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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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