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C E L L  L I N E  ENGINEERING

Improved Expression Vector 
Activity Using Insulators and  
Scaffold/Matrix-Attachment Regions
for Enhancing Recombinant Protein Production

by Helen Y. Kim

W ith recombinant proteins 
continuing to emerge as an 
important class of human 
therapeutics, improved 

methods to generate cell lines 
expressing high levels of desired 
proteins are becoming increasingly 
critical to the industry. High-
expressing cell lines are important  
for production of clinical candidate 
molecules as well as in rapid and 
reliable production for characterization 
and validation studies. In either case, 
the method should be rapid, cost-
effective, and scalable. 

Specifically, a method that 
generates high-expressing cell clones 
without an extensive selection and 
screening step would be useful for 
production of clinical candidates.  
A method to rapidly and reliably 
generate proteins in hundreds of 
milligrams would be equally valuable 
for early phase validation studies.  
For such production, using a pool  
or a collection of transfected cells 
rather than a single cell clone can 
significantly reduce necessary 
resources and time. But widely 
variable expression levels in different 
cell clones from a transfection 
necessitates extensive single-cell 
cloning and screening, which prevents 
the use of transfected cell pools for 
even small-scale production. 
Furthermore, expression levels 
typically decrease with culture time. 
Such instability of pool expression is 

probably due to relatively low levels  
of recombinant protein expression by 
most cells within a given transfection 
— and subsequently selective survival 
of those low-expressing cells, which 
often display growth advantages over 
their high-expressing counterparts. 

Reasons underlying the large 
variability in clonal expression levels 
include differing plasmid copy 
numbers and a phenomenon known as 
the position effect, which was initially 
described in Drosophila melanogaster as 
position-effect variegation (1). Such 
effects come from surrounding DNA 
that affects a recombinant gene’s 
expression upon integration into the 
host genome. They include activities 

of external enhancers and silencers as 
well as heterochromatinization. 

In most cell line development 
processes, expression constructs are 
introduced into a host cell’s genome 
using methods for random integration. 
Hence, the level of transgene 
expression depends on where that 
DNA integrates. So it’s not surprising 
that a large majority of cell clones do 
not express high levels of transgene, 
considering that most genomic sites 
are transcriptionally repressive (2, 3). 
Such repressive effects can spread and 
cause epigenetic silencing of adjacent 
genes. Transcriptional repression can 
occur by histone deacetylation (4) and 
methylation, at lysine 9 of histone H3 
(H3-K9) (5), and by methylation of 
the transfected DNA’s promoter 
sequence. 

Those events can be regulated by 
local availability of heterochromatin-
associated components such as 
heterochromatin-1 (HP1) (6–8).  
Other regulators are histone-H3 
methyltransferases, such as suppressor 
of variegation 3–9 in D. melanogaster, 
also known as Suv39h1 and Suv39h2 
in the mouse (9). HP1 proteins are 
multidomain proteins with several 
binding partners that can function as 
structural adaptors for the assembly  
of macromolecular complexes in 
chromatin, leading to heterochromatin 
assembly and maintenance (8). HP1-
interacting partners include the DNA 
methyltransferases Dnmt1 and 
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Dnmt3a, which are involved in CpG 
methylation (10). 

Use of Insulators and S/MARs Can 
Reduce Effects of Heterochromatin on 
Transgene Expression: Two common 
approaches can be used to protect 
DNA from negative position effects  
or integration-dependent repression. 
One approach is to direct transgene 
integration into a predetermined site 
that is transcriptionally active using 
site-specific recombination methods. 
Another method is to simply 
incorporate into the expression vector 
DNA sequence elements found in 
chromatin border regions, such that 
regardless of the integration site the 
gene will be protected from 
surrounding chromatin influences. 

Here I focus on the latter method, 
summarizing some recent developments 
in vector engineering that have helped 
us overcome the negative position 
effects of randomly integrated DNAs. 
This method takes advantage of 
nature’s solution for protecting 
transcriptionally active regions from 
epigenetic heterochromatinization.  
To do so, cells have evolved barrier 
mechanisms using specialized DNA 
sequences (known as insulator or 
chromatin barrier elements) that 
establish chromatin borders. 

For recombinant protein expression, 
sequences that behave as chromatin 
borders and protect transfected genes 
from surrounding chromatin influences 
include insulator sequences and 
scaffold/matrix–attachment regions  
(S/MAR). Expression studies at my 
laboratory and several others have 
shown that flanking a transgene with 
insulators or S/MARs can suppress the 
clonal expression variability (3, 11). 
Generating a higher proportion of 
transfected cells with improved 
expression levels can reduce the number 
of clones that need to be screened to 
identify an acceptable production cell 
line. That further enables generation  
of high-expressing transfected pools 
with improved stability. It also can 
eliminate the need to isolate clones  
for production of research material  
used in early characterization and 
validation studies.

DNA INSULATOR ELEMENTS

DNA insulator elements were initially 
identified as sequences in Drosophila 
that prevent external enhancers from 
inappropriately activating reporter gene 
promoters (12–14). These are DNA 
sequences that, in their natural state, 
are thought to define distinct 
chromatin domains of gene expression. 
They prevent cross-regulation of 
adjacent genes or gene clusters by 
restricting the activity of DNA 
elements such as enhancers and 
silencers to the domain where they are 
located. Several such DNA elements 
have been identified to date from 
various species, including Saccharomyces 
cerevisiae, Drosophila melanogaster, 
Xenopus lavis, sea urchin, chicken,  
and human. All are found between 
independently regulated gene loci. 

Many insulator elements have been 
shown to protect recombinant genes 
from position effects in vivo across 
species, as well as in vitro in 
mammalian cells lines. That suggests 
that these elements have a conserved 
role in defining domains of gene 
expression (15). Consistent with a 
function in defining domains of gene 
expression, insulator elements are 
found throughout the eukaryotic 
genomes (16). Subsequent analyses 
have revealed a wide diversity of 
insulator sequences and suggested  
that many are compound elements, 
containing several distinct protein 
binding sites and separable properties 
(17). A 1.2-kb DNA sequence element 
(5HS4) at the 5 end of the chicken 
beta-globin locus, for example, can be 
separated to enhance blocking and 
barrier activities. 

Results from such experiments have 
helped to define two main functions 
for insulators: their ability to block 
enhancer-promoter activity (enhancer 
blocking activity), and their ability to 
prevent the spread of heterochromatin 
(barrier activity). Experiments that 
delineate distinct activities of insulator 
elements may help reduce the size of 
effective elements used in expression 
vectors, making the final size of 
expression plasmids easier to manage. 
Furthermore, potential expression 
benefits would be obvious if 
expression vectors could be 

constructed with sequences that 
possess only the barrier activity, 
without enhancer blocking.

SCAFFOLD/MATRIX- 
ATTACHMENT REGIONS

The scaffold/matrix–attachment 
regions (S/MARs) are experimentally 
identified sequences associated with 
the nuclear scaffold or matrix. They 
are believed to be responsible for 
attachment of chromatin loops to  
the nuclear scaffold or matrix (18, 19). 
These sequence elements are further 
thought to be involved in chromatin 
remodeling and subsequent 
transcriptional activation and also 
protection of transgenes from position 
effects (20, 21). 

As sequence diversity is found in 
insulators, S/MAR sequences also 
tend to be heterogeneous. However, 
they have been analyzed more 
extensively. Identification of 
frequently occurring sequence  
motifs found in large numbers of 
experimentally characterized S/MARs 
has led to the development of several 
computational tools to predict yet 
unidentified S/MAR elements (23–26). 
Like insulators, S/MARs can be 
identified on the basis of their position 
in the genomes of different species, 
which suggests evolutionary 
conservation (27–29). 

Analyses of experimentally 
identified S/MARs have revealed a 
typical element to be as short as 300 
base pairs and up to several kbs long. 
These S/MARs may contain several 
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sequence motifs, including AT-rich 
nucleotide motifs. They serve as base-
unpairing regions (BURs), which are 
thought to function as DNA-
unwinding elements (30). Other 
sequences include (28, 31–33)

• kinked DNA generated by the 
presence of TG, CA, or TA 
dinucleotides separated from each 
other by 2–4 or 9–12 nucleotides

• potential replication origins 
(ORI) and homeotic protein-binding 
sites

• intrinsically curved DNA 
produced by the (A)n, TmAn

• transcription factor binding sites
• triple-helical or H-DNA structure 

sequences
• retroelement insertion hot spots. 
Usually, S/MARs contain about 

70% AT. They are enriched with all 
motifs listed above, but every S/MAR 
does not necessary contain all of them. 
When incorporated into expression 
vectors, some S/MARs can function 
as insulators by protecting against the 
repressive effects of the neighboring 
chromatin environment, albeit to 
different extents (3, 34). That is not 
surprising because insulators and  
S/MARs can share similar sequence 
motifs. 

DNA INSULATOR AND  
S/MAR BINDING PROTEINS

Certain proteins have been identified 
that bind to insulators and/or S/MAR 
elements, and subsequent analyses 
have revealed that these DNA-binding 
proteins can modulate chromatin 
structure and alter histone acetylation 
or DNA methylation. They include 
the classical insulator protein and a 
Gli-type zinc-finger protein, as well  
as S/MAR binding proteins and the 
high-mobility group (HMGA)  
protein family. 

The 11–zinc-finger protein  
CTCF (CCCTC binding factor) was 
originally identified as a molecule that 
binds to the chicken beta-globin 5 
insulator sequence. Subsequent studies 
showed that a single CTCF binding 
site is necessary and sufficient for 
enhancer blocking properties of that 
insulator (35). CTCF is thought to 
affect local genomic methylation by 
binding to and excluding DNA 

methyltransferases from the region, 
thus regulating gene expression. 
CTCF binding itself appears to be 
sensitive to methylation, so a lack of 
CTCF binding can lead to default 
methylation. This protein is also 
thought to be involved in establishing 
higher-order chromatin structures, 
which also affects gene expression 
(36). Sequence analysis at my 
laboratory indicates that the CTCF 
binding site is present in other 
vertebrate insulators as well as in  
some S/MARs (data not shown). 
Interestingly, several studies have 
shown that, depending on the context 
of the binding site, CTCF also can act 
as a transcriptional activator (37). 

Another insulator-binding protein, 
YY1, was identified in the mouse 
Peg3 gene insulator (38). YY1 is a 
zinc-finger protein similar to CTCF 
in that it displays methylation-
sensitive binding and is involved in 
genomic imprinting by regulating 
methylation patterns of imprinting 
control regions (ICRs) (38–40). 
Imprinting refers to parent-origin–
specific gene expression, in which 
parent-specific allelic repression is 
regulated by ICRs. Several studies 
have demonstrated that some ICRs 
can act as insulators and prevent 
promoter–enhancer interactions. 

SATB-1 was originally cloned 
because of its binding to a consensus 
core unwinding element derived from 
the BUR motif (41). SATB-1 
recognizes and binds a special AT-rich 
sequence context in which one strand 
comprises mixed As, Ts, and Cs,  
but excludes Gs (ATC sequences). 
Interestingly, SATB1 appears to  
bind along the minor groove, with 
very little contact with the bases, 
suggesting that it recognizes a 
structural motif rather than a specific 
sequence. Several other S/MAR-
binding proteins also display such a 
“relaxed” sequence specificity (20). 
SATB-1 regulates gene expression  
by affecting the location of genomic 
regions with respect to the bases of 
chromatin loop domains as well as 
affecting local histone modification 
states (41, 42). 

HMGA (fka HMG-I/Y) proteins 
are nonhistone chromatin proteins 

involved in diverse cellular processes, 
including gene expression and DNA 
replication, recombination, and repair 
(43). These proteins contain a DNA-
binding domain known as the AT-
hook (44). Using that, HMGA 
proteins recognize the local structure 
of AT-rich regions in the minor 
groove, an action that resembles the 
mechanism of SATB-1 chromatin 
binding (45). So one function of 
HMGA1 proteins is to behave as 
architectural transcription factors, 
regulating gene expression by 
modulating chromatin structure. 

Other MAR-binding proteins 
include the ubiquitously expressed 
SAF-A, Cux/CDP, and MeCP2  
(46–48), and also the tissue-specific 
protein called Bright, which is 
expressed specifically in activated  
B cells (49). Several insulator-binding 
proteins have been identified in 
Drosophila melanogaster, including 
protein suppressors of hairy wing 
[Su(Hw)], zest-white-5 (Zw5), and 
BEAF-32 (15). 

INCORPORATION INTO  
EXPRESSION VECTORS

A simple method for increasing 
recombinant protein expression takes 
advantage of the insulating activities 
of S/MAR or insulator sequences by 
incorporating them directly into an 
expression vector. Thus, a transgene 
integrates into a host-cell genome 
along with those protective sequences. 
Association of an insulator or S/MAR 
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with a transgene can cause the 
expression cassette to form its own 
active chromatin domain. It may allow 
gene expression based on the strength 
of the promoter and enhancer included 
in a vector — rather than based on  
the transcriptional activity of the 
integration environment. This strategy 
has been used successfully in both 
mammalian and plant systems  
(11, 50–55). Some studies have shown 
copy-number–dependent expression 
with the use of insulators or S/MARs 
(50, 51). Results from our laboratory 
and other published studies show that 
the protective activities of either can 
depend on their orientation (56, 38). 

Studies published by Zahn-Zabal  
et al. (54) and Girod et al. (11) have 
demonstrated that adding the MAR 
element on a distinct plasmid (trans) 
in addition to the expression vector  
(in cis) can increase recombinant gene 
expression up to 10-fold over control. 
Observations in my laboratory have 
also demonstrated that adding 
insulators or S/MARs either or both 
ways can increase recombinant gene 
expression. We saw increased gene 
expression of a total transfected cell 
population, an increase that appeared 
to correlate with a higher proportion 
of cell clones expressing medium or 
high levels of a test gene. 

In addition to a general shift in the 
expression profiles of individual clones, 
using constructs with two copies of  
S/MAR in cis generated exceptionally 
high-expressing cell clones. Additional 
benefit over using just one copy of  
S/MAR was more evident when  
cells from a transfected pool were 
maintained in culture over time. CHO 
cells exhibited better stability in GFP 
expression when kept in culture for 10 
weeks after transfection (data not 
shown). Using three copies of S/MAR 
in cis, however, did not produce 
exceptionally high-expressing clones 
nor any significant shift of expression 
profiles overall when compared with 
those derived from transfections using 
two copies. 

We think the apparent “plateau”  
of benefit in expression may be 
attributable to the significant increase 
in plasmid size with three copies of  
S/MAR, as well as a potential 

reduction in transfection efficiency. 
Consistent with this interpretation,  
we have seen increased pool expression 
from transfections both in cis and 
trans, presumably introducing multiple 
copies of S/MAR. And although we 
have not carried out extensive 
evaluation of cell clones thus derived, 
it seems reasonable to expect 
proportionally higher-expressing  
cell clones in such cases. 

Similarly, studies by Girod et al. 
reported a general increase in the 
proportion of medium- to high-
producing cells and a decrease of low 
producer cells within a transfected 
pool (11). These data are consistent 
with the insulating role of S/MARs 
and insulators, especially if we assume 
that most genomic sites are 
transcriptionally repressive. Girod et 
al. (11) also reported the appearance  
of a new “very high” GFP-expressing 
population of cells when they used  
S/MARs. We have not seen a similar 
subpopulation in our own GFP 
transfections, but this may be related 
to properties of different GFPs and 
gating parameters. We readily obtain 
significantly higher expressing cell 
clones when using secreted test genes. 

An insulator or S/MAR element 
can be added in cis to a vector either at 
the 5 of the promoter/enhancer or at 
the 3 of the poly-A sequence — or 
both. Recent work published by 
Goetze et al. using singly integrated 
reporter plasmids demonstrated an 
additive benefit on expression from  
S/MARs present at both borders of  
a reporter gene (3). That may come 
from protection of genomic influences 
on both sides of the expression 
cassette. 

It is conceivable that having an 
insulator or S/MAR element at just 
one end of an expression cassette may 
suffice for transfection methods 
allowing multiple-copy integration 
events. In such cases, each plasmid 
within the integration locus should 
contain an insulator or S/MAR 
element, which creates multiple 
miniature domains of active gene 
expression. Using experimental 
methods that allow multiple-copy 
integration — with tandem transgene 
arrays within the integration locus — 

we have in some cases (but not always) 
observed additional protection when 
these genomic elements are added at 
both ends (data not shown). One 
possible interpretation for our results 
may be that multiple copies of 
insulators and S/MARs provide 
additional protection — so this may  
be a copy-number–dependent additive 
phenomenon. That explanation is 
consistent with results from my group 
and others demonstrating increased 
expression levels of recombinant 
proteins when additional S/MARs are 
introduced using the trans method (11). 

So additional copies of insulators or 
S/MARs can be introduced either by 
trans, or simply by incorporating 
multiple copies into the expression 
vector itself. In our experience, having 
an insulator or S/MAR built into the 
expression vector produces more 
consistent results than simply 
introducing additional copies by trans 
alone. However, incorporating multiple 
copies into expression vectors can pose 
new challenges by quickly increasing 
their size. Published studies suggest 
that larger plasmids can greatly reduce 
gene cloning efficiencies and, more 
important, can greatly reduce 
transfection efficiencies, which can 
reduce expression levels. That 
phenomenon was observed for both 
supercoiled and linearized DNAs (57). 

Some reports have also suggested 
decreased efficiency of DNA entry 
into cellular nuclei when large 
plasmids are used. This, however, 
would be more relevant with 


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integration.
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nondividing cells, in which nuclear 
entry may depend on nuclear pores, 
but less relevant with rapidly dividing 
host cells (e.g., CHO and HEK 293). 
With such cell lines, entry into the 
nuclei is thought to occur when the 
nuclear envelope is disrupted during 
cell division. In the interest of keeping 
vector sizes relatively small,  
combining both in cis and trans 
methods can be beneficial (11).

CONTEXT-DEPENDENCE

Incorporating insulator or S/MAR 
elements into an expression cassette 
can help to improve gene expression 
significantly. But several parameters 
need to be optimized to achieve the 
full benefits of this technology. 
Expression vector strength may 
depend on several components: e.g., 
promoters, enhancers, poly A, and 
selection cassettes. Subsequently,  
the effectiveness of the final vector 
depends not on any individual 
component but rather on cross-talk 
and interplay among them. In some 
cases, even the physical distances 
between different components appear 
to be important. 

Accordingly, the activities of 
insulator or S/MAR elements can  
be highly influenced by their context 
within a vector. Experiments done  
by my group have demonstrated that 
certain combinations of promoters and 
insulators or S/MARs are better than 
others at improving gene expression. 
We have seen examples in which 
different bacterial plasmid DNA back-
bones also seem to contribute to final 
vector effectiveness. Examples from 
published studies include experiments 
using retroviral vectors and S/MARs 
derived from the human IFNß gene 
locus. S/MARs strongly supported 
transcription when placed at a distance 
of about 4 kb from the transcription 
initiation site, whereas they almost 
completely shut off transcription when 
placed at about 2.5 kb (58). 

Those results clearly demonstrate 
the importance of distance and the 
resulting three-dimensional 
relationship between S/MARs and 
other regulatory elements in a vector. 
In addition, different genomic contexts 
also influence the effectiveness of 

insulators and S/MARs, as shown  
by Goetze et al. (3). Such context-
dependent phenomena are not 
surprising, considering the complexity 
of in vivo gene regulation. 
Transcription complexes regulating 
eukaryotic polymerase type II 
promoters are highly ordered 
structures. Several studies have 
demonstrated that changing the order, 
orientation, or distances between 
transcription factor binding sites can 
profoundly affect gene expression. 

Some studies also have suggested a 
possible role for S/MARs in increased 
recombinogenic potential of a 
transgene. This is based on the 
observation that higher transgene 
copy numbers are obtained when  

S/MARs are included in a 
transfection experiment (11, 33, 55). 
Increased recombinogenic potential 
may facilitate processes such as 
methotrexate-induced gene 
amplification; however, in theory, it 
may also decrease long-term stability. 
To date, no published reports suggest 
either effect from specific S/MARs. 
We have not tested increased 
amplifibility of insulators or S/MARs 
to any great extent, but we have not 
detected instability in gene expression 
using such elements. 

In addition to insulators and  
S/MARs described herein, other 
classes of genomic elements have been 
identified and successfully used in 
generating stable improved cell lines. 
Identified from the heterologous 

nuclear protein A2/chromobox 
homologue 3 (HNRNPA2/CBX3) 
locus, ubiquitous chromatin-opening 
elements (UCOE) have been used in 
combination with the human CMV 
promoter to generate high-expressing 
cell lines (59, 60). Antirepressor 
elements were identified from a 
human genomic DNA library based 
on their ability to block gene silencing 
mediated by the Polycomb group 
(PcG) proteins HP1 and HPC2 (61). 
Similar to insulators and S/MARs, 
those antirepressor elements are 
highly conserved between human  
and mouse sequences (61).

Another class of noncoding DNA 
conserved between human and mouse 
intergenic regions are the homologous 
intergenic tracts (HITs) (62). 
Although their functions are less  
clear than for other genomic elements 
described here, sequence analysis has 
revealed that about 11% of HITs 
overlap with predicted S/MARs. 
Conversely, more than 50% of 
predicted S/MAR sequences overlap 
with HITs, suggesting a potential 
function for HITs in chromatin and 
gene regulation. At this time, no 
reports have been published on using 
specific HITs in expression vectors to 
improve gene expression.

Worth noting is that it may be 
possible to identify similarly high-
expressing cell clones using an 
expression vector without S/MARs  
or insulators — if you screen enough 
clones. Given the labor-intensity of 
clone screening and selection 
procedures, it would be a significant 
benefit to shorten timelines and 
resource requirements by identifying 
optimal cell clones by screening few 
hundred clones, rather than several 
thousand. 

Higher transfected pool expression 
can completely eliminate the need to 
isolate clones to produce recombinant 
proteins for early discovery research 
purposes. Many such experiments 
require proteins of a few mgs (for in 
vitro studies) to hundreds of mgs (for in 
vivo validation studies). In some cases, 
transient expression platforms may be 
used effectively, especially if a particular 
recombinant protein expresses well. 


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In our experience, a stable cell line 
approach has proved more beneficial 
when a particular recombinant protein 
is difficult to express or when 
additional material is likely to be 
needed in the near future. In such 
cases, using a transfected pool of cells 
rather than isolating single-cell clones 
can save resources and significantly 
shorten timelines. Furthermore, 
information from experiments 
delineating the enhancer-blocking  
and barrier activities of insulators  
can provide valuable information for 
future vector engineering efforts. It 
may be possible to generate expression 
vectors that prevent the spread of 
heterochromatin at the site of 
integration but allow enhancer 
activities to further increase the 
expression of your recombinant gene. 

Finally, we should keep in mind 
that gene expression is a multistep 
process in which transcription is only 
the beginning. Posttranscriptional 
modification and translation, followed 
by protein folding, posttranslational 
modification, and targeting are 
additional processes that profoundly 
influence the final yield of a 
recombinant protein. Each presents 
unique challenges that are beyond the 
scope of this review.
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