this is beyond the scope of
the present study and would require extensive sequencing
analysis, it will be an important issue to address before the
contemplation of clinical applications.

The possibility of removal of the positive drug selectable
maker (neomycin gene) was achieved by flanking the latter
with loxP or FRT sequences. Removal of the neomycin gene
in some of the homologous recombinant hiPS cell lines was
achieved by subsequent transfection of the Cre or FLP recom-
binase to catalyze site-specific recombination between the
loxP or FRT sequences that flank the selectable gene. How-
ever, this process leaves behind some loxP or FRT sequences
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that are sometimes referred to as a footprint or scar. Demon-
strating removal of the drug selectable marker in these cells
is another important step towards defining protocols that will
mitigate potential risks associated with patient-specific cell
lines that could be used for therapeutic purposes. Whether
the short loxP or FRT DNA footprint will have any detectable
biological activity that might compromise the corrected cell
lines for therapeutic application, remains to be seen.

These studies describe new tools for modifying and editing
the genomic DNA in an efficient sequence-specific fashion.
While the therapeutic potential of the HDAV system remains
to be tested, it is a promising addition to the gene and cell
therapy toolbox that could facilitate gene targeting for the
treatment of inherited diseases.?®

1. Capecchi, MR (1989). Altering the genome by homologous recombination. Science 244:
1288-1292.

2. Gruenert, DC, Bruscia, E, Novelli, G, Colosimo, A, Dallapiccola, B, Sangiuolo, F et al.
(2003). Sequence-specific modification of genomic DNA by small DNA fragments. J Clin
Invest 112: 637-641.

3. Smithies, O, Gregg, RG, Boggs, SS, Koralewski, MA and Kucherlapati, RS (1985). Inser-
tion of DNA sequences into the human chromosomal beta-globin locus by homologous
recombination. Nature 317: 230-234.

4. Thomas, KR and Capecchi, MR (1987). Site-directed mutagenesis by gene targeting in
mouse embryo-derived stem cells. Cell 51: 503-512.

5. Carroll, D (2008). Progress and prospects: zinc-finger nucleases as gene therapy agents.
Gene Ther 15: 1463-1468.

6. Cathomen, T and Joung, JK (2008). Zinc-finger nucleases: the next generation emerges.
Mol Ther 16: 1200-1207.

7. Sargent, RG, Kim, S and Gruenert, DC (2011). Oligo/polynucleotide-based gene modifica-
tion: strategies and therapeutic potential. Oligonucleotides 21: 55-75.

8. Aizawa, E, Hirabayashi, Y, lwanaga, Y, Suzuki, K, Sakurai, K, Shimoji, M et al. (2011).
Efficient and accurate homologous recombination in hESCs and hiPSCs using helper-
dependent adenoviral vectors. Mol Ther; e-pub ahead of print 6 December 2011.

9. Li, M, Suzuki, K, Qu, J, Saini, P, Dubova, I, Yi, F et al. (2011). Efficient correction of
hemoglobinopathy-causing mutations by homologous recombination in integration-free
patient iPSCs. Cell Res 21: 1740-1744.

10. Liu, GH, Suzuki, K, Qu, J, Sancho-Martinez, |, Yi, F, Li, M et al. (2011). Targeted gene
correction of laminopathy-associated LMNA mutations in patient-specific iPSCs. Cell Stem
Cell 8: 688-694.

11. Thomson, JA, ltskovitz-Eldor, J, Shapiro, SS, Waknitz, MA, Swiergiel, JJ, Marshall, VS
et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282:
1145-1147.

12. Takahashi, K, Tanabe, K, Ohnuki, M, Narita, M, Ichisaka, T, Tomoda, K et al. (2007).
Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
131: 861-872.

13. Yu, J, Vodyanik, MA, Smuga-Otto, K, Antosiewicz-Bourget, J, Frane, JL, Tian, S et al.
(2007). Induced pluripotent stem cell lines derived from human somatic cells. Science 318:
1917-1920.

14. Urbach, A, Schuldiner, M and Benvenisty, N (2004). Modeling for Lesch-Nyhan disease by
gene targeting in human embryonic stem cells. Stem Cells 22: 635-641.

15. Zwaka, TP and Thomson, JA (2003). Homologous recombination in human embryonic
stem cells. Nat Biotechnol 21: 319-321.

16. Choulika, A, Perrin, A, Dujon, B and Nicolas, JF (1995). Induction of homologous re-
combination in mammalian chromosomes by using the |-Scel system of Saccharomyces
cerevisiae. Mol Cell Biol 15: 1968-1973.

17. Rouet, P, Smih, F and Jasin, M (1994). Introduction of double-strand breaks into the
genome of mouse cells by expression of a rare-cutting endonuclease. Mol Cell Biol 14:
8096-8106.

18. Sargent, RG, Brenneman, MA and Wilson, JH (1997). Repair of site-specific double-strand
breaks in a mammalian chromosome by homologous and illegitimate recombination. Mol
Cell Biol 17: 267-277.

19. Hockemeyer, D, Soldner, F, Beard, C, Gao, Q, Mitalipova, M, DeKelver, RC et al. (2009).
Efficient targeting of expressed and silent genes in human ESCs and iPSCs using zinc-
finger nucleases. Nat Biotechnol 27: 851-857.

20. Zou, J, Maeder, ML, Mali, P, Pruett-Miller, SM, Thibodeau-Beganny, S, Chou, BK et al.
(2009). Gene targeting of a disease-related gene in human induced pluripotent stem and
embryonic stem cells. Cell Stem Cell 5: 97-110.

21. Radecke, S, Radecke, F, Cathomen, T and Schwarz, K (2010). Zinc-finger nuclease-
induced gene repair with oligodeoxynucleotides: wanted and unwanted target locus modi-
fications. Mol Ther 18: 743-753.

22. Boch, J, Scholze, H, Schorack, S, Landgraf, A, Hahn, S, Kay, S et al. (2009). Breaking
the code of DNA binding specificity of TAL-type IIl effectors. Science 326: 1509-1512.



23.

24,

25.

26.

27.

Wood, AJ, Lo, TW, Zeitler, B, Pickle, CS, Ralston, EJ, Lee, AH et al. (2011). Targeted
genome editing across species using ZFNs and TALENS. Science 333: 307.

Oka, K and Chan, L (2005). Helper-dependent adenoviral vectors. Curr Protoc Hum Genet
Chapter 12: Unit 12.13.

Umafia, P, Gerdes, CA, Stone, D, Davis, JR, Ward, D, Castro, MG et al. (2001). Efficient
FLPe recombinase enables scalable production of helper-dependent adenoviral vectors
with negligible helper-virus contamination. Nat Biotechnol 19: 582-585.

Miller, DG, Wang, PR, Petek, LM, Hirata, RK, Sands, MS and Russell, DW (2006). Gene
targeting in vivo by adeno-associated virus vectors. Nat Biotechnol 24: 1022-1026.
Colosimo, A, Goncz, KK, Holmes, AR, Kunzelmann, K, Novelli, G, Malone, RW et al.
(2000). Transfer and expression of foreign genes in mammalian cells. BioTechniques 29:
314-318, 320-322, 324 passim.

HDAV-mediated Homologous Recombination @

28. Mansour, SL, Thomas, KR and Capecchi, MR (1988). Disruption of the proto-oncogene
int-2 in mouse embryo-derived stem cells: a general strategy for targeting mutations to
non-selectable genes. Nature 336: 348-352.

Molecular Therapy-Nucleic Acids is an open-access
UIEATNEEE journal published by Nature Publishing Group. This work is
licensed under the Creative Commons Attribution-Noncommercial-No
Derivative Works 3.0 Unported License.To view a copy of this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies this paper on the Molecular Therapy-Nucleic Acids website (http://www.nature.com/mtna)

Molecular Therapy-Nucleic Acids



