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Abstract — The genetic manipulation of mammalian cells and animals would be greatly expedited

if gene targeting could be reliably achieved in the widest possible range of host cell types. This
paper considers empirical evidence and theoretical considerations associated with transgene inte-
gration, and concludes that utilisation of gene targeting in non-selective systems awaits further
progress in modelling homologous recombination.

transgenesis / gene targeting / gene therapy / integration / homologous recombination /
concatenation

1. INTRODUCTION than eliminating or altering endogenous gene
expression.

In animal genetic manipulation (trans- o
genesis) and also in gene therapy, the ran- Gene targeting is the key to surmount-
dom nature of transgene integration pose'd these problems. To be of practical use,
several potential problems: (i) the transgenéhe process of gene targeting would com-
may be expressed poorly or inappropriatelypfise the ability to efficiently direct the trans-
(i) an essential gene may be disrupted, or agene to a specific, precisely defined genomic
oncogene activated; (i) the outcome will site such that a particular sequence could
be inconsistent between identically treatedbe inserted or substituted at that target locus.
cells; and (iv) transgenesis is largelyThis paper examines gene targeting at the
restricted to adding new functions rathemechanistic and phenomenological levels.
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1.1. Cell types patibility (MHC) class llEa gene. The
transgene construct was based on sequences

Gene targeting is an achievable goal iffom this gene and included the sequences
mammalian cells. However, progress hagbsentin the host mice. A single mouse was
been limited by a lack of targeting effi- found to have undergone targeted correc-
ciency. Studies on mammalian cells in vitrofion of theEa gene deletion. This study
demonstrate that the vast majority of interShows that gene targeting is possible in
actions between transgene and endogeno@¥dotes. Although it is not possible to deter-
DNA result in random rather than targetedin€ an accurate frequency of gene target-
integrations. The reported ratio of random tdnd in zygotes from this work, it appears
targeted integration varies enormously, fronthat the rate of targeting (1 in 506 animals),
around 1:4 to more than 1000000:1. In mos#lthough quite high compared with cultured
cases, the ratio is between 1000:1 ang€lls (see above), is too low to permit the
10000:1 [4, 8, 13, 35, 43, 46]. It is note-efficient use of gene targeting in zygotes.
worthy that the low efficiency of targeted
integration in mammalian cells is in markedfor
contrast to that which occurs when DNA is

transfected into lower eukaryotes such a ocyte’s genome with that from another cell.

yeast: under appropriate empirical condi-rpy oo netic material from the donor cell is
tions, targeting is the norm and random 'nte“reprogrammed" into totipotency by the

gration the exception for such organisms. recipient oocyte, such that the “recon-

Due to the low efficiency of targeting, it Structed” egg is able to develop into a viable
is necessary to select for targeted outcomeimal [7]. NT per se is effective in a very
against a background of random outcomedroad range of animal types including cattle,
Such selection is possible with cultured cellsgoats, mice and sheep [9]. Transgenes can be
Embryonic stem (ES) cells may be subjectethtroduced to donor cells in vitro, permit-
to selection such that targeted cells survivéing the production of genetically modified
at the expense of cells containing randomlynimals by NT [33]. Because selection can
integrated trangenes [55]. Because ES celle applied to cultured donor cells, NT can be
are totipotent, surviving (targeted) cellsused to produce gene-targeted transgenic
when transferred into early embryos giveanimals. Although in its infancy, the use of
rise to founder animals able to produce trandNT for gene targeting certainly works, as
genic offspring. The production of successdemonstrated by the recent generation of
fully targeted mice by the ES cell route isthe first gene targeted sheep [26]. The
now fairly routine. However, this approachmethod’s ability to work with many (pos-
is at present limited until such time as ESsibly all) animal types indicates that NT
cells are developed for non-murine speciedolds great promise as a tool for gene tar-

geting.
Targeted outcomes cannot be selected

for in zygotes. This does not, however, mean Gene targeting has great potential in gene
that targeted events are impossible ittherapy, because it offers the ability to pre-
zygotes. Very few studies have looked atisely repair mutant genes to restore their
gene targeting in zygotes, probably due tmormal functioning. Also, in contrast to gene
the expense of gene transfer and analysitherapy approaches involving randomly inte-
A landmark study by Brinster et.db] grating transgenes, gene targeting is capable
involved the analysis of 506 transgenicof correcting dominant, gain-of-function
founder mice. These animals were producerhutations. In situ gene targeting in humans
by microinjecting zygotes from mice con-is a distant prospect, because selection
taining a deletion in the major histocom-cannot be used in vivo. However, ex vivo

Nuclear transfer (NT) is the latest method
introducing targeted changes into the
ermline. NT involves replacing the
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targeting approaches are under develogransfected recombinases to enhance the
ment. Hatada et a]17] used gene target- efficiency of HR, the utility of selection-
ing to correct a defective hypoxanthine phosfree gene targeting would be quite signifi-
phoribosyltransferase (HPRT) gene incant. Possible benefits might include
hematopoietic progenitor cells. Thecircumvention of the problem of non-avail-
approach was similar to gene targeting witfability of non-murine ES cells (by allowing
ES cells or NT, in that selection was used tgene targeting to be used with zygotes), and
enrich for targeted outcomes. If similar sucthe use of gene targeting as part of in vivo
cesses can be obtained with pluripotengene therapies. However, although several
clonogenic cells such as hematopoietic sterandidate genes for enhancing HR have
cells (HSCs), it may be possible to returrbeen described, the use of such genes in
such targeted cells to the body of the patienjene targeting is at an early experimental
such that repopulation by the corrected cellstage [46].
yields a therapeutic or curative outcome for
hematological and other disorders. Novel alternative ways to improve tar-
geting efficiencies have also been proposed.
o For example, triple helix-forming oligonu-
1.2. Homologous recombination cleotides (TFOs) are able to stimulate HR in
mammalian cells [45]: it is possible that
Gene targeting depends upon homoloTFOs could be used as agents to augment
gous recombination (HR). HR refers to anytargeting. Similarly, endonuclease molecules
process in which two similar DNA may be able to deliver double-stranded
sequences interact and exchange genetigeaks to target DNA, leading to improved
information. Cells have the inherent ability rates of HR [37]. However, such approaches
of performing HR (the most obvious naturalare at an early experimental stage, and
occurrence of HR is in meiotic recombina-the possibilities presented by these appro-
tion; some DNA repair mechanismsaches are beyond the scope of the present
undoubtedly use similar processes). Gengiscussion.
targeting seeks to harness HR such that
transgenes can be induced to undergo
recombination with their homologous

endogenous counterpart sequences. 2. MODELS OF HR

Molecular biology has not yet elucidated . )
the details of HR. It remains conceivable HR has proved to be highly recalcitrant to
that the efficiency of HR in mammals could molecular/biochemical analysis. Indeed, the
be artificially enhanced in some way, suctability to perform an entire recombination
that selection would not be necessary. Fdieaction in the test tube remains an
example, if an appropriate mammalianunachieved goal. Thus an understanding of
recombinase enzyme (or enzyme complexjiR depends primarily on genetic data. Most
was to be discovered, the relevant gene fo¥f this data has come from model systems
the recombinase might be co-introducedased on lower eukaryotes such as moulds
with the transgene molecules in order tcand yeasts. From such data several plausible
boost the rate of HR. The expression of thétypotheses or models may be constructed.
recombinase would have to be tightly conHowever, determining the most valid
trolled, however, since excessive producmodel(s) by distinguishing between specific
tion of known recombinase enzymes is fresmechanistic details will require advances at
guently associated with recombinationthe level of precise molecular analysis. The
abnormalities and cytotoxic effects. Never<following sections (2.1-2.6) review the
theless, if it were to become possible to usenajor models of HR.
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2.1. Simple “crossing-over” the duplexes in a structure called a Holli-
day junction; (4) “branch migration” of the
In conceptual terms, the simplest mechHolliday junction, moving the crossover
anism of HR would involve the following point away from its original position; and
events: (1) pairing of duplex DNA on the (5) “resolution” of the Holliday junction by
basis of homology; (2) double-strand cleavsingle strand nicking (followed by ligation
age at a homologous position; (3) duplexf free ends) (Fig. 2).

DNA strands “crossing-over” each other pq special features of the Holliday

such that the broken ends become juxtgy,gge| are: (a) the Holliday junction; and
posed; and (4) ligation (Fig. 1). This "Cross~yyy ranch migration. The existence of the
ing-over” model is able to account for thegrmer structure permits the latter process

swapping” of egt'ri chromatid arms or seg-q occyr, Holliday junctions are envisaged as
ments (swapped where two Crossovers occW mmetrical structures in which all four (sin-

within a single chromatid) in meiotic recom-gie) strands of DNA are equivalent, with

bination. the junction being in a state of rapid equi-
librium in vivo (Fig. 3) In branch migra-
2.2. The Holliday model tion, the bases on eaph side of the junction
exchange places. Since breakage of base
pairing is balanced by formation of new

In the “crossing-over” model, each o ;
. ! ..,base pairing, the exchange process is ther-
recombined allele should segregate W'ﬂ?nody%amigally neutral:gthﬁs it may be

equal frequency, since genetic Inform"’lt'(.)r‘énvisaged that the crossover point is able to

iS nel‘t‘her created nor destroyed in a reclpéasily and quickly migrate along the paired
rocal “crossing-over” event. Genetic CIOSSESy hlexes. As branch migration oceurs, in

however, do not always show this 1:1 Seg '\ o1 e heteroduplex DNA will be formed.
regation outcome: at low frequency, “aber-

rant” segregation is observed, where the Assuming that the homologous alleles
ratio is skewed [18, 19]. Tetrad analysis inundergoing HR are nonidentical, the het-
moulds such as neurospora illustrate thisroduplex DNA formed by branch migra-
well. For example, in the cross between lociion will contain mismatched bases. Such
AB x ab, “crossing-over” should give equalmismatches may be repaired. Any such
numbers of the progeny Ab and aB, reprerepair would involve bases being replaced
sented in the eight-spored ascus as a ratitsing the opposite strand as a donor of
of 4:4. When aberrant segregation occurssequence information. The repair of mis-
outcomes such as 6:2 or 5:3 are observetatched bases in heteroduplex DNA would
[34]. Aberrant segregation indicates thagxplain the occurrence of aberrant segrega-
nonreciprocal transfer of genetic informa-tion of the sort described above. Thus, the
tion may occur in HR, a process known aglolliday model is able to account for gene
gene conversion. The “crossing-over” modetonversion.

cannot account for gene conversion. Implications for transgenesis can be

In 1964, Robin Holliday proposed adrawn from the central features of the Hol-
model that is able to explain the existence diday model, in that gene conversion may
gene conversion [18]. The Holliday modeloccur between transgene and endogenous
involves the following events: (1) homol- DNA. Indeed, depending upon the “plane”
ogy pairing, as per the “crossing-over”of resolution of the Holliday junction, the
model; (2) single-strand cleavage (“nick-targeted transgene may not actually become
ing”) of both duplexes at a homologous sitejntegrated into the target genome; however
(3) “strand invasion” of free ends betweerthe target sequences may have undergone
duplexes, such that the crossed strands unigene conversion-mediated alteration. If this
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Figure 1. Simple Crossing-over Model.
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Figure 2. The Holliday Model. following ligation

process could be controlled (or its desireaften vary significantly from predicted val-
outcomes selected for), it would provide theues, the latter values being based on the
means to directly introduce subtle changeassumption that the direction of mismatch
into endogenous genes. To harness gemepair is random. The apparent breakdown
conversion in this way would be of majorof randomness is most simply explained by
importance for gene therapy. postulating the existence of asymmetric het-
eroduplex DNA at the HR initiation region.

2.3. The Meselson-Radding model In 1975, Matthew Meselson and Charles
Radding proposed a model of HR that incor-

Analysis of gene conversion genetic datgorates asymmetric heteroduplex DNA [27].
indicates that relative segregation ratioShe Meselson-Radding model involves the
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mismatch repair is assumed to occur
following branch migration: thus the
model envisions both asymmetric and sym-
metric heteroduplex DNA formation. The
Meselson-Radding model is able to account

\V/\/\/\/r\\fwm for virtually all data from meiotic recombi-

nation. Additionally, the model simplifies

il the concept of initiation of recombination, in
L] that only a single nick is required. This con-
F‘J trasts with the Holliday model, where the
nuclear machinery must somehow be able to
precisely localise homologous sequences
: on the recombining duplexes prior to nick-
Figure 3. Holliday junction envisioned as a sym- ing. Conceptually, single-stranded DNA
metrical structure. seems to be an essential prerequisite for any

sequence-level homology recognition, oth-
) o erwise it is very difficult to envisage the
following events: (1) homology pairing, as transjent base-to-base interactions that pre-
per the previous models; (2) nicking of (onesymaply must be an integral part of the
strand of) one duplex; (3) strand invasion 0kearch for homology. It is noteworthy
a free end from the nicked strand into thgnat subsequent to the elucidation of the
intact duplex; (4) “strand exchange” whereby\jeselson-Radding model, tie colirecom-
the invading strand undergoes progressivginase enzyme RecA was discovered: this
homology pairing with one strand of the gnzyme promotes strand exchange between
invaded duplex (the other, displaced strandjygje-stranded DNA molecules and homol-
is assumed to play no further part in theggous DNA duplex molecules. More
recombination event); (5) Holliday junction recently, eukaryotic enzymes with abilities
formation, as per the Holliday model; gimjlar to RecA have been described. Of
(6) branch migration; and (7) resolutionpapticylar interest is Rad51p, a homologue of
(Fig. 4). RecA: this enzymes also binds to single-
The special features of the Meselsonstranded DNA and catalyses strand
Radding model are: (a) the single nickexchange [28, 39].
(2, above); and (b) strand exchange o ,
(4, above). Essentially, this creates a sin- !mplications for transgenesis can be
gle-stranded gap in one of the recombinin%rawn from the special features of the
duplexes: the loss of sequence informatiofeselson-Radding model. Firstly the con-
in this region generates the previously mencept of a single nick is encouraging in that
tioned asymmetric heteroduplex DNA. Mis-it suggests that incoming transgene
match repair, of the sort envisaged for thénolecules may be able to search through
Holliday model, cannot occur within the the endogenous duplex DNA for homolo-
gapped region. Instead, “gap repair” couldyous sequences, without requiring any pre-
occur, with sequence information beingliminary homology recognition/alignment
donated from the single-strand within the(for meiotic recombination, it is conceptually
gapped region (Fig. 5). Gap repair is thugpossible to rely to an extent on the gross-
unidirectional, and therefore may accountevel homology alignment of homologous
for the breakdown of randomness observed iohromosomes). Secondly, the single nick
gene conversion genetic data. The Meselsooncept suggests that it may be possible to
Radding model fits with the observation thatenhance targeting frequencies by generat-
most gene conversion genetic data is indicang a single nick in a transgene prior to its
tive of random, bidirectional repair, becauséntroduction to the cell. Finally, the concept
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Figure 4. The Meselson-Radding Model.

of strand transfer/gap repair suggests that @ene targeting if they contain sequences
may be possible to ensure that the flow ohomologous to yeast endogenous sequences.
gene conversion information is in the desired’he Meselson-Radding model is unable to
direction (at least for sequences close to thexplain certain findings from yeast trans-
single nick), i.e. from transgene to endogefection experiments [29, 40]. Firstly, intro-
nous gene. duction of a double-strand break in the
region of homology on the plasmid leads to
2.4. The double-strand-break products of HR that are identical to those
repair model from unbroken (i.e. closed circular) plas-
mids; however, the “frequency” of target-
Yeast cells are amenable to transfectiomng is markedly increased. Secondly, intro-
by plasmids. Transfected plasmids undergduction to the plasmid of a gap (in the region
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ﬂ-—‘n——&-.,ﬂ__ The special features of the DSBR model
-ﬂ-" = = are: (a) the double-strand break/gap (2 and
3, above); and (b) the generation of two Hol-

liday junctions (7, above). As with the
— L Meselson—Radding model, both gap repair

and mismatch repair are envisaged, leading
to gene conversion.

Y Implications for transgenesis can be
drawn from the special features of the DSBR

model, in addition to the implications aris-

ing from the Meselson-Radding model.

ﬂ_._ﬂ__ﬂ——ﬂ____ﬂ_ Firstly, the double-strand break concept sug-

- x gests that it may be possible to enhance tar-
| geting frequencies by generating a break in

a transgene prior to its introduction to the

. o ®= cell. Secondly, the concept of gap genera-

. L = ’ ; b X
tion/repair suggests that information flow
Figure 5. Gap Repair. at the region of the gap may go in the
“wrong” direction, i.e. from endogenous
gene to transgene, at least in cases where
of hamolog) yields he same HR producs1e ISnagene consiuet hasbeen iodced
as does the break, however the HR frehot always be a problem, because the trans-
quency is markedly elevated.

gene can be designed such that although its
In 1983, Jack Szostak, Terry Orr-Weaver €combining (homologous) element(s) may

Rodney Rothstein and Frank Stahl proposedndergo such conversion, the net result is a

a model of HR that accounts for the abovéargeted integration of the desired (nonho-

observations [40]. The Szostak, Orr-Weaver'01090US) sequences.

Rothstein and Stahl, or double-strand-break

repair (DSBR) model of HR involves the 5 5 chimeric oligonucleotides

following events: (1) homology pairing;  gnd HR

(2) double-strand breakage of one duplex;

(3) generation of a gap by exonuclease - P, :
action on the double-stranded break; Chimeric oligonucleotides (COs) are

. ) small (ca. 50 bp), self-complementary DNA-
(4) strand invasion of a free end from théxna gligonucleotides with a double-hairpin

gapped strand into the intact duplex;configuration. These highly specialized
(5) strand exchange, accompanied by disyansgene molecules have been developed
placement of a “D loop” of single-stranded 45 to0ls for gene targeting [51]. By virtue
DNA from the uncut duplex; (6) invading of their inherent structure, COs cannot pro-
strand acting as primer for DNA synthesisqyce large (several nucleotides) changes in
using nondisplaced strand as template, leagiargeted genes; however they are able to
ing to D loop enlargement; (7) D loop “inva- generate base substitutions at precisely
sion” into gap site on opposite duplex, form-defined genomic positions. An important
ing asymmetric duplex DNA and generatingfeature of COs is that they have a higher
two Holliday junctions; (8) branch migra- structural integrity than conventional trans-
tion (of both Holliday junctions); and gene molecules, and are thus less prone to
(9) resolution (by cutting/ligation at both destruction within the nucleus prior to tar-
Holliday junctions) (Fig. 6). geting. Following initial reports of success
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in 1996 [10, 52], COs have been used tof transgenesis, deciding between the two
correct various point mutations in a rangemodels is important, in that the implications
of mammalian cells. However, reported ratesliffer between the two models. These impli-
of gene repair have been highly variablecations include: (a) the form of DNA that
(ranging from zero to ca. 40%), and occamay be used for the transgene; and (b) the
sional unexpected mutational effects havelirection of information flow between trans-
been found [11, 50]. These problems havgene and endogenous gene (and the associ-
engendered a certain amount of controversgted transgene design implications).
concerning the use of COs in gene target-

ing, particularly in the context of gene ther- At the moment, the fine molecular/
apy. biochemical details of HR are poorly

] ] understood, therefore it is not yet possible
The mechanism of CO action has notg gefinitively decide which model

yet been fully elucidated. However, gene\\ieselson-Radding or DSBR) is most accu-
correction experiments designed to explorgste Indeed, it has been suggested that “mul-
this question indicate that targeting by Coiiple” recombination pathways may exist
involves several of the fundamental feature§34]. It is possible that different classes of
found in the foregoing models of HR, suchyrganisms have their own specific pathways:
as homology pairing and strand exchanggt it is also possible that each class of
[14, 15]. Thus, the action of COs representgganism is able to carry out HR by the use
a special case of HR. Extending from theyt more than one pathway. In simple sys-
findings of Gamper et al, a provisionaltems such ag. coli, many recombination-
model for the HR involved in CO may be gisapled mutants are known. However, not
envisaged, as follows: (1) homology pair-aj| mutants block all HR events: one muta-
ing, involving a stabilised displacement looption may block interplasmid recombination
in which the entire CO resides; (2) strandyyt |eave conjugational recombination unaf-
invasion of the free end of the CO into Onggcted, for example. If such multiple path-
target strand, leading to Holliday junctionays exist in higher eukaryotic cells, it may
formation; (3) branch migration; and jn principle be possible to influence the host
(4) resolution (Fig. 7). If the CO includes acg|| (for example by altering the structure
smglt_e base difference compared with thg talsf the transgene molecule) such that one
get site, the result of steps 1-7 above will bgarticular pathway is used. Such “pathway
a mismatch. As with the previously descr'be‘Eelection” could influence the outcome of
models of HR, such mismatches may bg argeting event, for example by ensuring

repaired. In 50% of cases in which the misyyat information flow occurs in the desired
match is repaired, the target sequence shoulgirection.

be converted to that of the targeting CO.
It is conceptually possible that indepen-
dent, different HR pathways may be opera-
2.6. Conclusion tional during a single targeting event. This is
probably most likely with replacement
The simple “crossing-over” and Holli- (“ends-out” orQ-type) transgenes, in which
day models are inadequate as explanatiorise homology regions are present at the ends
of HR. The Meselson-Radding model is ableof the transgene, separated by heterologous
to account for data from genetic crosse®NA. In such cases, an independent HR
equally as successfully as the DSBR modekvent is expected at each end of the homol-
and has the advantage of being conceptwgously aligned transgene: such events
ally the simpler of the two models. How- would not necessarily be identical in nature.
ever, only the DSBR model is able tolndeed, it is also possible that HR may occur
account for yeast transfection data. In termat one transgene end and nonhomologous
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Figure 7. Proposed model for gene targeting by chimeric oligonucleotides.

integration at the other [1]. A further possi-by COs has not yet been fully elucidated, it
bility, involving a variant form of DSBR seems certain that key steps from the general
has been suggested by Li et al. [24]. In thisnodels of HR are utilised by COs to yield
model, the transgene ends are envisagegEne correction outcomes.

invading the homology sites within the tar-

get duplex, to produce one Holliday junc-

tion at each site. Thus, the resulting structure 3. TRANSGENE INTEGRATION
(encompassing the entire transgene) would |N MAMMALIAN CELLS

be equivalent to a single unresolved DSBR

intermediate (Fig. 8). This section addresses the issue of what

Finally, the special case of COs fits wellhappens to transgene molecules upon intro-
with the concept of multiple HR pathways.duction to the nucleus or pronucleus of the
Although the mechanism of targeting usedost cell. First, the events that may lead to
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1. Homelogy Aligment

2. Strand Invasion

A A A A

3. Final Structure, with resolution sites mdicated (arrows)

Figure 8.Lin et al. (2001) model for mammalian gene replacement.

non-targeted (i.e. random) integration are e Integration occurs at a frequency of
considered. Second, the phenomenology dfetween 10—-30% of cells in which trans-
targeted integration is reviewed. gene DNA is delivered to the nucleus;
* Integration occurs at one or, rarely, a
_ _ few chromosomal sites per nucleus;
3.1. Random integration « Integrated DNA is usually present in
the form of a multicopy array;

_ The arrangements of exogenous DNA , The vast majority of arrays consist of
integrated into the chromosomes of cultureghead-to-tail associations.
mammalian somatic cells are very similar pe precise molecular mechanisms of
to the arrangements found in transgenic aniyndom integration are not known. How-
mals [5, 12, 16]. Furthermore, this is truegyer, experimental data such as that outlined
regardless of whether the transgenic anizpoye has allowed the construction of mod-
mals have been derived from one-cells of random integration. A general model

embryos or ES cells. This suggests that thg yresented below (Sects. 3.1.1 and 3.1.2).
underlying molecular mechanisms of ran-

dom integration are essentially the same in 3 1 1 concatenation
all cell types.

The main features of randomly integrated The fact that transgenes are usually pre-
exogenous DNA are as follows: sent as arrays (concatemers) indicates that



478 K. Smith

extrachromosomal events (concatenationthe formation of a head-to-tail concatemer.
take place prior to chromosomal integra-Repeated rounds of HR would extend the
tion. array (i.e. increase the number of transgene

Random end-to-end joining (ligation) of COPies therein) (Fig. 9).

transgene molecules should generate head- Several cultured cell studies have demon-
to-tail, head-to-head and tail-to-tail associstrated that linear DNA molecules are cir-
ations in a ratio of 2:1:1. However, as mencularised by intracellular ligation, and a
tioned above (Sect. 3.1), the vast majority ohumber of similar studies have indicated
arrays take the form of head-to-tail associthat circular DNA molecules are randomly
ations. Therefore, end-to-end joining cancleaved [3]. Thus, circularly permuted
not be an adequate explanation of concatenolecules will be produced following intro-
nation. However, rare head-to-head/tailduction of exogenous DNA molecules.

to-tail associations do occur, so ligation Concatenation of circularly permuted

would appear to be a possibility. The Sim'molecules can most simply be explained by

plest explanation lies ir_1 the kinetics of freethe following events: (1) homology pairing;
transgene molecules: it must be stochast ) exposure of single-strand substrates at
cally infrequent for any two transgenethe end of each duplex; (3) formation of a
molecules to meet together in an end-to—enguplex between exposed complementary

fashion, and stay together long enough for ) : ;
molecule of DNA ligase to unite them [2]. gturglr:ac)l(s),(irll; (fg)resolutmn (by repair of the

If end-to-end joining cannot explain the

majority of concatenation events, another The fact that extrachromosomal HR
Jority . ' occurs with high frequency amongst indi-
form of interaction between transgen

; idual transgene molecules contrasts sharply
molecules must be operative. The mos

likely process is extrachromosomal HR Ith the low frequency of HR between
yp transgenes and endogenous chromosomal

e h et s S cquences (see Sect 1.1) There woul
metric terms, to generat'e exclusivelyappear to be two possible explanations, as
head-to-tail co’ncatemers 2] follows: (a) the “free” nature of the inter-
: acting transgene molecules in some way
A prerequisite for concatenation by extra-enables HR to proceed very efficiently;
chromosomal HR is the co-existence of botland/or (b) the free (non-telomeric) ends of
circular and linear transgene moleculesthe interacting transgene molecules are very
Experimental data shows that head-to-taigood substrates for recombinase enzyme
arrays result (with equal frequency) fol-activities. However, the molecular/bio-
lowing the introduction of either circular or chemical details of HR remain to be eluci-
linear molecules [5, 12]. Therefore it is necdated (Sect. 2); thus it is not yet possible to
essary to postulate the existence of twgive a precise explanation for the contrast
nuclear processes: (1) circularisation (bythat exists between extrachromosomal HR
ligation of the free ends of a transgenend the HR that underlies gene targeting.
molecule); and (2) linearisation (by random

nuclease action). 3.1.2. lllegitimate recombination
Linearisation would generate circularly

permuted molecules. HR could then occur Transgene or transgene array integration
between circularly permuted and circularonly occurs in a minority of surviving trans-
molecules, or between circularly permutedected cells, suggesting that (nontargeted)
and input linear molecules, or between indiintegration is the result of a rare intranu-
vidual (different) circularly permuted clear event. The simplest model would
molecules: in all cases the effect would besuppose that the rare intranuclear event is
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c d sees exposed single-stranded ends of trans-
| | gene molecules initiating recombination by
invading DNA duplexes.

It is now known that the majority of
| | transgenic founder animals are mosaics.
b This suggests that integration occurs dur-
ing DNA replication. Wilkie and Palmiter
[48] have proposed that the free ends of the
A transgene initiate recombination by invading
ab © a replication “eye”.
| |

| | | It may be that, in a situation analogous
b to that of deciding between alternative path-
C ways of HR (see Sect. 2.5), more than one
integration route is possible for randomly
integrated transgenes. As with gene target-
ing, a full understanding of the mechanisms
of random transgene integration awaits fur-
| ther study at the molecular/biochemical
level. Such understanding is important from
_ _ the perspective of gene targeting, because
Figure 10. Model for nonconservative HR jt may be that targeting frequencies could
Ef;;’)"tergrr‘] Scégcn”éagﬁlggﬂ?;:.ted (extrachromosoy, g enhanced by somehow blocking “back-
ground” (i.e. random) integration events.

abcdab
HEENN

chromosomal (double-strand) breakage fol- 3.2. Targeted integration
lowed by end-joining between the transgene

ends .and the chromosomal broken ends. The utility of gene targeting as a means of
Certainly, the frequency of DNA integra- gene therapy requires systematic study into
tion is increased by irradiation of the transthe mechanisms of the process. Given the
fected cells [30]. many variables involved in any gene tar-
An alternative mode of chromosomalgeting experiment (i.e. cell type, transfec-
integration could be “illegitimate” recom- tion method, transgene design, target site,
bination between very poorly matchedetc.), it is unsurprising that progress towards
sequences. Studies of the nucleotid@ detailed understanding has been relatively
sequences at exogenous-endogenous DN#ow.
junctions have shown illegitimate recombi-

nation in a number of cases, although thgiye important insights into several aspects
overall number of studies is small [2]. 4 yammalian gene targeting. Initial studies
Interestingly, a diverse range of chro-involved the use of artificially introduced

mosomal sequence disturbances has beeslectable target sites in mammalian cell
found in junctional studies. These include, iflines, such that rare targeting events could be
order of frequency: deletions, duplicationsrecovered. Later studies have used targets
inversions and more complex rearrangeef natural loci in mammalian cell lines, ES
ments including the appearance of sequenceglls and mammalian zygotes. Various
from elsewhere in the genome or even obbservations and inferences from such stud-
unknown origin. Bishop [2] has proposedies are considered in the following sections
an explanation of these observations thg8.2.1-3.2.8).

Nevertheless, various studies have pro-
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3.2.1. Transfection method 3.2.2. Transgene sequences

In methods such as co-precipitation, the Gene targeting is dependent on HR,
exogenous DNA molecules must somehowvhich is in turn dependent on shared homol-
migrate through the cytoplasm of the hostbgy between recombining DNA sequences.
cell in order to reach the nucleus. Of theThe question is, how much homology is
DNA that survives this journey, a substan+equired for optimal efficiency of gene tar-
tial proportion sustains some degree ofjeting? There is at present no complete
endonucleolytic or exonucleolytic damage.answer to this question, because systematic
In contrast, virtually no damage occurs tostudies are lacking, and comparison between
DNA delivered directly into the nucleus by separate studies is very problematic due to
microinjection [22, 47]. the existence of several variables other than

Gene targeting using a damaged trané}he extent of homology. Such variables
gene is unlikely to be desirable in gene therinclude other transgene sequences, the phys-
apy. Beyond this concern, it may be the casieal state of the transgene, the cell type used,
that damage sustained by incoming tranghe target gene and the actual nature (rather
gene molecules renders them less able #§@n simply the extent) of homology. Nev-
undergo HR. The reasons for this are nofzrth_eless, several studies have prov!ded a
known, but the effect seems to exist. Fopartial answer. Thomas and Capecchi [41],
example, separate studies were conductd@rgeting the HPRT gene in ES cells, found
by Lin et al. [25] and Thomas et al. [42]that targeting efficiency appeared to be
both involving gene targeting of artificially Strongly dependent upon the degree of
introduced defective genes in mouse fibroblomology possessed by the transgene (and
lasts. Lin et al. reported a ratio of random_s:hared Wl'gh the target locus). Specifically, an
integration to gene targeting of 100000:1ncrease in homology from 4 kb to 9.1 kb
whereas Thomas et al. reported a ratio Oq,orrela_lted with 40-fold increase in th_e rate of
100:1. The major difference between thdargeting, as measured by the ratio of tar-
two sets of studies lies in the method og€ted:random integration. Shulman et al.
transfection, with Lin et al. using Capo [36], targeting an immunoglobulin gene in
co-precipitation and Thomas et al. usin ybridoma cell lines, varied the extent of
microinjection. Similarly, in a systematic Nomology from 1.2 to 9.5 kb. Again the
study using the adenine phosphoribosyldegree of homology correlated with target-
transferase (APRT) locus in Chinese haming efficiency, with a 25-fold increase seen
ster ovary cells, Vasquez et al. [46] comOVer the range from 2.5 to 9.5 kb. No
pared the targeting efficiencies associate#icrease in targeting efficiency was observed
with various transfection methods. In thes@€tween 1.2 and 2.5 kb. From these studies
experiments, mass-delivery methods (elel ¢an be concluded that the frequency of
croporation, co-precipitation, liposomes)9dene targeting is roughly proportional to the
yielded an average ratio of random integra€Xtent of homology shared by the transgene
tion to gene targeting of 200000:1 (rangeand its target locus. However, it is notable
2400:1 to 350000:1) compared with a ratighat the effects of very large (> 9.5 kb)
of 1:15 for microinjection. In addition to homologies are not known.
the possibility that HR frequency is reduced Besides homology length, base pair vari-
due to DNA damage associated with theation may affect the rate of targeting. This is
mass-transfection methods, it has been sugvident from experiments comparing iso-
gested that the larger numbers of transgergenic and nonisogenic transgenes. The
molecules delivered by the mass—transfedaomology region(s) in an isogenic trans-
tion methods may overwhelm the HRgene is derived from the same (syngenic)
machinery [46]. laboratory animal strain as the target
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animal. Therefore, isogenic trangenes cornransgene (in the region of homology)
tain homology blocks that are geneticallygreatly enhances targeting efficiency (see
identical (or virtually identical) to the tar- [21] for example). This finding is supportive
get homology regions. By contrast, a homolof the DSBR model (Sect. 2.4) as an expla-
ogy stretch in a nonisogenic transgene wilhation of the mechanism of gene targeting
typically be interrupted by a number of (but see also Sect. 2.6). Beyond lineariza-
slight sequence divergences, such as bag#en, stripping the transgene ends to expose
pair mismatches and small deletions/inseraround 200 nucleotides of single-stranded
tions. In a series of experiments designe®NA appears to further enhance targeting
to compare isogenic and nonisogenic trang46]. Although the underlying mechanism
genes, Riele et al. [31] reported a 20-folds not understood, the finding that single-
improvement in targeting efficiency when anstranded transgene tails enhance targeting
isogenic transgene was used, yielding &ts well with the notion that HR involves
remarkably favourable ratio of random tosingle-stranded DNA ends invading target
targeted integration (approximately 1:4).duplex DNA [38].
The target site was the retinoblastoma sus-
ceptibly gene (Rb) in an ES cell line derived
from mouse strain 129. The isogenic and
nonisogenic transgene constructs contained .
17 kilobases of homology, derived respec- A targeting transgene molecule presum-
tively from (a) mouse strain 129 andably has to “search” through the host
(b) mouse strain BALB/c. Similar results genome until it “finds” its target sequence.
were obtained from a systematic study by herefore, it might be expected that target-
Van Deursen and Wieringa [44], in whiching efficiency would be enhanced by increas-
the creatine kinase M gene (CKM) in ESing the number of transgene molecules intro-
cells was targeted with transgenes sharinguced to the host cell. An increasing
9 kb of homology with the target site. Incytotoxic effect is observed where increas-
these experiments, an increase in targetinggly large quantities of DNA are microin-
efficiency of approximately 25-fold was jected into the nucleus. However, the tar-
observed when isogenic transgenes wergeting efficiency can still be obtained, by
used. Thus, the use of isogenic DNA incalculating the proportion of surviving cells
transgenes appears to hold promise faihat have been successfully targeted. How-
improving gene—targeting efficiencies. How-ever, no study has demonstrated a correla-
ever, it has not been established whether then between transgene copy number and
outcomes described above are applicable targeting frequency. This area has not been
other target genes in other cell types. Moreextensively researched, but at least two stud-
over, there exists a dearth of systematiies have positively determined that there
knowledge concerning the nature, frequencgppears to be no relationship whatsoever
and extent of heterologies that may affechetween the number of copies introduced
targeting efficiencies. Nevertheless, it is reaand the efficiency of [32, 41]. The inference
sonable to conclude that, all other factorgnust be that the initial search for homology
being equal, transgenes employing perfecloes not seem to be the rate-limiting step
homology are likely to yield better targetingfor targeting. This conclusion is also sup-
?ﬁlClenCleS In comparison with those USlnq:)orted by experiments invo|ving amp"ﬁca_
interrupted homology. tion of the target site (see Sect. 3.2.8):
an increased target copy humber does
3.2.3. Physical state of the transgene not appear to enhance the frequency of tar-
geting. Indeed, if Vasquez et al. [46] are
In keeping with yeast data (see Sect. 2.4orrect in postulating that too many
all studies agree that linearization of theéransgene molecules may overwhelm the

3.2.4. Transgene copy number
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HR machinery (see Sect. 3.2.1 above), itopies, located in three clusters on differ-
may turn out to be the case that an inversent chromosomes. Gene targeting rates were
relationship exists between transgene copthe same in both cell lines. Similarly,

number and targeting efficiency. Thomas et al. [41] used three cell lines con-
taining integrated target plasmid sequences
3.2.5. Position of target site present as one copy, four dispersed copies or

five tandem copies. Again, the rates of gene

The position of the target site within thetargeting were similar in all three lines.
genome does not strongly influence the freSuch results infer, as suggested previously
quency of HR. For example, twelve inde-(Sect. 3.2.4), that the initial search for
pendent recipient cell lines were producediomology does not appear to be the
by Thomas et al. [41], each line containingate—limiting step for targeting. Interest-
a defective neomycin-resistance gene inténgly, recent (target amplification) experi-
grated at a different chromosomal positionMents in yeast have suggested that the fre-
Introduction of targeting DNA constructs quency of gene targeting does depend

gave similar gene targeting frequencies irP" the number of target copies. Indeed,
all twelve lines. Wilson et al. [49] report a linear relation-

ship between target site copy number and
the rate of targeting in yeast. The reason for
this difference between yeast cells and mam-
malian cells remains to be established.

3.2.6. Recombination hotspots

Targeting the endogenofis-microglob-
ulin gene in ES cells, Zijlstra et al. [54]
achieved a very high frequency of gene tar-
geting (a ratio of about 1: 25 targeting to
random integration). Other investigators for . . .
the B,-microglobulin target gene [20] and . AAthOUQh major progress in model build-
for the Hox 3.1 target gene [23] havelnd has been made in recent decades, exten-

I : ; sive biochemical analysis of the molecular
reported similarly high targeting frequen- echanism(s) of HR will be required if gene

cies. Such studies support the existence (%E L
SN " rgeting is to be better understood. On a
recombination “hotspots”. However, the.diﬁerent level, the phenomenology of gene

sequences involved in such hotspots remalf) . eting also requires extensive systematic
to be elucidated. analysis

Absolute frequencies of gene targeting
in mammalian cells remain low, and the

There is no evidence that the level c)fratio of targeted to random integration is

- _still heavily weighted in favour of the lat-
expression of the target gene correlates wnE

the frequency of aene targetin e 201" Until the frequencies are improved, the
requency ot g argeting (see [ otential use of gene targeting in non-selec-

4. CONCLUDING REMARKS

3.2.7. Target gene activity

for example). tive systems will be limited. Such improve-
ment is likely to depend upon a more
3.2.8. Target copy number detailed understanding of gene targeting,

) _ which is in turn dependent upon systematic

As noted in Sect. 3.2.4, experimentalanalysis of the sort described above.
amplification of the target site does not
appear to enhance the frequency of targeting.
For example, Zheng and Wilson [53] used ACKNOWLEDGEMENTS
two mammalian cell lines, one of which
contained 2 target gene copies. The second Artwork by 1st Class Media: http://www.
line contained around 800 target genestclass.uk.com.
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