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silencing of promoters, most likely
due to epigenetic events such as DNA
methylation and histone modifications,
is one of the major mechanisms causing
production instability. Previous studies
demonstrated that the core CpG island
element (IE) from the hamster adenine
phosphoribosyltransferase gene is
effective to prevent DNA methylation.
We generated one set of modified human
cytomegalovirus (hCMV) promoters by
insertion of one or two copies of IE in
either forward or reverse orientations
into different locations of the hCMV
promoter. The modified hCMV with one
copy of IE inserted between the hCMV
enhancer and core promoter in reverse
orientation (MR1) was most effective at
enhancing expression stability in CHO
cells without comprising expression
level when compared with the wild type
hCMV. We also found that insertion of IE
into a chimeric murine CMV (mCMV)
enhancer and human elongation
factor-1α core (hEF) promoter in reverse
orientation did not enhance expression
stability, indicating that the effect of
IE on expression stability is possibly
promoter specific.
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Introduction
Chinese hamster ovary (CHO) cells
are the predominant mammalian hosts for

producing recombinant therapeutics due
to their capacity to perform proper folding,
assembly, and correct post-translational
modifications.1 One major issue faced
when using CHO cells for therapeutic
protein production is production
instability, where a production cell line
loses productivity during long-term
culture.2 A typical industrial process scale
up takes about 2–3 months. A substantial
loss of productivity during the process
affects both product yield and quality and
compromises regulatory approval of the
product.2 Extensive studies have indicated
that production instability is caused
by two major mechanisms: (1) loss of
transgene copies, and (2) transcriptional
silencing of promoters.3-8 The molecular
mechanism for the loss in transgene
copies is not clear. Transcriptional
silencing of promoters is linked to
epigenetic events such as DNA
methylation
and
histone
modifications. 6-9 DNA methylation is a
biochemical process where a methyl
group is added to the cytosine of CpG
dinucleotide in mammalian cells. Removal
of CpGs in the promoter is one approach
to prevent promoter silencing caused by
DNA methylation.10 Another commonly
used approach to overcome transcriptional
silencing is to use epigenetic regulatory
DNA elements such as insulators, locus
control region, matrix attachment region
(MAR), stabilizing anti-repressor element
(STAR), and ubiquitous chromatin region
opening element (UCOE).11-19

The core CpG island element (IE)
isolated from the hamster adenine
phosphoribosyltransferase (APRT) gene
is an alternative DNA element that is
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aintaining high gene expression
level during long-term
culture is critical when producing
therapeutic recombinant proteins using
mammalian cells. Transcriptional
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Figure 1. Schematic representation of vectors for evaluation of promoters with IE inserted at
different locations. IE, core CpG island element; Enhancer, hCMV or mCMV enhancer; CP, hCMV or
human elongation factor-1 α (hEF) core promoter; IRESatt, mutated encephalomycocarditis virus
(EMCV) internal ribosomal entry site (IRES) with attenuated 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.

the hCMV enhancer and core promoter
(CP), or downstream of CP (Fig. 1). They
shown to be effective at preventing DNA were compared with the wild type (WT)
methylation. 20 The smaller size of IE hCMV for expression level and stability in
(~120 base pairs) makes it easier to use stably transfected clones using enhanced
than other DNA elements which have green fluorescence protein (EGFP) as a
several thousand base pairs. A previous reporter protein. Each clone was passaged
study demonstrated that insertion of IE for 8 wk in the absence of selection
into the retroviral long-terminal repeat reagents as part of stability testing. Cell
(LTR) protected the viral vector from lines that maintain stable production
silencing in stably transfected NIL-2, without selection reagents are preferred for
HEK293, and QT6 cells.21 The function mass production of therapeutic proteins as
of DNA elements could be dependent on selection reagents are toxic and expensive.2
the vector context and cells. 22 Plasmid The percentage of EGFP expressing cells
vectors are preferred for therapeutic and EGFP geometric mean fluorescence
protein production in mammalian cells intensity (MFI) of each clone were
due to regulatory requirements. It is quantified before and after stability
unclear whether IE can prevent silencing testing using FACS Calibur.
of recombinant genes expressed from
plasmid vectors in CHO cells. In a recent
work, we studied the effect of inserting IE
We observed that the effect of IE on
into the human cytomegalovirus (hCMV)
promoter in plasmid vectors on the expression level and stability involved
expression level and stability in CHO cells complex interactions between the location,
during long-term culture.23 In this work, orientation, and copy numbers of IE
we further evaluated whether the effect within the hCMV promoter. Inserting IE
of IE on expression level and stability is downstream of the hCMV CP decreased
promoter specific by extending its use to EGFP expression regardless of IE copy
a chimeric viral-mammalian promoter. numbers and orientations, while the effect
Chimeric promoters have the potential on expression level at other locations was
to provide better expression levels varied. Only six of the modified hCMV
and stability than naturally occurring promoters (two copies of IE inserted
upstream of hCMV enhancer in reverse
promoters.24,25
orientation, one copy of IE inserted
between the hCMV enhancer and CP
in forward orientation, one copy of IE
inserted between the hCMV enhancer
and CP in reverse orientation, two
Inserting IE
copies of IE inserted between the hCMV
into the hCMV Promoter
enhancer and CP in reverse orientation,
Enhances Expression Stability
and two copies of IE inserted downstream
of the hCMV CP in reverse orientation)
In our recent work, 12 modified
enhanced expression stability. Among all
hCMV promoters were generated by
the modifications, inserting IE between
inserting either one or two copies of IE
the hCMV enhancer and CP in reverse
in both forward and reverse orientations
orientation, which was designated as MR1
upstream of the hCMV enhancer, between
hCMV, was most effective at enhancing
2
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expression stability without compromising
expression levels (Fig. 2A). All cells were
verified to be EGFP expressing before
stability testing. After 8 wk of culture,
the percentage of EGFP expressing cells
in all clones generated using the WT
hCMV declined (Fig. 2B). The average
percentage of EGFP expressing cells of the
18 clones was 78% with the worst clone
only having 23% of the population still
expressing EGFP. In contrast, all clones
generated using the MR1 hCMV had close
to 100% EGFP expressing cells at the end
of stability testing. Maintaining EGFP
expression in cells did not guarantee that
EGFP expression level would not decline
(Fig. 2C). EGFP expression level in all
18 clones generated using the WT hCMV
dramatically declined after 8 wk of culture.
On average, the 18 clones retained 22% of
their original expression with the best clone
retaining 46% of EGFP expression. While
EGFP expression levels in all MR1 hCMV
clones also declined after 8 wk of culture,
one third of the clones retained over 70%
of their start EGFP expression and could
be considered stable.26 In contrast to the
WT hCMV, MR1 hCMV increased the
average retention of EGFP expression level
more than 2-fold, reaching 50%. MR1
hCMV also improved antibody expression
stability of methotrexate (MTX) amplified
CHO cell lines. Stably transfected pools
generated using MR1 hCMV maintained
over 60% of their original monoclonal
antibody titer after 8 wk of culture in the
absence of MTX, while the WT hCMV
generated pools only retained 37% (results
not shown).

Effect of IE on Expression
Stability is Promoter Specific
We next tested if IE could improve the
expression stability of a chimeric promoter
by inserting one copy of IE between
the murine CMV (mCMV) enhancer
and the core promoter from the human
elongation factor-1α gene (hEF) in reverse
orientation to generate MR1 mCEF. WT
(no IE inserted) and MR1 mCEF were

Figure 2. Comparison of the WT hCMV and MR1 hCMV for EGFP expression level and stability. ( A) EGFP expression level in stably transfected clones
before stability testing. (B) Percentage of EGFP expressing cells in different clones at the end of stability testing. ( C) Retention of EGFP expression level in
different clones at the end of stability testing. Six clones each were isolated from three separately transfected pools for a total of 18 clones for each pro moter. The percentage of EGFP expressing cells and EGFP geometric mean fluorescence intensity were quantified before and afte r stability testing for
each clone using FACS Calibur. The retention of EGFP expression level for each clone was calculated as the EGFP geometric mea n fluorescence intensity
measured at the end of stability testing divided by that before stability testing for the same cl one. Each dot represents values measured for one clone.
The horizontal bar and error bars represent the average and standard error of values of 18 clones. P value for statistical difference between the WT hCMV
and MR1 CMV was calculated using two-tailed Student’s t test.

compared for expression level and stability
in stably transfected clones using EGFP as
a reporter protein as described above for
the hCMV promoters. Consistent with
the previous results (Fig. 2), the 18 MR1
mCEF clones had comparable EGFP
geometric mean fluorescence intensity
with those generated using the WT
mCEF before stability testing (Fig. 3A).
However, MR1 mCEF did not enhance
expression stability as determined by both
the percentage of EGFP expression cells
and retention of EGFP expression levels
(Fig. 3B and C). All clones generated
using the WT and MR1 mCEF had 100%
of EGFP expressing cells before stability

testing. After 8 wk of culture, the majority
of clones generated using both promoters
had less than 100% of EGFP expressing
cells. The average percentage of EGFP
expressing cells in the 18 clones from
each promoter was similar, dropping to
76% for the WT mCEF and 79% for the
MR1 mCEF. Similarly, the difference in
average retention of EGFP expression level
was not statistically significant between
clones generated using the WT and MR1
mCEF. However, five WT mCEF clones
retained over 70% of their starting EGFP
expression level while none of 18 MR1

Discussion
Using MR1 hCMV ensured all
cells still expressed EGFP although the
expression level still declined over 30% in
two thirds of the clones. We had recently
observed that the decreased expression
in these clones was not due to loss in
EGFP gene copies.23 DNA methylation
was observed in both stable and unstable
clones generated using the MR1 hCMV

mCEF clones retained expression over
60%.
Bioengineered
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Figure 3. Comparison of the WT mCEF and MR1 mCEF for EGFP expression level and stability. ( A) EGFP expression in stably transfected clones before
stability testing. ( B) Percentage of EGFP expressing cells in different clones at the end of stability testing. ( C) Retention of EGFP expression level in
different clones at the end of stability testing. Eighteen clones, six from each pool, were isolated from three pools generat ed by each promoter. Each dot
represents values measured for one clone. The percentage of EGFP expressing cells and EGFP geometric mean fluorescence intensity were quantified
before and after stability testing for each clone using FACS Calibur. The retention of EGFP expression level for each clone w as calculated as the EGFP
geometric mean fluorescence intensity measured at the end of stability testing divided by that before stability testing for the same clone. Each d ot
represents values measured for one clone. The horizontal bar and error bars represent the average and standard error of value s of 18 clones. P value for
statistical difference between the WT mCEF and MR1 mCEF was calculated using two -tailed Student’s t test.

promoter, suggesting that IE enhanced
expression stability by mechanisms other
than preventing DNA methylation.
Histone modifications are also associated
with transcription silencing. A recent
study indicated that different epigenetic
regulatory elements associated with
specific histone modifications prevented
gene silencing. 27 For example, MARs
were associated to histone marks usually
linked to actively expressed genes, while
an UCOE was found to act by preventing
deposition of repressive chromatin marks.
Analysis and comparison of histone
modifications between clones generated
using the WT and MR1 hCMV and
4

between stable and unstable MR1 hCMV
clones may help us understand how IE
enhances expression stability and why
transcriptional silencing still happened
in some clones. This information will
also define whether IE is a new epigenetic
regulator or acts by mechanisms similar
to existing epigenetic regulatory elements.
As the length of IE is short, it would also
be of practical interest to test whether
combinations of IE with other epigenetic
regulatory elements on the same plasmid
vector could further enhance expression
stability.
Inserting one copy of IE between the
LTR and hCMV enhancer and CP in
Bioengineered

reverse orientation in a previous study
and our recent work both enhanced
expression stability. 21, As both of the
promoters originate from viral sources, we
were interested to study if IE worked with
other types of promoters. We extended
the application of IE to a chimeric viralmammalian promoter consisting of the
mCMV enhancer and hEF CP, mCEF.
A promoter of the CHO EF-1α gene was
reported to provide more stable expression
than the hCMV promoter.28,29 Similarly,
we observed that expression from the
23

chimeric WT mCEF using a hEF CP was
more stable than the WT hCMV (Figs. 2
and 3). As MR1 mCEF did not further
enhance expression stability compared
with the WT mCEF (Fig. 3B), it is
possible that IE works better with viral CP
than mammalian CP and more enhancerCP combinations should be evaluated.
We also observed that the effect of IE
was different when inserted into various
locations on hCMV and in different
orientations.23 Use of IE did not enhance
expression stability for mCEF possibly due
to non-optimal location and insufficient
IE copies. Besides enhancer and/or
promoter source and the IE location and
copy number, it is would also be interesting

to look at the effect of enhancer and CP
lengths on IE’s function. Previous studies
observed that IE prevented methylation
on DNA sequences within a limited
range.20,30 hCMV and mCMV enhancers
used in this work have 376 and 422 base
pairs, respectively. hCMV and hEF CP
have 203 and 250 base pairs, respectively.
hCMV is 100 base pairs shorter than
mCEF in total and could be another
reason for the different effects IE had on
expression stability.

engineering. The IE element is relatively
short compared with other common
elements like MAR and UCOE and
could be more easily applied during vector
designs to further expand any existing
promoter libraries.

A wider range of promoters and
augmenting elements would be useful
not only for recombinant protein
production in CHO cells, but also for
areas like synthetic biology and cell
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