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Abstract: High level and stable expression are required for therapeutic protein production in
mammalian cells. Three commonly used promoters from the simian virus 40 (SV40),
the CHO elongation factor 1α gene (EF1α) and the human cytomegalovirus major
immediate early gene (CMV) and two matrix attachment regions from the chicken
lysozyme gene (cMAR) and the human interferon β (iMAR) were evaluated for
enhancing recombinant gene expression level and stability in stably transfected CHO
cells. In the absence of MAR elements, the SV40 promoter gave lower expression level
but higher stability than the EF1α promoter and the CMV promoter. The inclusion of
MAR elements did not increase the integrated gene copies for all promoters but did
enhance expression level for only the SV40 promoter. The enhanced gene expression
was due to an increase in mRNA levels. Neither MAR elements enhance gene
expression stability during long term culture. The combinations of SV40 promoter and
MAR elements are the best for obtaining both high expression level and stability. The
information presented here would be valuable to those developing vectors for
generation of CHO cell lines with stable and high productivity.

Response to Reviewers: Reviewer #1: The paper entitled "Impact of using different promoters and matrix
attachment regions on recombinant protein expression level and stability in stably
transfected CHO cells"  is a useful publication that investigates the influence of
different matrix attachment factors and promoter combinations in order to maximize the
expression and stability of protein expression levels in CHO cells. The experiments are
interesting in that they will aid further investigators by elucidating a strategy to
maximize protein expression under a given set of parameters- notably showing that
some combinations have little virtue. These results are interesting when taken in
context with other publications that have perhaps not given the same overall
impression to the over-arching utility of matrix attachment regions. The authors
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conclude that the less commonly used (w.r.t.  to CMV) promoter, SV40 is the 'best',
especially in terms of long term cell line protein production. It would be of interest to
see these experiments repeated in other cell lines, such as the commonly used HEK
line. In addition to this, the authors suggest that gene silencing is in part due to
methylation of CG dinucleotides- improving on the SV40 promoter by mutating out
these remaining dinucleotides would be an interesting experiment.

Overall, the paper is interesting, useful and clearly written.

Author response:  We thank the reviewer for all the valuable comments. We tried to
evaluate different vectors in HEK293 cells previously. We were not be able to generate
stably transfected pools as all cells died during selection probably because the
mutated neomycin was too weak for HEK293 cells to survive.

Regarding removal of the remaining CG dinucleotides in the SV40 promoter, we also
tried in our lab. The CG-free SV40 promoter had much lower expression than the wild
type SV40 promoter in transient transfections. Stably transfected pools were not be
able to be generated by using the mutated CG-free SV40 due to its weak strength.
Further work to generate CG-free SV40 without compromised strength is in progress in
our lab. We shared this information in the discussion in the revised manuscript.

Reviewer #2: The authors report a study comparing the affect of two dfferent MAR
elements on the level and stability of GFP expressed in CHO cells under the control of
three different promoters (CMV, SV-40 and E1a). Although the use of MAR elements
has been well documented, the observation that only expression of GFP from the SV-
40 promoter is significantly improved by addition of MAR elements in the vector is
novel.Given the widespread use of E1a and CMV promoter vectors the observation is
of general interest. However it would be considerably strengthened if the result was
exemplified with at least a second example, preferably a protein relevant to the
production of biopharmaceuticals e.g. antibody or Fc-fusion protein.

Author response: We agree with the reviewer it will be more convincing to test more
relevant therapeutic proteins. As it will take more than 6 months to isolate clones and
do stability testing for a second protein which may be beyond the time frame given by
the journal to revise this manuscript, we would like to do it in future studies.
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Title 

Impact of using different promoters and matrix attachment regions on recombinant 

protein expression level and stability in stably transfected CHO cells  

 

 

Abstract 

High level and stable expression are required for therapeutic protein production in 

mammalian cells. Three commonly used promoters from the simian virus 40 (SV40),   

the CHO elongation factor 1α gene (EF1α) and the human cytomegalovirus major 

immediate early gene (CMV) and two matrix attachment regions from the chicken 

lysozyme gene (cMAR) and the human interferon β (iMAR) were evaluated for 

enhancing recombinant gene expression level and stability in stably transfected CHO 

cells. In the absence of MAR elements, the SV40 promoter gave lower expression level 

but higher stability than the EF1α promoter and the CMV promoter. The inclusion of 

MAR elements did not increase the integrated gene copies for all promoters but did 

enhance expression level for only the SV40 promoter. The enhanced gene expression was 

due to an increase in mRNA levels. Neither MAR elements enhance gene expression 

stability during long term culture. The combinations of SV40 promoter and MAR 

elements are the best for obtaining both high expression level and stability. The 

information presented here would be valuable to those developing vectors for generation 

of CHO cell lines with stable and high productivity.      

 

Keywords: matrix attachment region (MAR), CMV promoter, SV40 promoter, CHO 

elongation factor 1α promoter, stable recombinant protein expression, CHO cells    
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Introduction 

Mammalian cells, such as Chinese hamster ovary cells (CHO), are predominant for 

commercial production of therapeutic proteins because of their capacity to perform 

proper protein folding, assembly, and post-translational modifications (1, 2). Generating a 

therapeutic protein producing cell line starts with transfecting the mammalian host cells 

with a plasmid vector carrying the gene for the respective therapeutic protein. Subsequent 

selection is performed to isolate stably transfected clones with high productivity and 

long-term stable production. Expression stability also needs to be maintained without the 

aid of any selection pressure as these drugs add to production costs and can complicate 

downstream purification (3). Recombinant protein productivity and stability in a clone is 

influenced by both the composition of the plasmid vector and the site of vector 

integration on the chromosome (4-6). Apart from the gene of interest, components of the 

plasmid include promoters, polyadenylation signals and other expression augmenting 

elements like matrix attachment regions (MAR). 

 

A commonly used promoter for high level recombinant protein production in mammalian 

cells is the human cytomegalovirus major immediate early gene promoter (CMV) (7). 

While CMV is a strong promoter, there are reports that the promoter is intrinsically 

susceptible to silencing, resulting in declined productivity during long term culture (3, 8-

16). Promoters derived from the simian virus 40 (SV40) and CHO elongation factor 1α 

gene (EF1α) are also strong for therapeutic protein production in mammalian cells (7, 

17). EF1α promoter used in conjunction with flanking regions of the CHO EF1α gene 

was more active in CHO cells than using CMV and SV40 promoters alone (17). Protein 
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production instability in CHO cells when using the SV40 promoter has been reported (18, 

19). Some studies indicated that promoters of endogenous mammalian genes like the 

EF1α can be more resistant to silencing than viral promoters (20-25). Although there are 

many separate reports of promoter studies, it can be difficult to make comparisons of the 

promoters when each report is performed in differing culture conditions and cell lines. A 

comparison of transgene expression level and stability in stably transfected CHO cell 

clones under similar conditions without selection pressure would aid in choosing between 

the CMV, SV40 and EF1α promoters for recombinant protein production in CHO cells.   

 

Matrix attachment regions (MARs) are DNA elements which may be involved in 

anchoring DNA/chromatin to the nuclear matrix to define the boundaries of independent 

chromatin domains (26, 27). MARs were reported to shield transgenes from 

chromosomal position effects and increase transgene expression level in stably 

transfected cell lines (28-37). There are conflicting reports on whether MAR elements 

can prevent transgenes from silencing in stably transfected cell lines. Inclusion of MARs 

into viral vectors increased their resistance to gene silencing (38, 39). When plasmid 

vectors, the preferred vectors for safe production of therapeutic proteins in mammalian 

cells were used, enhanced resistance to silencing was observed for the SV40 promoter but 

not for the CMV promoter (19, 37), suggesting that the effect of MARs on gene silencing 

may be dependent on the promoters.      

 

Among many MAR elements which have been identified to date, chicken lysozyme 

(cMAR) and human interferon β (iMAR) MAR elements have shown to be very effective 
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at enhancing transgene expression in stably transfected cells (29, 37). In this work, we 

evaluated the SV40, EF1α and CMV promoters for recombinant protein expression level 

and stability in stably transfected CHO cells. The impact of including cMAR and iMAR 

with the above three promoters were studied as well. The information collected would 

benefit those choosing promoters and MAR elements during plasmid vector designs for 

generating cell lines with both high expression level and long-term expression stability.  

 

Materials and Methods 

Vector construction 

The CMV containing bicistronic vector without MAR was constructed based on a 

previously described IRES-mediated tricistronic vector (40) with the LC-IRESwt-HC 

region replaced with EGFP cDNA. The remaining bicistronic vectors with or without 

MAR were then constructed by replacement of the CMV promoter with either EF1α or 

SV40 promoter and insertion of cMAR or iMAR immediately upstream of the promoter 

and downstream of the SpA. The CMV and SV40 promoter were cloned from 

pcDNA3.1(+) (Life Technologies, Carlsbad, CA). The EF1α promoter with sequence 

corresponding to the region from -463 to +1010 (relative to the transcription start site of 

+1) of the CHO EF1α gene (NCBI: AY188393.1) was isolated from CHO K1 cells. The 

iMAR and cMAR were cloned from a pEPI-1 vector (41) and a pPAG1 vector (37), 

respectively. All restriction enzymes used in the vector construction were purchased from 

New England Biolabs (Ipswich, MA). The DH5α
TM

 competent cells were purchased from 

Life Technologies. 

Cell culture and media           
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CHO K1 cells (American Type Culture Collection, Manassas, VA) were maintained in 

medium consisting of Dulbecco’s modified Eagle’s medium (DMEM) + GlutaMax
TM

 

(Life Technologies) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, 

St. Louis, MO). Regular passaging was carried out every 3 to 4 days by diluting cells to 

2×10
5
 cells/mL. Cell density and viability were measured using the trypan blue exclusion 

method on an automated Cedex counter (Innovatis, Bielefeld, Germany). 

Generation of stably transfected cell lines 

Triplicate transfections were performed for each vector using Nucleofector I system 

according to manufacturer’s instructions (Lonza, Cologne, Germany). 5×10
6
 cells were 

transfected with 5 µg of linearized plasmids in each transfection. The transfected cells 

were then resuspended in 2 mL of pre-warmed maintenance medium in 6-well tissue 

culture plates. At 24 h post-transfection, maintenance medium was removed and 2 mL of 

maintenance medium containing 800 µg/mL of G418 was added into each well for 

selection of stable transfectants. Stably transfected pools were obtained after 2 to 4 weeks 

depending on the vectors. Six clones were randomly isolated from each pool to obtain a 

total of 18 clones for each vector using limiting dilution method in 96-well tissue culture 

plates.  

Stability testing 

The clones isolated for each vector were passaged in 6-well tissue culture plates in the 

absence of G418 for 8 weeks. MFI for each clone before and after stability testing were 

measured with the FACS Calibur. Retention of EGFP expression for a clone was 

calculated as the ratio of MFI of the clone measured at the end of stability testing to the 

intensity at the start of stability testing.   
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Analysis of relative gene copies and mRNA levels 

The relative EGFP gene copies and mRNA levels were determined using real-time 

quantitative PCR (qRT-PCR) as described previously(42). Genomic DNA and total RNA 

were isolated from 5×10
6
 cells using the Gentra Puregene Cell Kit (Qiagen, Hilden, 

Germany) and the RNAqueous-4PCR kit (Ambion, Austin, TX), respectively. EF1α and 

β-actin were used to normalize the variation in input amount and quality of RNA and 

DNA, respectively.  

 

Results 

Evaluating recombinant protein expression level using different promoters and impact 

of including MARs 

We first evaluated SV40, EF1α and CMV promoters and their use with cMAR and iMAR 

for expression level in stably transfected CHO cells. Bicistronic vectors expressing an 

enhanced green fluorescence reporter protein (EGFP) and a mutated neomycin 

phosphotransferase (mNTP) selection marker under the control of SV40, EF1α or CMV 

promoter were first constructed (Fig. 1). Copies of cMAR and iMAR were then inserted 

at the 5’ and 3’ flanking regions of the expression cassette in each vector. This 

configuration was shown to be more effective in enhancing stable transgene expression 

than using only a single copy of MAR in previous studies (30, 35). Use of the mNTP 

with reduced enzyme activity is for enhancing the selection stringency for high producing 

cells as only clones with greater transcriptional activity or more copies of the integrated 

vector can survive the selection process (40, 43, 44).    
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CHO K1 cells were transfected with each vector followed by drug selection for stable 

transfectants. Only tens of clones survived the selection in transfected pools generated 

using the vectors without MAR and stably transfected pools were obtained in about four 

weeks. In contrast, hundreds of clones survived the selection in transfected pools 

generated using vectors containing MAR elements and stably transfected pools were 

obtained in about 2 weeks. EGFP expression in stably transfected pools were quantified 

by measuring the mean fluorescence intensity (MFI). The SV40 promoter only vector 

gave the lowest EGFP expression, 2- and 3-fold less than that from the EF1α and CMV 

only vectors respectively (Fig. 2A). Application of cMAR and iMAR on the SV40 

promoter (SV40+cMAR and SV40+iMAR) enhanced EGFP expression by about 3- and 

4-fold, respectively. Inclusion of MARs failed to enhance EGFP expression for EF1α and 

CMV promoters. Stably transfected pools generated using SV40+cMAR/iMAR vectors 

exhibited higher EGFP expression than those generated using any of the EF1α and CMV 

vectors. qRT-PCR analysis indicated that application of MARs on different promoters did 

not change the integrated EGFP gene copies compared to the use of each promoter alone. 

However, MARs enhanced EGFP mRNA levels when they were applied on the SV40 

promoter but had no effect on the EGFP mRNA levels when they were applied on the 

other two promoters.  

 

Comparison of the different promoters and MAR elements on EGFP expression were 

subsequently repeated in stably transfected clones (Fig. 2B). MFI varied dramatically 

between clones generated using the same vectors for all pools. Consistent with the results 

in stably transfected pools, both the average MFI and maximal EGFP expression in the 
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SV40 promoter only clones were less than those generated using the EF1α and CMV 

promoters. Similar to the stable pools, application of cMAR and iMAR on the SV40 

promoter enhanced both average and maximal EGFP expression levels in clones but 

exhibited no effect when used with EF1α and CMV promoters.         

 

Evaluating long-term recombinant protein expression stability using different 

promoters and impact of including MARs 

We next evaluated the long-term transgene expression stability of the three promoters and 

MAR elements by determining the retention of EGFP expression after eight weeks of 

culturing in the absence of selection pressure. A precise definition of stable production 

varies depending on application but typically clones which maintain above 70% of their 

starting productivity are considered to be stable (45). Using 70% retention as a cutoff, 11 

out of 18 clones generated using a SV40 promoter were stable after eight weeks of 

passaging (Fig. 3). The 18 clones retained an average of 79% of their starting EGFP 

expression level. A reverse correlation between the expression level and stability was 

observed for these SV40 clones (R
2
=0.6574, Supplementary Fig. 1). All stable clones had 

relatively low EGFP expressions. In contrast, none of clones generated using EF1α and 

CMV promoters were stable, retaining an average of only 28% and 22% of their starting 

levels, respectively. Addition of cMAR and iMAR on any promoters did not result in 

enhanced expression stability but instead decreased expression stability in clones for the 

SV40 and EF1α promoter. On average, clones generated using SV40+cMAR/iMAR 

vectors maintained about 50% their original expression level, 30% less than those 

generated using SV40 only but still greater than all the EF1α and CMV clones. Among 
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18 clones generated using the SV40+cMAR and SV40+iMAR vectors, four and five 

clones respectively were still stable after the eight weeks. In contrast to those clones 

generated using SV40 only, no correlation between expression level and stability was 

observed for clones generated using other vectors (R
2
=0.0002 to 0.2428, Supplementary 

Fig. 1). Some stable clones generated using SV40+cMAR/iMAR also exhibited high 

EGFP expressions. For instance, the highest producing clone generated using the 

SV40+cMAR vector and the second highest producing clone generated using the 

SV40+iMAR vector had 73% and 107% retention of expression after eight weeks 

culturing. 

 

To understand why the SV40 promoter gave more stable expression than other 

promoters, nine SV40 clones and nine CMV clones of varying EGFP retention were 

sorted based on their retention levels and analyzed for changes in EGFP mRNA levels 

and gene copies. The SV40 clones retained EGFP expression ranging from 23% to 115% 

(Fig. 4A), and the CMV clones had EGFP retention ranging from 1 to 51% (Fig. 4B). At 

the end of stability testing, only the SV40 clone A1 had a significant drop in EGFP gene 

copies to below 50%. Of the remaining eight clones, four clones maintained over 70% 

EGFP expression and mRNA levels. None of the CMV clones retained over 70% of 

EGFP expression or mRNA levels, despite six clones still retaining more than 70% of 

their gene copies. The relative changes in EGFP expression levels correlated to the 

changes in EGFP mRNA levels for all clones. These results suggest that the SV40 

promoter is more resistant to transcriptional silencing than the CMV promoter. 
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Discussion 

Previous studies indicated that endogenous mammalian promoters could provide more 

stable gene expression than the viral promoters. Interestingly, we found that the SV40 

promoter gave the highest expression stability in stably transfected CHO cell clones, 

while none of eighteen clones generated using EF1α and CMV were stable. Analysis of 

the changes in EGFP gene copies and mRNA levels in SV40 and CMV clones suggested 

that the SV40 promoter was more resistant to transcriptional silencing. DNA methylation 

is one of mechanisms causing transcriptional silencing. Both CMV and EF1α are 

crowded with CG dinucleotides, containing 31 and 141 CGs respectively, while the SV40 

promoter has only 6 CG dinucleotides (Supplementary Fig. 2). The lower number of CGs 

may be one reason why the SV40 promoter is more resistant to transcriptional silencing 

due to DNA methylation. Another possible reason is that SV40 contains two SP1 

transcription factor binding sites (Supplementary Fig. 2), which was previously proposed 

to inhibit DNA methylation (46). Mutation of CGs in the retroviral vector long terminal 

repeat had repressed promoter silencing in embryonic stem cells (47). We attempted to 

remove the CGs within the SV40 promoter to enhance its resistance to transcriptional 

silencing. The CG-free SV40 promoter had lower expression than the wild-type SV40 in 

transient transfections and failed to survive the selection process for stable expression 

(unpublished data). The mutant SV40 we generated was likely too weak for our 

application and further efforts are currently underway to develop CG-free SV40 

promoters without compromising the gene expression levels.      
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Addition of either cMAR or iMAR enhanced the stable gene expression level for the 

SV40 promoter but had no effect on EF1α and CMV. Addition of the two MAR elements 

did not enhance long-term expression stability for any promoters. Among all the tested 

vectors, SV40+cMAR and SV40+iMAR were the best for obtaining both high expression 

level and stability in CHO cells. All previous studies based on SV40 promoter 

demonstrated that MARs were able to enhance stable gene expression (27, 32-37, 48). 

Fewer studies of MAR were performed on the CMV promoter and the results were 

conflicting (31, 35, 49). Our results were consistent with the study done by Lonza in 

which the inclusion of cMAR into their glutamine synthetase (GS) expression vector, 

which is commonly used for mammalian expression in the industry, did not enhance 

monoclonal antibody expression levels (49). A recent study demonstrated that the activity 

of MAR elements were most pronounced for the chromosomal positions with low 

expression potential but had negligible effects in the case of highly active chromosomal 

sites (5). We speculate that effect of MAR on transgene expression may be less effective 

when strong promoters and/or vectors with more stringent selection of high expression 

levels are used. Inclusion of MARs to a previously well optimized vector design would 

likely yield less benefit compared to adding to a simpler basic vector. Further studies are 

needed to investigate and identify the optimal plasmid vector design and context to 

maximize the effect of including MAR elements to improve expression level and 

stability.                

 



 12 

References 

1. Ho, S. C. L., Tong, Y. W. and Yang, Y. S. (2013) Generation of monoclonal antibody-

producing mammalian cell lines. Pharm. Bioprocess. 1, 71-87. 

2. Wurm, F. M. (2004) Production of recombinant protein therapeutics in cultivated 

mammalian cells. Nat. Biotechnol. 22, 1393-1398. 

3. Barnes, L. M., Bentley, C. M. and Dickson, A. J. (2001) Characterization of the 

stability of recombinant protein production in the GS-NS0 expression system. 

Biotechnol. Bioeng. 73, 261-270. 

4. Festenstein, R., Tolaini, M., Corbella, P., Mamalaki, C., Parrington, J., Fox, M., 

Miliou, A., Jones, M. and Kioussis, D. (1996) Locus control region function and 

heterochromatin-induced position effect variegation. Science 271, 1123-1125. 

5. Goetze, S., Baer, A., Winkelmann, S., Nehlsen, K., Seibler, J., Maass, K. and Bode, J. 

(2005) Performance of genomic bordering elements at predefined genomic loci. Mol. 

Cell Biol. 25, 2260-2272. 

6. Jordan, A., Defechereux, P. and Verdin, E. (2001) The site of HIV-1 integration in the 

human genome determines basal transcriptional activity and response to Tat 

transactivation. Embo J. 20, 1726-1738. 

7. Rita Costa, A., Elisa Rodrigues, M., Henriques, M., Azeredo, J. and Oliveira, R. (2010) 

Guidelines to cell engineering for monoclonal antibody production. Eur. J. Pharm. 

Biopharm. 74, 127-138. 

8. Dorai, H., Corisdeo, S., Ellis, D., Kinney, C., Chomo, M., Hawley-Nelson, P., Moore, 

G., Betenbaugh, M. J. and Ganguly, S. (2012) Early prediction of instability of chinese 



 13 

hamster ovary cell lines expressing recombinant antibodies and antibody-fusion proteins. 

Biotechnol. Bioeng. 109, 1016-1030. 

9. Fann, C. H., Guirgis, F., Chen, G., Lao, M. S. and Piret, J. M. (2000) Limitations to the 

amplification and stability of human tissue-type plasminogen activator expression by 

Chinese hamster ovary cells. Biotechnol. Bioeng. 69, 204-212. 

10. He, L., Winterrowd, C., Kadura, I. and Frye, C. (2012) Transgene copy number 

distribution profiles in recombinant CHO cell lines revealed by single cell analyses. 

Biotechnol. Bioeng. 109, 1713-1722. 

11. Jun, S. C., Kim, M. S., Hong, H. J. and Lee, G. M. (2006) Limitations to the 

development of humanized antibody producing Chinese hamster ovary cells using 

glutamine synthetase-mediated gene amplification. Biotechnol. Progr. 22, 770-780. 

12. Kim, M., O'Callaghan, P. M., Droms, K. A. and James, D. C. (2011) A mechanistic 

understanding of production instability in CHO cell lines expressing recombinant 

monoclonal antibodies. Biotechnol. Bioeng. 108, 2434-2446. 

13. Kim, S. J., Kim, N. S., Ryu, C. J., Hong, H. J. and Lee, G. M. (1998) Characterization 

of chimeric antibody producing CHO cells in the course of dihydrofolate reductase-

mediated gene amplification and their stability in the absence of selective pressure. 

Biotechnol. Bioeng. 58, 73-84. 

14. Osterlehner, A., Simmeth, S. and Goepfert, U. (2011) Promoter Methylation and 

Transgene Copy Numbers Predict Unstable Protein Production in Recombinant Chinese 

Hamster Ovary Cell Lines. Biotechnol. Bioeng. 108, 2670-2681. 



 14 

15. Strutzenberger, K., Borth, N., Kunert, R., Steinfellner, W. and Katinger, H. (1999) 

Changes during subclone development and ageing of human antibody-producing 

recombinant CHO cells. J. Biotechnol. 69, 215-226. 

16. Yang, Y., Mariati, Chusainow, J. and Yap, M. G. (2010) DNA methylation 

contributes to loss in productivity of monoclonal antibody-producing CHO cell lines. J. 

Biotechnol. 147, 180-185. 

17. Deer, J. R. and Allison, D. S. (2004) High-level expression of proteins in mammalian 

cells using transcription regulatory sequences from the Chinese hamster EF-1 alpha gene. 

Biotechnol.ogy Prog.ress 20, 880-889. 

18. Paredes, V., Park, J. S., Jeong, Y., Yoon, J. and Baek, K. (2013) Unstable expression 

of recombinant antibody during long-term culture of CHO cells is accompanied by 

histone H3 hypoacetylation. Biotechnol. Lett. 35, 987-993. 

19. Galbete, J. L., Bucetaz, M. and Mermod, N. (2009) MAR elements regulate the 

probability of epigenetic switching between active and inactive gene expression. Mol. 

Biosys. 5, 143-150. 

20. Byun, H. M., Suh, D. C., Jeong, Y. S., Wee, H. S., Kim, J. M., Kim, W. K., Ko, J. J., 

Kim, J. S., Lee, Y. B. and Oh, Y. K. (2005) Plasmid vectors harboring cellular promoters 

can induce prolonged gene expression in hematopoietic and mesenchymal progenitor 

cells. Biochem. Bioph. Res. Co. 332, 518-523. 

21. Damdindorj, L., Karnan, S., Ota, A., Takahashi, M., Konishi, Y., Hossain, E., 

Hosokawa, Y. and Konishi, H. (2012) Assessment of the long-term transcriptional 

activity of a 550-bp-long human beta-actin promoter region. Plasmid 68, 195-200. 



 15 

22. Gill, D. R., Smyth, S. E., Goddard, C. A., Pringle, I. A., Higgins, C. F., Colledge, W. 

H. and Hyde, S. C. (2001) Increased persistence of lung gene expression using plasmids 

containing the ubiquitin C or elongation factor 1 alpha promoter. Gene Ther. 8, 1539-

1546. 

23. Gopalkrishnan, R. V., Christiansen, K. A., Goldstein, N. I., DePinho, R. A. and 

Fisher, P. B. (1999) Use of the human EF-1 alpha promoter for expression can 

significantly increase success in establishing stable cell lines with consistent expression: 

a study using the tetracycline-inducible system in human cancer cells. Nucleic Acids Res. 

27, 4775-4782. 

24. Teschendorf, C., Warrington, K. H., Siemann, D. W. and Muzyczka, N. (2002) 

Comparison of the EF-1 alpha and the CMV promoter for engineering stable tumor cell 

lines using recombinant adeno-associated virus. Anticancer Res. 22, 3325-3330. 

25. Chan, K. K. K., Wu, S. M., Nissom, P. M., Oh, S. K. W. and Choo, A. B. H. (2008) 

Generation of high-level stable transgene expressing human embryonic stem cell lines 

using Chinese hamster elongation factor-1 alpha promoter system. Stem Cells Dev. 17, 

825-836. 

26. Bode, J., Benham, C., Knopp, A. and Mielke, C. (2000) Transcriptional 

augmentation: Modulation of gene expression by Scaffold/Matrix-Attached regions 

(S/MAR elements). Crit. Rev. Eukar. Gene 10, 73-90. 

27. Harraghy, N., Gaussin, A. and Mermod, N. (2008) Sustained transgene expression 

using MAR elements. Curr. Gene Ther. 8, 353-366. 



 16 

28. Araki, Y., Hamafuji, T., Noguchi, C. and Shimizu, N. (2012) Efficient Recombinant 

Production in Mammalian Cells Using a Novel IR/MAR Gene Amplification Method. 

PLoS ONE 7, e41787. 

29. Kim, J. D., Yoon, Y., Hwang, H. Y., Park, J. S., Yu, S., Lee, J., Baek, K. and Yoon, J. 

(2005) Efficient selection of stable Chinese hamster ovary (CHO) cell lines for 

expression of recombinant proteins by using human interferon beta SAR element. 

Biotechnol. Progr. 21, 933-937. 

30. Kim, J. M., Kim, J. S., Park, D. H., Kang, H. S., Yoon, J., Baek, K. and Yoon, Y. 

(2004) Improved recombinant gene expression in CHO cells using matrix attachment 

regions. J. Biotechnol. 107, 95-105. 

31. Otte, A. P., Kwaks, T. H. J., van Blokland, R. J. M., Sewalt, R. G. A. B., Verhees, J., 

Klaren, V. N. A., Siersma, T. K., Korse, H. W. M., Teunissen, N. C., Botschuijver, S., 

van Mer, C. and Man, S. Y. (2007) Various expression-augmenting DNA elements 

benefit from STAR-select, a novel high stringency selection system for protein 

expression. Biotechnol. Progr. 23, 801-807. 

32. Wang, F., Wang, T. Y., Tang, Y. Y., Zhang, J. H. and Yang, X. J. (2012) Different 

matrix attachment regions flanking a transgene effectively enhance gene expression in 

stably transfected Chinese hamster ovary cells. Gene 500, 59-62. 

33. Wang, T. Y., Yang, R., Qin, C. A., Wang, L. and Yang, X. J. (2008) Enhanced 

expression of transgene in CHO cells using matrix attachment region. Cell Biol. Int. 32, 

1279-1283. 



 17 

34. Wang, T. Y., Zhang, J. H., Jing, C. Q., Yang, X. J. and Lin, J. T. (2010) Positional 

effects of the matrix attachment region on transgene expression in stably transfected 

CHO cells. Cell Biol. Int. 34, 141-145. 

35. Zahn-Zabal, M., Kobr, M., Girod, P. A., Imhof, M., Chatellard, P., de Jesus, M., 

Wurm, F. and Mermod, N. (2001) Development of stable cell lines for production or 

regulated expression using matrix attachment regions. J. Biotechnol. 87, 29-42. 

36. Girod, P. A., Nguyen, D. Q., Calabrese, D., Puttini, S., Grandjean, M., Martinet, D., 

Regamey, A., Saugy, D., Beckmann, J. S., Bucher, P. and Mermod, N. (2007) Genome-

wide prediction of matrix attachment regions that increase gene expression in mammalian 

cells. Nat. Methods 4, 747-753. 

37. Girod, P. A., Zahn-Zabal, M. and Mermod, N. (2005) Use of the chicken lysozyme 5

′ matrix attachment region to generate high producer CHO cell lines. Biotechnol. 

Bioeng. 91, 1-11. 

38. Dang, Q., Auten, J. and Plavec, I. (2000) Human beta interferon scaffold attachment 

region inhibits de novo methylation and confers long-term, copy number-dependent 

expression to a retroviral vector. J. Virol. 74, 2671-2678. 

39. Moreno, R., Martinez, I., Petriz, J., Nadal, M., Tintore, X., Gonzalez, J. R., Gratacos, 

E. and Aran, J. M. (2011) The beta-Interferon Scaffold Attachment Region Confers High-

Level Transgene Expression and Avoids Extinction by Epigenetic Modifications of 

Integrated Provirus in Adipose Tissue-Derived Human Mesenchymal Stem Cells. Tissue 

Eng. Part C-Methods 17, 275-287. 



 18 

40. Ho, S. C. L., Bardor, M., Feng, H. T., Mariati, Tong, Y. W., Song, Z. W., Yap, M. G. 

S. and Yang, Y. S. (2012) IRES-mediated Tricistronic vectors for enhancing generation 

of high monoclonal antibody expressing CHO cell lines. J. Biotechnol. 157, 130-139. 

41. Piechaczek, C., Fetzer, C., Baiker, A., Bode, J. and Lipps, H. J. (1999) A vector based 

on the SV40 origin of replication and chromosomal S/MARs replicates episomally in 

CHO cells. Nucleic Acids Res. 27, 426-428. 

42. Chusainow, J., Yang, Y. S., Yeo, J. H., Toh, P. C., Asvadi, P., Wong, N. S. and Yap, 

M. G. (2009) A study of monoclonal antibody-producing CHO cell lines: what makes a 

stable high producer? Biotechnol. Bioeng. 102, 1182-1196. 

43. Sautter, K. and Enenkel, B. (2005) Selection of high-producing CHO cells using NPT 

selection marker with reduced enzyme activity. Biotechnol. Bioeng. 89, 530-538. 

44. Ng, S. K., Wang, D. I. C. and Yap, M. G. S. (2007) Application of destabilizing 

sequences on selection marker for improved recombinant protein productivity in CHO-

DG44. Metab. Eng. 9, 304-316. 

45. Bailey, L. A., Hatton, D., Field, R. and Dickson, A. J. (2012) Determination of 

Chinese hamster ovary cell line stability and recombinant antibody expression during 

long-term culture. Biotechnol. Bioeng. 109, 2093-2103. 

46. Senigl, F., Plachy, J. and Hejnar, J. (2008) The core element of a CpG island protects 

avian sarcoma and leukosis virus-derived vectors from transcriptional silencing. J. Virol. 

82, 7818-7827. 

47. Swindle, C. S., Kim, H. G. and Klug, C. A. (2004) Mutation of CpGs in the murine 

stem cell virus retroviral vector long terminal repeat represses silencing in embryonic 

stem cells. J. Biol. Chem. 279, 34-41. 



 19 

48. Harraghy, N., Regamey, A., Girod, P. A. and Mermod, N. (2011) Identification of a 

potent MAR element from the mouse genome and assessment of its activity in stable and 

transient transfections. J. Biotechnol. 154, 11-20. 

49. Kalwy, S. (2005) Towards stronger gene expression - a promoter's tale, in 

Presentation done at: 19th European Society for Animal Cell Technology (ESACT) 

meeting, Harrogate, England. 

 

 

 



 20 

Figure captions 

Fig. 1. Schematic representation of vectors for evaluating promoters and the impact of 

MAR on recombinant protein expression level and stability in CHO cells.  SV40, simian 

virus 40 promoter; EF1α, Chinese hamster elongation factor-1α promoter; CMV, human 

cytomegalovirus IE gene promoter; iMAR, human interferon β matrix-attachment region 

(MAR) element; cMAR, chicken lysozyme MAR element; IRESatt, attenuated 

encephalomyocarditis virus (EMCV) internal ribosome entry site with reduced translation 

efficiency; SpA, simian virus 40 early polyadenylation signal; EGFP, enhanced green 

fluorescence protein cDNA; mNPT, mutated neomycin phosphotransferase cDNA with 

amino acid D at 261 changed to G (43).      

 

Fig. 2. Use of different promoters and the impact of MAR on gene expression level in 

stably transfected pools (A) and clones (B). Three stably transfected pools were 

generated for each vector. To characterize each stably transfected pool, 2 mL of cultures 

at a density of 2×10
5
 cells/mL were seeded into each well of 6-well plates. Cells were 

collected at day 3 and measured for the EGFP mean fluorescence intensity (MFI) with the 

FACS Calibur and EGFP gene copies and mRNA levels using quantitative real-time PCR 

(qRT-PCR). Results in Fig. 2A were presented as the EGFP MFI (black bar), mRNA 

levels (gray bar), and gene copies (white bar) normalized to those from the SV40 

promoter. Each value represents the average and standard deviation of three independent 

stably transfected pools. Six clones each were isolated from three separately transfected 

pools for a total of eighteen clones for each vector. Each dot in Fig. 2B represents the 

MFI of each clone normalized to the average MFI of the eighteen clones generated using 

the SV40 promoter. Horizontal bars signify the average value of the 18 clones for each 
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vector. Mean values significantly different (two-tailed Student’s t-test) between the 

vectors containing MAR and the vector without MAR for each promoter indicated by 

asterisks “*” (p< 0.05). 

 

Fig. 3. Retention of EGFP expression in stably transfected clones generated using 

different vectors. Each dot represents the percentage of retention of GFP expression for 

one clone. The horizontal bars signify the average value of 18 clones for each vector. 

Mean values significantly different (two-tailed Student’s t-test) between the vectors 

containing MAR and the vector without MAR for each promoter indicated by asterisks 

“*” (p< 0.05). 

 

Fig. 4. Relative changes in EGFP expression (black bar), mRNA levels (gray bar) 

and gene copies (white bar) in SV40 and CMV clones during stability testing. The 

relative changes in EGFP expression, mRNA levels and gene copies were calculated as 

the ratio of EGFP MFI, mRNA levels and gene copies of a clone measured at week 8 to 

the starting level for the same clone measured at week 0. Each value represents the 

average of two measurements.     

 

Fig. S1.  Relationship between the normalized EGFP expression level before 

stability testing and retention of EGFP expression at the end of stability testing of 

clones generated using different promoters and combinations of promoter and 

MARs.   
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Fig. S2. DNA sequences of the SV40, EF1α and CMV promoters. The CG 

dinucleotide is highlighted in red. The underlined sequences in the SV40 promoter are 

SP1 transcription factor binding sites.  
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Fig. S1  

(A) 

 
(B) 

 



 28 

 

 

(C) 

 
(D) 

 



 29 

(E) 

 
(F) 

 
 

 

 



 30 

 

 

(G) 

 
(H) 

 
 



 31 

 

 

 

(I) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

Fig. S2.  

 

(A)  
GTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTA

TGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCA

GCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCT

AACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCT

GACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAG

AAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCT 

 

(B) 
GGATGGCGGGGCTGACGTCGGGAGGTGGCCTCCACGGGAAGGGACACCCGGATCTCGAC

ACAGCCTTGGCAGTGGAGTCAGGAAGGGTAGGACAGATTCTGGACGCCCTCTTGGCCAG

TCCTCACCGCCCCACCCCCGATGGAGCCGAGAGTAATTCATACAAAAGGAGGGATCGCC

TTCGCCCCTGGGAATCCCAGGGACCGTCGCTAAATTCTGGCCGGCCTCCCAGCCCGGAA

CCGCTGTGCCCGCCCAGCGCGGCGGGAGGAGCCTGCGCCTAGGGCGGATCGCGGGTCGG

CGGGAGAGCACAAGCCCACAGTCCCCGGCGGTGGGGGAGGGGCGCGCTGAGCGGGGGCC

CGGGAGCCAGCGCGGGGCAAACTGGGAAAGTGGTGTCGTGTGCTGGCTCCGCCCTCTTC

CCGAGGGTGGGGGAGAACGGTATAAAAGTGCGGTAGTCGCGTTGGACGTTCTTTTTCGC

AACGGGTTTGCCGTCAGAACGCAGGTGAGTGGCGGGTGTGGCCTCCGCGGGCCCGGGCT

CCCTCCTTTGAGCGGGGTCGGACCGCCGTGCGGGTGTCGTCGGCCGGGCTTCTCTGCGA

GCGTTCCCGCCCTGGATGGCGGGCTGTGCGGGAGGGCGAGGGGGGGAGGCCTGGCGGCG

GCCCCGGAGCCTCGCCTCGTGTCGGGCGTGAGGCCTAGCGTGGCTTCCGCCCCGCCGCG

TGCCACCGCGGCCGCGCTTTGCTGTCTGCCCGGCTGCCCTCGATTGCCTGCCCGCGGCC

CGGGCCAACAAAGGGAGGGCGTGGAGCTGGCTGGTAGGGAGCCCCGTAGTCCGCATGTC

GGGCAGGGAGAGCGGCAGCAGTCGGGGGGGGGACCGGGCCCGCCCGTCCCGCAGCACAT

GTCCGACGCCGCCTGGACGGGTAGCGGCCTGTGTCCTGATAAGGCGGCCGGGCGGTGGG

TTTTAGATGCCGGGTTCAGGTGGCCCCGGGTCCCGGCCCGGTCTGGCCAGTACCCCGTA

GTGGCTTAGCTCCGAGGAGGGCGAGCCCGCCCGCCCGGCACCAGTTGCGTGCGCGGAAA

GATGGCCGCTCCCGGGCCCTGTAGCAAGGAGCTCAAAATGGAGGACGCGGCAGCCCGGC

GGAGCGGGGCGGGTGAGTCACCCACACAAAGGAAGAGGGCCTTGCCCCTCGCCGGCCGC

TGCTTCCTGTGACCCCGTGGTGTACCGGCCGCACTTCAGTCACCCCGGGCGCTCTTTCG

GAGCACCGCTGGCCTCCGCTGGGGGAGGGGATCTGTCTAATGGCGTTGGAGTTTGCTCA

CATTTGGTGGGTGGAGACTGTAGCCAGGCCAGCCTGGCCATGGAAGTAATTCTTGGAAT

TTGCCCATTTTGAGTTTGGAGCGAAGCTGATTGACAAAGCTGCTTAGCCGTTCAAAGGT

ATTCTTCGAACTTTTTTTTTAAGGTGTTGTGAAAACCACCGCTAATTCAAATCCAAC 

 

(C) 
TTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATA

GCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCG

CCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAAT

AGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAG

TACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGG

CCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACAT

CTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGC

GTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGG
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AGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCC

ATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTC 

 


