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The production of recombinant therapeutic proteins

Therapeutic proteins
Traditionally, the public identifies medicines as a pill or a fluid. These are produced by 
pharmaceutical industries and usually contain so-called ‘small molecules’. These active 
compounds have been identified through the execution of large-scale screens, performed 
with random small molecule libraries that may contain up to millions of substances1. 
However, during the last decades, many proteins with potent biological activities were 
discovered. Examples are growth factors and enzymes such blood clotting factors. The 
potent activity of even small amounts of these proteins led to the realization that they might 
be useful as therapeutic agents.  One potential benefit could be that ‘body-own’  proteins 
have less pleiotropic side effects than small molecules that are bound to interfere with 
multiple cellular targets.  Also, when a missing protein is causal for a disease, ‘simple’ 
administration of these proteins could cure a patient. Well-known examples are the 
hormone insulin that is lacking in diabetes patients, or certain clotting factors that lack in 
the blood of hemophilia patients. Small molecules can hardly be expected to fulfill a simple 
scenario of replacing a missing or dysfunctional protein. 
A major problem of isolating and applying potential therapeutic, ‘body-own’ proteins is, 
however, finding a suitable source. Application of purified therapeutic proteins is therefore 
restricted to classes of proteins that allow isolation from readily available human or animal 
sources. For instance, the insulin hormone was isolated from pig pancreases. Although this 
pig-derived insulin is biologically active and has been successfully used for the treatment of 
diabetes, adverse immunological side effects due to its animal origin were also noted. The 
porcine insulin differs from its human counterpart in only one single amino acid, indicating 
the degree of difficulty in finding the proper source. Another example was the isolation of 
human growth hormone from human placentas. This hormone is present in very small 
quantities; fortunately however it is very potent; hence the isolation of only small 
quantities, but from many placentas was still lucrative. 
One of the worlds largest biotechnology companies Genzyme became this successful, 
because its core business was the isolation of glucocerebrosidase from human placentas. 
This isolated enzyme replaces the glucocerebrosidase enzyme missing in patients that have 
Gaucher disease. Gaucher is an otherwise fatal childhood disease characterized by bone 
destruction and enlargement of the liver and the spleen. 20,000 human placentas provided 
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only a year’s supply of the enzyme for a single patient, at a cost of $400,000 annually2. The 
treatment was considered to be very effective. In 1994 a recombinant form of the enzyme, 
called Imiglucerase, was approved by the FDA2. Since the introduction of the recombinant 
product the costs per patient have substantially reduced to around $160,000 a year.
The dangers of isolated and injected ‘replacement’ proteins became apparent in the 1980’s. 
Purified human growth hormone isolated from the pituitary gland of human cadavers and 
provided by governmental programs like the National Pituitary Agency (NPA), was 
connected to the development of Creutzfeldt-Jacob disease in about 100 patients 
worldwide3,4. These patients all received growth hormone replacement treatment in the 
1960’s, long before anything was known about the infectious particles causing this 
transmissible spongiform encephalopathy5.  After this ‘incident’ the need for human growth 
hormone from other sources than purified from human pituitary glands became much more 
apparent. In 1985, the FDA rapidly approved the first recombinant human growth hormone 
Genentech had been working on since 1981.  
A final example is clotting factor VIII, which is isolated from human blood.  As of today, 
this is common practice and human serum-derived Factor VIII is still the main source of 
Factor VIII,  worldwide. As with the above examples,  about glucocerebrosidase and human 
growth hormone,  also this example shows the limitations of isolation of therapeutic 
proteins from organs. In the first place, the source must be readily available,  and in large 
quantities. In case of human blood, this is probably an almost perfect source, both in terms 
of availability and quantities. There is, however,  also a major risk involved: Viral 
contamination. Screening for deadly viruses such as HIV and hepatitis C is therefore 
routine in blood banks. This strict quality control makes the isolation of blood clotting 
factors much more expensive. Moreover, while there are good screening methodologies for 
viruses such as HIV and hepatitis C, there are no good screens for prions5, the causal 
pathogen of the deadly Creutzfeldt-Jacob disease. In particular the threat of this last disease, 
as indicated above, has led to an increased call for different approaches to produce 
therapeutic proteins.

DNA technology and the first recombinant therapeutic proteins
The advent of molecular biology has led to the identification of genes that encode proteins 
with therapeutic potential. Beyond that,  the technological breakthrough in 1973 of 
molecular cloning6,7 and the ability to produce proteins in the laboratory has opened 
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entirely novel perspectives. In 1977 the first human recombinant protein, somatostatin, was 
reported to be produced in a micro-organism8. Insulin was the first human therapeutic 
protein to be produced in bacteria at an industrial scale9. Being approved by the FDA in 
1982, it is still in use and is a major selling product of Ely Lilly in Indianapolis, USA. Even 
after 24 years, it still creates in excess of 2 billion $ in revenues, each year. Human growth 
hormone was the first recombinant therapeutic product approved by the FDA (Federal Food 
and Drug Administration) in 1985 to be completely manufactured and marketed by a 
biotechnology company (Genentech). Both Insulin10,11 and Human growth hormone11 are 
relatively simple,  small proteins though, with hardly any complex post-translational 
modifications such as glycosylation or selenation. This feature allows production in 
bacteria, which themselves are not able to execute complex post-translational 
modifications. For more complex therapeutic proteins that require extensive post-
translational modifications to be biologically active, however, production has to take place 
in eukaryotic cells that do have the capacity for adding proper post-translational 
modifications10.  Today, about 70% of all therapeutic proteins are therefore produced in 
eukaryotic cell systems12. 

Which classes of therapeutic proteins have emerged in the last decades? 
tPA (tissue plasminogen activator) was the first biotechnologically engineered therapeutic 
protein produced in recombinant mammalian cells to be approved by the FDA in 1987, tPA 
is used to prevent blood-clotting. It is a secreted serine protease which converts the 
proenzyme plasminogen to plasmin, a fibrinolytic enzyme. The biological activity and 
especially the plasma clearance rate of tPA are highly dependent on the degree of 
glycosylation13.  The manufacturer of tPA, San Francisco based Genentech, was amongst the 
very first companies that was founded to employ genes and biotechnology for the 
production of therapeutic proteins,  the first biotech company to market it’s own products, 
the first company to use mammalian cells as a production platform and the company is still 
at the forefront of biotechnological innovations. Production of tPA took place in CHO cells. 
This CHO, or Chinese Hamster Ovary cell line has been the industrial workhorse amongst 
eukaryotic production cells for decades.
Another important biotechnologically engineered therapeutic protein is erythropoietin or 
EPO. EPO is a hormone produced by peritubular cells in the kidney and it stimulatess the 
formation of red blood cells. As such it is an important therapeutic agent for the treatment 
of blood amnesia that can be a consequence of renal failure. The stability, activity and 
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secretion of this hormone are all dependent on the degree of N-linked glycosylation13,14. 
The plasma half-life of recombinant human EPO is highly dependent on the level of 
sialysation, normal half-life is 5-6 hours as apposed to <2minutes in the case of desialylated 
EPO15.  Despite all these difficulties, EPO is an immensely successful product. Production 
of EPO on CHO cells generates more than 10 billion $ a year. The major share of these 
revenues is for Amgen, who hold the US patent on EPO production. Unlike most blood 
clotting factors, which can be readily produced from blood sources,  neither tPA nor EPO 
have tissue-derived equivalents that are used as therapeutic agent. However, while most 
clotting factors are still being purified from blood, both Factor VII and VIII are also 
produced by biotechnological means. But due to production difficulties with these 
biotechnologically engineered proteins, their share in the market is still limited. 

Recombinant therapeutic antibodies
All above-mentioned therapeutic proteins are single chain polypeptides, but in recent years 
other classes of more complex proteins have reached the market. One important class is 
formed by the therapeutic monoclonal antibodies.  Already in the beginning of the 20th 
century, scientists envisioned that antibodies might have potent beneficial effects in the 
treatment of human diseases. The term ‘magic bullet’ was coined by Paul Ehrlich (who 
shared the 1908 Nobel prize for medicine with Metchnikoff for their work on the immune 
system) and not without reason. It was realized that the specificity of an antibody for its 
target is very specific,  probably more specific than can be achieved ever with any small 
molecule. The specific binding of an antibody to its target might therefore be used to block 
or stimulate the action of this target. Since antibodies are ‘body-own’, there might be less 
adverse reactions in terms of immunological side effects.  In short,  the promise that 
therapeutic antibodies hold is that they might mimic the way our body works. The 
discovery of the hybridoma technology16 in 1975 by Kohler and Milstein (later honored 
with the Nobel prize) opened the way to test these presumptions. Several monoclonal 
antibodies against a variety of human cancer cells were raised and tested. The initial results 
were, however,  somewhat of a disappointment since the immunological side effects were 
much more severe then expected and the antibodies often proved rather ineffective as 
therapeutic agent. One major reason appeared to be that the antibodies that were raised in 
mice evoked an immunological response against the mouse protein portions of the 
antibody17. From an immunological point of view, the antibodies were largely ineffective 
because they failed to invoke the immunocascades expected in a normal human 
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immunoresponse18-21. Over the years these problems were overcome, however, by 
developing humanized antibodies. At the genetic level the murine parts of the antibody 
were removed and swapped for the corresponding human parts of the antibody22. The first 
humanized monoclonal antibody approved in 1997 by the FDA was Zenapax, produced by 
the Swiss company Roche. This antibody combats organ rejection after transplantation by 
binding to and inhibiting a receptor on activated white blood cells. These humanized 
antibodies proved much less immunogenic whereas they are much more biologically active.
Due to these developments, several humanized monoclonal antibodies have now reached 
the market and many more are currently being tested in clinical trails23.  Some of these 
humanized antibodies have been incorporated in the standard treatment of several human 
cancers. Two examples are trastuzumab (Herceptin) and bevacizumab (Avastin), both 
developed and marketed by Genentech. Herceptin blocks the interaction between the 
epidermal growth factor (EGF) and a mutated EGF receptor HER2/neu that is 
overexpressed in many metastatic breast tumors24.  Avastin targets and inhibits the binding 
of vascular endothelial growth factor (VEGF) to its receptors25.  Tumors often produce both 
VEGF and its receptor, which results in the promotion of blood vessels formation. This in 
turn promotes tumor growth, thus creating an autocrine loop. Herceptin has become a 
standard therapeutic agent to treat subclasses of metastatic breast cancer.  Avastin is now 
being applied as treatment against an increasing range of solid tumors. Although these 
treatments can be considered as successful, it should be pointed out that Ehrlich’s early 
vision of a ‘magic bullet’ has not been fulfilled as yet with these types of antibody. 
Application of none of the present generation of therapeutic antibodies results in cure of 
human cancers. Instead, the addition of Herceptin or Avastin to the treatment results in 
prolonged life expectancy, only when the antibodies are delivered in combination with 
other, more traditional therapies26. Furthermore, although antibodies demonstrate high 
target specificity, side effects are still observed. From the above example, the obvious 
targeting of for instance VEGF and its receptor during normal blood vessel formation is a 
problematic side-effect27 which could lead to increased bleeding. This said, however, 
physicians consider the introduction of monoclonal antibodies to the repertoire of anti-
cancer agents as a major step forward.  The hope and expectation is that novel generation 
antibodies will be more specific for tumor-related targets and have more limited side 
effects.
A final example of the use of monoclonal antibodies is the monoclonal antibody Enbrel, 
marketed by biotech companies Amgen and Wyeth. Enbrel is an artificially engineered 
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antibody that binds and deactivates Tumor Necrosis Factor (TNFα)28,29. TNFα causes 
Rheumatoid Arthritis when present at too high levels. Enbrel is highly effective, but very 
hard to produce. The main reason for that is that the antibody is made from the combination 
of two naturally occurring soluble human 75-kilodalton TNFα receptors linked to an Fc 
portion of an IgG1, a very complex molecule to produce for any cell. This example 
demonstrates the next level of problems that have been encountered in recent years: even if 
an antibody is proven to be very effective, it can be so hard to produce sufficient quantities 
that the antibody may never reach the market. 

Problems with the production of recombinant therapeutic proteins
Production problems consist of two related problems. One is that during the development of 
a novel antibody it is desirable to test different variants of the antibody at the ‘lowest’  level 
of a clinical trial I. Typically,  the potential toxicity of the antibody or parameters such as 
clearance from the blood after injection are established in clinical trials I.  Hence this phase 
involves rather elaborate research, not involving human beings as test objects. However, if 
sufficient material for a clinical trial phase I can not be produced within a rather restricted 
period of time, the lack of enough interesting ‘lead variants’ may result in early termination 
of an entire program.
A second production problem is decisive during the production phase, which involves 
large-scale production in 10,000 to 20,000 liter vessels. If the specific productivity of a 
protein, stated as pg/ cell/ day is too low, also the volumetric productivity, stated as gram/
liter will be too low. This may imply that the so-called cost-of-goods will become too high 
for a particular protein ever to be profitable. Eventually such factors are decisive for a 
company to produce a protein or not. To illustrate this, the biotechnological production of 
the above mentioned factor VIII does not exceed expression levels of 2-3 pg/ cell/ day. To 
be able to produce enough factor VIII,  an airplane hanger full of culture medium is 
required, continuously.  Although this may sound to be hardly competitive with blood-
purified factor VIII, the 1.5 grams produced yearly of recombinant factor VIII is worth >$2 
billion (Bayer’s Kogenate®  and Baxter’s Recombinate®  are the main rFVIII products on 
the market). And as mentioned above, the ever-strict rules of the FDA concerning virus 
contamination, recombinant factor VIII is still considered to be profitable. 
Given these large-scale production problems it may not come as a surprise that there is a 
worldwide lack of production facilities.  Current production facilities are fully booked years 
in advance. After the FDA approved Avastin in 2003, Genentech decided to build a 100,000 
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liter production plant, dedicated for the production of Avastin alone. Estimated costs: $400 
million. This has resulted in exceeding costs of these types of therapeutic proteins. Early 
2006, there were several news items showing complaints of physicians that an increasing 
number of hospitals in the Netherlands could no longer afford prescribing anti-cancer drugs 
such as Avastin and other anti-cancer monoclonal antibodies (fig 1). This not only 
exemplifies the exceeding costs of these types of novel therapeutic drugs,  but also the high 
level of public interest in these matters. One can safely conclude that easing the production 
of therapeutic proteins will have a major impact.

                                                                                                                                                                                                                                                                    

Nieuwe kankermedicijnen niet naar patiënt

Van onze verslaggever 
De Nederlandse kankerpatiënten krijgen aanzienlijk minder nieuwe 
medicijnen voorgeschreven dan buitenlandse kankerpatiënten. Het 
'belabberde' financieringssysteem van de ziekenhuizen is daar volgens 
de onderzoekers van het Erasmus Medisch Centrum in Rotterdam en 
het VU Medisch Centrum in Amsterdam debet aan.
De specialisten hebben omzetten van enkele nieuwe kankermedicijnen 
in tal van Europese landen vergeleken. Uit die vergelijking blijkt dat in 
Oostenrijk patiënten met bijvoorbeeld lymfeklier-kanker ruim vier maal 
zo veel van het antikanker middel Mabthera krijgen toegediend, 
vergeleken met patiënten in Nederlandse ziekenhuizen. Ook in België, 
Denemarken, Frankrijk en Duitsland wordt dit middel vaker 
voorgeschreven. Datzelfde geldt voor het kankermedicijn Velcade. Dat 
wordt in ziekenhuizen ingezet tegen bepaalde vormen van bloedkanker. 
Bij patiënten die buiten het ziekenhuis worden behandeld, zijn 
nauwelijks verschillen met het buitenland, aldus de specialisten.
De behandelingsachterstand in Nederlandse ziekenhuizen is volgens 
hoogleraar Peter Huygens van de Vrije Universiteit toe te schrijven aan 
de financieringsstructuur van ziekenhuizen. 'De medicijnbudgetten 
worden al jaren gelijk gehouden, terwijl de kosten voor nieuwe 
medicijnen toenemen. De gebrekkige financiering van deze 
geneesmiddelen schaadt de patiënt.'

From: De Volkskrant, November 3th, 2005. page 3.

Figure1. Dutch patients do not get new anti-cancerous drugs. 
Newspaper clipping of “The Volkskrant”. Cancer patients in the netherlands receive less new anti-
cancerous drugs than patients in other european countries because of the costs of these drugs.
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Potential solutions for the production problems
What are the options? A bacterium is still the fastest multiplying organism with its 
generation time of about 20 minutes. It can grow to very high densities and it can produce a 
large part of its body weight as exogenous protein. However, as outlined above, bacteria are 
often not suitable hosts to produce complex, eukaryotic proteins, as they lack the ability to 
add proper post-translational modifications often seen on therapeutic human proteins. The 
first suitable simple eukaryotic cell is yeast30. Yeast has the ability to add post-translational 
modifications to a protein, but these are yeast-specific. Efforts are being made to replace 
the yeast post-translational machinery with the human variant31.  This would allow 
producing a therapeutic protein with the proper post-translational characteristics, made by a 
fast and also to high density growing microorganism32. However, even if successful in the 
end, it will still take many years for these novel developments to be implemented in large-
scale industrial production processes and to replace, inefficient, but proven current 
production systems. 
The same story also holds for plants. Potentially, producing therapeutic proteins in plants 
has huge advantages.  In general, plants require relatively little care. Another advantage, 
particular for the third world, is that growing and eating (modified) plants that are already 
part of the normal diet could avoid often-difficult distribution problems of therapeutic 
proteins. However, designing plants that possess a humanized post-translational machinery 
is in its infancy33. Furthermore, because of the high development costs,  hardly any 
transgenic crops will be sold to 3rd world countries, unless they are highly subsidized.
Transgenic animals are another option to create large quantities of secreted therapeutic 
protein. Potentially, a herd of transgenic goats in a meadow can out-produce an entire 
production plant culturing mammalian cells. Still the transgenic animal option is not a 
success story. Technically,  it is far more challenging to create a transgenic animal producing 
a recombinant protein than to create a producer cell-line. More importantly however, the 
public opinion remains very much opposed. Despite this all, however, in 2007, Leiden-
based Pharming for instance is on the verge of introducing a transgenic animal-produced 
therapeutic protein. The therapeutic protein in question is recombinant human C1 inhibitor 
for the treatment of Hereditary Angioedema34,35.
With these options being either in early stages of development or remaining controversial, 
production of recombinant therapeutic proteins in mammalian cells remains a highly 
competitive alternative. The technological basis is relatively low key and the technology is 
accepted by public opinion. Above all, it is proven technology and several cell lines are still 
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the real workhorses of the biotechnology industry. This thesis is concerned with production 
problems and potential solutions, which could open the way to improved production of 
recombinant proteins in mammalian cells.

Current approaches to solve these production problems

The development of manufacturing processes for recombinant therapeutic proteins in 
mammalian cells follows a well-established scheme (fig 2). Initially, the recombinant gene 
is transferred to the cells.  In addition, a second gene,  either on the same plasmid or on a 
separate plasmid, is transferred that provides recipient cells with a selective advantage. 
During the selection phase, only those cells expressing the selector gene will survive. 
Depending on the method of selection, a percentage of the surviving cells will also express 
the recombinant therapeutic protein. Individual clones are evaluated for recombinant 
protein expression and after multiple rounds of sub-cloning a limited number of candidates 
is chosen. Eventually, one cell line with the appropriate growth and productivity 
characteristics is chosen for the production of the recombinant protein. The whole 
development process, from DNA to producer cell-line takes at least 12 months and an 
incredible amount of work. Shortening these time-lines, or reducing the amount of cell-
lines to be screened, would greatly help to reduce the costs of such therapeutic proteins.

Production problems of recombinant therapeutic proteins in mammalian cells can be 
distinguished in several levels. 
Predictability: DNA constructs harboring the gene of interest are introduced in the cells and 
stable integration into the genome of these cells takes place. Integration of DNA is thought 
to be random and is an inefficient process. It is, therefore, not easy to obtain a clone with 
stably integrated DNA that produces much protein. Usually, many clones need to be 
screened before a stable cell line that produces protein is established. 
Yield or protein expression levels: After identifying a clone that produces protein, it turns 
out that the protein expression levels in such clones are often very low. Finding a high 
producing clone is very time-consuming, resulting in long delays of the onset of clinical 
trails. 
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Stability over time: Even when these two hurdles are overcome and a high-producing clone 
has been established, these high expression levels are often not maintained after an often-
short period of time.
What are the approaches that the biotechnology industry in general takes to overcome these 
production problems?

Predictability
The answer to this question can be very short. Usually, the predictability problem is simply 
tackled by brute force. Either thousands of clones are isolated by hand, or they are being 
‘picked’ by a robot. Obviously, only large companies can afford the use of multi-million $ 
high troughput robotics. 

                                                                                                                                                                                                                                                                    

Figure 2. Cell-line development scheme. 
The development of a production cell-line follows a well defined scheme. From gene transfer to cell-
line screening to process development, this whole process takes a minimum of 12 months.
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Yield
Over the years, the main approach in industry to achieve higher protein production levels 
has been by employing gene amplification12,36. Placing of either the dhfr (dihydrofolate 
reductase) gene or the GS (glutamine synthetase) gene on a plasmid that also harbors the 
gene of interest makes an amplification strategy possible. The dhfr protein is an enzyme 
that is part of the folate pathway and it converts folate into 5,6,7,8 tetrahydrofolate, a 
methyl group shuttle required for the de novo synthesis of purines (Hypoxanthine), 
thymidylic acid (Thymidine), and certain amino acids (Glycine).  CHO-DG44 cells lack the 
dhfr gene and these cells therefore need glycine, hypoxanthine and thymidine in the culture 
medium to survive37. If, however,  the dhfr gene is present on the expression cassette, the 
cell can convert the non-toxic substance folate into 5,6,7,8 tetrahydrofolate, bypassing the 
need for exogenous glycine, hypoxanthine and thymidine in the culture medium. The GS 
gene works in a similar fashion, it catalyzes the synthesis of glutamine from glutamate and 
ammonia and provides the only pathway for synthesis of glutamine. These principles have 
been used for many years as selection methodology to create stably transfected mammalian 
cell lines.
Most cell lines, such as the widely used CHO-K1, possess at least one functional dhfr 
allele. Usage of the dhfr system is therefore largely restricted to CHO-DG44 cells (and 
derivatives) which are homozygous dhfr-negative.  Some reports claim the use of the dhfr 
system in dhfr-positive cells as well. This can be accomplished by inhibition of the 
endogenous dhfr gene using the specific inhibitor methotrexate. 
The GS system operates best in functionally GS deficient cell lines like NS038,39. These 
cells do not produce sufficient levels of GS to survive and so require an exogenous source 
of glutamine.  However,  there are also several reports claiming that cells with sufficient 
levels of endogenous GS, like CHO-K1, can be used in combination with the specific GS 
inhibitor methionine sulphoximine40-43. 
By an unknown molecular mechanism amplification of both the dhfr (or GS) gene and the 
gene of interest occurs when the dhfr gene is inhibited by methotrexate (methionine 
sulphoximine in the case of GS). The whole locus encompassing the dhfr gene is multiplied 
to ensure high enough expression of the dhfr protein for the cell to survive. The resulting 
higher copy number of the gene of interest often (but not always) results in higher protein 
of interest expression levels. There are,  however, multiple problems with this methodology. 
For one, the increased gene copy numbers do usually not result in a linear increase of 
protein expression levels44. Furthermore,  in many cases the number of genes is amplified to 
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thousands and this often results in genomic instability of the cells.  When methotrexate is 
removed form the culture medium, the amplified gene loci are often removed from the host 
DNA. Not surprisingly, the protein expression levels then drop, which is a serious problem. 
To keep the protein expression levels high, continuous selection pressure by methotrexate is 
needed. However, the FDA does not accept this,  since methotrexate is highly toxic and 
teratogenic, therefore the methotrexate has to be removed from the final product, the 
therapeutic protein.  One often used trick is to grow cells up to a volume of ~1000 liter. 
Then the cells are changed to culture medium without methotrexate and transferred to a 
culture batch of 10-20,000 liters.  In this way, the toxic substance is removed and the 
decrease in expression levels due to unstable expression is limited to the final production 
run only.
To obtain sufficient gene amplification, often multiple rounds of sub-cloning with 
increasing amounts of methotrexate are required. During this process, an original cell clone 
is re-suspended in such a way that culture wells receive statistically less than one cell, 
which then grows to a daughter- or subclone. All of these subclones must subsequently be 
analyzed for protein expression levels. Only those subclones that have elevated protein 
expression levels in comparison to the original parental clone are taken for another, similar 
round of subcloning. This entire procedure can take up to five months44, a long time when 
multiple variants of a single therapeutic protein are needed fast for testing in a clinical trial 
phase I. However, although gene amplification is a long, inefficient and costly process, it is 
THE approach industries have taken for decades. Many products on the market have been 
produced in this way.
Once a production clone has been established, through whatever numbers analyzed or how 
many rounds of gene amplification,  the usual follow-up consists of medium optimization. 
Some opinions state that media optimization is the key to it all12,36. Establishing growth 
characteristics, feeding strategies for the cultures, metabolic patterns, all vary between 
individual cell cultures. This is a science in itself. Claims are,  however, that the major 
increases in production levels that have been achieved over the decades are solely due to 
developments in culture optimization.
Finally, a novel approach to get enough protein for clinical phase I material fast has been 
developed recently45-47.  This involves large-scale transient expression of the gene of 
interest. If the transfection efficiency is high enough and if it is possible to scale the entire 
transfection procedure up to ~100 liter, chances are that sufficient material is produced for a 
clinical trial phase I. Such an approach circumvents establishing stable clones with 
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integrated DNA in the host genome. Obviously, this may solve the problem of obtaining 
enough material for clinical trial phase I, but it does not solve the problems in the final 
large-scale production phase.

Stability
No simple solutions for the lack of stability of protein expression over time have yet been 
found. As indicated above, the removal of methotrexate from the culture medium often 
results in a fast and dramatic drop in protein expression levels43,44.  The way this problem is 
circumvented is usually to leave the protein producing cells under continuous selection 
pressure. However, there are reports that even under continuous selection pressure the 
stability of expression levels is not warranted44,48,49. The presence of selection in production 
runs of therapeutic proteins is not favored. Selection agents are often very expensive, which 
adds up when 10-20,000 liter vessels have to be filled.  Furthermore, the FDA requires that 
such agents are removed form the final product, the therapeutic protein. This implies costly 
purification procedures as well as quality control. Therefore, even if the presence of the 
selection agent is required for maintaining reasonable expression levels, the agent is usually 
present only until the production batch is in a volume of ~10 liter.  After that the selection 
agent is omitted from the medium before transfer to larger production vessels. The hope is 
then that during the final phases of the production run (still up to 4 weeks) expression levels 
remain reasonably stable.

Employing epigenetic gene regulation mechanisms to resolve protein 

production problems

In this thesis we describe approaches to solve protein production problems that stem from 
knowledge of epigenetic gene regulation mechanisms. What are epigenetics or epigenetic 
regulation of gene expression? 

When a transgene is transfected into a cell and integration into the host-genome occurs, 
efficient expression of the transgene is highly dependent on the place of its integration50-52. 
In the genome, genes reside as chromatin, the complex structure of DNA and associated 
proteins, in particular histones. Basically, two forms of chromatin, euchromatin and 
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heterochromatin can be distinguished. In general, endogenous genes located in 
heterochromatin are repressed or silenced and genes that reside in euchromatin are active. 
The faithful transmission of the repressed status of genes is part of a so-called epigenetic 
memory system. When a transgene integrates into the genome, integration into or close to 
heterochromatin will result in a silenced or repressed state of the transgene, whereas 
integration into actively transcribed euchromatin usually leads to transgene expression. In 
other words, the expression level of a transgene is dependent on the site of genomic 
integration. One goal of several approaches we will describe is to create a system in which 
expression is independent of the site of genomic insertion. 
Since a large proportion of the genome is in the form of heterochromatin, the chance that a 
transgene integrates in or close to heterochromatin and consequently is silenced or 
repressed is also high. Importantly, once genes obtain a repressed heterochromatic state, 
this status is faithfully transmitted to daughter cells53-56.
An integrated transgene adapts the chromatin state of the surrounding area. At the 
molecular level,  the DNA double helix is wrapped around histones and this constitutes the 
basic building block of chromatin: the nucleosome (see figures 3 and 4). During the last 
decade a lot has become known about the role of histone modifications on (epigenetic) gene 
regulation.  Acetylation, methylation,  phosphorylation and ubiquitination of lysines and 
serines of amino-terminal histone tails have enormous impact on whether a gene is active or 
inactive57,58.  Transcriptionally silent chromatin for instance can be marked by enrichment of 
di- and tri-methylated H3K9 or H3K27, together with overall histone hypo-acetylation (Fig 
3B and 4). In contrast, transcriptionally active chromatin is marked by enrichment of tri-
metylated H3K4 and overall hyper-acetylation (Fig 3A). Particular the combinatorial nature 
of these modifications or ‘Histone Code’ adds a complex layer of epigenetic gene 
regulation to existing modes of gene regulation by promoters and enhancers59. The specific 

                                                                                                                                                                                                                                                                    

Figure 3. Events involved in heterochromatinization by the HP1 repressive complex. 
 (A) Addition of positively charged acetyl groups to lysines in histone tails, such as lysine K9 in histone 4, 
renders the nucleosome more open for transcription. In general, histone acetylation, mediated by a histone 
acetyltransferase (HAT) has a positive influence on gene expression. (B) When acetyl groups are removed 
from the histone tails by histone deacetylases (HDAC), genes become repressed, particularly when also 
methyl groups are added to the same lysine by a histone methyl transferase (HMT).(C) The methylated lysine 
K9 is a docking place for the heterochromatin protein HP1, a potent chromatin-associated repressor. 
Subsequently, more and more nucleosomes become deacetylated, methylated and HP1 saturated and hence 
gene repression becomes more and more effective. (D) DNA methyltransferases (DNMT) recruited by the 
HP1 repressive complex add a final methylation mark to the DNA to assure permanent silencing.
Adapted from: Trends in Biotechnology 2006 Mar;24(3):137-42
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histone modifications overlap with chromatin states that have broadly been defined as the 
active euchromatin or the inactive heterochromatin states. Heterochromatin has further been 
sub-divided into constitutive,  or permanently inactive heterochromatin, such as centromeres 
and facultative heterochromatin such as the inactivated female X chromosome. Only one of 
the two female X chromosomes becomes inactivated and this process falls together with 
temporary enrichment of tri-methylation of H3K27 (Fig 4). This specific mark serves as 
docking site for the Polycomb repressive complex60 and the Polycomb repressive complex 
is therefore transiently associated with the inactivated X chromosome. On the other hand, 
methylated lysine 9 on histone H3 serves as docking site for the HP1 repressive complex 
(see below and Fig 3C), and this complex is more often associated with constitutive 
heterochromatin, such as centromeres.
At least three overlapping epigenetic phenomena are involved in regulating gene 
expression: histone modifications or the occurrence of so-called histone variants, repressive 
protein complexes such as Polycomb and HP1, and DNA methylation. During the last few 
years it has become apparent that these regulatory mechanisms are interlinked. These 
complex relations are visualized in Figures 3 and 4. For instance, DNA methylation has 
long been recognized as being associated with repressed chromatin states and inhibition of 
gene expression61.  There are two general mechanisms by which DNA methylation inhibits 
gene expression: it can prevent the binding of transcription activating proteins or it can 
attract methyl-CpG binding proteins. These last proteins exert their repressive action by 
recruiting so-called co-repressors, such as histone deacytelases and histone 
methyltransferases. Thereby DNA methylation is mechanistically linked to histone 
modifications. 
Another complex link between all three epigenetic regulatory phenomena involves 
Polycomb-mediated gene repression (Fig 4). The Polycomb group protein Enhancer of 
Zeste (EZH2) is a histone methyltransferase. EZH2 can methylate H3K27. The methylated 
H3K27 mark serves as docking site for the Polycomb protein itself. Furthermore, the EZH2 
protein also interacts with DNA methyltransferases62, thereby linking histone 
modifications, Polcyomb repressive complexes and DNA methylation.

What is the importance of these epigenetic gene regulatory mechanisms? 
An example of large scale epigenetic gene silencing is imprinting, which causes a 
difference in behavior between the alleles inherited from each parent. About 80 human 
genes are known to be imprinted, mostly lying in large gene clusters63. One of the best-
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studied examples of imprinting is the Igf2/H19 locus. The Igf2 gene is always silenced on 
the paternal allele, whereas the H19 gene is always silenced on the maternal allele64.
One of the most dramatic examples of long-term gene silencing is the already mentioned X-
chromosome inactivation in females. Early in development, on one of the two X-
chromosomes in the female embryo the vast majority of genes are completely silenced, a 
process affecting more than a thousand genes65. Early on in the X-inactivation process, the 
Polycomb group proteins EED and EZH2 play an important role, specifically since the 
EZH2 histone methyltransferase induces the H3K27 methylation marks65,66.  Also in X-

inactivation DNA methylation is the final epigenetic mark that appears after the histone 
modifications and Polycomb-mediated repression and is thought to be associated with long-
term maintenance.
The pivotal role of epigenetic gene regulation became also clear when epigenetic 
abnormalities were found to be the cause of human cancers. The examples of disruption of 
DNA methylation patterns in the promoter regions of tumor-suppressor genes in human 

                                                                                                                                                                                                                                                                    

Figure 4. Events involved in heterochromatinization by the Polycomb repressive 
complex (PRC1). 
Presence of negatively charged acetyl groups to lysines in histone tails, such as lysine K27 in 
histone 4, renders the nucleosome more open for transcription. When acetyl groups are removed 
from the histone tails by histone deacetylases (HDAC), genes become repressed, particularly 
when also methyl groups are added to the same lysine by the histone methyl transferase EZH2. 
The methylated lysine K27 is a docking place for the Polycomb repressive complex 1 (PRC1), a 
potent chromatin-associated repressive complex. Subsequently, more and more nucleosomes 
become deacetylated, methylated and PRC1 saturated and hence gene repression becomes more 
and more effective. Finally, DNA methyltransferases (DNMT) recruited by the Polycomb 
repressive complex add a final methylation mark to the DNA to assure permanent silencing.
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cancers are numerous67. Methylation of these genes may occur early in tumor progression 
and lead to disfunction of important cellular pathways, including those controlling cell 
cycle, apoptosis and cell signaling.  A number of the Polycomb group proteins have also 
been implicated in tumor-development. Overexpression of the Polycomb group gene BMI1 
in transgenic mice was shown to result in suppression of the p16INK4A/p19ARF cell-cycle 
regulators68.  These 2 genes normally function as part of a fail-safe mechanism preventing 
uncontrolled cell proliferation. They act on both the Rb and p53 pathways, inducing cellular 
senescence or apoptosis. Suppression of these genes leads to desensitization of cells to 
apoptosis and facilitates cell proliferation and tumorigenesis.  In humans, overexpression of 
BMI1 has been linked to various tumor-types69-72.  Another example of a Polycomb group 
protein involved in human cancer is EZH2. Overexpression of the EZH2 protein was shown 
to be involved in metastatic prostate cancer73 and aggressive forms of breast cancer74.

What is the connection between epigenetics and transgene silencing? 
As mentioned before, integration of a transgene is thought to be a random process. About 
98% of the mammalian genome consists of transcriptionally inactive chromatin, either 
heterochromatin or inactive euchromatin. Therefore, the chance that a transgene will 
integrate into or close to an unfavorable epigenetic context is very large.  Even if the 
transgene has integrated into an active region of the genome and is expressed at high 
enough levels,  it is common that, after several rounds of cell division, the expression levels 
drop. Since there are no changes at the DNA level in the cell, epigenetic gene regulatory 
mechanisms must play a pivotal role in this silencing. Since the new epigenetic status of the 
transgene is part of the overall epigenetic memory of the cell, the silenced state will be 
faithfully transmitted to all daughter cells.
In summary, it is thought that gene repression associated with heterochromatin involves a 
shift in the balance between histone acetylation, histone methylation and DNA methylation. 
We will use the events described above and depicted in figure 3 to identify the points at 
which can be interfered to counteract epigenetic repression. We describe and discuss 
several strategies that emerged over recent years to counteract epigenetic silencing to 
improve the expression of transgenic proteins. 
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Histone modification

One of the oldest strategies to create and maintain a favorable chromatin conformation is 
based upon the difference in histone modifications between active and repressed chromatin. 
As shown in Fig 3A and 3B, an open or active chromatin domain is generally associated 
with histone acetylation and repression involves removal of the acetyl group. Deacetylation 
of the histone tails is performed by histone deacetylases (HDACs). Blocking the action of 
HDACs by adding a HDAC inhibitor to the culture medium may therefore keep histones in 
a higher acetylation state, which enables transcription. Indeed, the HDAC inhibitor butyrate 
represents one of the oldest means that has been used to enhance gene expression75. 
However, since all nucleosomes are being influenced in this way, this method is by de-fold 
crude and non-specific76. A disadvantageous side effect of sodium butyrate is also inhibition 
of cell growth and induction of cellular apoptosis77. Still there are many reports that claim 
higher expression levels of therapeutic proteins in the presence of butyrate. 
Thrombopoietin78,  erythropoietin79, interferon-β80 and Factor VIII81 are some of the 
proteins of which the expression levels in CHO cells have been increased by adding sodium 
butyrate to the culture medium. However, to our knowledge no use in a large scale, 
industrial setting has been reported.
An alternative method to influence the acetylation status of a transgene is to target a histone 
acetyltransferase (HAT) to the promoter of a transgene. This warrants that the promoter of 
the transgene remains continuously in an acetylated or active state. Targeting HAT  activity 
has the advantage that hyper-acetylation only occurs at the site where it is wanted, this 
being the promoter of the transgene, and not genome wide, as with butyrate. This approach 
will be discussed in chapter three of this thesis.

DNA approaches other than gene amplification

Gene amplification through the dhfr gene is a tedious and inefficient process, as outlined 
above. Other approaches,  however, have been tried to achieve better integration of the gene 
of interest into the host DNA and higher gene/protein expression levels. Some of the 
currently used approaches will be discussed. 
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Targeting of zinc finger proteins to a promoter.
Pabo and co-workers have developed this elegant approach82 in 1997 and the San Diego 
based biotechnology company Sangamo Biosciences Inc is propagating this technology. 
Basically,  they make a fusion protein between a zinc finger DNA binding protein and an 
activator of gene expression. Each particular zinc finger binding domain recognizes a 9 or 
10 bp DNA strech,  combinations of various zinc finger domains can be made to increase 
the specificity of the binding83. A library of 17 million novel polydactyl proteins was 
created binding the 5’-(GNN)6-3’ family of 18-bp DNA sites. To specifically control the 
expression of a gene, an 18bp sequence present in the 5’-UTR of the gene of interest, this 
being either an endogenous gene or a transgene is targeted. When the zinc finger binding 
protein has been isolated, it is engineered to form a fusion protein with a module that is a 
potent gene activator. The gene encoding this novel fusion protein is then introduced into 
the host cell. In principle the zinc finger binding protein will target only the gene of 
interest, which will be activated by the activator module of the fusion protein84,85. Although 
the approach is very elegant, the fusion protein still needs to be transfected to a host cell 
(the therapeutic protein producing cell line) that has been established with much effort. 
Furthermore, the fusion protein needs to be expressed at sufficient levels and be stable over 
time. These requirements form precisely the protein production problem; hence in way it 
only replaces the basic problem with another set of problems.

Incorporation of the transgene in artificial chromosomes
The recurring problem of instability of gene expression over prolonged periods of time is at 
least in part caused by epigenetic gene silencing mechanisms that reside in the chromatin of 
the host cell. One way to circumvent these problems is to create a chromatin environment 
that warrants that the gene will not become silenced. This can be achieved by introducing 
an artificial chromosome86,87 and directly target the gene of interest to multiple known sites 
on this chromosome. The Vancouver-based biotechnology company Chromos Molecular 
Systems Inc. has developed this approach (ACE System88). Introduction of the artificial 
chromosome into the cell nucleus at least circumvents that this chromosome will be 
incorporated in the host genome: the artificial chromosome is recognized as such and 
replicates normally as a host chromosome during cell division89. The challenge with this 
system is to choose DNA sequences to build the 60 Mb artificial chromosome that are not 
prone to gene silencing. Obviously, it requires very specialized personnel to physically 
isolate the engineered chromosome and inject them manually into the nuclei of cells. 
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However, a stable cell-line containing the extra chromosome can be used for multiple 
products. These cells can then be targeted and propagated for establishing a cell line that 
produces the recombinant therapeutic protein. 

Targeting to hot spots.
A different approach to improve transgene expression is to utilize so-called hot spots: 
endogenous sites in the genome where overall,  high gene expression occurs90,91. If one 
could target a transgene to such hot spots,  the transgene would likely be expressed at a high 
level as well. One way to achieve this is to use recombination tools such as Cre-lox or flp-
recombinase92-95 (Fig 5).  Epigenetic gene silencing is circumvented, because the 
endogenous sites of open chromatin and high gene expression have already been 
established during evolution. The concept is tempting and this technology can in principle 
be used in different cell lines. However,  there are limitations to the technology. In principle, 
only a very limited number of copies can be targeted to a hot spot,  because of the flanking, 
recombining sequences. Activation of the recombinase, which is essential in the process, 
will result in excising multiple gene copy concatamers that contain LoxP sites, until only 
one or two copies remain. This will inevitably result in less expression of the protein of 
interest than when copy-number dependency is achieved with cis-acting DNA elements. 
Another disadvantage of the technology is that the genome of the host must be quite stable. 
It has been well established that much-used industrial cells such as CHO-K1 are genetically 
very unstable. This may imply that the hot spot does not remain at the same chromosomal 
location and this could result in events that eventually lead to reduction of protein 
expression.

Expression augmenting DNA elements

A widely used strategy to improve transgene expression is to incorporate cis-acting DNA 
elements in the transgene constructs. The DNA elements that we will describe have in 
common that they appear to have no effect on transient gene-expression levels, this in 
contrast to enhancers. Instead, these elements all need one or several rounds of replication 
to function, indicating a mechanism involving chromatin structure. Hence they fall into the 
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category of epigenetic gene regulators. Ideally such DNA elements fulfill a number of 
criteria. They should: 

• be <4-6 kb long, since else constructs become unstable or too large for cloning
• convey higher expression levels to a transgenic protein
• convey stability of expression over time

• be universally applicable, that is in any cell line, and with any promoter
• convey copy-number dependent gene expression

In table 1, we tentatively rank how the described DNA elements fulfill these criteria.

                                                                                                                                                                                                                                                                    

Figure 5. Hot-spot targeting: creating cell lines for the inclusion of transgenes at hot spots.
Stable cell colonies are first created containing a GFP test gene preceded by a Lox recombinase 
recognition site (LoxP). Cells are transfected with a plasmid containing a LoxP site in front of the GFP 
gene and a stable, high-producing GFP colony is isolated (a). This creates a novel cell line in which the 
GFP gene is inserted in a genomic hot spot. This cell line is next transfected with Cre recombinase and a 
plasmid containing a gene of interest (gene 2), a selection marker (red box) and a LoxP site (b). The Cre 
recombinase recognizes the LoxP sites and inserts gene 2 (c). The Cre recombinase can reverse the 
situation and excise gene 2; selection pressure (red box) will push the equilibrium towards insertion.
From: Trends in Biotechnology 2006 Mar;24(3):137-42
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LCR 
One of the oldest applications of an epigenetic regulatory DNA element is the human β-
globin Locus Control Region. This complex locus contains five DNaseI hypersensitive 
(HS) sites spanning about 16 kbs of genomic DNA that regulate the proper expression of 
fetal, embryonic and adult β-globin genes. Placing the β -globin LCR in front of a transgene 
leads to high and stable transgene expression over time in transgenic mice51.  The LCR also 
conveys copy number dependent expression of gene activity. This is an important 
characteristic, nowadays considered the hallmark of an LCR96. Often the expression of a 
transgene is copy-number independent. So, even if many hundreds of gene copies are 
integrated into the genome, the expression levels do not increase significantly as compared 
with cells that harbor much less gene copies. Therefore, when a DNA element conveys 
copy-number dependency,  integration of more gene copies also results in increased 
transgene expression. 

A drawback of the LCR is,  however, that is it too large for efficient use in the simple set-up 
of over expressing a protein in mammalian cell lines. Furthermore, because of the tissue 
specificity of the β-globin LCR (HS sites 1 to 4 are present only in erythroid cells) it works 
only in the context of cells derived from erythropoetic cell lineages and globin-related 
promoters.  The same is true for other LCRs like the λ 5-VpreB1 LCR97 and the human 
growth hormone LCR98.  This limits the usefulness and simple applicability of LCRs in 
mammalian cell lines. Therefore, use of LCRs has largely been restricted to the creation of 
transgenic animals.

Insulators: cHS4.
The best-studied mammalian insulator is the 1.2 kb long, most 5’ located DNaseI HS site of 
the chicken β-globin LCR50,99. The term insulator means that the element is able to block 
the action between an enhancer and a promoter100,101. In other words, the DNA element 

                                                                                                                                                                                                                                                                    

Element Size Increased 
expression

Stability of 
expression

Cell type 
specific

Promoter 
independent

Copy number 
dependency

LCR51 16 kb ? Yes Yes No Yes
cHS4102,110 1.2-2.4 kb ? Yes ? ? No
UCOE112,113 2.5-8 kb Yes Yes No Yes ?
MARs117,118 ~3 kb Yes Yes No Yes No

Table 1. Reported characteristics of the described epigenetic regulatory DNA elements. 

(?: Unknown or inconsistent results) Adapted from: Trends in Biotechnology 2006 Mar;24(3):137-42
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insulates the enhancer from a promoter. Incorporation of the cHS4 insulator into a 
transgene construct conveys stability of transgene expression over time102. The cHS4 
insulator has not only been claimed to increase the stability of transgene expression in 
mammalian cell lines, beneficial effects on its use in gene therapy vectors have also been 
reported103-106.  The cHS4 insulator induces only modest increases of transgene expression 
in CHO-K1 cells107, particularly when compared to reported increased expression levels by 
other elements (see below). Probably this is due to the fact that the cHS4 insulator is 
derived from the β -globin LCR, whose action is by definition erythropoetic cell line 
specific. Therefore, beneficial effects of the cHS4 might be largely restricted to the context 
of erythropoetic cells and β -globin-related promoters. This possibly implies a limited 
usefulness in industrial settings. Scientifically the cHS4 element is very interesting though, 
since a lot is known about the underlying molecular mechanisms. It probably attracts HAT 
activity102,108,109, (Fig 3A), while methylation- and acetylation-patterns108,109 in and outside 
domains point towards real barrier function against the events shown in Fig 3B and 3C. 
When ranked according to the criteria set above, the element is small and transgene 
expression becomes more stable.  However,  it does not appear to be universally applicable 
and it does not convey copy number dependent gene expression110.

UCOEs
One way to circumvent the tissue-specificity of a LCR is to use promoter regions of 
ubiquitously expressed housekeeping genes. The basic idea behind this is that housekeeping 
genes are always active at a constant and sometimes very high level.  Regulatory elements 
in the vicinity of these promoters should therefore be useful to activate a transgene to high 
expression levels111. Especially the dual, divergently expressed promoters of the 
HNRPA2B1 and CBX3 genes were shown to be able to maintain a favorable chromatin 
conformation and to protect a transgene from silencing112,113. This and similar elements 
have been called Ubiquitous Chromatin Opening Elements. The elements are relatively big 
(~16kb112) as compared to the other DNA elements. However, a recent paper describes a 
much shorter version (~2.5 kb) that was still able to convey higher transgene expression 
levels in a number of mammalian cell lines.  Importantly,  this UCOE appears to act also on 
the often used, strong viral hCMV promoter113,114. Expression levels, increased up to 
sixteen-fold by the presence of the UCOE, are stable over prolonged periods of time. No 
copy-number dependency of expression has been reported.  The UK based company Cobra 
Therapeutics Ltd. developed this technology.
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MARs
Matrix Associated Regions (MARs) are DNA elements that bind to the nuclear matrix, a 
proteinous structure in the cell nucleus. MARs are thought to be involved in creating higher 
order structuring of chromatin in topologically independent loops115,116. The hypothesis is 
that the expression of genes that reside in such loops are coordinately regulated. MARs 
were identified in the beginning of the 1980s. There are many reports on the influence of 
different MARs on transgene expression, but they differ in the assessment of their 
functionality117,118. In general,  the chicken lysozyme MAR and the human β-globin MAR 
have been shown to have a positive effect on stable transgene expression in CHO cells 
whereas the chicken pi α-type MAR has a negative effect. Not much is known about how 
MARs work at the molecular level and why they have beneficial effects on transgene 
expression. 
Several reports state that MARs operate cell line and promoter independent117,118. They are 
relatively small (~3 kb) and can be applied easily. However, they do not convey copy-
number dependent gene expression117. A recent report shows that the effect of placing a 
MAR on the transgene construct (in cis) can be enhanced by co-transfection of additional 
MAR elements in trans. A 5- to 10-fold expression increase has been reported119. The 
Swiss-based company Selexis uses MAR technology to elevate expression levels of 
recombinant therapeutic proteins.

Our approach: anti-repressor elements 
Fig 3C shows that heterochromatin-mediated gene repression can involve ´spreading´  of the 
HP1 complex over at least multiple nucleosomes. We designed a genetic screen that allows 
cells only to survive when a DNA element is present that blocks chromatin-associated 
repressors.  We indeed isolated such DNA elements and applied them in transgene 
constructs,  to obtain more protein expressing clones and higher protein expression levels. 
This approach is the topic of chapter two of this thesis. 
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Outline of thesis

In this chapter, the advent of therapeutic proteins as promising classes of modern medicines 
is described. The severe problems with the (large-scale) production of these recombinant 
proteins result in high ´costs of good´ and exceeding high prices. This threatens the 
effective introduction of many promising recombinant therapeutic proteins. Approaches 
that industries traditionally follow to solve these problems are described, as well as novel, 
more recent developments. Our approach is to employ insights into epigenetic regulation of 
gene expression in order to solve production problems of recombinant, therapeutic proteins.
In chapter two a novel genetic screen is described to isolate human DNA elements that are 
able to counteract chromatin-associated gene repression. Application of these anti-repressor 
or STAR elements in plasmids that harbor a gene of interest results in the establishment of 
many more cell clones that express protein, as well as higher protein expression levels. The 
STAR elements are remarkably conserved during evolution, both functionally and on the 
DNA level.
In chapter three enzymes that are involved in the ‘opening’ of chromatin structure, such as 
histone acetyltransferases (HATs) are targeted to the promoter of an introduced gene of 
interest. This results in higher proteins expression levels and increased stability of 
expression.
In chapter four a novel selection strategy is described. This system is developed because 
incorporation of STAR elements leads to a large increase in the number of colonies after 
transfection. Application of this very stringent selection system kills the vast majority of 
established colonies that are not ´top-level´  protein producers. Together with the application 
of STAR elements both the low predictability of protein expression and low yields are 
addressed.
In chapter five several DNA elements that are described in this introductory chapter are 
tested side by side, in the context of traditional selection systems and the novel developed 
selection system.
In chapter six the presented results and insights are discussed.  What has and what has not 
been achieved is evaluated, along with suggestions for future research.
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Abstract

The expression of transgenic proteins is often low and unstable over time, a problem that 
may be due to integration of the transgene in repressed chromatin. We developed a 
screening technology to identify genetic elements that efficiently counteract chromatin-
associated repression. When these elements were used to flank a transgene, we observed a 
substantial increase in the number of mammalian cell colonies that expressed the transgenic 
protein. Expression of the shielded transgene was, in a copy number–dependent fashion, 
substantially higher than the expression of unprotected transgenes. Also, protein production 
remained stable over an extended time period. The DNA elements are small, not exceeding 
2,100 base pairs (bp), and they are highly conserved between human and mouse, at both the 
functional and sequence levels.  Our results demonstrate the existence of a class of genetic 
elements that can readily be applied to more efficient transgenic protein production in 
mammalian cells.
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Introduction

For large-scale industrial production of high-value therapeutic proteins, mammalian cell 
lines form a vital platform. Unfortunately, this production is often hampered by low 
predictability and instability of expression over time, as well as insufficient product yield. 
Production costs of a therapeutic protein are thus very high in comparison with the 
production of conventional small-molecule drugs1,2.  Tools that improve predictability, yield, 
and stability of protein expression would be of considerable value.
An important cause for the problems just outlined concerns chromatin, the accessibility 
status of which is crucial to a gene’s expression3,4. A transgene that randomly integrates in 
or close to inaccessible chromatin will be silenced. A solution for these problems might be 
to flank a transgene with genomic elements that counteract chromatin associated repression. 
Here we describe a screen to identify such DNA elements. Flanking a transgene with the 
isolated anti-repressor elements results in more cell colonies that express the protein, as 
well as in higher and more stable protein expression. Most anti-repressor elements function 
in human cells and in Chinese hamster ovary (CHO) cells, except for one tested element 
that functions in the human cells only. We suspect that the anti-repressor elements we have 
discovered will be valuable tools for the production of therapeutic proteins in mammalian 
cell lines.

Results

Isolation of genetic elements that block chromatin-mediated repression.
We developed a screening method for the isolation of genetic elements that counteract gene 
repression by chromatin-associated repressor proteins.  Targeted fusion proteins between the 
LexA protein and the Polycomb group (PcG) protein HPC25 or HP16 repress a reporter 
gene7. In a selection vector, pSelect, the reporter gene was replaced with the zeo (zeocin 
resistance) gene. To establish a plasmid library in a mammalian cell line, the pSelect vector 
contained the EBNA-1 nuclear antigen for high-copy episomal replication7.  A library of 
human genomic DNA fragments between 500 and 2,000 bp was cloned between the LexA 
binding sites and the zeo gene (Fig.  1A).  The library was transfected to human U-2 OS 
cells, expression of LexA fusion protein was induced, and zeocin was added to the culture 

                                                                                                                                                                                                                                                                    

47

Identification of anti-repressor elements



                                                                                                                                                                                                                                                                    

Figure 1. A genetic screen to identify DNA elements that block chromatin associated repressors. 
(A,B) Addition of zeocin to the culture medium resulted in cell death when this DNA fragment was a random 
DNA fragment (A), but cells survived when an anti-repressor element (B) was present. (C) zeo mRNA 
expression was measured in the presence of LexA repressor protein. When anti-repressor elements were 
present between the LexA binding sites and the zeo gene, varying amounts of zeo mRNA were produced. The 
presence of control vector DNA (C) resulted in almost complete suppression of the zeo gene. (D) The presence 
of control vector DNA resulted in cell death after addition of zeocin. The presence of anti-repressor element 6 
resulted in small colonies that grow slowly, whereas the presence of anti-repressor element 40 resulted in large 
colonies that grow fast and that are resistant to higher concentrations of zeocin in the culture medium.

48

Chapter 2



medium, resulting in the death of the majority of colonies (Fig. 1A). Four independent 
screens were performed using either LexA-HPC2 or LexA-HP1 as repressor. This resulted 
in the recovery of 65 pSelect plasmids that conveyed survival (Fig. 1B).
The elements range from 500 to 2,100 bp. Ten elements were analyzed in more detail 
(Table 1). To test to what extent the elements counteracted the action of chromatin-
associated repressors, we measured the mRNA expression of the zeo gene. In a LexA-HP1 
repression background, the presence of a pSelect anti-repressor element resulted in varying 
expression of zeo mRNA (Fig. 1C), indicating differences in anti-repressor strength. These 
differences were also reflected in the number of colonies and growth characteristics. 
Element 40,  a more efficient repression blocker than element 6 (Fig. 1C), resulted in a 
higher number of colonies that also grew more rapidly under zeocin pressure than cells 
transfected with either the control pSelect vector or element 6-pSelect (Fig. 1D).  Together 
the results show that the elements are potent blockers of chromatin-associated repressors.

                                                                                                                                                                                                                                                                    

Anti-
repressor 

Humana Accession
no.

Length
(bp)

Mouseb Similarityc

4 1p31.1 AY190749 1586 --
6 2p21 AY190750 1176 2E+05 437 bp (78%)
7 1q34 AY190751 2101 --
12 5q35.3 AY190752 1031 11b13 796 bp (66%)
13 9q34.3 AY190753 1291 2A3 753 bp (77%)
35 7q22.3 AY190754 894 --
36 21q22 AY190755 1488 16C4 166 bp (79%)
40 22q11.1 AY190756 1031 6F1 700 bp (75%)
52 6p21.1 AY190757 976 6B3 846 bp (74%)
53 Xp11.3 AY190758 1206 XA2 364 bp (64%)

Table 1. Human anti-repressor elements, their genomic location, and their putative 
mouse orthologs 

a Cytogenetic location of anti-repressor element in the human genome. Chromosomal location was 
determined by BLAST search of anti-repressor sequence data against the human genome database. 
Analysis of their genomic location resulted in single hits, indicating that the elements are unique 
sequences that encompass exclusively noncoding DNA.
b Cytogenetic location of anti-repressor element ortholog in the mouse genome.
c Length of the regions displaying high sequence similarity, and percentage similarity.
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Anti-repressor elements are not enhancers but they act as enhancer blockers. 
An alternative explanation for the survival of the colonies is that the anti-repressor elements 
are enhancers that overcome HPC2- or HP1-mediated gene repression8.  However, no 
enhancer activity of the anti-repressor elements was observed when they were placed 
upstream of the LBK-AP minimal promoter9,  whereas the E47 enhancer-binding protein 
strongly activated the luc reporter gene (encoding firefly luciferase; Fig. 2A).  Identical 
results were obtained when the simian virus-40 (SV40) minimal promoter was used, with 
the SV40 enhancer as positive control (Fig. 2B). We conclude that the elements are not 
enhancers.
Known insulator elements block the action of an enhancer when placed between the 
enhancer and a promoter10-12.We placed various anti-repressor elements between the E47 
binding sites and the LBK-AP minimal promoter. All tested anti-repressor elements blocked 
the action of the E47 enhancer on the LBK-AP minimal promoter (Fig. 2C); hence the anti-
repressor elements are also powerful enhancer-blocking elements.

Anti-repressor elements confer higher protein expression in tissue culture cells. 
We cloned anti-repressor element 40 upstream and downstream of a cassette containing the 
SEAP reporter gene (Fig. 3A), encoding secreted alkaline phosphatase (SEAP), which 
allowed us to assess the yield of a secreted protein. The SEAP gene was placed under 
control of the cytomegalovirus (CMV) promoter. The constructs were co-transfected with a 

                                                                                                                                                                                                                                                                    

Figure 2. Anti-repressor elements are not enhancers, but they do block enhancers. 
(A, B) Indicated anti-repressor elements and control DNA were placed upstream of the minimal LBK-AP (A) 
or the minimal SV40 promoter (B). Only the E47 (A) or SV40 (B) enhancer strongly activated the 
corresponding minimal promoters. (C) Indicated anti-repressor elements and control DNA were placed 
between E47 binding sites and the LBK-AP minimal promoter. All anti-repressor elements blocked the action 
of the E47 enhancer on the promoter. The presence of only control DNA resulted in strong enhancement of 
the LBK-AP promoter. We also placed anti-repressor elements 4, 7, and 40 upstream of the enhancer and 
tested whether this might result in silencing of the enhancer, but this was not the case (data not shown).
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plasmid containing the puro (puromycin resistance) gene to CHO K1 cells. Incorporation of 
anti-repressor element 40 in the construct resulted in more colonies that produced high 
SEAP, as compared with the unshielded control construct (Fig.  3A, left). Because many 
colonies displayed low expression of SEAP, we sought means to remove these low-
producing colonies selectively and assess the differences in expression also at the ‘high 
end’ of the spectrum. We therefore placed an internal ribosome entry site (IRES) sequence 
between the expression unit of the SEAP gene and the zeo gene (Fig. 3A, right). Zeocin 
interacts in a 1:1 stoichiometric fashion with the zeocin resistance protein, which allows 
efficient titration. The SEAP-IRES-zeo configuration thus permits cell survival only if the 
zeo gene is highly expressed. With the SEAP-IRES-zeo bicistronic gene construct that was 
shielded with anti-repressor 40 elements, we observed more colonies than with the 
nonshielded control. Because the zeo gene is part of the same expression unit as the SEAP 
reporter gene, our hypothesis is that the anti-repressor elements confer position effect–
independent integration, resulting in more colonies that express the zeo gene and hence a 
higher survival rate.
Incorporation of anti-repressor element 40 in the SEAP-IRES-zeo construct resulted in more 
colonies that produced high SEAP, as compared with the unshielded control construct (Fig. 
3A, right). In ~70% of the anti-repressor element 40–shielded colonies, SEAP was 
expressed in amounts greater (43–89 pg/cell/day) than the highest control values (17–22 pg/
cell/day) (Fig. 3A, right).  In contrast, the highest SEAP expression in anti-repressor element 
6–shielded colonies (the weakest element tested; see Fig. 1C and D) ranged between 32 and 
45 pg/cell/day, only a modest increase compared with the control (17–22 pg/cell/day). Anti-
repressor element 7 conferred a range between 40 and 85 pg/cell/day, which is similar to 
the expression range that is achieved with element 40 (Fig. 3A, right). This correlates with 
the observation that anti-repressor elements 7 and 40 have a similar strength as anti-
repressors (Fig. 1C).
To assess the action of the anti-repressor element in the context of another protein, we 
cloned five elements (4,  7, 12, 35,  and 40; Table 1) to flank a GFP-IRES-zeo cassette, 
containing the gene encoding green fluorescent protein. Figure 3B shows results with anti-
repressor element 7. Eight out of nine control colonies displayed low to intermediate GFP 
activity (Fig. 3B).  Only one colony (number 9) displayed intermediate GFP expression. In 
contrast,  all nine anti-repressor element 7–shielded colonies expressed intermediate to high 
amounts of GFP (Fig. 3B). The effect of anti-repressor element 7 was also reflected at the 
level of GFP mRNA expression. In three colonies that contain anti-repressor element 7–
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shielded colonies (7-1 to 7-3) (Fig. 3B), both steady-state GFP mRNA levels (Fig. 3C, left) 
and run-on GFP mRNA levels13 (Fig. 3C, right) were substantially greater than in three 
colonies that did not contain anti-repressor elements (controls 1–3). 
Element 7 also conferred higher SEAP expression in the human U-2 OS cell line, whereas 
anti-repressor element 8 conferred higher SEAP expression in U-2 OS cells but not in CHO 
cells. This indicates cell type specificity of some anti-repressor elements. Finally, the 
elements function with a variety of promoters, ranging from the SV40 promoter to the UB6 
promoter.

Anti-repressor elements confer copy number–dependent, stable protein expression in 
tissue culture cells. 
An important question in transgene technologies is whether the transgene is expressed in a 
copy number–dependent fashion. In particular, clones containing a higher copy number 
tend to show unstable expression over time. We therefore determined the copy number of 
the integrated vectors in 14 colonies (Fig. 3A, right). No correlation between the copy 
number of integrated plasmids and the expression of SEAP was observed when no anti-
repressor element was present (Fig.  4A). In contrast, there was a good correlation between 
the copy number of anti-repressor element 40–shielded expression cassettes and SEAP 
expression (Fig. 4A),  as indicated by the high correlation coefficient (R2). Importantly, not 

                                                                                                                                                                                                                                                                    

Figure 3. Anti-repressor elements confer more predictable and higher protein expression.
(A) The anti-repressor element 40 was cloned to flank the SEAP gene, driven by the CMV promoter-
enhancer. Stably transfected colonies of CHO K1 cells were isolated and propagated before measurement 
of SEAP protein in the culture medium. In the left panel the constructs were co-transfected with the puro 
gene. In the right panel the zeo gene was coupled to the SEAP cDNA through an IRES sequence. Selection 
was carried out by addition of zeocin to the culture medium, which results in removal of colonies 
expressing low amounts of SEAP. Almost all colonies containing an anti-repressor element–shielded 
cassette expressed SEAP at a higher level than the highest expressing control colonies lacking anti-
repressors. (B) The anti-repressor element 7 was cloned to flank the GFP gene, driven by the CMV 
promoter-enhancer. Stably transfected colonies of CHO K1 cells were isolated and propagated before 
analysis of GFP expression. All colonies containing an anti-repressor 7–shielded cassette expressed GFP at 
a higher level than the highest expressing control colony lacking anti-repressor elements (number 9). The 
x-axis shows the GFP fluorescence signal, the y-axis the relative number of cells. A line is arbitrarily 
drawn at the same GFP signal level to facilitate comparisons. (C) mRNA of the control (numbers 1–3) and 
anti-repressor element 7–shielded (numbers 1–3) colonies in (B) was isolated and analyzed by northern 
blotting, using the GFP gene as probe or Actb for loading control (left panels). Alternatively, nuclei of 
these cells were isolated and incubated with [32P]UTP21. The labeled mRNA pools were incubated with 
filters containing equal amounts of GFP cDNA or Actb cDNA (loading control).
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only was SEAP expression dependent on copy number, but more SEAP protein was 
produced per copy. 
We followed the SEAP expression in a number of high-producing colonies (Fig. 3A,  right). 
The experiment was started by removing the zeocin selection pressure. In a period covering 
60 cell divisions, SEAP expression dropped to <10–20% of the original expression (t = 0) 
in all four colonies lacking anti-repressors (Fig. 4B). In contrast, all four colonies 
containing an anti-repressor 40–shielded expression cassette produced SEAP stably over 60 
cell divisions (Fig. 4B).We conclude that the anti-repressor elements confer increased 
stability of protein expression.

                                                                                                                                                                                                                                                                    

Figure 4. Anti-repressor elements confer stable protein expression in a copy number–dependent 
fashion. 
(A) Genomic DNA was isolated from indicated colonies that were stably transfected either with a SEAP 
construct lacking anti-repressors or with the anti-repressor element 40–shielded construct. The copy number of 
the SEAP construct was determined. Only in colonies containing an anti-repressor element 40–shielded 
construct was SEAP expression dependent on copy number. The copy number was plotted against SEAP 
expression, and the regression line and the correlation coefficients were added. (B) Four of the control and anti-
repressor element 40–containing colonies (in Fig. 3A, right) that expressed the highest SEAP levels were 
followed for 60 generations. Four SEAP measurements per colony were done: at day 1 when zeocin was 
removed from the culture medium, and after 20, 40, and 60 generations.
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Anti-repressor elements are highly conserved. 
Although using search programs such as BLAST revealed no obvious homologies between 
the anti-repressor elements, the fact that human anti-repressor elements function in CHO 
cells indicates strong evolutionary conservation. We therefore compared the sequences of 
human anti-repressor elements with the mouse genome. Among the 65 human elements, 23 
resulted in single hits in the mouse genome (Table 1; Table 2, originally published as online 
supplement), and the mouse sequences were located at the corresponding mouse 
chromosome and adjacent to the orthologous mouse gene. We analyzed the 1,033 bp long 
anti-repressor 40 element in more detail. Both human and mouse element 40 are located 
upstream of the IL17R gene on, respectively, human chromosome 22 and the corresponding 
mouse chromosome 6 (Fig. 5A). We found highly conserved sequence blocks between 
mouse and human that extended 354 bp upstream of the original isolated Sau3A fragment 
(indicated in light gray) (Fig. 5B). We missed the entire 1,387 bp DNA fragment in our 

                                                                                                                                                                                                                                                                    

Anti-repressor Humana Length (bp) Mouseb Similarityc

3 5q33.3 763 11B2 248bp 83%
11 2p25.1 1375 12 563bp 52%
20 8q13.1 780 14 377bp 72%
22 10q22.2 937 14B 526bp 88%
24 1q21.1 943 15 173bp 71%
28 17q21.3 1264 11 295bp 89%
29 2q31.1 1680 2 350bp 75%
33 21q22.2 1368 16 168bp 61%
37 6p21.1 1419 17B1 451bp 72%
50 6p21.1 942 17B1 330bp 73%
51 7p15.2 1200 6B3 1041bp 74%
54 4q21.2 981 5E+03 699bp 72%
55 15q13.1 501 7 231bp 58%
61 7p14.3 1662 6B3 188bp 68%
62 22q11.21 732 2 300bp 80%
65 9q34.3 1291 2A3 753bp 77%

Table 2. Human anti-repressor elements, their genomic location, and their 
putative mouse orthologs

This table was originally published as an online supplement 
a Cytogenetic location of anti-repressor element in the human genome. Chromosomal 
location was determined by BLAST search of anti-repressor sequence data against the 
human genome database. Analysis of their genomic location resulted in single hits, 
indicating that the elements are unique sequences that encompass exclusively noncoding 
DNA.
b Cytogenetic location of anti-repressor element ortholog in the mouse genome.
c Length of the regions displaying high sequence similarity, and percentage similarity.
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screen because the screening library encompasses only Sau3A fragments and Sau3A cuts at 
the 1 bp and 1,033 bp positions. The 1,387 bp fragment contains conserved blocks of up to 
200 bp that show 45–75% sequence identity between mouse and human. For noncoding 
DNA, this degree of sequence identity is high, a fact that was reinforced by our finding no 
substantial identity with the mouse sequences in the 10,000 bp regions upstream or 
downstream from the 1,387 bp fragment.
We cloned the entire 1,387 bp fragment and indicated regions in the pSelect vector. Both 
the human and mouse 454 bp 3′-flanking fragment (black, Fig. 5C) had potent anti-
repressor activity as evident from the number of clones that formed, their growth rate, and 
the maximum zeocin concentration at which cells survive (compare Fig. 1D). Although this 
region does not show the highest homology between human and mouse, the homology is 
nonetheless 42%, which is still very high in comparison to that in the surrounding regions 
of the elements. These results demonstrate a strong evolutionary conservation between 
human and mouse elements at the levels of sequence, genomic location, and function.

Discussion

We report a screening technology to identify a class of genetic elements that are able to 
block chromatin-associated repressors.  Flanking a transgenic gene that is expressed in 
mammalian cell lines with these anti-repressor elements results in substantially more 
predictable and higher protein expression. In addition, anti-repressor elements stabilize 
protein expression over a prolonged period of time. The relatively small size of the anti-
repressor elements makes them very versatile. In addition, their ability to operate in the 
context of distinct promoters, among them the often-used CMV promoter, adds to their 

                                                                                                                                                                                                                                                                    

Figure 5. Anti-repressor elements are highly conserved noncoding DNA.
(A) Anti-repressor element 40 is located on the human chromosome 22 and the corresponding mouse 
chromosome 6. Both human and mouse anti-repressor element 40 are located upstream of the IL17R gene. (B) 
Human anti-repressor element 40 (lower DNA stretch) shares highly conserved sequence blocks with mouse 
anti-repressor element 40 (upper DNA stretch). The isolated anti-repressor element 40 (dark gray) is captured 
in lines and represents the Sau3A digest. The sequence homology is extended upstream of the isolated anti-
repressor element 40 (light gray). (C) The mouse anti-repressor element 40 also has powerful anti-repressor 
activity. The region in both human and mouse anti-repressor element 40 that has highest anti-repressor 
activity is located in the most 3′part of the element (indicated in black). The indicated relative strength of the 
anti-repressor was based on the number of surviving colonies, their size, and their relative growth rate.
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attractiveness. Finally, and importantly, human anti-repressor elements also operate in CHO 
cells, the most commonly used industrial cell line.

How can the elements counteract distinct chromatin-associated repressors such as HPC2 
and HP1? Repression mediated by a PcG protein such as EED involves histone 
deacetylation14. Furthermore, both HP1 and PcG proteins are targeted to genetic loci that 
contain histone H3 tails with increased methylation at specific lysines15-17, and in one case a 
complex has been identified in which PcG proteins, HP1, and a histone methyltransferase 
are present18. Anti-repressor elements may interfere with spreading of histone deacetylation 
and methylation patterns that are characteristic for a repressive state that is induced by PcG 
proteins or HP1. Interference at this basic molecular level may help to explain the rather 
nonspecific ability of anti-repressor elements to block different classes of chromatin-
associated repressors.
We do not know the in vivo function of anti-repressor elements. However,  the highly 
conserved nature of these noncoding human DNA elements, at both the sequence and 
functional levels,  suggests important regulatory functions within the genome. Recently, 
genomic domains in which gene expression occurs in a highly coordinated fashion were 
discovered19. It has been speculated that elements such as insulators have a pivotal function 
in the regulation of such domains. It is quite possible that the newly recognized anti-
repressor elements have such an activity. The number of anti-repressor elements is probably 
limited. Our isolation of some elements more than once, even in different repressor screens, 
indicates that a genome-wide saturation screen for these elements may be possible. 
Educated guesses, in combination with enhancer-blocking assays, have thus far resulted in 
the identification of interesting elements such as the HS4 element11. The screening 
methodology we developed provides an opportunity to search systematically for anti-
repressor elements throughout the genome or in specific genetic loci.  This may open new 
means of exploring functional and unknown aspects of genome organization.

Experimental protocol

Library construction and screening. 
The selection vector for anti-repressor elements (pSelect, Fig. 1A) has the pREP4 vector 
(Invitrogen, Paisley, UK) as backbone. The pSelect vector contains four LexA operator 
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sites20. Gene libraries were constructed by Sau3A digestion of human genomic DNA, 
purified from placenta (6550-1; Becton Dickinson, Palo Alto, CA). Human genomic DNA 
was size-fractionated, and the 0.5–2 kb size fraction was ligated between the LexA 
operators and the SV40 promoter–driven zeo gene. The host strains are based on the U-2 
OS human osteosarcoma cell line, which was stably transfected with the pTet-Off plasmid, 
fusion protein genes containing the LexA DNA-binding domain, and the coding regions of 
HP1 or HPC27.  The gene library in pSelect was transfected into the U-2 OS/Tet-Off/LexA-
repressor cell line, and transfected cells were cultured under hygromycin selection (25 µg/
ml) and tetracycline repression (doxycycline, 10 ng/ml) for one week (50% confluence). 
Then the doxycycline concentration was reduced to 0.1 ng/ml to induce the LexA-repressor 
genes, and after 2 days zeocin was added to 250 µ g/ml.  The cells were cultured for an 
additional three to four weeks, until the control cultures were killed by the zeocin.

RT-PCR on zeo mRNA. 
The strength of the anti-repressor elements was tested by assessing their ability to prevent 
transcriptional repression of the zeo gene, using an RT-PCR assay. U-2 OS/Tet-Off/LexA-
HP1 cell line transfected with indicated plasmids was cultivated on hygromycin for two 
weeks at high doxycycline concentration, then the doxycycline concentration was lowered 
to 0.1 ng/ml. After 10 days, total RNA was isolated and first-strand cDNA synthesis was 
carried out. The PCR products for the zeo gene and for the hyg (hygromycin resistance) 
gene (as internal control) were resolved by electrophoresis, and the zeo and hyg bands were 
detected by Southern blotting, using the zeo and hyg genes as probes.

Enhancer and enhancer-blocking assay. 
E47 binding sites (mu-E5 + E2 ×  6) and a human alkaline phosphatase minimal promoter 
(LBK-AP, also called ALPL)9 were inserted upstream of the luc gene (gift of W.Romanow). 
Indicated anti-repressor elements or a 2,000 bp pcDNA vector fragment were cloned 
between the E47 binding sites and the LBK-AP minimal promoter. In the enhancer-blocking 
assay, an E47 expression plasmid was co-transfected with all E47-test-LBK-luc vectors 
(gift of W. Romanow). The transiently transfected cells were assayed for luciferase activity 
48 hours after plasmid transfection. The anti-repressor elements were tested in a similar 
fashion for potential enhancer activity by placing them upstream of the minimal SV40 
promoter.
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SEAP expression in mammalian cell lines. 
Chinese hamster ovary cell line CHO K1 (CCL-61; American Type Culture Collection 
(ATCC), Manassas,VA) was co-transfected with recombinant pSDH vectors and the pPUR 
(6156-1; Becton Dickinson) (10:1), which contains the puro gene.  Puromycin selection 
(500 µ g/ml) was complete within 3–4 days. Fresh medium containing zeocin was then 
added (100 µ g/ml). Individual clones were isolated after 10 days. SEAP activity (Great 
EscAPe kit, no. K2041, Becton Dickinson) was measured approximately three weeks after 
transfection, three times with intervals of one week each.

Determination of copy numbers. 
Indicated stable individual CHO colonies transfected with pSDH vectors were isolated and 
assayed for SEAP activity. Genomic DNA was purified, and the copy number of the SEAP 
gene was determined by following a competitive PCR protocol21. The resulting 
autoradiogram was analyzed by densitometry to determine the relative strength of the SEAP 
DNA bands. The blot was rehybridized with a probe for Actb (encoding actin-β) and the 
ratio between the SEAP and Actb signal was taken as the relative copy number.
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Abstract

Silencing of transfected genes in mammalian cells is a fundamental problem that probably 
involves the (in)accessibility status of chromatin. A potential solution to this problem is to 
provide a cell with protein factors that make the chromatin of a promoter more open or 
accessible for transcription. We tested this by targeting such proteins to different promoters. 
We found that targeting the p300 histone acetyltransferase (HAT) domain to strong viral or 
cellular promoters is sufficient to result in higher expression levels of a reporter protein. In 
contrast,  targeting the chromatin-remodeling factor Brahma does not result in stable, higher 
protein expression levels. The long-term effects of the targeted p300HAT domain on protein 
expression levels are positively reinforced,  when also anti-repressor elements are applied to 
flank the reporter construct. These elements were previously shown to be potent blockers of 
chromatin-associated repressors. The simultaneous application of the targeted p300HAT 
domain and anti-repressor elements conveys long-term stability to protein expression. 
Whereas no copy number dependency is achieved by targeting of the p300HAT  domain 
alone, copy number dependency is improved when anti-repressor elements are included. 
We conclude that targeting of protein domains such as HAT domains helps to facilitate 
expression of transfected genes in mammalian cells. However,  the simultaneous application 
of other genomic elements such as the anti-repressor elements prevents silencing more 
efficiently.

Keywords: Protein expression; HAT; Anti-repressor elements; Chromatin; Gene silencing
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Introduction

Transfection of exogenous genes to mammalian cell lines is a common practice for the 
large-scale production of therapeutic proteins as well as in research laboratories. It is, 
however, often difficult to obtain stable mammalian cell lines that express the protein of 
interest at desirable, high levels. Moreover, expression is often silenced over time. An 
important cause for this silencing involves chromatin, since the accessibility of chromatin is 
crucial for a gene to be expressed or not.  When integrated in or close to heterochromatin, 
the transfected gene will be silenced. Silencing can be caused by potent repressors of gene 
activity such as heterochromatin-associated protein HP11 or the chromatin-associated 
Polycomb group (PcG) proteins2. Also phenomena such as RNAi can cause silencing of 
transgenes3,  although it is not clear to which extent RNAi contributes to gene silencing in 
mammalian cell systems4. However, the fact that RNAi and HP1-mediated 
heterochromatinization are mechanistically linked suggests that there is a common 
underlying mechanism5,6.
One way to circumvent chromatin-mediated gene silencing is to flank a transgene with 
genomic elements that improve gene expression.  Such elements can be,  for instance, MAR 
elements7 or the hypersensitive site (HS4) in the locus control region (LCR) of the β-globin 
gene locus8. Both elements have successfully been used to improve stable gene expression 
of an introduced transgene.
Recently, we described a genetic screen to identify genomic elements that efficiently 
counteract various forms of chromatin-associated repressors9. Flanking a transgene with 
these anti-repressor elements, results in higher and more stable protein expression levels.
An alternative way to improve stable gene expression may be targeting factors that 
facilitate transcription of genes. These could be histone acetyl-transferases (HATs)10,11 or 
chromatin-remodelling factors12.  Both classes are thought to make chromatin more 
accessible for transcription factors, hence facilitating transcription. In fact, for one 
chromatin-remodelling protein, Brahma, it has been shown that cells transfected with a 
gene whose expression is driven by a viral long terminal repeat (LTR) show less mosaic 
expression in the presence of Brahma than in its absence13. This has been interpreted as 
such that the presence of Brahma conveys stability to transgene expression.
Here, we tested the effects of HAT proteins and Brahma on the protein expression levels 
that are driven by the strong viral CMV promoter or the cellular UB6 promoter. We target 
the factors as LexA-fusion proteins to these promoters and study their effects on protein 
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expression levels. We find that the HAT domain of the p300 protein14 alone is sufficient to 
exert a positive effect on protein expression levels. The Brahma protein conveys an 
immediate positive effect, but this is very limited in time. When combined with the 
previously described anti-repressor elements, the positive effects of the targeted p300HAT 
domain are enhanced, both in terms of height and stability of expression levels,  as well as 
copy number dependency of protein expression.

Experimental protocol

Transient transfection of constructs
Constructs expressing either the LexA-binding protein only or LexA fused to a DNA-
associated protein (P/CAF, Brm and p300HAT: aa934-1652) were co-transfected into 
Chinese Hamster Ovary cell line CHO-K1 (ATCC CCL-61) with a plasmid containing 
LexA-binding sites upstream of the CMV promoter and the DsRED gene using 
LipofectamineTM 2000 (Invitrogen). One day after the transfection, the DsRED signal was 
measured on an Epics XL flowcytometer (Beckman Coulter).  In another experiment, stable 
colonies were established after transfection with the plasmid containing LexA-binding sites 
upstream of the CMV promoter and the DsRED gene. Four stable colonies were chosen 
with different DsRED expression levels. These four colonies were transiently transfected 
with the plasmids expressing the LexA-fusion proteins. After one day, the DsRED signal 
was measured.

Stable d2EGFP expression in mammalian cell lines
The Chinese hamster ovary cell line CHO-K1 (ATCC CCL-61) is cultured in HAM-F12 
medium + 10% fetal calf serum containing 2mM glutamine, 100 U/ml penicillin, and 100 
µg/ml streptomycin at 37°C/5% CO2. Cells are transfected with the plasmids using 
LipofectamineTM 2000 (Invitrogen) as described by the manufacturer. Briefly, cells are 
seeded to culture vessels and grown overnight to 70–90% confluence. LipofectamineTM 
2000 is combined with plasmid DNA at 2.5µl/µg DNA and added to the cells. After 6 h, the 
transfection mixture is replaced by fresh medium, and the transfected cells are incubated 
further. The following day, cells are seeded in serial dilutions into medium containing 
zeocin (100 µg/ml).  Approximately 12 days after transfection individual colonies become 
visible, and colonies are isolated and transferred to 24-well plates in medium containing 
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zeocin. When grown to ~70% confluence, cells were transferred to six-well plates.  Stable 
clones were expanded for one to two weeks in six-well plates before the d2EGFP signal 
was determined on an Epics XL Beckman Coulter flowcytometer. The mean of the 
d2EGFP signal was taken as measure for the level of d2EGFP expression. d2EGFP signals 
in the clones were measured after period of two weeks.

Determination of copy numbers
Indicated stable individual CHO clones transfected with d2EGFP containing plasmids were 
isolated and assayed for d2EGFP expression. Genomic DNA was purified and the copy 
number of both the d2EGFP gene and the β-actin gene were determined by a competitive 
PCR protocol9. The resulting autoradiogram was analyzed by densitometry to determine the 
relative strength of the d2EGFP DNA bands. The blot was re-hybridized with a probe for 
actin, and the ratio between the d2EGFP and actin signal was taken as the relative copy 
number.

Results

Chromatin-associated factors do not transiently influence CMV-driven gene expression 
levels
Several chromatin-associated proteins, alone or as part of large protein complexes, have 
been implicated in positively regulating gene expression. Two classes are histone 
acetyltransferase (HATs) and chromatin-remodelling factors such as Brahma. A convenient 
way to assess the influence of these factors on gene activity would be to test their effects in 
a transient gene expression assay.  To do this, we tested a reporter gene construct containing 
LexA-binding sites upstream of the CMV promoter that drives the DsRED reporter gene. 
This construct was co-transfected with different constructs encoding a fusion protein 
between LexA and proteins of interest. We tested the Brahma protein15, the entire HAT 
protein P/CAF16 and the domain of the p300 HAT protein that confers HAT activity17. As 
shown in Fig. 1A, we did not see any effect of these LexA-fusion proteins on transient, 
CMV-driven gene expression levels. We verified whether the LexA-fusion proteins were 
expressed and found that in all cases antibodies against LexA showed intense nuclear 
staining, indicating that the proteins were expressed in the proper place (results not shown).
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An alternative approach is to first stably transfect the cell line with the DsRED reporter 
construct,  select stable colonies and use these colonies for transient transfection with the 
plasmids expressing the LexA-fusion proteins. We selected four different stably transfected 
DsRED colonies, with different DsRED expression levels.  In Fig. 1B and C, we show the 
results of two such colonies with relatively low (clone #6) and high (clone #9) DsRED 
expression levels, respectively.  In neither case did transient expression of the LexA-fusion 
proteins result in significant effects on DsRED expression levels. Also in the other two 
selected colonies, no effects were observed (results not shown).

                                                                                                                                                                                                                                                                    

Figure 1. Transient effect of targeted chromatin-opener proteins on protein expression levels. 
Different LexA-fusion proteins were targeted to the CMV promoter that drives the DsRED reporter gene. 
Expression of the indicated LexA-fusion proteins is driven by the SV40 promoter. The DsRED-fluorescence 
signal in the flowcytometer is taken as a measure for DsRED protein expression. (A) The LexA-fusion 
protein constructs and the reporter constructs were co-transfected to CHO-K1 cells. After 24 h, the DsRED 
signals were measured. The expression level of DsRED resulting from transfection of the reporter construct 
alone was put at 100%. The average of three experiments is shown. Tested were constructs encoding LexA-
fusion proteins between the HAT domain of the p300 protein, the entire Brahma protein and the P/CAF 
protein. As control also, a construct encoding LexA protein alone was tested. The DsRED signal relative to 
the signal of the reporter construct alone is indicated. (B) Stable colonies were established after transfection 
with the indicated DsRED construct. Stable clone #6 (a relatively low expressor) was transfected with the 
indicated LexA-fusion constructs. After 24 h, the DsRED signals were measured. (C) As in B, but now the 
stable clone #9 (a relatively high expressor) was transfected with the indicated LexA-fusion constructs. 
After 24 h, the DsRED signals were measured.
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Taken together, these results exclude the possibility to efficiently access potential effects of 
chromatin-associated factors on gene expression levels, when these factors are transiently 
expressed.

Chromatin-associated factors positively influence CMV-driven gene expression levels 
when tested in stably transfected clones
We next tested whether targeted Brahma, P/CAF and the p300HAT domain (aa 934–1652) 
influence CMV-driven gene expression levels in stably transfected cell lines. We 
constructed plasmids that encompass on one plasmid, both the d2EGFP reporter gene and 
the gene encoding the LexA-fusion protein. These constructs were designed in such a 
manner that both expression units are placed in a divergent orientation.  In this way, LexA-
binding sites are present between the two promoters that drive the respective expression 
units (Fig.  2). Placing LexA-binding sites for both the CMV-d2EGFP unit and the SV40-
LexA-Fusion unit may have the advantage that positive effects of the LexA-fusion proteins 
can create a loop that keeps both expression units open for transcription. For efficient 
selection,  we coupled the Zeocin resistance gene to the d2EGFP expression unit by means 
of an internal ribosome entry site (IRES). The d2EGFP-IRES-Zeo configuration warrants 
that during selection of colonies, only cells can survive if both the Zeocin resistance gene 
and the d2EGFP gene are expressed9.
We found that targeting of the p300HAT  domain, the Brahma protein and the P/CAF 
protein all result in higher d2EGFP expression levels in stably transfected colonies than 
when the LexA-binding domain alone was targeted (Fig. 2A). As above, we verified 
whether the LexA-fusion proteins were expressed and found that in all cases antibodies 
against LexA showed intense nuclear staining, indicating that the proteins were expressed 
in the proper place (results not shown). These first measurements were performed three 
weeks after transfection. To study whether these protein expression levels remained stable 
over a longer time period, we measured the d2EGFP expression levels again two weeks 
later. The average expression of clones transfected with LexA-p300HAT  had remained 
stable (p300HAT day 21, X(11) = 131 versus day 35, X(11) = 121) (Fig. 2B). In 
comparison, the expression levels in Brahma-transfected clones were much less stable 
(Brahma day 21, X(10) = 89 versus day 35, X(10) = 27) (Fig. 2C). Also the d2EGFP 
expression levels in P/CAF-transfected clones became significantly lower (P/CAF day 21, 
X(10) = 40, versus day 35, X(10) = 15) (Fig. 2D). Finally, the already low expression levels 
in LexA-transfected clones became slightly lower (LexA day 21,X(10)=25,  versus day 
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35,X(10)=19) (Fig. 2A). Hence, five weeks after transfection,  the expression levels in 
clones transfected with LexA-Brahma or LexAP/CAF were as low as in the control clones, 
transfected with LexA alone.
Of Brahma, it has been shown that the lack of detectable endogenous Brahma is of 
importance for gene silencing13. We therefore compared the endogenous Brahma protein 
levels in CHO with the Brahma protein levels in the C33A and SW620 cell lines, which 
express Brahma at an undetectable and high level13. As shown in Fig.  2C in CHO-K1, 
Brahma was expressed at an intermediate level lower than in SW620, but higher than in 
C33A, in which no Brahma protein could be detected. We, therefore,  do not believe that 
lack of Brahma protein is a reason for the rapid decline in the d2EGFP expression levels in 
the colonies that have been transfected with LexA-Brahma.
We conclude that the initial positive effects of LexA-Brahma and LexA-P/CAF on protein 
expression levels are limited to a very small period of time. In contrast, expression levels in 
clones transfected with LexA-p300HAT remained stable between three and five weeks after 
transfection. Furthermore, in comparison with LexA, LexA-Brahma and LexA-P/CAF 
transfected clones, the expression levels in LexA-p300HAT  transfected clones were also 
highest (Fig. 2B).  These results prompted us to further focus on the effects of LexA-
p300HAT.

                                                                                                                                                                                                                                                                    

Figure 2. Only the LexA-p300HAT fusion protein enhances CMV-driven protein expression. 
Constructs encoding LexA (A), LexA-p300HAT (B), LexA-Brahma (C) and LexA-P/CAF (D) were 
transfected to CHO-K1 cells. Stably transfected clones were established by the presence of Zeocin in the 
culture medium. Stable clones were isolated and propagated before measurement of CMV-driven d2EGFP 
protein expression levels, for the first time 21 days after transfection. The d2EGFP fluorescence signal in the 
flowcytometer is taken as measure for d2EGFP protein expression. Indicated are the expression levels in 
individual clones, of which the number is given in the X-axis. Measurements were approximately three 
weeks after transfection, and colonies are sorted according to increasing expression levels (black bars). 
Individual colonies are followed approximately five weeks after transfection (white bars). The expression 
levels in these colonies can change, and therefore the white bars are not sorted in increasing order. At the 
bottom of the charts, the mean of the d2EGFP expression levels of all colonies is stated. For example, the 
mean of the d2EGFP expression levels in the 10 analyzed stable colonies transfected with LexA alone (A) 
after 21 days is 25, hence stated as 21 days; X(10) = 25. In the chart of LexA-Brahma, a Western blot is 
shown that illustrates the expression levels of the Brahma protein in CHO-K1 (lane 1), SW620 (lane 2) and 
C33A (lane 3) cells. The antibody used was from Santa Cruz (sc-17828). Equal amounts of proteins were 
loaded.
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p300HAT-induced enhancement of protein expression levels is only stably over prolonged 
time periods in the context of flanking anti-repressor elements
We repeated the experiment in which LexAp300HAT is targeted to the CMV promoter, and 
compared the clones that were stably transfected with a plasmid that only contains the 
expression unit d2EGFP-IRES- Zeo (Fig. 3).We found an increase in the average d2EGFP 
expression levels,  when measured ~six weeks after transfection (Control day 40, X(11) = 
55 versus p300HAT day 40,  X(12) = 122) (Fig. 3). These first measurements were 
performed while the clones were still under Zeocin-selection pressure. Next we tested the 
stability of expression after the selection pressure was removed. After removal of Zeocin 

                                                                                                                                                                                                                                                                    

Figure 3. Increases in CMV-driven protein expression levels, induced by p300HAT, are not 
stable over prolonged time periods. 
Indicated constructs encoding either the CMV-driven d2EGFP reporter protein alone (A) or together with 
the LexA-p300HAT fusion protein (B) were transfected to CHO-K1 cells. As in Fig. 2, stably transfected 
clones were isolated, d2EGFP protein expression levels were measured (the d2EGFP-fluorescence signal 
in the flowcytometer is taken as measure for d2EGFP protein expression), selection was removed and 
clones were grown further. The expression levels in individual clones, of which the number is given in the 
X-axis are indicated. Measurements were 40 days after transfection, and colonies are sorted according to 
increasing expression levels (black bars). Individual colonies are followed 120 days after transfection 
(white bars). At the bottom of the charts, the mean of the d2EGFP expression levels of all colonies is 
stated. For example, the mean of the d2EGFP expression levels in the 12 analyzed stable colonies 
transfected with LexA-p300HAT (B) after 40 days is 122, hence stated as 40 days; X(12) = 122
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from the culture medium, we measured d2EGFP expression levels every two weeks, up to 
four months after transfection. After these four months, the d2EGFP expression levels in 
virtually all control clones were dropped to very low levels. In contrast, after four months, 
some of the LexA-p300HAT transfected clones maintained high d2EGFP expression levels 
(Control day 120, X(11) = 28 versus p300HAT  day 120, X(12) = 79) (Fig. 3).  However, 
after four months, in most of the LexA-p300HAT transfected clones there was a substantial 
decline in d2EGFP expression levels. In Fig. 2, colonies were measured under continuous 
selection pressure and only up to two months. From Fig. 3, it becomes clear that when 
selection pressure is removed and expression levels are followed over a period longer than 
two months, targeting of LexA-p300HAT does not result in stable expression in all clones. 
The detailed time course of measurements indeed showed that expression levels in LexA-
p300HAT transfected clones slowly became lower in time (data not shown). This result 
prompted us to examine whether we could improve the stability of expression by flanking 
the constructs with anti-repressor elements that we previously identified to stabilize protein 
expression levels. These anti-repressor elements were identified in a genetic screen that was 
designed to isolate DNA fragments,  which are able to counteract chromatin-associated 
repressors such as Polycomb group (PcG) proteins and the HP1 protein9. Previously, we 
showed that inclusion of these elements renders protein expression more stable over a long 
time period. We therefore flanked the constructs with either anti-repressor element 4 or 7 
(Fig. 4). We found that both elements 4 and 7 positively influenced d2EGFP expression 
levels in terms of height and stability. Measurements one month after transfection showed 
that application of elements 4 and 7 results in higher expression levels (p300HAT day 35, 
X(10) = 120; p300HAT 7/7 day 35,X(10) = 168 and p300HAT4/4 day 35,X(10) = 215) 
(Fig. 4).  We attribute this increase in d2EGFP expression levels to the action of the 
respective anti-repressor elements, as shown previously9. These differences became more 
apparent, when the d2EGFP expression levels were compared approximately four months 
after transfection (p300HAT day 110, X(10) = 62; p300HAT 7/7 day 110, X(10) = 164 and 
p300HAT 4/4 day 110, X(10) = 231). The average d2EGFP expression levels in LexA-
p300HAT transfected clones dropped a factor two, as in the experiment in Fig. 3. In 
contrast,  no significant decreases in d2EGFP expression levels were observed in the clones 
that contain constructs with anti-repressor elements 4 and 7, along with the LexA-
p300HAT protein. Therefore, after approximately four months in culture, the difference in 
average expression levels in LexA-p300HAT 4/4 was a factor 4 higher in comparison with 
expression levels of colonies with LexA-p300HAT alone.  On an average, the p300HAT 7/7 
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plasmid produces eight-fold more GFP-protein than the control plasmid, whereas the 
p300HAT plasmid produces only two-fold more d2EGFP protein.
Above experiments were all performed in CHO-K1 cells. We repeated the experiments in 
the human PER·C6 cell line18. We found that transfection with the construct that encode the 
LexAp300HAT and the d2EGFP reporter gene results in the establishment of colonies with 
elevated d2EGFP expression levels, particularly when also anti-repressor elements are 
incorporated (data not shown). Therefore, the beneficial effects of the p300-HAT on 
reporter gene expression are not limited to one specific cell line.

                                                                                                                                                                                                                                                                    

Figure 4. Anti-repressor elements stabilize CMV-driven protein expression levels over 
prolonged time periods. 
Indicated constructs encoding the CMV-driven d2EGFP reporter protein and the LexA-p300HAT fusion 
protein (A), in the absence or presence of anti-repressor elements 7 (B) or 4 (C), were transfected to CHO-K1 
cells. As in Fig. 2, stably transfected clones were isolated, d2EGFP protein expression levels measured (the 
d2EGFP-fluorescence signal in the flowcytometer is taken as measure for d2EGFP protein expression), 
selection was removed and clones were grown further. Indicated are the expression levels in individual clones, 
of which the number is given in the X-axis. Measurements were 35 days after transfection and colonies are 
sorted according to increasing expression levels (black bars). Individual colonies are followed 110 days after 
transfection (white bars). At the bottom of the charts, the mean of the d2EGFP expression levels of all 
colonies is stated. For example, the mean of the d2EGFP expression levels in the 10 analyzed stable colonies 
transfected with LexA-p300HAT (A) after 35 days is 120, hence stated as 35 days; X(10) = 120.
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Targeted p300HAT protein has also positive effects on the cellular UB6 promoter
We also tested whether LexA-p300HAT, alone or in combination with an anti-repressor 
element, has an effect on a strong cellular promoter. For this, we used the UB6 promoter. 
Cells were transfected with a plasmid that only contains the expression unit d2EGFP-IRES-
Zeo (UB6 Control) (Fig.  5A). Stable clones were compared with clones in which LexA- 
p300HAT is targeted to the UB6 promoter (UB6-p300HAT) (Fig. 5B) or have in addition 
anti-repressor element 7 included to flank the entire construct (UB6-p300HAT-7/7) (Fig. 
5C). One month after transfection, we found no increase in the average d2EGFP expression 
levels when LexA-p300HAT is included, and we found a two-fold increase when the anti-

                                                                                                                                                                                                                                                                    

Figure 5. p300HAT, in combination with an anti-repressor element, enhances UB6 driven 
protein expression levels over prolonged time periods.
Indicated constructs encoding the UB6-driven d2EGFP reporter protein alone (A), or together with the LexA-
p300HAT fusion protein (B) and/or anti-repressor element 7 (C), were transfected to CHO-K1 cells. As in 
Fig. 2, stably transfected clones were isolated, d2EGFP protein expression levels measured (the d2EGFP-
fluorescence signal in the flowcytometer is taken as measure for d2EGFP protein expression), selection was 
removed and clones were grown further. Indicated are the expression levels in individual clones, of which the 
number is given in the X-axis. Measurements were 35 days after transfection, and colonies are sorted 
according to increasing expression levels (black bars). Individual colonies are followed 110 days after 
transfection (white bars). At the bottom of the charts, the mean of the d2EGFP expression levels of all colones 
is stated. For example, the mean of the d2EGFP expression levels in the 12 analyzed stable colonies 
transfected with LexA-p300HAT (B) after 35 days is 72, hence stated as 35 days; X(12) = 72.
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repressor element 7/7 is included as well (UB6 Control day 35, X(12) = 70; UB6-
p300HAT day 35, X(12) = 72 and UB6-p300HAT 7/7 day 35, X(12) = 157) (Fig.  5). After 
approximately four months in culture, without selection pressure, the d2EGFP expression 
levels in UB6-p300HAT-transfected colonies and UB6-p300HAT-7/7-transfected clones 
remained stable, whereas the expression levels in the control clones dropped significantly 
(UB6 Control day 110, X(12) = 31, UB6-p300HAT day 110, X(12) = 63 and UB6-
p300HAT-7/7 day 110, X(12) = 207). Therefore, after approximately four months in 
culture, the difference in average expression levels in LexA-p300HAT  became a factor 2 
higher in comparison with expression levels of control clones. Inclusion of anti-repressor 
element 7, in addition to the p300HAT domain, results in average expression levels that are 
a factor 6 to 7 higher than in control clones.

                                                                                                                                                                                                                                                                    

Figure 6. The anti-repressor element improves the copy number dependency of protein 
expression levels. 
Indicated constructs encoding the UB6- driven d2EGFP reporter protein alone (A), together with the LexA-
p300HAT fusion protein (B) and/or anti-repressor element 7 (C), were transfected to CHO-K1 cells. After 
approximately three months in culture (without Zeocin selection), genomic DNA was isolated from indicated 
stable clones. The copy number of the d2EGFP construct was determined. The relative copy numbers were 
plotted against the d2EGFP signals and the regression line and the correlation coefficients were added.
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Copy number dependency and the incorporation of p300HAT and anti-repressor 
elements into the constructs
An important question is whether the transfected reporter genes are expressed in a copy 
number dependent fashion19. We, therefore, determined the copy number of the integrated 
UB6-control,  UB6-p300HAT and UB6-p300HAT-7/7 vectors.  In each case, 12 to 14 
colonies were analysed. As shown in Fig. 6, no correlation (correlation coefficient R2 = 
0.137) between the copy number of integrated plasmids and the expression level of 
d2EGFP was observed in control clones (UB6 Control) (Fig. 6A). An increase in the 
correlation coefficient was found in clones containing plasmid with LexA-p300HAT alone 
(R2 =0.333) (Fig. 6B). The best correlation coefficient was found, however, when both 
LexA-p300HAT and anti-repressor element 7 were included in the constructs (R2 = 0.833) 
(Fig. 6C). It is however, important to note that doubling of the number of copies does not 
signify doubling in protein expression levels. Therefore, although there is a better 
correlation coefficient in clones with LexA-p300HAT and anti-repressor element 7, it 
cannot be concluded that complete copy number dependency is achieved. The results do 
indicate though that in p300HAT-7/7 colonies,  more d2EGFP protein is expressed per copy 
of p300HAT 7/7 plasmid, as is shown by the steeper slope of the curve.

Discussion

We report that targeting of the HAT domain of the p300 protein to promoters positively 
influences stable gene expression in transgenic cell lines.  In contrast, targeting of another 
histone acetyltransferase, P/CAF or the chromatin-remodelling factor, Brahma to these 
promoters does not result in long-term enhancement of the expression level of the reporter 
protein. A number of observations can be discussed. None of the tested LexA-fusion 
proteins worked in a transient fashion. For the p300HAT-domain, this has been reported 
previously20. Only when targeted to a minimal promoter, but not a strong viral promoter, 
the LexA-p300HAT fusion protein significantly enhanced expression levels. We found the 
same to be true in our experimental set-up (data not shown). Our results showing only a 
positive effect on protein expression levels in stably transfected clones indicate that these 
proteins exert their action through chromatin structure, as expected. Most of the effects on 
expression levels become apparent when clones are cultured for prolonged time, 
particularly in the absence of selection pressure.
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In the negative control clones, expression levels drop to significantly lower levels than in 
LexA-p300HAT transfected clones. This can, however, not conceal the fact that the 
d2EGFP expression levels decrease in some LexA-p300HAT clones also. This is 
particularly true for CMV promoter-driven expression. An explanation may be that the 
effects (histone acetylation) of p300HAT  alone are simply insufficient to keep the promoter 
open for transcription, and that silencing of the promoter occurs nonetheless. This last 
explanation may also be the reason for the very limited effects of targeted LexA-Brahma 
and LexA-P/CAF. When measured two weeks after transfection, there is a significant 
positive effect of these targeted-fusion proteins on d2EGFP expression levels. However, 
only weeks later these positive effects are completely obliterated. Brahma has previously 
been reported to have a positive effect on mosaic expression pattern in clones transfected 
with LTR-driven reporter constructs13. Overexpression of Brahma in these clones results in 
a significantly less mosaic expression pattern, which is interpreted as an indication for more 
stable gene expression in such a colony. It is not clear, however, how the expression 
patterns in these clones behave after prolonged time periods. Also, differences may exist 
amongst promoters. In the cited study, it was found that the used MuLV-LTR probably 
contains an endogenous binding site for Brahma-containing protein complexes13. This is 
entirely unknown for the CMV promoter, which we tested in the current study. In line with 
this notion, we found that targeting of LexA-p300HAT to the UB6 promoter results in very 
stable UB6-driven expression levels, even after four months in culture. This may indicate 
that p300HAT acts more efficiently on the UB6 promoter than on the CMV promoter.
Another question is why does a related histone acetyltransferase such as P/CAF not operate 
well, whereas the p300HAT domain alone is sufficient for mediating positive effect on 
protein expression? This is puzzling, since the HAT domains of p300 and P/CAF are 
closely related. The answer may be that the entire P/CAF protein encompasses other protein 
domains that interfere negatively with the transcription machinery on a long-term basis. 
This appears to be a feasible explanation, since we also tested the entire p300 protein as 
LexA-fusion protein and found this full-length protein had limited or no effects on 
expression levels (unpublished observation). This suggests that only protein domains that 
exert a certain function, such as histone acetylation, are useful and sufficient for achieving 
stable, long-term effects on gene expression. We found that not many chromatin-associated 
factors are able to influence protein expression levels in stably transfected cells. Along with 
the HATs and Brahma, we tested the human homolog of the Ash1 protein, a known 
trithorax group protein, implicated in epigenetic activation of gene activity. Ash1 has been 

                                                                                                                                                                                                                                                                    

80

Chapter 3



shown to be a histone methyltransferase, and targeting Ash1 to a promoter results in 
activation of gene activity in Drosophila21. We, however,  did not find any effect of targeting 
the human Ash1 homolog to the CMV promoter22. We tested different portions of the 
human Ash1 protein in view of the result that of the p300 HAT protein, only the HAT 
domain exerted a positive influence. However, portions of the human Ash1 protein 
encompassing the predicted histone methyltransferase activity domain did not exert a 
positive effect on protein expression levels (data not shown). Therefore, the above-
discussed conclusion that only a domain with HAT or HMTase activity should be able to 
positively influence protein expression levels does not hold in this case.  We further tested 
whether targeting of a human G/T mismatch DNA glycosylase (MCDG) had positive 
effects on CMV-driven protein expression levels. This protein has a capacity to demethylate 
stably integrated promoters and has been reported to de-methylate and strongly enhance a 
hormone-regulated promoter23. However, no effects were observed of targeted LexA-
MCDG on the CMV-driven d2EGFP expression levels in stably transfected colonies.
We conclude that only a domain with known histone acetyltransferase activity does 
significantly influence protein expression levels driven by either the strong viral CMV 
promoter or the strong cellular UB6 promoter. How does this work? The rational for this 
study to target a HAT domain to a promoter was the assumption that this domain will 
acetylate N-terminal histone tails on or in the vicinity of the promoter region.  Acetylation 
of histones is generally accepted to have a positive influence on transcription. However, our 
results indicate that the positive effects of targeting the p300HAT domain are limited in 
terms of long-term stability, particularly in the context of the CMV promoter. It is therefore 
interesting that inclusion of anti-repressor elements to the constructs conveys more stability 
to the protein expression levels.
The anti-repressor elements have a beneficial effect on both stability and height of 
expression levels, this above the reported effect of the p300HAT domain alone. Placing 
both the LexA-p300HAT gene and anti-repressor elements on one construct results in 
higher expression levels. This raises the question whether these elements work through a 
mechanism involving attraction of histone acetyltransferases. The modest increases of a 
factor two to three may, however, indicate that we deal with distinct molecular mechanisms. 
If anti-repressor elements operate through targeting of endogenous HATs, one might expect 
larger, synergistic effects when both the anti-repressor elements and the targeted HAT 
domain are present. Such a working mechanism has been suggested for the HS4 insulator.
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The endogenous HS4 insulator is characterized by distinct patterns of histone acetylation, 
up- and downstream of the insulator24. This suggests that the HS4 insulator is a target site 
for endogenous HAT activity. In agreement with this, inclusion of the HS4 insulator in a 
construct induces high histone acetylation levels in the promoter region24. We will address 
the question of histone modifications in further studies to see whether the application of 
anti-repressor elements results in the induction of differential histone modification patterns.
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Abstract

To obtain highly productive mammalian cell lines, often large numbers of clones need to be 
screened. This is largely due to low selection stringencies, creating many, but low protein 
producing clones. To remedy this problem, a novel, very stringent selection system was 
designed,  to create few, but high protein producing clones. In essence, a selection marker 
with a startcodon that confers attenuated translation initiation frequency was placed 
upstream of the gene of interest with a startcodon that confers optimal translation initiation. 
From the transcribed bicistronic mRNA, the selection marker is translated at a low 
frequency, and the protein of interest at a high frequency. This selection system is so 
stringent that clones form only rarely. However, application of anti-repressor elements, 
which increase promoter activity, did induce the formation of clones that expressed proteins 
at high levels. When combined with anti-repressor elements, this novel selection system 
can be a valuable tool to rapidly create few, but highly productive mammalian cell lines.

Keywords: Selection system; Mammalian cell-lines; Anti-repressor elements
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Introduction

A major effort is often required to create mammalian cell lines that express a therapeutic 
protein at high level1. An important reason is that upon transfection, large numbers of 
clones are generated. However,  the expression of the therapeutic protein in the majority of 
the resulting cell lines is often low2,3. Therefore, many clones need to be screened to obtain 
a highly productive producing clone. We encountered this problem when we identified and 
applied genetic elements that counteract chromatin-mediated gene repression. These anti-
repressor elements induced higher protein expression levels, but they also induced up to 10-
fold more clones4. Raising the stringency of selection often helps to reduce the number of 
generated clones and thereby increases the chance to identify a high protein-producing 
clone3. This can be achieved by increasing the concentration of selection agent in the 
culture medium, but due to toxicity of the selection agent, this approach has its limits. 
Another approach is to modify the selection system itself.  We previously raised the 
stringency of the selection system by placing an attenuated IRES (Internal Ribosome Entry 
Site) sequence between the expression unit of the gene of interest and the Zeocin resistance 
gene4,5. This indeed reduced the number of clones as well as increased the protein 
expression levels in the resulting cell lines4,5.  To elaborate on this finding, we designed a 
novel selection system. Our goal was to further reduce the number of generated clones as 
well as to obtain higher protein expression levels than we previously achieved with the 
selection system based on an IRES sequence.

Results

Design of a novel selection system
According to the scanning model of translation initiator in eukaryotes the small ribosomal 
subunit enters the mRNA at the 5’ end and scans the mRNA in the 5–3’ direction until it 
encounters a start codon6. We employed this mechanism by placing the Zeocin resistance 
gene upstream of a gene of interest (d2EGFP), which results in the generator of a 
bicistronic mRNA (Fig. 1A, upper panel). d2EGFP was cloned immediately downstream of 
the stop codon of the Zeocin gene and in a different open reading frame to avoid the 
putative formation of a Zeocin-d2EGFP fusion protein. To avoid potential internal 
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translation initiation in the coding Zeocin resistance mRNA, all internal AUG translation 
initiator codons were removed. To create an ATG-free Zeocin resistance gene, the only 
internal ATG coding for an internal methionine (at amino acid position 84) was replaced by 
a TTG, which replaced the methionine by leucine. This mutation did not change the activity 
of the Zeocin resistance protein (data not shown). In addition, we placed multiple stop 
codons behind the Zeocin gene to stop translation in all three reading frames 
(TGATTGATTGA; bold indicates the three stop codons, in three reading frames). This 
preludes that any unwanted initiation of translation within the Zeocin open reading frame 
results in a fusion product. 
This approach resulted in a CMV promoter – ATG Zeo – ATG d2EGFP cassette. 
Translation is expected to initiate mainly at the start codon AUG (accAUGg in an optimal 
configuration) of the Zeocin resistance mRNA (accATGg in the corresponding Zeocin 
gene7. Furthermore, translation is expected almost never to start at the AUG translation 
initiator codon of the downstream d2EGFP8,9. As a result, high levels of Zeocin resistance 
protein will be translated, which will result in the formation of many clones. Since no 
translation of  d2EGFP mRNA is expected to occur (Fig. 1A, upper panel), these cell lines 
will not express d2EGFP protein. Upon transfection of this construct, we indeed observed 
that many clones formed, but these clones did not express d2EGFP (Fig. 1B).
Next, we modified the Zeocin resistance gene by replacing the start codon AUG by a 
modified start codon UUG (accTTGg in the corresponding DNA) that conveys attenuated 

                                                                                                                                                                                                                                                                    

Figure 1. The mechanistic basis and the application of the novel selection system. 
(A) The Zeocin resistance gene was placed upstream of the d2EGFP gene. In the upper bar, both genes had 
an optimal translation initiation codon (accATGg), which becomes accAUGg in the correspondent mRNA. 
Translation (as indicated by the small and large ribosomal subunits) will start at the accAUGg of the Zeocin 
mRNA, theoretically riesling in high Zeocin resistance protein and many stably transfected cell clones that do 
not display d2EGFP expression (predicted in the right panel). In the lower bar, the translation initiation codon 
of the Zeocin resistance gene was changed to accTTGg (accUUGg in the corresponding mRNA). (B) As 
predicted in the right panel in (A), many clones were formed with AUG Zeo–d2EGFP, but these did not 
express d2EGFP. In contrast, only few clones were formed with UUG Zeo–d2EGFP, but these did express 
d2EGFP. (C) The upper panels are examples of d2EGFP fluorescence in clones that resulted from transfection 
with the a control TTG-Zeo-d2EGFP construct and the construct flanked with anti-repressor elements 7 and 
67 upstream and anti-repressor element 7 downstream of the expression cassette. The phase contrast pictures 
of the same clones are shown in the middle panels. The lower panels show d2EGFP fluorescence histograms 
of cell lines that emerged from these clones. A line is arbitrarily drawn at the same d2EGFP signal level to 
facilitate comparisons. (D) CHO-K1 cells were transfected with the indicated d2EGFP construct and selected 
on Zeocin. The d2EGFP value in the individual clones and the mean d2EGFP fluorescence values in these 
clones are indicated. A comparison is made between clones resulting from transfection with d2EGFP 
constructs harboring the novel TTG Zeo-d2EGFP selection system, or the d2EGFP-IRES-Zeo selection 
system, with and without anti-repressor elements (represented by the blue/black ovals).
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translation initiation frequency8,9. This modified Zeocin resistance gene was again placed 
upstream of d2EGFP,  which contains the optimal start codon accAUGg. These changes 
resulted in a CMV promoter–TTG Zeo–ATG d2EGFP cassette.  Translation of the resulting 
bicistronic mRNA can be expected to only rarely initiate at the attenuated start codon 
accUUGg of Zeocin8,9 leading to low levels of Zeocin resistance protein (Fig. 1A, lower 
panel). With equal concentrations of Zeocin selection agent in the culture medium, low 
Zeocin resistance protein levels will result in massive cell death and the formation of only a 
few clones (Fig. 1A, lower panel).We indeed observed that transfection of the TTG Zeo-
d2EGFP construct resulted in the formation of only a few clones (Fig. 1B). Furthermore, 
due to inefficient translation initiator at accUUGg of the Zeocin mRNA, the small 
ribosomal unit should most frequently skip this accUUGg. Instead the small ribosomal unit 
will scan until an optimal translation initiation codon is encountered,  in this case the 
accAUGg codon of d2EGFP. If translation at the modified accUUGg codon of the Zeocin 
would be reduced to x%, this would result in 100−x% translation at the optimal accAUGg 
translation initiator codon of d2EGFP mRNA (Fig. 1A). We indeed observed that the 
obtained clones expressed d2EGFP protein (Fig. 1B).
Together these results show that placing a selection marker with an attenuated translation 
initiator codon upstream of a gene of interest with an optimal translation initiation codon, 
creates a selection system for generating stably transfected mammalian cell lines.

In the context of anti-repressor elements, the novel selection system induces high protein 
expression levels
Multiple transfection experiments taught that the stringency of the novel selection system 
was so high that it prevented efficient formation of clones. The resulting cell lines 
expressed d2EGFP, but they grew poorly and the expression of d2EGFP was not uniformly 
distributed in the clone (Fig. 1C, left panels). The poor growth of these cell lines could 
result from too low expression levels of the Zeocin resistance protein to effectively 
neutralize the Zeocin in the culture medium. Previously we showed that incorporation of 
anti-repressor elements in a construct results in higher protein expression levels4. We 
therefore incorporated anti-repressor elements in the construct. This in turn might result in 
higher levels of Zeocin resistance protein thereby increasing the chance of cell survival and 
thus the formation of more colonies.  We placed two anti-repressor elements upstream of the 
CMV promoter–TTG Zeo–d2EGFP cassette and one element downstream of the cassette 
(Fig. 1 C and D).We used the previously described anti-repressor element 74 and a novel 
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element 67. Incorporation of the combination of these two anti-repressor element resulted 
in higher protein expression levels than with a single anti-repressor element (data not 
shown). Transfection of the anti-repressor shielded TTG Zeo-d2EGFP construct and 
selection with similar Zeocin concentrations indeed resulted in an increase of the number of 
clones to 73,  as compared to 14 clones obtained with the control TTG Zeo-d2EGFP 
construct (Table 1).  Analysis of 24 randomly isolated clones with the anti-repressor element 
shielded TTG Zeo-d2EGFP construct also showed that the mean d2EGFP fluorescence 
signal increased to 889,  as compared to 168 with the TTG Zeo-d2EGFP control construct 
(all 14 clones analyzed).  The peak fluorescence signal increased from 300 to 1878, 
respectively (Fig. 1D). Furthermore, in contrast with the TTG Zeo-d2EGFP control clones, 
the anti-repressor element shielded TTG Zeo-d2EGFP construct clones grew well and 
displayed a uniform distribution of d2EGFP expression, resulting in rather sharp 
fluorescence profiles in the cell lines (Fig. 1C).
The results show that in the context of anti-repressor elements the novel selection system 
induces efficient establishment of cell lines that express high protein levels.

The novel selection system is very stringent
Our previous findings4,5 that application of anti-repressor elements results in an increased 
number of clones as well as higher protein expression levels were obtained in the context of 
a very high stringency selection system. In this system, a selection marker is placed 
downstream of a gene of interest, coupled through an attenuated IRES sequence4,5. We 
tested the differences between the d2EGFP-IRES-Zeo and the novel TTG Zeo-d2EGFP 
configurations. We monitored the number of generated clones as well as protein expression 
levels in the resulting cell lines. Equal amounts of DNA were transfected and selection took 
place with equal Zeocin concentrations in the medium. We found that the anti-repressor 
element shielded TTG Zeo-d2EGFP construct generated fewer clones (73),  as compared to 
the anti-repressor element shielded d2EGFP-IRES-Zeo construct (400) (Table 1). Fewer 
clones were also generated with the unshielded TTG Zeo-d2EGFP construct (14), as 
compared to the unshielded d2EGFP-IRES-Zeo construct (150) (Table 1). Importantly, the 
d2EGFP expression levels were greatly increased, from a mean d2EGFP fluorescence 
signal of 151 with the anti-repressor element shielded d2EGFP-IRES-Zeo construct to a 
mean signal of 889 with the anti-repressor element shielded TTG Zeo-d2EGFP construct 
(Fig. 1D). The peak fluorescence signal increased from 330 to 1878, respectively (Fig. 1D). 
These results show that the novel TTG Zeo selection system is indeed more stringent than 
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the IRES-Zeo selection system. It also indicates that using the novel selection system in the 
context of anti-repressor elements, only few clones need to be generated and analyzed.

The novel selection system allows low copy numbers and high expression per copy
The observed higher d2EGFP expression levels in clones generated with the novel selection 
system could be due to incorporation of more gene copies. Hence, we analyzed the number 
of the integrated d2EGFP gene copies in relation to d2EGFP protein expression levels. For 
this analysis, we used 11 of the above-described TTG Zeo-d2EGFP clones (three very low 
expressing clones died in course of the analysis) and the 24 anti-repressor element shielded 
TTG Zeo-d2EGFP clones (Fig. 1D). We found that the copy number in case of the anti-
repressor shielded clones was less than 40, which is fairly low when compared to for 
instance dhfr-mediated gene amplification10,11,  which can result in many hundreds to 
thousands of copies. A good correlation was found between the copy number of the anti-
repressor element shielded TTG Zeo-d2EGFP construct and d2EGFP fluorescence signal, 
as indicated by the high coefficient of determination (R2 = 0.799). In contrast, a poor 
correlation was found between the copy number of the TTG Zeo-d2EGFP control construct 
and the d2EGFP fluorescence signal, as illustrated by the coefficient of determination (R2 = 
0.202) (Fig. 2A). Furthermore, the d2EGFP fluorescence signal per copy increased from 
11.4±4.3 with the TTG Zeo-d2EGFP control construct to 51.6±4.8 with the anti-repressor 
element shielded TTG Zeo-d2EGFP construct (Fig. 2B).

                                                                                                                                                                                                                                                                    

Table 1. Number of clones induced by TTG IRES Zeo and TTG Zeo constructs, in the 
absence or presence of anti-repressor element

CHO-K1 cells were transfected with the indicated d2EGFP or EPO constructs and selection with 
Zeocin in the culture medium took place. The total number of formed colonies in a single experiment is 
indicated. Equal amounts of DNA were used and selection took place under similar conditions (150 µg/
ml Zeocin selection agent in the culture medium). The presence or absence of anti-repressor elements 
is indicated, as well as the observed selection stringency.

Number of colonies

Anti-repressor elements Absent Present

Stringency d2EGFP-IRES-Zeo 150 400

TTG Zeo dEGFP 14 73

Stringency EPO-IRES-Zeo 164 300

TTG Zeo EPO 5 41
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Fig. 2. Anti-repressor elements convey higher expression per integrated gene copy, in a 
copy number dependent fashion. 
Genomic DNA was isolated from indicated colonies that were stably transfected with d2EGFP constructs 
with or without anti-repressor element (represented by the blue/black ovals). The copy number of the 
d2EGFP construct was determined using real-time PCR. The copy number was plotted against the 
d2EGFP expression levels and the coefficients of determination were added (A). The lower panel (B) 
shows that the average d2EGFP expression per copy (indicated ±S.E.M.) was significantly (P < 0.0001) 
increased in clones that were transfected with anti-repressor-shielded constructs.
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In conclusion, the d2EGFP expression observed with the novel anti-repressor element 
shielded TTG Zeo-d2EGFP selection system is not due to the introduction of many more 
gene copies. Instead, incorporation of anti-repressor elements in the TTG Zeo-d2EGFP 
construct results in more d2EGFP expression per copy as well as copy number dependent 
d2EGFP expression.

                                                                                                                                                                                                                                                                    

Fig.3. Application of the novel selection system induces clones with high hEPO expression. 
CHO-K1 cells were transfected with the indicated EPO constructs and selected on Zeocin (blue/black 
ovals represent anti-repressor elements). Up to 24 independent clones were isolated and propagated 
before secreted EPO expression levels were determined. The EPO values in the individual clones 
(indicated in pg/cell/day) and the mean EPO expression levels in these clones are indicated. A 
comparison is made between clones transfected with the novel TTG Zeo-EPO selection constructs and 
the EPO-IRES-Zeo constructs, in either case with and without anti-repressor elements. The EPO 
expression levels with the anti-repressor-shielded TTG Zeo-EPO construct were statistically higher (P < 
0.0001) than the EPO expression levels with any of the other constructs. Also the EPO expression levels 
with the anti-repressor-shielded EPO-IRES-Zeo construct were statistically higher (P < 0.0001) than the 
EPO expression levels with the non-shielded EPO-IRES-Zeo construct.
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The novel selection system operates well with a secreted, therapeutic protein 
To more directly assess the value of the novel selection system we extended our analysis to 
a wellknown commercially important protein. We cloned the human EPO (erythropoietin) 
gene downstream of the TTG Zeo selection marker. We found that the anti-repressor 
shielded EPO-IRES-Zeo construct generated more clones than the control EPO-IRES-Zeo 
construct (300 versus 164, respectively) (Table 1). The anti-repressor element shielded TTG 
Zeo EPO construct generated more clones than the control TTG Zeo EPO construct (41 
versus 5, respectively) (Table 1). Indicating the higher selection stringency, the anti-
repressor shielded TTG Zeo-EPO construct generated fewer clones than the anti-repressor 
shielded EPO-IRES-Zeo construct (41 versus 300, respectively) (Table 1).
Mean EPO expression levels increased from 3.3 pg/ cell/day with the TTG Zeo-EPO 
control construct, to 17.7 pg/cell/day with the anti-repressor element shielded TTG Zeo-
EPO construct. The peak EPO expression level increased from 5.5 to 28.3 pg/cell/day, 
respectively (Fig. 3). In comparison, with the IRES selection system, the mean EPO 
expression levels increased from 5.8 pg/cell/day with the control EPO-IRES-Zeo, to 9.0 pg/
cell/day with the anti-repressor element shielded EPO-IRES-Zeo construct (Fig. 3). These 
obtained EPO expression levels are without gene amplification. In comparison, reported 
EPO values range from 12 to 47 pg/cell/day, but these values were all achieved after 
multiple rounds of dhfr-mediated gene amplification12,13,14. Our result shows that the novel 
selection system can readily be applied for the production of important therapeutic proteins, 
such as EPO.

Discussion

We report a novel,  high stringency selection system for the creation of stably transfected 
mammalian cell lines. In short, a selection marker with a start codon that confers attenuated 
translation initiation is placed upstream of the gene of interest with a start codon that 
confers optimal translation initiation.  Thereby this system utilizes well-established rules of 
translation initiation6. We show that this selection system is more stringent than another, 
available stringent selection system in which the selection marker is coupled through an 
IRES sequence. We compared these systems using both the d2EGFP protein and a secreted, 
commercially relevant protein, EPO.
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Our novel selection system is so stringent that only few clones are formed, unless 
previously identified anti-repressor elements that increase protein expression levels are 
applied4. In this manner, the selection system optimally exploits the expression augmenting 
characteristics of these anti-repressor elements. One of the previously observed 
characteristics of the anti-repressor elements was that they convey copy number dependent 
gene expression. This characteristic appears to be retained with the novel selection system. 
Whereas some clones harbor only few (< 4) copies (Fig. 2A), the majority of the clones 
harbor between 20 and 30 copies. This may indicate that even with the application of the 
anti-repressor elements, the expression of the bicistronic mRNA, derived from only a few 
copies is too low to produce sufficient Zeocin resistance protein for survival of the cell. 
Although the d2EGFP expression per copy is elevated in clones that contain anti-repressor 
element shielded constructs (Fig. 2B), there is apparently a limit to the maximum d2EGFP 
expression levels that can be reached in low copy clones. Whether this indicates that the 
constructs are integrated in transcriptionally rich or ‘open’ regions of the genome cannot be 
concluded from these results. Since the ranges in expression per copy are small (Fig. 2B), 
one might argue that integration is rather independent of the position in the genome. On the 
other hand, if the anti-repressor elements target the plasmids to a transcriptionally rich 
region,  this would also result in higher expression per copy. Answering these questions 
clearly requires more fundamental insight into the molecular mechanisms underlying anti-
repressor element action.
The strategy to modify selection markers is not restricted to the Zeocin resistance gene, but 
can also be extended to other selection markers, such as blasticidin,  neomycin and 
puromycin (data not shown). It should be pointed out that also with these selection markers 
all the internal ATGs have to be removed from the genes; four, fifteen and three for 
blasticidin, neomycin and puromycin, respectively. Furthermore, the selection system 
operates well in other cell lines than CHO-K1, such as CHO-DG44, with other promoters, 
such as the SV40, EF1α and actin promoters,  and we have successfully applied the system 
to express more complex proteins like monoclonal IgG antibodies (data not shown).
Several other strategies have been followed to achieve high selection stringencies. Reff 
changed the context around the ATG startcodon of the neomycin resistance gene15. The 
mutated neo gene was placed in a separate expression unit, downstream of an independent 
promoter, unlike in our system where the modified selection gene is under control of the 
same promoter as the gene of interest. An alternative system described by Lucas et al. 
places a selection marker in an intron16. Efficient splicing of this intron warrants that high 
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expression levels of the RNA are required to obtain sufficient selection marker protein. 
Finally, the open reading frame of the neomycin selection gene has been mutated to obtain a 
less functional protein, requiring higher expression levels of such mutated neo protein. This 
also results in higher expression levels of the protein of interest17,18. Here we compared our 
novel selection system with the system that places a selection marker downstream of a gene 
of interest, coupled through an attenuated IRES sequence. We have shown that the selection 
system we report is more stringent than the ‘IRES’ system. We do not know how our 
system compares with the other above mentioned systems, in terms of selection stringency. 
However, given that we hardly get any colony formation in the absence of anti-repressor 
elements indicates that our novel system is very stringent. All above-mentioned selection 
systems were designed to operate without application of anti-repressor elements, hence this 
might indicate that these systems are less stringent than our novel selection system.
At present, many hundreds to thousands of stably transfected clones need to be screened to 
establish a few high protein-producing cell lines. The novel selection system greatly 
reduces this number of clones, without the need to add more selection agent to the culture 
medium, which could result in unwanted side effects of toxicity. Instead the system 
employs relatively simple modifications of the selection markers themselves. Combining 
the novel selection system with anti-repressor elements thus allows rapid generation of only 
a limited number of clones. Subsequently, cell lines can be established that produce 
therapeutic proteins at higher levels than can be achieved with current selection systems. 
Particularly in an industry where speed to create for instance phase I clinical trial material is 
of utmost importance, the reported selection system can make a difference. We are aware 
that the EPO results are obtained with adherent cells and serum containing culture medium. 
However, preliminary results indicate that adaptation to serum-free suspension medium 
does not result in significant changes in EPO expression levels. We therefore envision that 
this selection system, in combination with anti-repressor elements can become a valuable 
tool for the biotechnology industry.
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Experimental protocol

Vector constructions
The TTG Zeo se lec t ion vector was const ructed by us ing the pr imer 
TTGGATCGGATCCACCTTGGCCAAGTTGACCAGTGCCGTTC) to create the 
accUUGg translation initiation codon. Zeocin contains one ATG, which codes for 
methionine (aa 84) and to avoid internal initiation of translation at the AUG in the resulting 
mRNA, it was replaced by TTG, which codes for leucine. This was done by using the 
primer AGGGCCCCGCCCCCACGGCTGCTCGCCGATCTCGGTCAAGGCCGGC (this 
is a reverse primer, so CAA specifies the Leu) and PCR. The resulting Zeocin gene 
contained no in frame or out frame ATGs. The Zeocin and d2EGFP transcription units were 
placed behind the CMV promoter. Potentially, GTGs or CTGs in an optimal translation 
initiation context (ANNGTGN or GNNGTGG; ANNCTGN or GNNCTGG, respectively) 
could potentially serve as translation initiation startpoint. Since the Zeocin open reading 
frame contains three GTGs and five CTGs in an optimal translation initiation context, we 
mutated these sites to create a non-optimal translational initiation context. This will prevent 
putative premature translation initiation, upstream of the optimal ATG of the d2EGFP gene. 
We found, however, no differences in d2EGFP levels whether plasmids did, or did not 
contain GTG and CTG triplets with an optimal translation initiation context. We concluded 
that aberrant translation initiation within the Zeocin ORF does not affect the level of 
d2EGFP expression.

Transfection and analysis of clones
CHO-K1 cells were grown in HAM F12 medium (Invitrogen),  supplemented with 9%FBS. 
6×106 cells were transfected using LipofectamineTM 2000 (Invitrogen) according to the 
manufactures protocol. We used non-linearized plasmid DNA, since we did not observe 
differences on the number of emerging colonies or on the d2EGFP expression levels when 
we compared linearized versus non-linearized DNA. One day after the transfection, cells 
were seeded to petri dishes and 150 µg/ml Zeocin selection agent was added to the culture 
medium. The cells are cultured for ∼2 weeks, until stably transfected cell clones were 
formed. Clones were picked, transferred to six wells plates and expression of d2EGFP 
fluorescence levels were analyzed using flowcytometry (Beckman Coulter, EpicsXL). Four 
weeks after transfection, the Zeocin concentration was lowered to 25 µg/ml and protein 
expression levels remained stable over a period exceeding 3 months. This Zeocin 
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concentration is too low to kill wild-type CHO-K1 cells.  However, in the absence of 
Zeocin, we observed a slow decrease in d2EGFP expression in the course of a 2 month 
period.  For the present analysis we therefore kept the cells under a ‘maintenance’ 
concentration of 25 µg/ml Zeocin. With the EPO constructs we followed the same 
procedure. Clones were selected in the presence of 150 g/ml Zeocin selection agent, and ∼4 

weeks after transfection the Zeocin concentration was lowered to 25 µg/ml Zeocin. All 
reported d2EGFP and EPO expression data were obtained ∼6 weeks after transfection.

Determination of copy numbers
Stable CHO-K1 clones transfected with TTG Zeo and anti-repressor element shielded TTG 
Zeo vectors were isolated and assayed for d2EGFP fluorescence levels.  Genomic DNA was 
purified and the copy number of the d2EGFP gene was determined using realtime PCR. 
The ratio between the d2EGFP and actin signal was taken as the relative copy number. A 
serial dilution with a plasmid containing the d2EGFP gene in a background of genomic 
CHO-K1 DNA was used to determine the absolute copy number.

Epo measurements
Equal number of cells (100,000) were seeded and cultured in six-well dishes for 2 days 
before cells were counted and the medium was collected.  The amount of secreted human 
recombinant erythropoietin was determined using an ELISA-kit (R&D systems).

Statistical analysis
Statistical analysis was performed using Microsoft Excel 2002 SP3 for Windows and 
Graphpad Prism 4 for Windows.
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Abstract

The creation of highly productive mammalian cell lines often requires the screening of 
large numbers of clones and even then, expression levels are often low. Previously, we 
identified DNA elements, anti-repressor or STAR elements that increase protein expression 
levels. These positive effects of STAR elements are most apparent when stable clones are 
established under high selection stringency. We therefore developed a very high selection 
system, STAR-Select, that allows the formation of few, but highly productive clones.  Here 
we compare the influence of STAR and other expression augmenting DNA elements on 
protein expression levels in CHO-K1 cells. The comparison is done in the context of the 
often-used co-transfection selection procedure, and in the context of the STAR-Select 
system. We show that STAR elements, as well as MAR elements induce the highest protein 
expression levels with both selection systems. Furthermore, in trans co-transfection of 
multiple copies of STAR and MAR elements also results in higher protein expression 
levels. However, highest expression levels are achieved with the STAR-Select selection 
system, when STAR elements or MARs are incorporated in a single construct. Our results 
also show that the novel STAR-Select selection system, which was developed in the context 
of STAR elements, is also very beneficial for the use of MAR elements.
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Introduction

The creation of mammalian cell lines that express a therapeutic protein at high levels is 
often a painstaking process. Usually, large numbers of clones are generated of which the 
vast majority express very low protein levels1-4. This has led to the introduction of robotics 
to screen and analyze large numbers of clones (eg. Biospectra Clone screener). Another 
approach is to incorporate cis-acting DNA elements in the protein expression cassettes to 
augment promoter activity4-6. These DNA elements have in common that they have no 
effect on transient gene-expression levels, this in contrast to enhancers, indicating a 
mechanism involving chromatin structure4-6. 
One of the first identified and best-studied elements is the chicken cHS4 insulator,  a 1.2 kb 
long DNaseI Hypersensitive site (cHS4) of the chicken β -globin LCR7,8. Incorporation of 
the cHS4 insulator into a construct conveys stability of protein expression over time9, but 
induces only modest increases of protein expression in CHO-K1 cells10. 
Ubiquitous Chromatin Opening Elements (UCOEs) forms another class of DNA elements 
that employ promoter regions of ubiquitously expressed housekeeping genes.  The idea 
behind this is that housekeeping genes are always active at a high level, and that regulatory 
elements in the vicinity of these promoters could be used to induce higher promoter 
activity11. For instance,  the dual,  divergently expressed promoters of the HNRPA2B1 and 
CBX3 genes have been shown to convey higher protein expression levels in a number of 
mammalian cell lines12-14.
Matrix Attachment Regions (MARs) are DNA elements that bind to the nuclear matrix and 
they are thought to create chromatin loops in which genes are co-ordinately regulated15,16. 
Both positive and negative influences of MAR elements on protein expression levels have 
been reported17,18.
Finally, anti-repressor elements, which were dubbed STAR elements, have been identified 
that block chromatin-associated repressors,  such as heterochromatin-related proteins19. 
When these STAR elements were applied in protein expression cassettes, increased 
numbers of expressing colonies were established and protein expression levels were 
enhanced19,20. 
No analysis has been reported that directly compares the effects of these DNA elements on 
protein expression levels in a similar experimental set-up. Here we report such analysis and 
we tested three parameters.  In the first place we tested whether DNA elements, other than 
STAR elements, also act as anti-repressor elements. To test this we employed a screen that 
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uses a targeted chromatin-associated repressor to a promoter19,21. In the second place we 
cloned all DNA elements upstream and downstream of a protein expression cassette that 
encompasses the CMV promoter and the d2EGFP reporter gene. These constructs were 
transfected to CHO-K1 cells and selection was executed by means of a co-transfected 
selection marker, a commonly used procedure. Finally, we cloned all DNA elements 
upstream and downstream of a protein expression cassette that encompasses the CMV 
promoter, a modified Zeocin selection gene and the d2EGFP reporter gene. This last set-up 
constitutes a novel, very stringent selection system that allows the creation of few, but 
highly productive clones22.

Results

Testing which DNA fragments operate as anti-repressor or STAR element. 
Previously, we reported a screening method for the isolation of genetic elements that 
counteract gene repression by chromatin-associated repressor proteins. A targeted fusion 
protein between the LexA protein and the heterochromatin protein HP123 represses the 
SV40 promoter driven Zeocin resistance gene. This selection vector was called pSelect. 
When random DNA is inserted between the LexA binding sites and the SV40 promoter, the 
Zeocin resistance gene is repressed and cells die when subjected to Zeocin (Fig. 1A). By 
creating and testing a large library of human genomic DNA fragments, we identified and 
isolated ~70 DNA fragments from surviving clones. These DNA fragment apparently were 
able to block HP1-mediated repression, resulting in expression of Zeocin resistance gene 
and subsequent survival when grown in the presence of Zeocin (Fig. 1A). We called these 
DNA elements anti-repressor or STAR elements19. In a similar manner we now tested 
whether other known DNA elements that are claimed to enhance protein expression levels, 
also act as anti-repressor element in this system. Previously, we found that only DNA 
elements smaller than 3.5 kb can be tested in this system. The targeted LexA-HP1 fusion 
protein can not adequately cover distances longer than 3.5 kb and therefore does no longer 
sufficiently repress the downstream located SV40 promoter24. As a result, some cells can 
survive the selection, leading to false positive clones24. We, therefore, restricted our 
analysis to DNA elements smaller than 3.5 kb. As reported previously, all isolated STAR 
elements were substantially smaller than 3 kb19. 
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The 1.2 kb cHS4 insulator encompasses a so-called core element that is ~250 bp long and 
that conveys most of the insulating activity of the cHS4 element.  Two different 
configurations of the cHS4 elements have been reported as being optimal for improving 
gene expression, hence we tested both configurations25-28. These are either a tandem of six 
times the core element (6 x cHS4 core, Fig. 1B) or a tandem of two full-length cHS4 
elements (2 x cHS4,  Fig. 1B). The cHS4 element was cloned in both configurations 
between the LexA binding sites and SV40 promoter of the Zeocin resistance gene. 
In a similar manner we cloned the 2.96 kb long chicken lysozyme MAR element29 in the 
pSelect vector. The lysozyme MAR element has most frequently been employed to 
augment gene expression. Recently, however, another MAR element,  located on the human 
X-chromosome, has been described to be more potent than the lysozyme MAR in terms of 
protein expression enhancing properties (patent application no. WO 2005/040377). Hence 
we also included the X-chromosome MAR in our analysis. We cloned the 3.35 kb X-
chromosome MAR element by PCR on human genomic DNA and verified the identity of 
the product by sequencing. 
Two UCOEs have been reported to positively influence gene expression. The functional 
domain of the so-called TBP UCOE has been mapped to a 25 kb long DNA fragment12. 
Further fine-mapping indicates that for full functionality still a 5.5 kb fragment is required 
(US patent 6,881,556 B2). In either case, these fragments are too long to be tested in the 
anti-repression assay. Furthermore, unlike as with the X-chromosome MAR elements, no 
claims have been made of whether the TBP UCOE displays more potent expression 
augmenting properties than the HNRPA2B1 UCOE. Therefore, we only isolated and 
analysed the HNRPA2B1 and CBX3 UCOE, which has been characterized in more detail12. 
Functional activity of the HNRPA2B1 and CBX3 UCOE has been shown to be confined to 
a 8.3 kb long DNA fragment. Within this larger fragment, a 2.0 kb DNA fragment still 
encompasses more than 90% of the activity of the longer fragment. Hence we isolated a 
2.65 kb long HNRPA2B1 and CBX3 UCOE by excising the corresponding DNA fragment 
from a human BAC clone (RP11-9305). This 2.65 kb DNA fragment fully contains the 
reported 2.0 kb DNA fragment12. The size of this fragment allows testing in the anti-
repressor assay. 
Finally, we compared two STAR elements throughout the analysis. In the first place we 
used the previously reported STAR element 719.  Extensive analysis of multiple STAR 
elements in the novel selection system described below, showed that not all STAR elements 
are equally potent in augmenting gene expression (unpublished observations), as noted 
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before in selection systems employing co-transfection of the selection marker19. For 
instance, the previously described STAR element 4019, is much less potent than for instance 
STAR element 7 (unpublished observation). Of the previously19 described STAR elements 
we here compare only STAR elements 7 and 44. In addition, we compared STAR element 
67, because in recent studies we found that combining STAR element 67 with other STAR 

                                                                                                                                                                                                                                                                    

Figure 1.  Which expression augmenting DNA fragments can be classified as anti-repressor 
or STAR element? 
A) Experimental strategy to identify anti-repressor or STAR elements. The heterochromatin protein 1 (HP1) 
protein was targeted as LexA fusion protein to repress the Zeocin selection gene. DNA fragments are cloned 
between the LexA binding sites and the Zeocin selection gene. Addition of Zeocin to the culture medium 
results in cell death when this DNA fragment is a random DNA fragment (upper panel). Cells survive when 
an anti-repressor or STAR element is present (lower panel).
B) Several, indicated DNA fragments were cloned between the LexA binding sites and the Zeocin selection 
gene. Only when STAR elements 7, 44 or 67 were present, cells survived after addition of Zeocin, as 
indicated by plusses. When the other indicated DNA fragments were present, cells died after addition of 
Zeocin, as indicated by minuses.
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elements has an additive, positive effect on gene expression levels22 (Patent application no. 
EP1600510).
All pSelect constructs were transfected to human U-2 OS cells that contain the LexA-HP1 
expressing plasmid, and stable pools of cells were established. Subsequently, expression of 
LexA-HP1 fusion protein was induced and Zeocin was added to the culture medium. This 
resulted in the death of cells transfected with the 2 x cHS4, 6 x cHS4 core, the UCOE, the 
lysozyme MAR and the X-chromosome MAR. In contrast, cells containing the pSelect 
vector with STAR elements 7, 44 or 67, all survived when grown in the presence of Zeocin 
(Fig. 1B). STAR elements 7 and 44 containing cells were faster growing and formed bigger 
colonies in comparison with STAR element 67 containing cells (Fig. 1B). This may indicate 
a higher strength of STAR elements 7 and 44 to block chromatin-associated repression. 
Such differences have been noted before when the original STAR screen was performed19.
This result shows that the cHS4 insulator, the UCOE and the MAR elements cannot be 
classified as anti-repressor or STAR element and probably operate by different mechanisms 
than the anti-repressor STAR elements.

STAR elements and MAR elements induce high protein expression levels in the context 
of co-transfection selection.
We cloned the 2 x cHS4 insulator, the lysozyme MAR and X-chromosome MAR up- and 
downstream of a expression cassette encompassing the CMV promoter and the d2EGFP 
reporter gene. The 2 x cHS4 configuration is most often used to test effects on reporter gene 
expression9,30. The UCOE was cloned only upstream of the CMV promoter, following the 
described configuration13. We also created two constructs with STAR elements. We used a 
combination of the STAR elements 7 and element 6722, placed upstream of the expression 
cassette and STAR element 7 downstream of the cassette. The configuration of two STAR 
elements upstream of the expression cassette and one STAR element downstream of the 
cassette was found previously to be optimal22. In the second construct we placed the 
combination of STAR elements 44 and element 67 upstream of the expression cassette and 
element 44 downstream of the cassette. The constructs were co-transfected with a plasmid 
containing the neomycin resistance gene to Chinese Hamster Ovary (CHO) K1 cells. After 
~ two weeks up to 19 colonies were isolated and after another ~ three weeks d2EGFP 
expression levels in the individual colonies were analyzed.
We did not find that incorporation of neither the 2 x cHS4 insulators nor the UCOE resulted 
in the establishment of colonies with significantly higher d2EGFP expression levels in 
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comparison to the control. The mean d2EGFP fluorescence signal of the control colonies 
was 31, of the 2 x cHS4 colonies 55 and of the UCOE colonies 27 (Fig.  2A). In contrast, 
incorporation of both the lysozyme and the X chromosome MAR resulted in a marked 
increase in d2EGFP expression levels, from the mean signal of 31 in the control colonies to 
182 in the lysozyme MAR colonies and 162 in the X-chromosome MAR colonies. 
However, greatest increases were observed with constructs containing the STAR elements. 
Incorporation of 7/67 STAR elements resulted in a mean d2EGFP signal of 363 and 
incorporation of 44/67 resulted in a mean d2EGFP signal of 387.

                                                                                                                                                                                                                                                                    

Figure 2. Effects of DNA elements on the expression levels of a d2EGFP reporter gene. 
A) Effects on gene expression levels in the context of a co-transfection selection procedure. Several DNA 
elements were cloned to flank an expression cassette consisting of a CMV promoter and the d2EGFP reporter 
gene. The different DNA elements are described below the graph and indicated as triangle. The control construct 
contained no flanking DNA elements. These constructs were transfected to CHO-K1 cells and selection took 
place with Neomycin. The Neomycin selection marker, which was under the control of the human β-actin 
(HBAP) promoter, was located on a different plasmid that was co-transfected with the d2EGFP reporter gene 
constructs. The d2EGFP value in the individual clones and the mean d2EGFP fluorescence values in these clones 
are indicated. 
B) Effects on gene expression levels in the context of a novel selection system. The same DNA elements as in A 
were cloned to flank an expression cassette consisting of a CMV promoter, a modified Zeocin resistance gene 
(TTG Zeo) and the d2EGFP reporter gene. These constructs were transfected to CHO-K1 cells and selection took 
place with Zeocin. The d2EGFP value in the individual clones and the mean d2EGFP fluorescence values in 
these clones are indicated.
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The results show that in the context of co-transfection of a selection marker, STAR 
elements have the largest positive impact on d2EGFP expression levels and that both tested 
MAR elements also induce a marked increase of d2EGFP expression levels. In this 
experimental set-up the cHS4 insulator and UCOE have no significant influence on 
d2EGFP expression levels (p=0.3265 respectively p=0.6725).

STAR elements and MAR elements induce high protein expression levels in the context 
of a novel, stringent selection system.
We recently developed a novel,  very stringent selection system to rapidly create few, but 
highly productive mammalian cell lines22. In short, we placed a selection marker with a 
startcodon that confers attenuated translation initiation frequency upstream of the gene of 
interest with a startcodon that confers optimal translation initiation31,32. From the 
transcribed bicistronic mRNA, the selection marker is translated at a low frequency, and the 
protein of interest at a high frequency. Incorporation of STAR elements in such as construct 
induced the formation of clones that expressed proteins at very high levels. 
We cloned the 2 x cHS4 insulator, the lysozyme MAR and the X-chromosome MAR up- 
and downstream of the CMV promoter--TTG Zeo d2EGFP cassette. The UCOE was cloned 
only upstream of the CMV promoter.  Similarly,  we cloned the combination of STAR 
elements 7 and element 67 upstream of the CMV promoter--TTG Zeo d2EGFP cassette and 
STAR element 7 downstream of the cassette. In the second construct we placed the 
combination of STAR elements 44 and element 67 upstream of the CMV promoter--TTG 
Zeo d2EGFP cassette and STAR element 44 downstream of the cassette. The constructs 
were transfected to CHO-K1 cells. After ~ two weeks up to 24 colonies were isolated and 
after another ~ three weeks d2EGFP expression levels in the individual colonies were 
analyzed.  
As in the co-transfection selection procedure, we did not find that incorporation of neither 
the 2 x cHS4 insulator nor the UCOE resulted in the establishment of colonies that had 
significantly higher d2EGFP expression levels. The mean d2EGFP fluorescence signal of 
the control colonies was 81, the 2 x cHS4 colonies 108 and the UCOE colonies 86 (Fig. 
2B). Again both the lysozyme and X-chromosome MAR induced marked increases in 
d2EGFP expression levels (Fig. 2B), from the mean signal of 81 in the control colonies to 
804 in the lysozyme MAR colonies and 903 in the X-chromosome MAR colonies. Also 
with the novel selection system greatest increases were observed with constructs containing 
the STAR elements. Incorporation of 7/67 STAR elements resulted in a mean d2EGFP 
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signal of 1195 and incorporation of 44/67 STAR elements resulted in a mean d2EGFP 
signal of 1323. The peak fluorescence signal with the lysozyme and X-chromosome MAR 
was 1356 and 1508 respectively, whereas with the 7/67 and 44/67 STAR elements the peak 
fluorescence signal was 2195 and 2483 respectively.
The results show that in the context of the novel selection system, STAR elements have the 
largest positive impact on d2EGFP expression levels, but also that both tested MAR 
elements induce a marked increase of d2EGFP expression levels. Furthermore, no 
significant differences between the two different MARs were observed in terms of impact 
on d2EGFP expression levels (p=0.3510). The same is true for the 7/67 or 44/67 STAR 
element combinations (p=0.5098).  Finally, also in this experimental set-up the cHS4 
insulator and the UCOE had no significant effect on d2EGFP expression levels (p=0.7175 
respectively p=0.9339).

Effects of in trans co-transfection of MAR and STAR elements.
Recently it was reported that co-transfection of MAR elements that were located on a 
separate plasmid has a large beneficial effect on expression levels of a reporter gene29. We 
performed similar, in trans experiments with both the lysozyme MAR element and STAR 7 
element. These elements were cloned into the pBluescript plasmid,  creating pBS-MAR and 
pBS-STAR 7 respectively. Either plasmid was co-transfected with the control TTG Zeo 
d2EGFP plasmid, in a molar ratio of 1:2 (Fig. 3A). This ratio was taken from the quoted 
study29. As a control we co-transfected the TTG Zeo d2EGFP control plasmid with the 
empty pBS plasmid, also in a molar ratio of 1:2.  After ~ two weeks up to 24 colonies were 
isolated and after another ~ three weeks d2EGFP expression levels in the individual 
colonies were analyzed.  
With the control TTG Zeo d2EGFP plasmid we found only four surviving colonies that 
expressed d2EGFP. The mean d2EGFP fluorescence signal of the control colonies was 61 
(Fig. 3A). Co-transfection of the control plasmid with the empty pBS plasmid resulted in no 
colonies at all. However, co-transfection of the control plasmid with pBS-MAR resulted in 
d2EGFP expressing colonies.  Five colonies emerged with an average d2EGFP signal of 
677. Co-transfection of the control plasmid with pBS-STAR 7 resulted in more d2EGFP 
expressing colonies. Ten colonies emerged with an average d2EGFP signal of 1033. These 
results confirm that in trans co-transfections of either MAR or STAR elements have a 
beneficial effect on expression levels of a reporter gene.
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We also co-transfected pBS-MAR or pBS-STAR 7 with TTG Zeo d2EGFP constructs that 
were flanked with respectively MAR or STAR elements, as described in the previous 
section. These constructs were the MAR - TTG Zeo d2EGFP - MAR (cis MAR-MAR) and 
the STAR 7/67 - TTG Zeo d2EGFP – STAR 7 (cis STAR-STAR) plasmids (Fig. 3B). These 
plasmids were transfected alone,  or co-transfected with the empty pBS, pBS-MAR or with 
pBS-STAR 7 (Fig. 3B). 

                                                                                                                                                                                                                                                                    

Figure 3. Effects of in trans co-transfection of MAR and STAR elements on the expression 
levels of a d2EGFP reporter gene. 
A) The X-chromosome MAR and STAR 7 were cloned in pBluescript, to create pBS-MAR or pBS-STAR 7 (as 
described below the graph and indicated as triangle). These constructs were in trans co-transfected with a 
reporter gene construct consisting of the CMV promoter, the TTG Zeo resistance gene and the d2EGFP reporter 
gene. The constructs were co-transfected to CHO-K1 cells as indicated and selection took place with Zeocin. 
The d2EGFP value in the individual clones and the mean d2EGFP fluorescence values in these clones are 
indicated. 
B) As in A, but now the reporter gene construct consisted of either a MAR or STAR 7/67 flanked CMV 
promoter, TTG Zeo- d2EGFP gene expression cassette. In case of the MAR flanked construct, pBS-MAR was 
in trans co-transfected, in case of the STAR 7/67 flanked construct, pBS-STAR 7 was in trans co-transfected..
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 Transfection with the MAR - TTG Zeo d2EGFP – MAR plasmid alone resulted in 
(Fig. 3B) 19 d2EGFP expressing colonies, with an average d2EGFP signal of 898. Co-
transfection with the empty pBS resulted in a decrease in the number of d2EGFP expressing 
colonies (five) and a decrease in the average d2EGFP signal (490) (Fig.  3B). Co-
transfection with the pBS-MAR resulted in seven d2EGFP expressing colonies, with an 
average d2EGFP signal of 582 (Fig. 3B). 
A similar picture was found with co-transfection of STAR 7/67 - TTG Zeo d2EGFP – 
STAR 7 and either the empty pBS or pBS-STAR 7 plasmid. Transfection with the 
STAR7/67 - TTG Zeo d2EGFP – STAR 7 plasmid alone resulted in 24 d2EGFP expressing 
colonies, with an average d2EGFP signal of 1243 (Fig. 3B). These were the highest 
d2EGFP values achieved in this set of experiments, and with the largest number of 
colonies, thereby replicating the results presented in Fig. 2. Co-transfection with empty 
pBS plasmid resulted in a decrease in the number of d2EGFP expressing colonies (eight) 
and a decrease in the average d2EGFP signal (674) (Fig. 3B).  Co-transfection with pBS-
STAR 7 resulted in ten d2EGFP expressing colonies, with an average d2EGFP signal of 
827 (Fig. 3B). 
In conclusion, we find that in trans co-transfection with either MAR or STAR element 
together with a control TTG Zeo construct has a beneficial effect on the expression level of 
a reporter gene. In contrast,  in trans co-transfection of a MAR or STAR element with 
respectively an in cis MAR-MAR or STAR-STAR construct does not result in an increased 
number of colonies nor in increased d2EGFP expression levels. Finally,  the in cis 
STAR7/67 - TTG Zeo d2EGFP – STAR 7 plasmid induces the highest colony numbers as 
well as the highest d2EGFP expression levels.

Discussion

In recent years several DNA elements have been claimed to be beneficial for gene 
expression. A problem with these reports is, however, that the employed expression systems 
are very diverse (reviewed in4). This excludes a fair comparison between these diverse 
classes of DNA elements. In this study we compare several elements and do this in the 
context of two different selection systems.  Furthermore, we test whether the reported DNA 
elements have anti-repressor properties. From this last analysis it appears that DNA 
elements such as the cHS4 insulator, UCOE and MARs can not be classified as anti-
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repressor or STAR elements, as defined by the anti-repressor assay we developed19,21. This 
indicates that these elements operate in a different manner. In some cases this is not difficult 
to envision. By definition, Matrix Attachment Regions (MARs) are DNA elements that bind 
to the nuclear matrix, a proteinous structure in the cell nucleus.  As such they are thought to 
be involved in creating higher order structuring of chromatin in topologically independent 
loops15,16.  One hypothesis is that the expression of multiple genes that reside in such loops 
are co-ordinately regulated. Hence MARs may have a predominant structural function in 
gene organization. In contrast, Ubiquitous Chromatin Opening Elements (UCOEs) consist 
of divergent promoters of ubiquitously expressed housekeeping genes. It can therefore be 
envisioned that potentially direct effects of UCOEs on promoters differ mechanistically 
from more indirect effects of MARs on gene regulation through a structural, gene-
organizing manner. The same reasoning can be followed for anti-repressor elements that 
were identified and isolated by their virtue to survive in a selection system that uses 
chromatin-associated repression. The diverse identification backgrounds of the distinct 
DNA fragments already suggest different modes of operation.
How do claims hold up that these DNA elements elevate gene expression? Neither the 
cHS4 insulator in different configurations, nor the UCOE have a beneficial effect on gene 
expression in our experimental set-up. The cHS4 insulator was previously shown to induce 
only modest increases of transgene expression in CHO-K1 cells10. An explanation could be 
that the cHS4 insulator is derived from the β-globin LCR, whose action is erythropoetic cell 
line specific. Several reports indeed show beneficial effects of the cHS4 insulator in 
erythropoetic related cell lines9,25,26,33. We do,  however, not have such a potential 
explanation for the lack of effects of the UCOE in our experimental set-up, particularly 
because the used, small DNA fragment was shown to retain full functionality12. 
In two different selection systems we find that only STAR elements and MARs indeed have 
a profound, positive effect on gene expression levels. Overall the STAR elements have the 
most potent,  beneficial effects on gene expression, in both tested selection systems. We 
have compared two different MARs because several reports claim positive and negative 
effects of MARs, which can largely be attributed to the use of different MARs in different 
cell lines. Hence we compared two MARs to see how consistent results are amongst this 
class of elements, and in our hands the two different MARs behave similarly. Secondly, the 
X-chromosome MAR has been reported to be superior to the lysozyme MAR (patent 
application no. WO 2005/040377). We do, however, not observe significant differences in 
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the effects of the two MARs on reporter gene expression levels. The same is actually true 
for the two different 7/67 and 44/67 STAR elements combinations we tested.
To really assess the large increase in reporter gene expression,  induced by STAR elements 
and MARs, one should compare the control expression levels with the often-used co-
transfection selection system and the recently reported, novel selection system which was 
developed in the context of STAR elements.  In this system, a selection marker with a start 
codon that confers attenuated translation initiation is placed upstream of the gene of interest 
with a start codon that confers optimal translation initiation. Due to this configuration the 
system is forced to express a bicistronic mRNA at very high levels to produce enough 
resistance marker protein for cell survival. Due to the optimal translation initiation codon, 
the presence of high levels of the bicistronic mRNA simultaneously results in a high level 
of the downstream translated protein of interest.  We developed this system in the context of 
anti-repressor or STAR elements that were previously shown to enhance expression levels 
of proteins in mammalian cells19,22.  For instance, incorporation of 44/67 STAR elements in 
the novel selection system resulted in a mean d2EGFP signal of 1323, versus a mean 
d2EGFP signal of 31 in the control colonies derived from co-transfection selection. Hence 
the novel selection system combined with STAR elements results in large increases of 
d2EGFP expression levels. In this context it should be emphasized that MAR elements are 
commonly used only in the co-transfection selection system29. One of our main conclusions 
is,  therefore, that also MAR elements can greatly benefit from the novel high stringency 
selection system. 
We further confirm the reported positive effects of MAR elements when co-transfected in 
trans, along with a gene of interest. We modified the reported experimental set-up slightly 
in the sense that we took the TTG Zeo d2EGFP constructs as target reporter construct,  and 
not a set-up in which the selection marker is co-transfected29. We did this because we 
wanted to assess whether our novel selection system could be further boosted by co-
transfection in trans. In this set-up we could indeed repeat the in trans effects when the 
control TTG Zeo d2EGFP construct was used as target construct. Both MAR and STAR 
elements,  located on separate constructs, induced positive in trans effects on both colony 
numbers and gene expression levels.  However, when in cis MAR- or STAR-flanked TTG 
Zeo d2EGFP constructs were used as target, negative effects were observed, both in terms 
of colony numbers and in d2EGFP expression levels.  This might imply that optimal 
expression has been reached with the in cis MAR- or STAR-flanked TTG Zeo d2EGFP 
configuration and that higher d2EGFP expression levels are not possible. If this is true, co-
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transfecting of extra pBS-MAR of pBS-STAR plasmids might simply dilute the 
corresponding in cis MAR- or STAR-flanked TTG Zeo d2EGFP constructs. Since a cell can 
stably integrate only a limited number of transfected DNA molecules, a lower number of 
stably incorporated TTG Zeo d2EGFP reporter copies will result in lower d2EGFP 
expression levels. Whatever the mechanistic explanation, our results indicate that using a 
single in cis construct that incorporates either STAR or MAR elements in the context of our 
novel selection system, is the most simple and effective approach to achieve high protein 
expressing clones.
To summarize, of four types of claimed expression augmenting DNA fragments, both 
STAR and MAR elements have large effects on reporter gene expression levels. However, 
both STAR and MAR elements benefit most from our recently developed selection system. 
Reported in trans co-transfection effects work only in the context of a control construct that 
provides inferior colony numbers and expression levels. Most efficient is an in cis 
approach, in which either STAR or MAR elements are combined with our novel selection 
system. This selection system is so stringent that it eliminates virtually all low-producing 
clones.  When combined with STAR or MAR elements, the selection system holds a 
promise to become a useful biotechnological tool for the rapid creation of few, but high 
protein expressing clones.

Experimental Protocol

Vector constructions. 
We cloned a number of potential expression augmenting DNA fragments upstream and 
downstream of an expression cassette encompassing the hCMV promoter, the modified 
Zeocin resistance gene TTG Zeo and the d2EGFP reporter gene. These fragments were: 
a tandem of two 1.3 kbp fragment with the 5' hypersensitive site of the chicken β-globin 
locus9, the 1.7 kbp long, six times core element of the 5' HS element34, a 2.96 kbp fragment 
encompassing the chicken lysozyme MAR element28, a 3.35 kbp fragment encompassing 
the human MAR element from the X chromosome (patent application no. WO 
2005/040377),  and the 2.6 kbp long HNRPA2B1 and CBX3 UCOE12,13 (only upstream).
The UCOE was isolated by excising the 2.6 kbp NotI-KpnI DNA fragment from a human 
BAC clone (RP11-9305). The human X chromosome MAR was isolated by PCR on human 
genomic DNA, using the following primers:
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5’ AGGCGGGCCCAGTACGGATCCCTTTATAAAACCACAATATAATG 3’
3’ AGGCGGCCCGTACGAGAGGATCCCTATGCTGCTGGTTTACAG 3’
We further cloned the combination of anti-repressor elements 7/67 and 44/67 upstream of 
the expression cassette and anti-repressor element 7 or 44 respectively downstream of the 
cassette.

Transfection and analysis of clones. 
CHO-K1 cells were grown in HAM F12 medium (Invitrogen),  supplemented with 9% FBS. 
1x106 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the 
manufactures protocol. One day after the transfection,  cells were seeded to petri dishes and 
selection agent was added to the culture medium (500 µg/ml G418 or 150 µg/ml Zeocin). 
The cells are cultured for ~2 weeks, until stably transfected cell clones were formed. Clones 
were picked, transferred to 6 wells plates and expression of d2EGFP fluorescence levels 
were analyzed using flowcytometry (Beckman Coulter,  EpicsXL). All reported d2EGFP 
expression data were obtained ~5 weeks after transfection.

Statistical analysis. 
Statistical analysis was performed using Graphpad Prism 4 for Windows.
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What have we achieved?

Identification of STAR elements, a novel class of genetic elements
In chapter one, the general introduction, we describe the problems that are encountered with 
the commercial production of recombinant therapeutic proteins. In essence, low 
predictability of creating protein-producing clones, low protein expression levels or yield 
and finally, instability of expression over time. In this thesis all of these problems have been 
addressed. First we will discuss what we have achieved in trying to solve these problems.
Our approach was novel in the sense that we envisioned that epigenetic silencing of gene 
expression plays an important role in the production problems. Our first action was to 
identify genomic DNA elements that are able to counteract these epigenetic chromatin-
associated gene repression mechanisms and apply these elements to improve the expression 
of a transgene. This resulted in the isolation of multiple anti-repressor elements or STAR 
elements1. In what aspects are STAR elements different from the other DNA elements that 
have been employed to enhance gene expression? Virtually all these DNA elements have 
been identified with a fundamentally different underlying idea in mind.  For instance, MARs 
were initially identified as stretches of DNA that bind to the nuclear matrix, hence the name 
Matrix Attachment Regions2-4. Only later these elements were tested for potentially 
beneficial effects on gene expression5,6. In contrast with MARs, improving the stability of 
transgene expression was the goal and rationale to search for Ubiquitous Chromatin 
Opening Elements (UCOEs), which consist of divergently oriented promoter regions of 
ubiquitously expressed house keeping genes7-9. Finally, the cHS4 element was identified by 
virtue of its ability to block the interaction between an enhancer and a promoter and hence 
is called an insulator10, a rather broadly defined class of elements. From the start, the cHS4 
element was claimed to convey position-independent expression of a transgene11.  This 
property of the HS4 element is thought to result in the induction of more transgene-
expressing colonies. We have coined the term predictability for this property. In fact, there 
are only scant indications in the literature that the cHS4 induces higher gene expression 
levels as well12. Our results (see also below), indicating that the cHS4 does not enhance 
gene expression, are therefore not surprising, when the original claims for the cHS4 
insulator are closely examined.
One obvious question concerning STAR elements is whether they share sequence motifs 
with the other mentioned DNA elements. The answer is in essence no. The smallest DNA 
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element we compared is the cHS4 insulator,  which encompasses an important recognition 
sequence for the transcription factor CTCF. The binding of CTCF to the cHS4 insulator is 
essential for the cHS4 to operate properly13,14. No CTCF binding sites have been found in 
STAR elements. Another example is UCOEs, which encompass divergently oriented house 
keeping gene promoters. No putative promoter sequences have been noted in STAR 
elements.  Finally, MARs are defined by a list of properties, such as topoisomerase sites and 
long AT rich stretches2. These properties have been incorporated in ‘search and identify’ 
programs that are able to recognize and even predict a MAR sequence. When STAR 
elements are run through such programs,  they are not recognized as MAR. This short list 
indicates that STAR elements belong to a different class of genetic elements, at least at the 
level of the primary sequence.

Although the above emphasizes the differences between the DNA elements, they should not 
be overstated. As shown in chapter two, STAR elements, for instance act as powerful 
enhancer blockers as well.  This indicates that the different elements share functional 
properties and that the differences between the elements are more artificial than we 
currently known. In this thesis the emphasis lies on the functional, operational effects of 
STAR elements on gene expression. As will be discussed below, there may, however, be a 
common underlying molecular mechanism involving chromatin structure. Changes in 
patterns of histone modifications may be of importance for the action of at least both the 
cHS4 insulator and STAR elements.

Predictability of expression
Predictability of expression relates to one of the main problems of producing recombinant 
therapeutic proteins: Selection with traditional systems often results in many clones that do 
not express the recombinant protein at all. In case of the often-used co-transfection 
selection system this can be tentatively explained. In the first place, the selection gene is 
often coupled to a strong (viral) promoter. This results in high expression levels of the 
selection gene. However, most selection genes encode for enzymes that inactivate a toxic 
precursor in the medium. Even trace quantities of such enzymes are sufficient to assure cell 
survival. Driving the expression of these enzymes by strong promoters is therefore in fact 
very contra-productive! An example of such an enzyme is the often-used Neomycin 
resistance protein, which is considered to be a low-stringency selection marker (see below).  
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Secondly,  the plasmid on which the resistance gene resides is often different from the 
plasmid that harbours the gene of interest (GOI). These two plasmids are therefore co-
transfected, which in general results in lowering the selection stringency of the system. 
Why is that?  The selection gene containing plasmid is commonly co-transfected in low 
molar ratios compared to the plasmid with the GOI (eg. selection gene: GOI 1:10). The 
reason for using these ratios is because it is taken for granted that this co-transfection 
warrants co-integration of both plasmids into the host genome. Overabundance of the GOI 
would not only guarantee the presence of this gene, but also result in higher expression 
levels of the GOI in comparison to the selection marker. There is no need for the cell to 
have more than one or few copies of the selection gene, as explained above. These few 
copies are sufficient to provide all the necessary selection protein to overcome the selective 
pressure. However, it is still possible, and actually quite common, that a cell incorporates 
only the resistance gene and no GOI, resulting in resistant clones that do not produce any 
protein of interest. In practice, there will usually be relatively low copy numbers of the GOI 
and ultimately low expression levels. Therefore, although still most commonly employed, 
co-transfection of the GOI with an enzymatic selection marker is not very effective.
The use of a non-enzymatic selection marker is already a major improvement.  The Zeocin 
resistance protein, for instance, forms a dimer that stoichiometrically binds one Zeocin 
molecule. To effectively neutralize all Zeocin molecules, many more Zeocin resistance 
protein molecules have to be produced than if it were an enzyme such as the Neomycin 
resistance protein. This more stringent selection will favour integration of more copies or at 
better genomic locations also leading to more copies of the GOI.
Another improvement is not to co-transfect the plasmids encompassing respectively the 
selection marker gene and the GOI. Instead of using two separate plasmids to express the 
GOI and the selection marker,  a single plasmid expressing both genes can be used. 
Obviously, such plasmids are more difficult to make, because they are larger.  Although 
being an improvement over the co-transfection system, this system still does not warrant a 
high degree of co-expression of both genes. This is because the GOI and the selection 
marker still form two independently regulated expression cassettes. 
The only way to guarantee co-expression of both genes is to express both proteins using a 
single bicistronic mRNA. This mRNA results from coupling the gene of interest to the 
selection marker gene through an Internal Ribosome Entry Site (IRES) sequence. Now the 
selection marker is not independently regulated from the gene of interest. A warning is 
appropriate though. The use of the IRES can result in high expression levels of for instance 
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the Neomycin resistance protein, something one would like to avoid, as explained above. 
Therefore a so-called attenuated IRES is often used. This IRES still uses the benefits of a 
bicistronic mRNA, but it employs a lower translation initiation frequency of the second 
gene, in this case the selection marker gene. Particularly the use of an attenuated IRES, in 
combination with the stringent Zeocin selection marker, is very effective and results in the 
creation of a very stringent selection system. However, companies like Invitrogen still sell 
the Neomycin resistance gene, placed behind a strong IRES sequence. 
We elaborated on these insights in chapter two, where we initially incorporated the STAR 
elements in plasmids that were co-transfected with a plasmid that contains the Neomycin 
resistance gene. Since we observed many more colonies, due to the incorporation of the 
STAR elements, this allowed a more stringent selection to obtain high-producing clones 
and simultaneously eliminate the low-producing clones.  The change from the co-
transfected Neomycin resistance gene to the Zeocin resistance gene, coupled through an 
attenuated IRES sequence greatly improved the effectiveness of the system. The vast 
majority of non- and low-producing colonies were automatically omitted from the screens 
and subsequent analysis. Apparently, these low-producing colonies did not produce enough 
Zeocin selection marker protein to eliminate the Zeocin selection agent effectively. The 
colonies that survived indeed displayed higher protein expression levels than with the co-
transfection selection system (see chapter two). Following up on these insights and results, 
we developed the STAR-Select system. As described in Chapter four, we achieved that only 
a very limited number of colonies now survive, usually about tenfold less than with the 
attenuated IRES-Zeocin system. This is not only a significant improvement over the already 
stringent IRES-Zeocin selection system; it is a huge improvement when compared with the 
co-transfection methodology that is still often used. 
We are not aware of comparable selection systems that convey similar high selection 
stringencies. Probably closest in stringency are the GS-CHO selection system15,16, 
developed by the biotechnology company Lonza , and the dhfr intron-selection system17, 
developed by Genentech. Both systems employ metabolic markers for selection.  The GS-
system was developed in NS0 cells that miss the enzyme to synthesize the amino acid 
glutamine. Only when a plasmid is transfected that harbours the glutamine synthetase (GS), 
the cell can survive. This system has been claimed to be very stringent. One drawback is, 
however, that only NS0 cells miss this enzyme. All other mammalian cells have at least one 
intact allele of the GS gene and the resulting GS protein needs to be repressed to be useful 
as selection marker.
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The dhfr intron-system utilizes differential splicing to produce two proteins from a single 
bicistronic primary transcript. Most of the RNA is being spliced and translated into the 
GOI, a small percentage of the primary transcript however is not being processed and 
translated into the dhfr protein. This system was developed in DUXB11 cells (dhfr-) and in 
close analogy to the GS-system it requires inhibition of endogenous dhfr to operate in other 
(dhfr+) cell lines.

In summary,  many selection systems are available to create mammalian cell lines that 
harbour stably integrated transgenes. Although it might appear that the use of stringent 
selection systems encompasses all the advantages of having to screen less clones to find 
higher producers, use of the least stringent selection system of all, co-transfection of the 
Neomycin selection marker,  is still common. Also ‘vector’ companies such as Invitrogen 
still support and sell many selection systems that are suboptimal, to say the least. Below we 
will elaborate on the advantages of using the highest selection stringency possible.

Selection stringency, an important key in solutions for production problems
As explained above, the most apparent, early noted effect of STAR elements was the 
induction of up to tenfold more surviving colonies.  This introduced the problem that to find 
THE highest producing clone, screening of even more clones than without STAR elements 
was required.  Initially we solved this problem by creating a bicistronic mRNA in which the 
gene of interest was coupled to the selection marker through an attenuated IRES sequence 
(chapter two and the discussion above). This created a more stringent selection system and 
resulted in killing of the majority of emerging clones.
In theory,  the selective pressure of this system can be increased unlimited. One could just 
raise the concentration of selection agent in the culture medium. Particular with the 
stoichiometrically operating Zeocin selection system, adding more Zeocin molecules to the 
medium would just outnumber the Zeocin resistance protein molecules. However, probably 
due to toxicity of the Zeocin selection agent, this approach has its practical limits. Often we 
have observed that cells appear to revert to become resistant to Zeocin,  without producing 
any protein of interest at all (unpublished observations). What lies at the basis of this effect 
is unknown, but it certainly sets a limit to endless raising concentrations of Zeocin, or any 
other selection agent for that matter. 
Compared to the traditional co-transfection approach, with the IRES Zeo selection system 
we observed a significant reduction in the number of emerging colonies and a marked 
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increase in protein expression levels.  To elaborate on these findings, we designed a novel 
selection system, called STAR-Select. The STAR-Select system employs translation 
initiation principles that have never been used in such applications before. This makes the 
STAR-Select system a novel concept. Although in chapter four only the use of the Zeocin 
selection marker is described, the STAR-Select system has also been successfully used with 
other, more commonly used markers such as Neomycin and Blasticidin (unpublished 
results). This makes the STAR-Select system versatile and broadly applicable. One 
application, for instance,  is to place two different selection markers upstream of the light 
and heavy chain of a monoclonal antibody. Such selection on two independently regulated 
genes, allows the isolation of even fewer clones that display higher antibody expression 
levels (unpublished results). One further advantage of the novel STAR-Select system is that 
the stringency can easily be modulated. This is important because every cell line has 
different sensitivities towards specific selection agents. In fact this complicates easy 
expression of recombinant therapeutic proteins in the diverse range of different cell lines 
that are in use by biotechnology companies. It is unavoidable that every different cell line 
needs to be titrated for a particular selection agent. In case a cell line is too sensitive for a 
specific selection agent to allow efficient formation of enough clones for analysis, this is an 
inherent problem of this cell line. In the STAR-Select system, however, the selection 
marker can be changed itself. Instead of the described TTG Zeo modification in the STAR-
Select system (see chapter four),  now for instance a less stringent GTG Zeo modification 
(the GTG triplet has a higher translation initiation efficiency then the TTG triplet) can be 
used. This in turn allows the use of higher Zeocin concentrations in the culture medium, 
which can be useful to find an optimum selection regime for the particular cell line.
Beside the practical utility of the novel STAR-Select system, its most important 
fundamental implication is that it shows the power of STAR elements at their best.  The 
initial observations after application of STAR elements were the increased number of 
colonies. Even in equal numbers of colonies picked and analyzed, we found small but 
consistent increases in protein expression levels.  Without performing large-scale screens 
and analysis of thousands of colonies it would have been impossible to determine the factor 
by which STAR elements can enhance protein expression levels.  By eliminating the vast 
majority of low-producing colonies, we kept only a small population of colonies that indeed 
showed large increases in protein expression levels. Hence we conclude that in the context 
of the STAR-Select system the positive effects of the STAR elements on gene expression 
become most clear. This statement can even be extended to MAR elements. Although these 
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elements have been around for a long time, reports on beneficial effects on protein 
expression levels have been conflicting5,6. We show (chapter five) that MARs indeed have a 
large, positive effect on protein expression levels. As with STAR elements, these effects 
become, however, only apparent in the context of the very stringent STAR-Select system.

Yield improvement.
Where do we stand in respect to increasing protein expression levels? The easiest answer is 
to show a comparison with and without STAR elements in the context of several selection 
systems. In Figure 1, d2EGFP expression levels in stably transfected clones are shown. 
Take for example the two extremes: co-transfection without STAR elements as compared to 
STAR-Select with STAR elements. The average d2EGFP fluoresence level in colonies 
emerged after co-transfection without STAR elements is 11. The average d2EGFP 
fluorescence level in colonies emerged after transfection with the STAR-Select system, 
with STAR elements is 971, and increase of a factor 88. Although these effects are 
enormous, care should be taken with its interpretation. For one, d2EGFP fluorescence data 
cannot be simply extrapolated to real, secreted recombinant therapeutic proteins. For 
instance, as discussed in chapter five,  marked increases in EPO expression levels were 
achieved but it is apparent that these are no ‘factor 88’ increases. Obviously, other 
parameters such as proper protein folding and/or secretion may limit the production of 
secreted proteins. This said, however,  our reported EPO values are still high, in comparison 
with values that have been reported in the literature18-20.  Specifically, the EPO expression 
levels after dhfr-mediated gene amplification are still lower than what we report. It is 
significant that our values are achieved after one round of transfection and selection, 
whereas dhfr-mediated EPO production required multiple rounds of amplification and 
subcloning, as outlined in the introduction.  In conclusion, even when compared to the best 
systems available up to now, GS- and dhfr-mediated gene amplification,  STAR-Select 
stands out positively. Also expression levels of a monoclonal antibody in CHO-K1 cells are 
high and amongst the highest levels that have been reported in the literature (unpublished 
results). 
One potential explanation for the high protein expression levels was that application of the 
stringent STAR-Select system might lead to these high expression levels because of the 
introduction of many more gene copies, as is the case with dhfr-mediated gene 
amplification. One surprise was that this does not seem to be the case. It appears that 
overall the numbers of genes that are stably incorporated remain well under 50. This is low 
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in comparison with dhfr-mediated gene amplification, which can involve thousands of gene 
copies.  It implies that the expression level per gene copy is higher than that per gene copy 
after dhfr-mediated gene amplification. In fact, even in the high-producing clones we 
observe copy number dependent gene expression. This result also provides strong evidence 

                                                                                                                                                                                                                                                                    

Fig 1. Frequency histograms of GFP expression in stable clones minus and plus STAR-elements 
in various selection systems. 
Up to 100 stable clones minus and plus STAR-elements are analyzed for GFP expression. Selection was 
performed by either co-transfection of the selection marker (A), IRES coupled selection (B) or the novel STAR-
select system (C). Significantly higher expression levels were seen in all three selection systems when STAR-
elements were present compared to control constructs without STAR-elements. Increased stringency of selection 
leads to higher expression levels, with STAR-select being the most stringent selection system. 

136

Chapter 6



for the positive effects of STAR elements on gene expression levels.  If similar gene copy 
numbers had been found as with dhfr-mediated gene amplification, no positive effects by 
the STAR elements on the promoter would have been required. Higher gene copy numbers 
alone would have explained the higher expression levels. Instead, STAR elements in the 
STAR-Select system strongly enhance promoter activity to allow the introduction of much 
less gene copies than with dhfr-mediated gene amplification. This enhanced gene activity 
results in high enough TTG Zeo protein levels for the cell to survive.
A final remark is in place when it comes to the combination of STAR elements and the use 
of chromatin-opening enzymes such as the histone acetyltransferase (HAT) p300. We noted 
an additive effect of STAR elements and targeted LexA-p300HAT to the promoter. These 
experiments were performed in the IRES Zeo selection system. It would be interesting to 
see whether combining targeted p300HAT also has an additive effect in the context of the 
STAR-Select system. One could argue that the STAR-Select system is so stringent, that 
only optimal-context clones can survive the selection.  The effects of the opener enzymes 
described in chapter three could well be limited to those clones with a ‘mediocre’  site of 
integration: a non-optimal chromatin context around site of integration that still warrants 
high enough protein expression to survive the already stringent IRES-Zeo selection.

Effects of several DNA elements on protein expression: a comparison 
In chapter one, we outlined the claimed effects on gene expression of several DNA 
elements that have been identified and employed in recent years. In table 1 we repeat this 
and add the results with STAR elements described in this thesis. STAR elements fall in the 
same functional category as MARs and UCOEs, in the sense that they induce increased 
promoter activity, and stability of expression,  in a cell type and promoter independent 

                                                                                                                                                                                                                                                                    

Element Size Increased 
expression

Stability of 
expression

Cell type 
specific

Promoter 
independent

Copy number 
dependency

LCR21 16 kb ? Yes Yes No Yes
cHS422,23 1.2-2.4 kb ? Yes ? ? No
UCOE8,9 2.5-8 kb Yes Yes No Yes ?
MARs5,6 ~3 kb Yes Yes No Yes No
STAR1,24 0.5-2 kb Yes Yes No Yes Yes

Table 1. Reported characteristics of the described epigenetic regulatory DNA elements. 

(?: Unknown or inconsistent results) From: Trends in Biotechnology 2006 Mar;24(3):137-42
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fashion. In contrast to MARs and UCOEs,  we describe in chapter 2, 3 and 4 that STAR 
elements also convey copy number dependent gene expression.  Hence it appears that STAR 
elements form a different class of genetic elements than MARs and UCOEs. This point is 
extensively discussed in chapter five, where we directly compare several DNA elements 
with STAR elements. For instance, it appears that DNA elements such as the cHS4 
insulator,  UCOE and MARs are no anti-repressor or STAR elements, as defined by the anti-
repressor assay we described in chapter two. This indicates that these elements operate in a 
different manner. STAR elements were identified and isolated by their virtue to survive in a 
selection system that uses chromatin-associated repression. In contrast, Matrix Attachment 
Regions (MARs) are DNA elements that bind to the nuclear matrix and are thought to be 
involved in creating higher order structuring of chromatin in topologically independent 
loops. As such MARs may have a predominant structural function in gene organization. 
Ubiquitous Chromatin Opening Elements (UCOEs) consist of divergently oriented 
promoters of ubiquitously expressed housekeeping genes.  It can therefore be envisioned 
that potentially direct effects of UCOEs on promoters differ mechanistically from more 
indirect effects of MARs on gene regulation through a structural, gene-organizing manner.
From chapter five it also becomes clear that the MARs and STAR elements have both 
profound positive effects on gene expression levels. In our hands neither the cHS4 nor the 
UCOE had such effects. It is in particular clear that the novel STAR-Select system is 
beneficial for both MARs and STAR elements.  As outlined in chapter five, the system the 
biotechnology company Selexis uses is a complex co-transfection protocol in which MARs 
are co-transfected and super-transfected in trans. Although we could repeat part of these 
results, this protocol only works properly in the context of this low-stringent co-transfection 
system. Another way of representing the data in chapter five is to draw a direct comparison 
between what other groups and Selexis claim, and what we achieved in the context of 
STAR-Select.  This again reinforces that the best operating DNA elements are MARs and 
STAR elements. However, both should be used in the context of STAR-Select to gain the 
largest increases in gene expression.
Finally, how could one graphically present the effects of STAR elements, either when used 
alone or in the context of STAR-Select? Although we currently do not know the underlying 
molecular basis of the positive action of STAR elements,  we can say a lot more about what 
they operationally do. As shown in the upper panels of Figure 3, protein expression levels 
are limited due to the stringency of the selection system. Raising the selection stringency 
through the addition of more selection agent to the culture medium eventually has its limits 
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and usually results in cell death (upper, left panel). Application of STAR elements somehow 
changes the form of the curve (lower, left panel). With similar selection stringencies, 
protein expression levels are now raised from 1 to ~2.4 (arbitrary units). With STAR-Select, 
however, the selection stringency is raised, and now protein expression levels of ~5 can be 
reached. 

                                                                                                                                                                                                                                                                    

Fig 2. Comparison of various expression augmenting DNA elements. Up to 24 stable clones 
were tested for each construct. 
(A) Modest effects of the expression augmenting DNA elements are seen in a low stringency selection 
system (co-transfection). (B) Some, but not all, DNA elements show marked increases in GFP expression 
levels when used in the STAR-select system. The dotted line compares the levels of expression with and 
without STAR and STAR-select technology. Compared to other expression augmenting DNA-elements, 
STARs operate best in the classical co-transfection system. Both MARs and STARs operate very well in 
the STAR-select system, increasing expression levels up to tenfold compared to the control.
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In a similar fashion, one can analyze colony numbers.  It is a well-established fact, which is 
also demonstrated several times in this thesis that lowering selection stringency will result 
in the emergence of more colonies (upper, right panel).  Here again the form of the curve is 
changed by introduction of STAR elements (lower, right panel).  With similar selection 
stringencies, now more colonies emerge (arbitrarily from 1.4 to 2.2),  as has been described 
in this thesis. However, raising the selection stringency with the STAR-Select system 
lowers the relative number of emerging colonies to 1.

                                                                                                                                                                                                                                                                    

Fig 3. Schematic action of the STARs and the STAR-Select system. 
Both the level of expression (A) and the number of colonies (B) is dependent on the stringency of 
selection. Using the same stringency, shielding the transgene with STAR-elements increases both the 
levels of expression (C) and the number of colonies (D). Increasing stringency of selection will eventually 
lead to cell death (A,B, C and D). In the novel STAR-select system, unprecedented levels of stringency 
can be achieved which will lower the number of colonies but heighten the expression levels (C and D, 
Red arrows). 

140

Chapter 6



What has not been solved?
Until now we have not discussed the important issue of stability of gene expression in 
relation to the application of STAR elements. As shown in chapters two and three, we 
observed increased stability of gene expression when STAR elements were applied, either 
alone or in combination with targeted LexA-p300HAT protein to the promoter of the 
reporter gene. However, we faced a fundamentally different situation when we tested 
stability in the context of the STAR-Select system. The vast majority (>95%) of the tested 
colonies showed loss of the extremely high expression levels (Figure 4C). However, the 
expression levels did not drop back to zero, as others and we have often noted when no 
STAR elements were incorporated in the construct at all. Instead, when the selection agent 
(Zeocin) was removed from the culture medium, the average expression levels in the clones 
went back to ~30-45% of the original expression levels. These expression levels remained 
stable over prolonged periods of time. Interestingly, these expression levels became 
comparable with those that we achieved with STAR elements in the context of the IRES 
Zeo selection system described in chapters 2 and 3. This could point towards a mechanism 
in which the levels of stable expression in the absence of selective pressure are restricted to 
an upper limit, for instance to ensure fast enough cell growth.  This situation could well be 
compared with a steady state level of expression, albeit without the absolute need for the 
cell to produce the exogenous proteins. There were, however, some puzzling observations 
in this regard. When only low concentrations of selection agent Zeocin was present in the 
culture medium, the expression levels did remain stable over a long period of time (Figure 
4B). The Zeocin concentration could even be lowered to a point that wild type cells would 
no longer die due to the toxicity of the Zeocin. It is striking that the potent performance of 
the STAR-Select selection system, can be maintained by sub-lethal doses of selection agent. 
Furthermore, when Zeocin was added to clones that had lowered or lost their expression 
upon removal of selective pressure, we observed a significant amount of cell-death. 
However, a large proportion of the cells survived and regained exactly the same high 
expression levels as before the selective pressure was removed. This points to a certain 
flexibility in the system. If, for instance, all cells would harbour selection genes that were 
silenced by heterochromatization after removal of the selection pressure, re-activation of 
these genes might be very difficult,  if not impossible. This would inevitably lead to death of 
all cells. This notion was reinforced by other observations. When the integrated copy 
numbers of the constructs were monitored, loss of expression after removal of selection 
pressure did on average not result in loss of gene copies. Instead, the expression per copy 
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became lower. When selection pressure was reintroduced, the copy number did on average 
not increase, but the expression per copy was increased (unpublished observations). 
Taken together, these observations indicate that instability of expression in most clones is 
not due to loss of gene copies or permanent silencing. Instead the system shows a 
remarkable flexibility in the sense that the promoter activity is modulated by the presence 
of absence of selection pressure. Since only a low activity of the promoter is required to 
produce enough Zeocin resistance protein for cell survival, it appears that the only 
requirement for long-term stability is a low, but constant level of transcription through the 
expression units. There are precedents for such a scenario. It was shown that intergenic 
transcription in the β -globin gene cluster is required for chromatin remodelling and β-
globin gene expression25. Induction of this intergenic transcription in non-erythroid cells 
led to the expression of the erythroid specific β-globin genes26.

                                                                                                                                                                                                                                                                    

Fig 4. Improved stability using sub-lethal doses of selection. 
The average expression of 24 stable STAR-select clones (containing STARs 7 and 67) was followed for 105 
days after transfection. Initial selection took place under normal conditions (150 Zeo). Three weeks after the 
transfection, expression levels were measured by FACS analysis and the clones were splitted and grown on 
three selection conditions. Complete removal of selective pressure led to a marked drop in average expression 
levels. A sub-lethal dose of selection (25 Zeo) is enough for expression levels to remain at the same high level 
as under normal selection conditions (150 Zeo), expression levels remain stable for at least 3 months. 
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How does it work?

Throughout this thesis the important topic of how STAR elements work has been treated as 
an enigma. What we and others have shown is that STAR elements are functionally highly 
conserved.  These human DNA elements function as anti-repressors in a human cell-line, 
they improve transgene expression in both human and hamster cell-lines and they protect 
transgenic constructs from silencing in transgenic mice27. Some of the STAR elements are 
also highly conserved on the DNA sequence level. For instance, the human STAR 40 
(chapter two) shares a 75% overall identity with mouse STAR 40. This is in particular high 
since the DNA is non-coding genomic DNA. The mouse homologue was purely identified 
by its sequence homology with human STAR 40, however it has proven to be a bonafide 
STAR element.  The genomic location of this STAR element is also conserved, in both the 
human and mouse genome STAR 40 is located in close proximity of the Interleukine 17 
receptor gene. All these features are even more outspoken with another STAR element, 
STAR 18 (Unpublished observations). This STAR element is located in the human HOX D 
cluster on chromosome 2q31.2 and is 79% identical to the corresponding mouse STAR18. 
What is of more interest though, is its precise location. During evolution the homeotic 
Antennaepedia and Ultrabithorax gene clusters in insects such as Drosophila melanogaster 
have been fused together in the single, large mammalian HOX cluster. Later on in evolution 
this cluster has been duplicated twice, resulting in 4 HOX clusters. It is precisely at the 
junction of the ancestral Antennaepedia and Ultrabithorax gene clusters where this fusion 
has taken place that STAR 18 is located. We have not found any STAR18 homologues on 
the HOX A,B, and C clusters, nor in lower animals such as Drosophila melanogaster 
indicating that STAR 18 has emerged relatively late in the evolution of the HOX clusters
Since the HOX clusters are primary targets for the chromatin-associated Polycomb group 
repressors,  it is tempting to speculate that this STAR element has an important function in 
delimiting the action of Polycomb group proteins in (negatively) regulating the HOX 
cluster. Another example is found directly upstream of the Hox D4 gene. STAR 1 
encompasses a previously identified retinoic acid response element of the Hox D4 gene. 
These examples may point towards an important, evolutionary conserved function of STAR 
elements in Hox gene regulation, but they tell nothing about potential working mechanisms. 
What can those be?
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Fig 5. Schematic overview of the human Hox clusters and the location of STAR18.  
(A) The human genome contains four clusters of homeobox genes (Hox genes). The order of the genes 
reflects the regions in which they are expressed along the anterior-posterior axis, with group 1 genes 
being the most anterior and group 13 genes the most posterior. The arrows indicate the respective 
BAC-clones used to make a genomic Hox library. This library was used to screen for the presence of 
STAR elements. The Hox genes are aligned with the respective fly homologues. The Drosophila 
genome contains two homeotic clusters, the bithorax and antennapedia complexes. In vertebrates, 
these two ancestral loci have fused into one complex. In mammals, this joined complex has duplicated 
twice, resulting in four Hox clusters. Indicated in red, STAR18 is located at the junction of these two 
ancestral loci on the Hox D cluster. 
(B) A high degree of homology is seen when the human STAR18 sequence is aligned with the 
respective mouse sequence. Red boxes on the mouse element represent regions of >80% sequence 
identity.  The unusual high degree of conservation continues for about 500bp upstream of the 
identified STAR18 element, indicated by the grey boxes.
(C) Both human and mouse elements showed potent anti-repressor activity when tested in the STAR 
screen. The relative strength of the fragments (+ or ++) was based on the number of surviving colonies 
and their relative growth rate. 
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The most obvious mode of action may be that STAR elements constitute a specialized form 
of chromatin structure. This property then allows a promoter to work better.  This one 
property appears to be the only certain property of STAR elements. In chapter two we 
claimed that STAR elements counteract chromatin-associated repression.  In the employed 
selection screen chromatin-associated proteins were targeted to the promoter driving the 
Zeocin resistance gene. Only colonies survived that harboured a STAR element,  placed 
between the targeted chromatin-associated repressors and the promoter of the Zeocin 
resistance gene. However, we also observed that if the SV40 promoter did not drive the 
Zeocin resistance gene, but the more powerful CMV promoter,  the targeted chromatin-
associated repressors were not able to sufficiently repress the Zeocin resistance gene. 
Apparently, the cell is then still able to produce sufficient Zeocin resistance protein to 
survive. 
This allows an explanation for the action of STAR elements other than that they only 
counteract chromatin-associated repression. In this explanation STAR elements enhance the 
SV40 promoter to become approximately as strong as the CMV promoter, with the 
operational effect that the Zeocin resistance gene does not become sufficiently repressed. 
This eventually results in cell survival. This explanation is entirely feasible if STAR 
elements turned out to be pleiotropic enhancers that activate the SV40 promoter.  In chapter 
two we already tested and excluded this possibility.  STAR elements do not operate as an 
enhancer element in the classical sense. Enhancers operate in a transient fashion and in 
transient assays STAR element definitely did not act as enhancers. 
This leaves, however, open the possibility that STAR elements do act as sort of enhancer, 
but only in a setting that involves proper chromatin structure. This can consist of STAR 
containing constructs that are stably integrated in the chromatin of the host cell. To our 
knowledge no such enhancer-like elements have been identified that can exert their action 
only in the context of stable integrants. So even if STAR elements exert a direct effect on 
the promoter and do not directly counteract chromatin-associated repression, this effect is 
novel. It again points to a special chromatin structure of the STAR elements.
Different levels of chromatin structure can be discerned here.  The most elegant explanation 
would be that STAR elements contain DNA that forms chromatin,  or more precise, 
nucleosomes that do not allow particular histone modifications to occur.  These 
modifications could be methylated H3K27, a docking site for the Polycomb protein, or 
methylated H3K9, a docking site for HP1. If this were the case,  this would explain that 
STAR elements do not allow formation of ‘heterochromatin’ like structure encompassing 
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Polycomb or HP1 proteins.  This would in turn facilitate a promoter to become or remain 
more active in a chromatin surrounding full of Polycomb- or HP1-associated chromatin 
stretches. We do, however, not know whether chromatin stretches exist at all with the 
property that specific histone modifications do not occur.
We do know from very recent work that stably integrated STAR elements in transfected 
constructs indeed have elevated levels of histone acetylation. Vice verse, STAR elements 
are relatively poor in methylated histone H3K27 and H3K9 methylation (unpublished 
observations). These results indicate that significant modulation takes place at the level of 
histone modifications in the STAR elements. The histone acetylation patterns that we 
observe in stably integrated STAR elements are not unlike the histone acetylation patterns 
that are observed in and around the stably integrated HS4 insulator. Mutskov et al. have 
shown an enrichment of histone H3 and H4 acetylation levels on a transgenic construct 
harbouring the HS4 insulator compared to a HS4-less control28. Furthermore, they show a 
marked decrease in both histone H3 methylation and DNA methylation when the transgene 
is insulated by the HS4 element. In the presence of Trichostatin A, a histone deacetylase 
inhibitor, also uninsulated transgenes remain relatively stable upon removal of selective 
pressure. Confirming that deacetylation of histones is the trigger for silencing. The authors 
conclude that the HS4 insulator prevents transgene silencing by inhibiting histone 
deacytelases or and/or by recruiting histone acetylases.
Other potential explanations for STAR action are localization models. It has been shown 
that inclusion of MARs or insulators such as gypsy in a construct results in a re-localization 
of the entire expression cassette to the periphery of the cell nucleus.  This has led to the 
hypothesis that such DNA elements are involved in targeting expression cassettes to 
compartments in the nucleus that are more favourable for gene expression. While this is 
possible, we have no indication whatsoever that STAR elements operate in such a manner.

Finally, what are the possibilities that STAR action is defined through the binding of 
specific proteins? The action of the HS4 insulator, the scs/scs’  boundary elements and the 
gypsy insulator element all require specific DNA binding proteins for at least part of their 
action. The enhancer blocking activity of all of these elements was shown to be dependent 
on binding specific proteins (CTCF, Zw5, Beaf-32 and Su(Hw), respectively). Omission of 
the specific protein binding sites or mutation of the insulator binding proteins through 
genetics destroys the enhancer blocking activity of these insulators.  Since STAR elements 
also display enhancer blocking activity, one might expect this function to be dependent on 
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protein binding. There are, however, indications that plead against the notion that STAR 
elements operate on the basis of specific DNA binding proteins. As explained above,  we did 
not find any conserved CTCF binding sites in any STAR element,  or any other insulator-
binding protein binding sites for that matter. As shown in chapter 2, several deletion 
mutants of STAR 40 were tested in the original anti-repressor screen and several parts of 
STAR40 were shown to be bonafide STAR elements by themselves. This would at least 
argue against a single protein-binding site. The main reason is, however, that we could not 
determine any significant sequence homologies between the 65 human STAR elements that 
we isolated. If the action of the STAR elements were to be mediated by specific DNA 
binding proteins, either known or novel proteins, one might expect at least a common set of 
DNA binding proteins. This would in turn imply some common sequence motifs. Since 
these,  to date, have not been identified, we have no indications that specific DNA binding 
proteins are pivotal for STAR action. The explained options of specialized chromatin 
structures that either counteract chromatin-associated gene repression or have a direct effect 
on promoter activity are in our opinion the more plausible explanations.
These speculations point at a serious drawback of the described approaches involving 
DNA elements to augment expression levels of recombinant proteins. Many of these 
approaches are operationally defined; they work or work not. Very little is known about the 
molecular mechanisms underlying any of the DNA elements discussed. For instance, the 
best investigated mammalian insulator, HS4 has only a small ‘core’ element (250 bp) that is 
responsible for insulator activity and beneficial effects on transgene expression. As outlined 
above, an essential part of the core HS4 element is the CTCF protein that binds to it. Loss 
of CTCF binding site results in abolishment of enhancer blocking activity. Still,  a recent 
report shows that the CTCF binding site is not at all important in, or necessary for, 
protection against position effect. Abolishment of the CTCF binding site therefore does 
NOT alter the long-term stability of expression. It is telling how complex these DNA 
elements are when even within a stretch of only 250 bp two such different activities can 
reside. The point of this example is that there is a long way to go to understand why and 
how epigenetic gene regulatory elements are beneficial for therapeutic protein expression.

                                                                                                                                                                                                                                                                    

147

General discussion



How to proceed?

 
Improvements of the described technology can be envisioned at different levels. One is to 
further increase protein expression levels. This could, for instance be achieved by 
introducing more gene copies. Adding complementary and proven technology such as the 
dhfr amplification system could be a simple way forward.  Whereas this is a tempting 
option,  it would,  however, result in mixing of old and new technology.  The introduction of 
large arrays of amplified genes has it drawbacks and has been proven unstable when the 
dhfr inhibitor methotrexate is removed from the culture medium.
A more feasible path to follow is probably extensive medium optimization. As explained in 
the introduction, claims are that established increases in protein expression levels over the 
last decades can largely be accounted for by media optimization. While this is not our area 
of expertise,  this certainly is a lead that should be followed up. Combining our STAR-
related approach with optimization of the production process may in fact represent a next, 
major step forward.
Another area where advantages can be booked is suspension growth. Our methodology has 
only been tested extensively in the context of small-scale adherent cell cultures.  These by 
definition also contain serum in the culture medium. Most companies however use serum-
free suspension cultures for their final production runs. It is always a challenge to change 
cells to medium without serum in order to grow them in suspension. Not only does this 
lengthen the time-lines to get to a producer cell-line, it is also quite common that cells lose 
their expression during this adaptation phase. It would be of great advantage,  both in terms 
of predictability and time, to work in suspension from the start.  Transfection and selection 
(especially in case of the stringent STAR-select system) in suspension, in the absence of 
serum, is a technology in itself.  In order to move the technology into a commercially viable 
direction, these steps need to be taken. 
With respect to the functional analysis of STAR elements,  the just started approach to 
analyze chromatin structure of stably integrated STAR elements appears to be a viable 
option.  Whereas preliminary results indeed point towards histone modification patterns that 
are distinct from the surrounding chromatin, this analysis can easily be extended towards 
other parameters of chromatin structure.  It will also be of interest to extend the analysis to 
situations in which selection pressure is removed and the high expression levels in the 
STAR-Select system are lost. While we have observed a remarkable flexibility in the 
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regulation of the CMV promoter,  it would be of considerable interest to investigate whether 
changes in chromatin structure also play a role.

Concluding remarks.

Over the years,  many approaches were followed to improve the expression of exogenous 
proteins in mammalian cells, particularly of therapeutic proteins. Several groups and 
companies have implemented either already known or novel DNA elements to augment 
expression. Various gene amplification strategies were used to increase gene-copy numbers.  
Finally, improvements were made by optimizing cell culture medium and several new cell-
lines were generated to accommodate the ever-growing market for therapeutic proteins. 
Even though all of these approaches have led to significant improvements, no holy grail has 
been found as of yet to solve all expression problems. It is questionable whether such a 
holy grail really exists. It is more likely that the production of each therapeutic protein 
requires a somewhat different approach. 
In our own niche of vector optimization,  we achieved remarkable improvements over the 
last six years. These improvements were all based on (theoretical) knowledge of epigenetic 
gene regulation mechanisms in mammalian cells, and were empirically tested in our protein 
expression platform. While the focus of our research over the last years has been to 
implement the STAR technology in an industrial protein production platform, the academic 
community has found new applications for this technology as well.  Several transgenic 
mouse models for instance have successfully been generated containing our STAR elements 
to improve transgene expression. 
Two major remaining challenges for the next few years are to get more fundamental insight 
into the working mechanisms of STAR elements and to put the technology into industrial 
use. More insight on the working mechanism is interesting from a scientific point of view, 
but also critical for the acceptance of the technology both in the academic world and in 
industry. With new insights on how STAR elements operate, new opportunities for 
improvement and additional add-ons to the technology arise.   
Will we see, in some years time, products in clinical use made possible or affordable by 
using this technology? The future is written in the STARs.
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Summary

Therapeutic proteins are considered to be the drugs of the future. The target specificity and 
biological activity of these proteins hold the promise to revolutionize medicine. Before this 
promise can be fulfilled, however, major technological hurdles have to be overcome. 
Application of therapeutic proteins, like blood clotting factors or growth hormone, isolated 
from blood- and tissue-sources has helped numerous patients over the last decades. After 
the advent of recombinant DNA technology, the production of relatively simple 
recombinant proteins such as EPO and insulin has had a major effect on healthcare over the 
last years. More recently developed, complex proteins such as monoclonal antibodies, 
however, require a different production approach. Today, most therapeutic proteins are 
immensely complex molecules with all sorts of post-transcriptional modifications. The 
biological activity of the therapeutic proteins is dependent upon these modifications. These 
modifications can not be added by simple organisms such as bacteria, hence these proteins 
can only be made in proper host cells: mammalian cells.
Three fundamental, major problems in the production of recombinant proteins in 
mammalian cells can be distinguished: predictability, yield and stability. 
Predictability stands for the effort needed to isolate a recombinant protein-producing clone. 
By increasing the predictability of recombinant protein expression, one can delimit the 
resources needed to establish the proper clone. This would shorten time-lines to clinical 
trial phase I considerably, facilitating the testing of more potential products. 
Yield signifies the amount of recombinant protein produced by a producing clone. 
Increasing the productivity of a clone increases product yields,  which will lower the costs 
of goods. This can make a big difference in whether a product will be commercially 
successful or not. 
Stability is the property of a clone to produce constant levels of recombinant protein over 
prolonged periods of time, preferentially without selective pressure. Unfortunately, it is 
very common that over time the expression levels of a recombinant protein drop 
significantly, thereby reducing the final product yields.
All of these expression related problems are,  at least in part, due to the complex structure of 
chromatin in the cell nucleus in which the recombinant gene integrates.  On top of the 
primary DNA sequence, interplaying activating and repressive protein complexes provide a 
whole extra layer of information and regulation. Collectively these gene regulation 
mechanisms are referred to as ‘epigenetics’. The combinatory effects of histone 
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modifications and DNA methylation determine the accessibility of the DNA for 
transcription.  Resulting from these complex regulatory networks, the vast majority of the 
primary DNA sequence in any cell is silenced. Newly introduced DNA will eventually 
adapt to its chromatin surroundings. Since most of the DNA in a cell is silenced, also the 
introduced DNA has a large chance to become silenced. In this thesis we describe novel 
approaches, based on epigenetic gene regulation mechanisms, to solve the expression 
problems of introduced DNA in mammalian cells. 

In chapter two we describe a novel class of genetic elements that can counteract epigenetic 
repression of gene activity, mediated by chromatin associated protein complexes. These 
protein complexes can either be Polycomb group proteins or HP1, a heterochromatin 
protein. We devised a genetic screen to identify genomic stretches of DNA that display anti-
repressor activity. In essence,  when a random piece of DNA is placed between epigenetic 
repressors and a selection gene, this gene will be silenced and the cell will die. When an 
anti-repressor DNA element is placed between the repressor and the selection gene, the 
selection gene will remain active and the cell survives. Employing this methodology we 
screened a large library of genomic human DNA fragments and recovered sixty-five 
surviving clones that harbor an anti-repressor element. The corresponding sixty-five human 
DNA elements range from 500 to 2100 bp, and they block the action of both the HP1 and 
Polycomb repressive complexes. We found no sequence homologies between the isolated 
anti-repressor elements (also called STAR elements), but interestingly, a number of the 
elements have mouse homologues that share an unusual high degree of sequence 
conservation. The STAR elements were shown not to be classical enhancers, since they 
didn’t activate a minimal promoter when tested in a transient gene expression assay. We 
also tested the effects of STAR elements on the expression levels of stably integrated 
reporter genes, by flanking the reporter gene with STAR elements. Significantly more 
stably transfected colonies arose after selection and the average expression levels were 
higher than in the control experiments. Furthermore, the STAR elements induced copy-
number dependent gene expression, that is,  we observed a relatively high correlation 
between the gene expression levels and the number of copies of integrated reporter genes. 
Together with the overall increased expression levels, this signifies that per integrated 
reporter gene copy the reporter gene expression level is elevated. 
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In chapter three we describe the use of chromatin modifying enzymes to increase reporter 
gene expression levels. Instead of achieving higher reporter gene expression levels solely 
by blocking epigenetic repression with STAR elements (chapter two), we now tried to 
target chromatin-opening enzymes to the integrated reporter genes. We tested a variety of 
chromatin remodeling enzymes such as Brahma, histone acetyltransferases (HAT) and 
histone methyltransferases, all reportedly involved in facilitating overall gene activity.  The 
effects on gene expression of several targeted chromatin remodeling enzymes was limited, 
both when tested transiently and on stably integrated reporter genes. However,  the domain 
of the p300-HAT enzyme that is responsible for conveying the acetyltransferase activity 
was an exception. The targeted p300-HAT domain had a positive effect on the expression 
levels of stably integrated reporter genes. When combined with STAR elements in the test 
constructs,  the targeted p300-HAT domain had an additive effect on the reporter gene 
expression levels, on top of the effects of STAR elements. Also the targeted p300-HAT 
domain positively influenced the long-term stability of reporter gene expression levels.

In chapter four we describe a novel selection system termed STAR-Select. In this system, 
the reporter gene is placed downstream of a modified selection gene, separated only by a 
stop codon. The resulting bi-cistronic messenger RNA is translated into two separate 
proteins: the selection marker and the gene of interest. The efficiency of translation 
initiation on the two start-sites,  however, differs. The downstream-located reporter gene 
utilizes the optimal ATG-start codon, whereas the upstream located selection marker 
mRNA utilizes a mutated,  inefficient TTG start codon. According to the ribosomal scanning 
model, most ribosomes will ignore this inefficient TTG start codon. Instead they will 
continue to scan the mRNA for the optimal ATG start-site,  that is encountered at the ATG 
start codon of the reporter gene mRNA (all other intervening ATGs are removed). 
Therefore, the efficiency of translation initiation of the selection marker is only a fraction of 
the efficiency of the reporter gene. Since a threshold level of selection marker protein needs 
to be translated for the cell to survive at all, much more reporter protein will be translated 
simultaneously. In order to achieve this, very high mRNA levels need to be transcribed, 
which is only feasible when STAR elements are present in the constructs.  With lower 
mRNA levels, insufficient selection marker protein is being made and the cells die. We 
indeed observed only very few surviving control colonies. Also, the reporter protein 
expression levels in the STAR-containing colonies were much higher than we observed 
with any other selection system. Furthermore, almost all STAR-containing colonies 
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displayed high reporter protein expression levels. Surprisingly, the extremely high levels of 
reporter protein expression were not due to the insertion of more gene copies, but we found 
that the expression levels per gene-copy were higher instead. 

In chapter five we compare several known DNA elements and STAR elements for their 
potential to enhance reporter gene expression. Genomic DNA elements such as matrix 
attachment regions (MARs), so-called insulators and ubiquitous chromatin opening 
elements (UCOEs) reportedly all have a beneficial effect on transgene expression levels. 
However, apart from STAR elements, none of these elements was able to block epigenetic 
repression sufficiently to survive the anti-repressor screen described in chapter two. Using 
several selection methods, STAR elements exerted the most profound effect on transgene 
expression, closely followed by MARs. The superior potency of both STAR elements and 
MARs was most obvious in the stringent STAR-Select system. In contrast,  neither the HS4 
insulator nor the UCOE exerted significant, positive effects on reporter gene expression 
levels. The results show that also MARs could benefit from the novel STAR-Select 
selection system.

In chapter six we discuss the potential solutions to improve predictability, yield and 
stability of recombinant protein expression levels.  Furthermore, we discuss possible 
molecular mechanisms underlying the action of STAR elements and briefly elaborate on 
potential future research. 
Overall, we conclude that the predictability of reporter gene expression was greatly 
improved by employing STAR elements,  particularly when used in the context of the novel 
STAR-Select selection system.  In this system, non-producer clones hardly survive 
selection.  When utilized, this system effectively has solved the predictability problem. 
Reporter protein expression levels or yields achieved with the STAR-select system are 
higher then reported values in literature. When compared to the commonly used co-
transfection selection methodology, application of STAR elements in STAR-Select resulted 
in reporter protein levels higher by almost two magnitudes. It remains to be seen, however, 
how these large increases translate to the expression levels of complex, secreted proteins 
such as monoclonal antibodies.  Other factors, such as limited secretion capacities of the cell 
may dampen the largest increases.
Finally, stability of the expression levels of stably integrated reporter genes remains an 
unsolved, fundamental problem. Even though we see improved stability when using STAR 
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elements,  particularly the extremely high protein expression levels in the STAR-select 
system do not remain at the same high level. This is, when selective pressure is taken away. 
Surprisingly, a sub-lethal dose of selection is sufficient to keep expression levels high and 
stable in time. This points to novel and non-understood molecular mechanisms that underlie 
stability of gene expression
Also the working mechanisms of STAR elements have remained an enigma. No significant 
sequence homology between the sixty-five human elements has been found, even though 
the sequences and the function of the elements appear to be highly conserved. Almost all 
sixty-five STAR elements are able to induce higher promoter activity in stably transfected 
cells. This appears to be a common, functional feature, even though STAR elements were 
shown not to be classical enhancers. Recent experiments point toward a working 
mechanism involving histone modifications; analog to the mechanism that underlies HS4 
insulator functions. 
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Samenvatting

Therapeutische eiwitten worden gezien als de geneesmiddelen van de toekomst.  De hoge 
specificiteit en biologische activiteit van deze eiwitten beloven de geneeskundige wereld te 
doen veranderen. Voor dat deze beloftes waargemaakt kunnen worden, moeten er echter een 
aantal grote technische problemen worden overwonnen.
Talloze patiënten zijn de afgelopen jaren behandeld met therapeutische eiwitten zoals 
bloedstollingsfactoren en groeihormoon. Deze eiwitten werden vooral geïsoleerd uit 
humaan bloed en andere (humane) weefsels. Naast allerlei gezondheidsrisico’s bracht dit 
ook enorm hoge kosten met zich mee. Sinds de ontwikkeling van recombinant DNA 
technieken kunnen grote hoeveelheden van relatief simpele moleculen als EPO en insuline 
redelijk goedkoop gemaakt worden in bacteriën of gist. Wereldwijd zijn miljoenen mensen 
inmiddels afhankelijk van deze medicijnen. Complexe eiwitten zoals monoklonale 
antilichamen die recent ontwikkeld zijn, kunnen echter niet zo maar met deze verouderde 
technologie geproduceerd worden. Hun biologische activiteit is sterk afhankelijk van de 
juiste post-translationele modificaties. Deze complexe modificaties kunnen niet gemaakt 
worden door simpele organismen als bacteriën. Alleen zoogdiercellen zijn hiertoe in staat.
Er zijn drie grote, fundamentele problemen bij de productie van recombinant eiwitten in 
zoogdiercellen: voorspelbaarheid, opbrengst en stabiliteit van expressie.
Met voorspelbaarheid bedoelen we de inspanning die moet worden gedaan om een goed 
eiwitproducerende cellijn te vinden. Hoe groter de voorspelbaarheid van eiwitproductie of 
eiwitexpressie, des te minder moeite, tijd en geld het kost om een goede productie cellijn te 
vinden. 
De opbrengst, ofwel de absolute hoeveelheid therapeutisch eiwit dat gemaakt wordt door 
een cellijn, is voor een groot deel bepalend of een product commercieel rendabel is. Hoe 
hoger de opbrengst, hoe lager de kosten per eenheid product.
Stabiliteit van eiwitexpressie in de tijd is van essentieel belang bij het groeien van 
zoogdiercellen in grote reactievaten. Vooral in de eind- of productiefase moet de cellijn, 
ook in afwezigheid van selectiedruk, grote hoeveelheden eiwit blijven produceren. Helaas 
komt het vaak voor dat de eiwitexpressie niveaus in de tijd significant dalen, waardoor ook 
de uiteindelijke opbrengst daalt en de kosten per eenheid product sterk stijgen.
Deze eiwitexpressie problemen worden voor een belangrijk deel veroorzaakt door de 
manier waarop het chromatine in de celkern wordt gereguleerd. Chromatine is het complex 
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van DNA en eiwitten waarin de genetische informatie is opgeslagen. Het gen dat codeert 
voor het therapeutische eiwit of een testeiwit integreert in het DNA/chromatine van de 
gastheer en wordt daardoor onderdeel van dit geheel. Chromatine bevat een extra 
genregulatie laag die naast de genetische informatie in de DNA sequentie opereert. Dit 
genregulatie systeem opereert via gen-activerende en gen-represserende eiwitcomplexen. 
Deze ‘hogere orde’  genregulatie systemen worden omschreven als ‘epigenetische 
genregulatie’. Epigenetische genregulatie omvat voornamelijk modificaties van histonen en 
DNA methylering.  Het gecombineerde effect van deze histon modificaties en DNA 
methylering bepaalt onder andere de toegankelijkheid van het DNA voor 
transcriptiefactoren. Een transgen dat geïntegreerd is in het DNA, zal zich aanpassen aan 
zijn chromatine omgeving. Aangezien het overgrote gedeelte van het DNA in elke cel stil of 
‘gesilenced’  is, is de kans dus groot dat ook het geïntegreerde transgen gesilenced word. In 
dit proefschrift beschrijven we nieuwe methodes, gebaseerd op epigenetische genregulatie 
mechanismen, om de expressie van therapeutische eiwitcoderende genen in zoogdiercellen 
te verbeteren.

In hoofdstuk twee beschrijven we een nieuwe klasse van DNA elementen die in staat zijn 
epigenetische genrepressie door chromatine-geassocieerde eiwitcomplexen zoals Polycomb 
groep eiwitten en HP1 tegen te gaan. Deze DNA elementen zijn geïsoleerd met behulp van 
een genetische screen.  Hierin zijn random humaan genomisch DNA fragmenten tussen een 
bindingsplaats voor epigenetische gen-repressoren en een selectiegen geplaatst. Alleen als 
een dergelijk  DNA fragment de repressie van Polycomb of HP1 tegenhoudt, kan de cel de 
selectiedruk overleven. De DNA fragmenten die op deze wijze geïsoleerd zijn, noemen we 
dan ook anti-repressor (of STAR) elementen. Op deze manier hebben we ongeveer 
vijfenzestig humane STAR elementen geïdentificeerd, variërend in grootte van 500 bp tot 
2100 bp. Er is geen opvallende homologie op het niveau van de DNA sequentie tussen deze 
STAR elementen. Wel heeft een STAR aantal elementen een functionele muizen-homoloog. 
De STAR elementen zijn geen klassieke enhancer elementen, want ze zijn in een transiënte 
gen-expressie assay niet in staat een minimale promoter te transactiveren. Ze zijn echter 
wel in staat de expressie van een stabiel geïntegreerd transgen positief te beïnvloeden. 
Wanneer een transgen geflankeerd wordt door STAR elementen, valt in het bijzonder de 
grote toename op van het aantal kolonies dat de selectie overleeft. De gemiddelde testeiwit 
expressie in de overlevende STAR elementen bevattende kolonies is tevens hoger dan in 
controle kolonies zonder STAR elementen. Er is een relatief goede correlatie tussen het 
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aantal geïntegreerde kopieën van het transgen en de expressie van het testeiwit,  maar het 
absolute aantal kopieën is niet veel hoger dan in de controle kolonies. Dit duidt op een 
hogere testeiwit expressie per gen-kopie. 

In hoofdstuk drie beschrijven we het gebruik van chromatine modificerende enzymen om 
de expressie van een transgen te bevorderen. In tegenstelling tot in hoofdstuk twee, waar 
we slechts de negatieve, represserende invloeden van ‘buitenaf’ tegen houden, proberen we 
hier ook positief-activerende chromatine modificerende enzymen te gebruiken om expressie 
te verhogen door ze specifiek naar de promoter te richten of te ‘targetten’.  Een aantal 
bekende chromatine modificerende enzymen waaronder Brahma, histon acetyltransferase 
en histon methyltransferase, zijn getest. Het effect van deze enzymen op de transgen 
expressie, zowel in transiënte gen-expressie assays als op stabiele kolonies, bleek beperkt. 
Een uitzondering wordt gevormd door het p300-HAT domein, het domein van het eiwit wat 
verantwoordelijk is voor de histon acetyltransferase activiteit.  Het p300-HAT  domein is in 
staat de expressie van stabiel geïntegreerde transgenen te verhogen wanneer het naar de 
promoter regio van het transgen wordt getarget. Dit positieve effect wordt versterkt door de 
gelijktijdige toepassing van STAR elementen. Het p300-HAT domein heeft ook een positief 
effect op de stabiliteit van de expressie van het testeiwit coderende gen.

In hoofdstuk vier wordt een nieuw selectie systeem beschreven, genaamd STAR-Select.  In 
dit systeem is het testeiwit coderende gen achter het selectie gen geplaatst, slechts 
gescheiden door een stop-codon. Het resulterende bi-cistronische messenger RNA wordt 
vertaald in twee aparte eiwitten: de selectie marker en het testeiwit. De efficiëntie van 
translatie initiatie op de twee start-sites verschilt echter. Bij het achterste gen, dat het 
uiteindelijke testeiwit codeert,  wordt een optimale ATG start-codon gebruikt. Bij het 
voorste gen,  het selectie gen, wordt een gemuteerd, inefficiënt TTG start-codon gebruikt. 
Volgens het ribosomale scanning model zullen de meeste ribosomen het inefficiënte TTG 
start-codon overslaan en doorscannen tot ze de optimale ATG start-site van het testgen 
tegenkomen. De efficiëntie van translatie initiatie op de start-site van de selectie marker zal 
daardoor slechts een fractie zijn van die van het testgen. Als gevolg hiervan wordt er per 
mRNA molecuul dus vele malen meer testeiwit gemaakt dan selectie marker eiwit. 
Aangezien er een bepaalde minimale hoeveelheid selectie marker eiwit nodig is om de 
selectiedruk te overleven, zal er relatief veel mRNA (en daarmee testeiwit) moeten worden 
gemaakt om de selectiedruk te kunnen overleven. Zonder STAR elementen is de 
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hoeveelheid mRNA doorgaans te laag om de selectiedruk te overleven. Hierdoor zien we 
dan ook haast geen enkele kolonie overleven. In de aanwezigheid van STAR elementen zijn 
de mRNA hoeveelheden wel toereikend om de selectiedruk te overleven. De expressie van 
het testgen in dit nieuwe selectie systeem is hoger dan in enig ander door ons getest selectie 
systeem. Verrassend genoeg wordt de extreem hoge expressie van het testeiwit in dit 
selectie systeem niet veroorzaakt door de integratie van meer kopieën van het testgen, de 
gemiddelde expressie per testgen kopie is simpelweg hoger dan in andere selectie systemen.

In hoofdstuk vijf vergelijken we het expressie verhogend potentieel van verscheidene 
bekende DNA elementen met dat van STAR elementen. Van genomische DNA elementen 
als Matrix attachment regions (MARs), zogenaamde insulators en Ubiquitous Chromatin 
Opening Elements (UCOEs) word allemaal gezegd dat ze een positieve invloed op de 
expressie van een transgen hebben.  Met uitzondering van STAR-elementen is geen van 
deze elementen echter in staat epigenetische genrepressie voldoende tegen te houden om de 
anti-repressor screen beschreven in hoofdstuk twee te overleven. In de gebruikte selectie 
systemen hebben STAR elementen het grootste effect op testeiwit expressie, op de voet 
gevolgd door MARs.  Het superieure potentieel van beide elementen komt het meest tot zijn 
recht in het nieuwe STAR-Select systeem. In tegenstelling tot eerdere claims laten de HS4 
insulator noch de UCOE een significante positieve invloed zien op transgen expressie. 

In hoofdstuk zes bediscussiëren we de in dit proefschrift aangedragen potentiële 
verbeteringen in de voorspelbaarheid, opbrengst en stabiliteit van recombinant eiwit 
expressie in zoogdiercellen. Verder bediscussiëren we enige moleculaire mechanismen die 
ten grondslag kunnen liggen aan de werking van STAR elementen en wijden we kort uit 
over potentiële toekomstige onderzoekslijnen. 
Samengevat kunnen we concluderen dat de voorspelbaarheid van eiwitexpressie enorm 
verbeterd is door toepassing van STAR elementen,  in het bijzonder in de context van het 
nieuwe STAR-Select systeem. Door de strikte koppeling tussen transgen expressie en 
selectiedruk kunnen alleen hoog eiwit-producerende kolonies overleven.
De eiwit expressie niveaus in met name het STAR-Select systeem overtreffen de hoogst 
gerapporteerde waarden in de literatuur. Vergeleken met het algemeen gebruikte co-
transfectie selectie systeem, induceert het gebruik van STAR elementen in het STAR-Select 
systeem een eiwit expressie toename van ongeveer twee log-eenheden. Het is de vraag of 
deze enorme toename in eiwit expressieniveaus ook haalbaar is voor complexe, 
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uitgescheiden moleculen zoals monoklonale antilichamen. Andere factoren, zoals een 
beperkte secretie capaciteit van de cel, kunnen de verschillen dan kleiner maken. 
Tenslotte,  de stabiliteit van recombinant eiwit expressie blijft een onopgelost fundamenteel 
probleem. Ondanks het feit dat we een verhoogde stabiliteit zien door de toepassing van 
STAR elementen, blijven in het bijzonder de extreem hoge expressie niveaus in het STAR-
Select systeem niet stabiel zonder selectiedruk. Verrassend genoeg is een sub-lethale dosis 
selectiedruk voldoende om de expressie stabiel te houden. Dit wijst op nieuwe, nog 
ondoorgronde moleculaire mechanismen die ten grond slag liggen aan stabiliteit van 
genexpressie. 
Ook het werkingsmechanisme van STAR elementen is nog steeds een enigma. We hebben 
geen significante homologie tussen de vijfenzestig humane STAR elementen kunnen 
vinden, terwijl zowel de sequentie als de functie toch erg geconserveerd lijkt te zijn.  De 
enige gemene deler tot dusver lijkt te zijn dat alle STAR elementen in staat zijn hogere 
promoter activiteit te induceren in stabiel getransfecteerde cellen, terwijl het geen klassieke 
enhancer elementen zijn. Recente experimenten wijzen in de richting van een 
werkingsmechanisme waarbij plaatselijke histon modificaties betrokken zijn, analoog aan 
het werkingsmechanisme van de HS4 insulator. 
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122135 FACS-samples, tienduizenden stabiele clones, duizenden kloneringen,  honderden 
elisa’s, 7 jaar en 1 boekje later zijn er HEEL VEEL mensen te bedanken. Het proefschrift 
wat voor U ligt is tot stand is gekomen door de tomeloze inzet van een hele groep mensen, 
dat het mijn naam mag dragen beschouw ik als een groot voorrecht. 

Op de eerste plaats wil ik Arie, mijn promoter, bedanken voor alles wat hij voor mij en 
vooral voor mijn proefschrift gedaan heeft. Om al tijdens mijn AIO-tijd het reilen en zeilen 
van een Biotech startup van dichtbij mee te mogen maken vond, en vind, ik een enorme 
ervaring.
Ook Richard en Rik verdienen een aparte alinea. Jullie hadden evengoed op dit werk 
kunnen promoveren, dat zou niet meer dan verdiend zijn geweest. Richard de energieke 
regelaar en Rik de stille denker, zonder jullie zou ChromaGenics niet hebben kunnen 
bestaan.  Richard,  succes met het verkopen van de STAR technologie. We zullen elkaar nog 
vaak zien, ieder met onze eigen pet op, maar dat we allebei nog niet klaar zijn met STAR 
vind ik een goed teken. Hoop dat je me nog met veel werk opzadelt. Ooooh Rikkie...man 
van de 56x12, koning van de una cima del schellingwoudi: terug bij de UvA...de cirkel is 
rond, hoop dat je het naar je zin hebt! Blijf oefenen op die dubbels.
Tjalling, Jan,  Karien, Femke, John, Mathijs,  Michel, Mark-Peter en Nannette; Vele handen 
maken licht werk,  veel dank is jullie allen verschuldigd. Wat het leven ook voor jullie in 
petto heeft, heel veel succes ermee!
Vincent, Hans, Sara en Sue; Jullie ben ik natuurlijk ook heel dankbaar voor onze tijd in 
Amsterdam, maar ook voor alle hulp en bovenal ook de gezelligheid in Leiden. Ik ben blij 
dat jullie mee zijn gegaan naar Crucell, alle regels en SOPs zijn al lastig genoeg, gelukkig 
hoef ik ze niet alleen te leren.

Van alle mensen die in de loop der jaren bij ChromaGenics gewerkt hebben zijn er 4 die de 
speciale aandacht verdienen: Phil, Wieger, Janynke en natuurlijk Angele. 
Phil&Wieger (dat is gewoon 1 woord volgens mij) bedankt voor het helpen bij mijn eerste 
pasjes. Zoals elk kind met vallen en opstaan. Fijn dat we elkaar nog steeds zien.   Een van de 
weinige mensen aan wie ik mijn leven wekelijks toevertouw(de)...want we moeten weer 
meer gaan klimmen....Janynke. Ik had op de dag dat jij bij ons kwam werken nooit gedacht 
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dat we zo veel gemeenschappelijke interesses hadden, na de Pigne d’Arolla en het 
ijsklimmen weet ik wel beter. Dat Maren maar net zo leuk mag worden als haar moeder! 
Lest best: Angele. Inmiddels geen ex-collega’s meer maar goeie vrienden. Ik ben trots op 
hoe je je draai hebt gevonden aan de VU. Door jou voel ik me al echt een beetje 
Amsterdammer. Gelukkig gaan er nachttreinen naar leiden vanuit de Jantjes. 

Een belangrijk gedeelte van mijn leven speelt zich af in het altijd warme en zonnige zuiden. 
Iedere keer als ik de Hedelse brug over rijdt krijg ik een warm gevoel van binnen, het is 
meer dan thuiskomen. Het silhouet van de Sint-Jan, de van Lanschot toren (draait ie nu 
rond...?)...maar bovenal vrienden en familie. Thieu, June, Jan en zijn atleten, de MANNEN 
en hun aanhang; er is meer in het leven dan werken, gelukkig.
Zonder mijn moeder en zus zou ik niet gekomen zijn waar ik nu ben.  Ik zeg het misschien 
niet vaak genoeg maar ik ben jullie allebei ontzettend dankbaar voor alle aandacht en liefde. 

Tot slot van dit boekje wil ik mijn twee steun en toeverlaten bedanken, dat jullie mijn 
paranimfen moesten zijn wist ik al heel snel. Marc bedankt voor 30 jaar vriendschap! Nooit 
hoef ik alleen aan de bar te zitten bij m’n tante, nooit alleen het bier weer uit te zweten. 
Cindy, ik was al trots dat ik jouw paranimf mocht zijn, nu nog trotser dat je 11 maanden 
later ook naast mij wil staan. We hebben al veel avonturen beleeft samen en dat mag van 
mij nog lang zo doorgaan. Waar een ieder van ons ook heen gaat in de toekomst, uit het oog 
is NIET uit het hart...maar voor nu ben ik blij dat je ook weer in het oog bent.

Ted
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