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Abstract Considerable increases in productivity
have been achieved in biopharmaceutical produc-
tion processes over the last two decades. Much of
this has been a result of improvements in media
formulation and process development. Though
advances have been made in cell line develop-
ment, there remains considerable opportunity for
improvement in this area. The wealth of tran-
scriptional and proteomic data being generated
currently hold the promise of specific molecular
interventions to improve the performance of
production cell lines in the bioreactor. Achieving
this—particularly for multi-gene modification—will
require specific, targeted and controlled genetic
manipulation of these cells. This review considers
some of the current and potential future
techniques that might be employed to realise this
goal.
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Introduction

Accurate and reproducible modification of geno-
mic DNA is desirable in many cell and molecular
biology applications. This is not a facile under-
taking. There are significant challenges in achiev-
ing precise (as little as a single base pair)
modification at a particular locus on a 3 billion
base pair template. More so when this must be
achieved in as many, if not all, cells in a
population—and ultimately in a whole organ or
organism as in the case of gene therapy.
Researchers have been inserting exogenous
sequences in cells for many years but most often
in an unsupervised, random manner. Depending
on the application this is often sufficient but there
is always the risk of unwanted ‘side-effects’ such
as oncogene activation or disruption of important
endogenous loci.

In light of this a range of tools and techniques
have been developed in an attempt to gain more
precision in genetic engineering applications for
biomedicine, biotechnology and basic research.
Techniques such as gene deletion (knockout) by
homologous recombination were developed over
20 years ago to study gene function in the mouse
(Smithies et al. 1985). In the research laboratory
this method remains the definitive means of
silencing genes (notwithstanding the widespread
use of RNAi for knockdown) though many
additional features can now be included in the
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common-or-garden knockout construct—these
will be discussed in more detail later. Improve-
ments have come about in the methods of
delivering the modifying sequence to the cell(s)
(Hirata et al. 2002), more efficient promoter/
enhancer combinations have led to more efficient
transgene expression with less tendency toward
silencing, better selection strategies have
increased targeting efficiency; the incoming
sequences may contain recognition sites for
recombinases to remove or insert other features
subsequently (Kilby et al. 1993) or even rare-
endonuclease sites to facilitate further rounds of
modification (Cohen-Tannoudji et al. 1998).

Several recent reviews have addressed these
advances in the context of gene therapy in
particular as well as for basic research (Coates
et al. 2005; Vasquez et al. 2001; Sorrell 2005). In
this review, we will focus on the application of
these tools in cell lines relevant to the biophar-
maceutical industry.

Therapuetic protein production

The first commercial use of mammalian cells as
bioreactors came in 1986 with the introduction
of Activase™—recombinant human tissue plas-
minogen activator. By 2004 the recombinant
therapeutic protein market had expanded to
over 70 products and a combined value of
$35.8bn—with many more in the research pipe-
line or trials (Pavlou 2004). Many of these are
complex molecules with post-translational
modifications that necessitate their production
in mammalian cells. The most widely used cell
line in the Biopharma industry at the moment is
Chinese Hamster Ovary (CHO). These are
typically grown in non-adherant, serum-free
medium, frequently in large batch processes up
to of 10,000 1.

In the 20 years since the first product came on
the market, the greatest leaps in productivity
have been made first and foremost by refining
the culture medium and secondly, by improving
the scale-up process. Other gains have been
made via improved promoter/enhancer con-
structs for transgene expression as well as clone
selection procedures (Wurm 2004). These
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improvements have led to increases in yield
from 10-50 mg/l in the 1980s to 500-5,000 mg/1
today. Though there remains room for further
improvements via medium and process optimi-
sation, many believe that future increases in yield
will come through metabolic engineering to
create cell lines with improved bioreactor per-
formance. Already, strategies such as engineered
overexpression of anti-apopototic genes have
demonstrated the value of this approach (Meents
et al. 2002).

The cells that manufacture the protein product
are engineered to do so using methods that have
not changed significantly in the last 2 deca-
des—though they have been modified in various
ways—mostly due to ‘in-house’ company prefer-
ences—that have evolved over the years. The
following is a brief outline of the steps involved in
generating these cell lines:

1. The coding sequence for the protein (prod-
uct) is cloned into an expression vector
usually under the control of some viral
promoter/enhancer combination. This vector
also contains the cDNA for a resistance
marker (e.g. the dihydrofolate reductase gene
(DHFR)) for selection and amplification
purposes.

2. CHO cells are transfected with the expression
vector and incubated in low-nucleotide media
containing the DHFR inhibitor, methotrexate
(Mtx), or appropriate selective agent.

3. Only cells that have incorporated the exoge-
nous DHFR gene will survive in the absence
of essential nucleotide supplementation
(1,000s of clones generated at this point).

4. In order to increase the expression level
of the protein product, the product sequence
is co-amplified with the DHFR gene
by increasing the selective pressure with
high concentrations of Mtx (100s clones
generated).

5. The Mtx levels are further elevated to select
for very high yield clones (10s). Frozen cell
banks of each clone are created.

6. These candidates are adapted for growth in
serum-free, suspension culture and assessed
for stable product yield and growth charac-
teristics.
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7. The ‘production’ clone is chosen and a master
cell bank generated before expansion to
large-scale production vessels.

Though protocols based on this type of approach
continue to be favoured by the industry there are
significant disadvantages associated with it:

Step 2. The incorporation of the exogenous
plasmid into the genome occurs in a random
manner and can potentially disrupt important
endogenous sequences or locate in transcription-
ally silent regions leading to unpredictable
phenotypes and low product yield, respectively
(Sutter et al. 2003).

Step 4. Amplification of integrated sequence in
this manner involves large areas of chromosomal
DNA with unforeseeable consequences for cellu-
lar physiology. This kind of amplification has
been shown to generate long, tandem repeats
which are genetically unstable and may even
induce chromosomal rearrangement (Wurm and
Petropoulos 1994).

Step 5. As in 4, further amplification increases
the likelihood of genetic instability and clone
failure. In addition, amplified sequences (in par-
ticular viral promoters) are frequently silenced by
methylation or other epigenetic modification
(Derouazi et al. 2006).

Step 6. This part of the process can take many
months with no guarantee that clones that
performed well when attached to plastic in
serum-supplemented media during initial screen-
ing will continue to do so or that they will
maintain stable growth rates and product yields.

Step 7. Any change in clone behavior, such as
specific yield (pg/cell/hr), growth rate/density,
apoptosis, at this stage can have huge cost
implications and may even affect regulatory
approval for release into the market.

In future, the problems associated with achiev-
ing high product yields via gene amplification

may be further complicated by the challenges of
doing so in a cellular background where the host
genome may already be carrying a ‘genetic load’
due to metabolic engineering. Clearly, an upper
maximum will be reached in terms of how many
transgenes (including selection markers) that a
cell can sustain. Indeed many groups are actively
involved in providing solutions to this problem.
Most agree that this will involve a combination
of inducible control of transcription (May et al.
2006; Weber et al. 2004; Hartenbach and Fusse-
negger 2005) with targeted insertion in the
genome (Koduri et al. 2001; Coates et al. 2005).
First, let’s consider the options currently avail-
able to the molecular biologist when considering
engineering cells in a specific manner.

Site-directed insertion.

As mentioned, gene deletion by homologous
recombination (HR) has been used in reverse
genetics experiments for many years (Smithies
et al. 1985). In its most basic form it comprises a
drug selection marker and a DNA sequence with
homology to the locus of interest in the target cell
(Fig. 1). Typically the target cell is an embryonic
stem (ES) cell that is used to generate chimeric
mice by microinjection into harvested blastocysts.
Upon introduction into the nucleus of the ES cell,
the cellular DNA repair machinery catalyses its
introduction at the chromosomal site of homology.
Cells that have successfully acquired the incoming
sequence can be selected for by their resistance to
the selective agent. However, far more frequently
(orders of magnitude) the process results in
clones that have acquired resistance by randomly
inserting the exogenous sequence in a non-
homologous manner. This necessitates a screen-
ing procedure to identify correctly targeted
clones. In somatic cells where HR occurs at much
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lower frequencies than in ES cells the number of
HR events can be vanishingly low against a
background of random insertion (Yamane-
Ohnuki et al. 2004).

Several strategies have been developed in
order to overcome this problem. Increasing the
length of the homologous sequence (6-10 kb) in
the targeting vector can improve efficiencies by as
much as 190-fold (Hasty et al. 1991). Further-
more, using isogenic DNA also achieves greater
efficiency in HR (Te Riele et al. 1992; Ward et al.
1993) than non-isogenic sequence of similar
length. Enrichment of clones can be improved
by using promoter-less selection cassettes that
only confer resistance when placed downstream
of an endogenous promoter (that of the gene
being deleted/modified) (Bhat et al. 1988). Ran-
dom insertion in this case would most often lead
to a non-transcribed drug resistance gene,
although this ‘promoter-trap’ design is only suit-
able firstly, when the target is a gene (which may
not always be the case) and secondly, if the gene
is actively transcribed in the host cell.

The inclusion of a negative selection marker
provides another means of enriching for correctly
targeted cells. In this approach (usually combined
with a positive marker) a gene such as Herpes
Simplex Virus thymidine kinase is included out-
side the region of homology. In the event of
authentic HR, this sequence is removed and the
cell will survive in medium supplemented with an
agent (such as ganciclovir) that is only converted
to a cytotoxic form in the presence of the negative
selection marker. Those cells that incorporate the
foreign DNA in a random manner will usually,
though not always, have gained the negative
marker also and will be killed.

Rouet et al. (1994) reported on another
method for increasing incidence of HR upon
introduction of exogenous DNA—the introduc-
tion of double stranded breaks (DSB) at the locus
of interest. This was found to stimulate cellular
DNA repair and resulted in HR efficiencies many
orders of magnitude higher than in the absence of
a DSB. A recognition site for an extremely rare-
cutting endonuclease (I-Scel in this case) is
introduced into the genome that could be snipped
upon transient expression of the enzyme. The
break is then repaired using exogenous DNA with
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a short region of homology. An attractive aspect
of this system is that it can be used to repeatedly
target the same locus once the recognition site is
in place (Cohen-Tannoudji et al. 1998). However,
one limitation is that the initial insertion of the
site relies on standard HR techniques with lower
efficiencies. This is a recurring theme for many of
the tools that have been developed for site-
specific genome engineering.

Recombinases

One of the most exciting and novel developments
in mammalian genome modification has been the
use of recombinase enzymes. These proteins
catalyse recombination between two, double-
stranded sequences of DNA in a site-dependent
manner. The recognition site is usually quite long
(>30 bp) and consists of a central spacer region
surrounded by inverted repeat sequences. The
best known of these, Cre, was discovered in the
bacteriophage P1 (Abremski and Hoess 1984).
Others include Flp from S.cerevisiae and the
¢@C31 phage intergase (Kilby et al. 1993; Groth
et al. 2000). The recognition sequence for Cre is
34 bp long comprising an eight bp spacer flanked
by two 13 bp inverted repeats (Hoess and
Abremski 1984). This sequence is referred to as
a LoxP site (locus of cross-over in P1). By placing
a LoxP site in the genome of a cell it is possible to
target exogenous sequences to that locus by
inclusion of another LoxP site in the incoming
vector. In the presence of the Cre enzyme these
sites are brought into close proximity and recom-
bination results in insertion of the vector
sequence flanked by two LoxP sites (Fig. 2).
However, early studies revealed this process to
be quite inefficient due to the thermodynamic
bias towards the excision reaction. The proximity
of the resulting LoxP sites favours their recom-
bination over that of the exogenous vector and
the genomic LoxP. In order to overcome this, two
main approaches can be used. Firstly, Cre has
been shown to catalyse recombination between a
wild-type LoxP site and a mutant site with one or
more base changes (Abremski et al. 1986; Lee
and Saito 1998). However the resulting pair of
mutant LoxP sites cannot recombine, preventing
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Fig. 2 Cre-mediated genomic targeting. Insertion of a
transgene at a LoxP site in the cell genome is accomplished
by co-transfection of a cre-expression vector (pCre) and a

immediate removal of the inserted sequence. A
further refinement to this approach that is much
more versatile in terms of re-targeting the locus is
referred to as Recombinase-Mediated Cassette
Exchange (RMCE) (Seibler and Bode 1997,
Seibler 2007). In this system, two mutant, non-
compatible LoxP site are located adjacent to each
other. Cre can not (or only very inefficiently)
catalyse recombination between these sites. How-
ever, exogenous sequence flanked by comple-
mentary LoxP sites will be exchanged at the locus
for the existing intervening sequence.

These recombinase-based approaches have
been used in several ingenious ways to manipu-
late the genomes of mammalian cells. Strategic
placement of loxP sites has been used to both
activate and inactivate transcription. By placing
the expression of Cre under the control of an
inducible promoter, gene deletion or activation
has been achieved in a temporal manner (Sauer
1998). Others have combined recombinase
systems to place LoxP and FRT (substrate for
Flp) sites adjacent to each other. This has a
similar outcome to using mutant LoxP sites, i.e.
recombination between compatible (and not the
adjacent) sequences may only occur. Alterna-
tively the ¢C31 recombinase will only insert
incoming sequence in a unidirectional manner
due to the heterologous nature of its recognition
sequences (known as att sites) (Thorpe and Smith
1998). A further potential for this particular
integrase is the existence of att-like sites in the
genomes of both human and mouse, facilitating
the insertion of transgenic sequences without first
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second construct containing a LoxP site, a section marker
(neo) and a transgene (TG) downstream of a promoter
(Pr)

having to introduce a recombinase-recognition
sequence (Sorrell 2005). There are also likely to
be similar sites in the hamster, though this has not
yet been investigated to our knowledge.

Novel DNA-modifying enzymes:

The discovery that HR could be greatly enhanced
by introducing a DSB at the target locus
prompted an interest in creating chimeric
enzymes that could do so in a sequence specific
manner (Durai et al. 2005). Indeed the ability to
target other enzymatic or functional activities to
predetermined sites has led to the emergence of a
specialist field in designer zinc finger (ZF) pro-
teins (Mandell and Barbas 3rd 2006). These
proteins are made up of distinct zinc finger
motifs—each of which binds to a specific DNA
triplet. By combining several of these motifs a
molecule can be designed that will bind a
sequence of 15-18 bp in a highly selective and
specific manner. The expertise required to design
these proteins is still exclusive to a small number
of labs though recently some web-based tools
have been made available to help those outside
the field take advantage of this technology
(Mandell and Barbas 2006). By fusing one of
these ZF proteins to a generic endonuclease a
DSB can be introduced at a predetermined,
unique site in the genome (Bibikova et al.
2001). Modifications at the locus can then be
implemented by HR at high efficiency with an
incoming sequence. There is exciting potential for
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these novel, designer proteins in terms of their
application in biomedical research as well as gene
therapy though further refinements in the design
algorithms will be required to avoid ‘off-target’
effects and ensure safety.

Other tools:
Triplex-forming Oligos (TFOs)

These are short oligodeoxynucleotide sequences
that bind tightly to purine-rich sites in duplex
DNA (Helene 1991). They have been successfully
used to disrupt genes by targeting damaging
agents to specific loci (Giovannangeli et al.
1992). It is estimated that unique sites for TFOs
occur approximately every 1 kb in the genome
(Perkins 1998) which would suggest that most
genes should be amenable to targeting in this
manner. It has also been shown that these agents
can stimulate HR with exogenous sequence at the
APRT locus in CHO cells (Vasquez et al. 2001).
Culver et al. (1999) demonstrated correction of
point mutations in the ADA and p53 genes in
human cells at high frequency using TFOs linked
to a short donor oligo.

Transposons

Transposons are small mobile genetic elements
found in prokaryotic and some eukaryotic
genomes. There are no active transposons known
in mammalian species but elements such as
Sleeping Beauty from fish have been successfully
used to integrate transgenes in mammalian cells
(Kaufman et al. 2004). There is also a group of
non-long terminal repeat retrotransposon
elements found in mammals known as Long
Interspersed Elements (LINE-1) that constitute
approximately 20% of the genome (Soares et al.
1985). These elements are not generally active in
somatic cells but transcripts have been detected in
germ cells and some cancer cell lines and have
been implicated in some single-gene diseases in
humans where retrotransposition has resulted in
disruption of genes such as dystrophin (Ferlini
and Muntoni 1998). In terms of their use as a
genome modification tool, a major drawback of
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transposons is the random nature of the insertion
event.

Adeno-associated virus

So far, we have not mentioned viruses as agents for
manipulating the genome. The reasons for this
omission are twofold. Firstly, their use has been
reviewed extensively in recent years (Ghosh 2006;
Liu (2006) and secondly, the introduction of viral
material into cells producing therapeutic proteins
destined for biopharmaceutical use has yet to meet
regulatory approval. However, this situation may
change in the future and these types of vectors can
have some distinct advantages over other delivery
methods. One in particular is a combination of viral
delivery of HR constructs by the adeno-associated
virus (Miller et al. 2006; Hirata et al. 2002). This
virus is naturally occurring and asymptomatic in
humans and the wild-type strain normally inte-
grates at a specific locus on chromosome 19 (Kotin
et al. 1990). However, by including relatively short
(1-4 kb) homologous sequence in the viral gen-
ome, targeting of specific loci can be achieved in a
large percentage of transduced cells—often at both
alleles and in the absence of any selective pressure
(Chamberlain et al. 2004). This delivery method
has obvious advantages in gene therapy applica-
tions but it holds great potential for modification of
commercial cell lines also.

Current limitations:

One of the main limitations with many of the
tools described so far is that the first step must
include a HR targeting event, whether to create
the desired phenotype or to insert elements that
will facilitate further targeted manipulation.
Though some of the techniques have improved
the efficiency of HR in mammalian cells it
remains the bottleneck in the targeted engineer-
ing of the genome. More efficient vectors such as
retroviral or adenoviral vectors result in random
or episomal delivery of the transgenic payload.
Recent developments such as AAVs combined
with HR targeting or designer zinc finger
nucleases aspire to marry the best attributes of
different approaches.
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Implication for recombinant protein production
processes:

As stated earlier, future improvements in the
bioreactor performance of commercial cell lines,
such as CHO, will likely be contributed to by
metabolic engineering strategies. There are two
points to consider here. Firstly, there is the
question of the recombinant product itself. It
would be desirable (and indeed some companies
may already have pursued this route) to generate
producer cell lines with minimal if not zero
amplification of the transgenic sequence. Expres-
sion vectors have been developed that are effi-
cient enough to generate excess mRNA
transcripts from a single integration event. It is
not apparent whether this integration must be at a
specific, known transcriptional ‘hotspot’ or
whether random insertion is sufficient (Koduri
et al. 2001). Aside from the advantage of reducing
the risk of genetically unstable clones, there is
also the potential to reduce the time required to
generate new producer cell lines by developing
‘master’ cell lines that have been pre-engineered
to contain say, recombinase-recognition sites at a
known locus.

The second consideration is improving the
‘master’ cell line to improve performance irre-
spective of the product being made. This is
analogous to pre-adaptation to serum-free or
anchorage-independent growth. There are con-
certed efforts underway by several groups to
identify genes that would best influence the
performance of cells in culture using transcrip-
tional and proteomic profiling (Wlaschin and Seth
2006; Smales et al. 2004). To date, most metabolic
engineering strategies reported entail transient
and/or randomly integrated overexpression or
knockdown (short hairpin RNA) constructs to
confer resistance to apoptosis (Figueroa et al.
2004), control growth characteristics (Mazur et al.
1998; b) or modify the protein product (Wong and
Yap 2006). In addition, most studies involve
modifying the expression of a single gene. Signif-
icant improvements in cellular productivity will
likely entail controlling multiple gene expression
levels, some upwards and some down, raising the
prospect of ‘over-engineered’ cell lines. A limited
number of studies, notably by Fussenegger et al.,

(Gonzalez-Nicolini and Fussenegger 2005;
Kramer and Fussenegger 2005; Malphettes and
Fussenegger 2006) have demonstrated the possi-
bility of controlled, artificial gene networks where
expression of several transgenes is dependent
upon exogenous signals (inducers/repressors) as
well as the relative expression of other genes in
the network.

Inducible systems in particular confer temporal
as well as quantitative control over gene expres-
sion, both of which may be desirable in a process
where different phenotypes (high growth rate/
high productivity) are required at different times.
In instances where expression of a particular gene
is known to be actively detrimental to the process,
then genomic knockout might be more attractive
than knockdown of transcript levels by exogenous
expression of shRNA (plus whatever selection
marker is necessary to engineer in the shRNA
expression cassette) in addition questions remain
regarding long term stability of shRNA expres-
sion. For this purpose, techniques such as AAV-
mediated HR make gene disruption, at more than
one allele, a genuine prospect.

In summary, it is clear that the tools and
techniques available now, both old and new and
combinations thereof, give researchers much more
options in planning cell engineering strategies.
Implementing these will hopefully lead to the
development of ‘master’ producer cell lines where
metabolic flux can be controlled during the term of
the process and the recombinant product can be
manufactured in an efficient and stable manner.
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