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High mammalian gene expression was obtained for more than twenty different proteins in different cell types by just a few
laboratory scale stable gene transfections for each protein. The stable expression vectors were constructed by inserting a natu-
rally-occurring 1.006 kb or a synthetic 0.733 kb DNA fragment (including intron) of extremely GC-rich at the 5" or/and 3’
flanking regions of these protein genes or their gene promoters. This experiment is the first experimental evidence showing
that a non-coding extremely GC-rich DNA fragment is a super “chromatin opening element” and plays an important role in
mammalian gene expression. This experiment has further indicated that chromatin-based regulation of mammalian gene ex-
pression is at least partially embedded in DNA primary structure, namely DNA GC-content.
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Prokaryotic cell gene expression is mainly biochemically
regulated by the binding of transcriptional factors and other
DNA binding proteins to gene regulatory sequences, such as
the promoter and enhancer regions. Eukaryotic cells have a
nucleus each, containing condensed chromatin that may

prevent access of the transcriptional factors and other DNA
binding proteins to the gene regulatory sequences embedded
inside the condensed chromatin. Therefore, eukaryotic cells
have a non-open genome. The openness of the chromatin
plays an important role in regulation of eukaryotic gene
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expression. What is the material foundation that determines
chromatin’s openness? Is this foundation embedded in pri-
mary structure of DNA, namely the GC content of the DNA?
In this article, we will address these questions, at least in
part.

Going back in time, we know that dinosaurs were ex-
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rigid than made of AT bonds and form different chromatin
structures that may interact with DNA methylation, histone
methylation & accetylation, and non-histone proteins dif-
ferently [6—8] and may make an adjacent structural gene
more or less open to transcriptional factors and other DNA
binding proteins.

tremely large, muscular organisms. Achieving this huge
frame must have required super gene expression strength of
its major body components, such as beta-actin. Indeed, di-
nosaurs have been linked to birds including Gallus gallus,
the domestic chicken [1,2]. Surprisingly, the chick beta-
actin gene contains a 1.006 kb extremely GC-rich, non-
coding sequence, Intron-1 [3] (average 75.3% GC content)
(Figure 1). The segment with the highest GC content identi-
fied in this sequence was composed of 90.8% GC (Table 1).
This extremely high GC content is unusual in mammalian
and other vertebrates’ genomes [4,5].

GC and AT bonds can be thought of as different building
materials used in constructing DNA secondary structure, the
double-helix. The Guanine-Cytosine (GC) bond is com-
prised of three hydrogen bonds while two hydrogen bonds
secure the Adenine-Thymine (AT) bond. The difference in
the number of hydrogen bonds between these pairs imparts
differential rigidity to the DNA double-helix (secondary
structure). Due to a higher number of hydrogen bonds, the
GC union is stronger than that of Adenine and Thymine.
Likely, a DNA double-helix composed of GC bonds is more

We hypothesized that genomic DNA containing highly
GC-rich content might hold the secret of a high constitutive
level of mammalian or possibly all eukaryotic gene expres-
sion through regulating chromatin openness.

1 Materials and methods
1.1 Plasmids, cell lines and culture conditions

pBR322 backbone containing an Ampicillin selection
marker was used to construct the pMH3 expression vector
(Figure 2). A Pvul site in the middle of Ampicillin selection
marker was used for linearization of the pMH3 expression
vector for stable gene transfection into mammalian and
chicken cells. CHO-S (SKU# 11619-012) was purchased
from Invitrogen. CHOK1 (ATCC CRL 9618) was purchased
from ATCC. R1610 (ATCC CRL 1657) was purchased from
ATCC. DF-1 (chick) was a gift from Dr. Bu ShiGao (Harbin
Veterinary Research Institute, Chinese Academy of Agri-
culture Science).

CTGCAGTGACTCGAGTCGCTGCGTTGCCTTCGCCCCGTGCCCCGCTCCGCGCCGCCTCGCGCC
GCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGACGGCCCTTCTC
CTCCGGGCTGTAATTAGCGCTTGGTTTAATGACGGCTCGTTTCTTTTCTGTGGCTGCGTGAAAGC
CTTAAAGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGGAGCGGCTCGGGGGGTGCGTGCGTGT
GTGTGTGCGTGGGGAGCGCCGCGTGCGGCCCGCGCTGCCCGGCGGCTGTGAGCGCTGCGGG
CGCGGCGCGGGGCTTTGTGCGCTCCGCGTGTGCGCGAGGGGAGCGCGGCCGGGGGCGGTGC
CCCGCGGTGCGGGGGGGCTGCGAGGGGAACAAAGGCTGCGTGCGGGGTGTGTGCGTGGGGG
GGTGAGCAGGGGGTGTGGGCGCGGCGGTCGGGCTGTAACCCCCCCCTGCACCCCCCTCCCCG
AGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTGCGGGGCGTGGCGCGGGGCTCG
CCGTGCCGGGCGGGGGGTGGCGGCAGGTGGGGGTGCCGGGCGGGGCGGGGCCGCCTCGGG
CCGGGGAGGGCTCGGGGGAGGGGCGCGGCGGCCCCGGAGCGCCGGCGGCTGTCGAGGCGC
GGCGAGCCGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGGGCGCAGGGACTTCCTTTGTCC
CAAATCTGGCGGAGCCGAAATCTGGGAGGCGCCGCCGCACCCCCTCTAGCGGGCGCGGGCGA
AGCGGTGCGGCGCCGGCAGGAAGGAAATGGGCGGGGAGGGCCTTCGTGCGTCGCCGCGCCGC
CGTCCCCTTCTCCATCTCCAGCCTCGGGGCTGCCGCAGGGGGACGGCTGCCTTCGGGGGGGAC
GGGGCAGGGCGGGGTTCGTCGGCGCCGGCGGGGTTTATATCTTCCCTTCTCTGTTCCTCCGCA
GCCCCCAAGCTT

Figure 1 GC-rich chick beta-actin intron-1 (1.006 kb). There are seven GGCGGG box, one CCCGCC box [9], and 136 CG sites in the above sequence.

Table 1  Analysis of GC content of chick beta actin gene intron-1

Positions 1—-100 bp

78.0%

200—300 bp
82.0%

330—430 bp
80.0%

520—650 bp
90.8%

750—830 bp
80.0%

GC content
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Figure 2 pMHS3 expression vector.

1.2 Construction of the expression vectors

A 1.494 kb chick actin gene promoter fragment was di-
gested by Ps#l and Hindlll from 5'-regulatory sequence (a
gift from Dr. N Fregien, University of Miami), and was
used as a promoter for the vector construction. Rabbit
globulin poly A was employed for the construction. The
1.006 kb chick beta-actin gene intron-1 modified with PsfI
at 5'-end and HindIlI at 3'-end was used as GC-rich intron-1
to construct the pMH3 expression vector (Figure 2). The
PGK promoter driven neo resistance gene was employed as
a selection marker for stable mammalian and chicken gene
transfection. G418 was used for selecting stable clones. De-
tailed structure of pMH3 expression vector is shown in Fig-
ure 2.

The 0.733 DNA fragment was assembled by ligation of
five different GC-rich fragments synthesized by Genescript
Inc. (www.genescript.com). The sequences of these five
GC-rich fragments were derived from a GC-rich DNA
fragment of a chicken genome (part of chicken cardiac al-
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pha actin intron-1) and a GC-rich DNA fragment of a rice
genome. This GC-rich DNA was used to replace 1.006 kb
chick beta-actin GC-rich intron-1 and construct the “se-
quence” non-specific GC-rich expression vector.

1.3 Transfections, cell lines screening and evaluations

Stable gene transfections were conducted by a gene pulser
(Bio-rad). The high expressors were selected by a dot blot
(Figure 3) as well as ELISA methods for the 1st and 2nd or
3rd cloning in order to get pure cell population. The high
expressors were adapted to suspension serum-free medium
B001 (www.amprotein.com) and scaled up by using non-
optimized fed-batch culture in AmProtein’s 50-liter “Cur-
rent” bioreactors. Purification used affinity protein-A
method (Pharmacia), followed by an ion exchange method.

2 Results

Gene expression in prokaryotic cells such as E-coli is fre-
quently strong and normally requires 3-hour or shorter ex-
pression periods for protein detection. Mammalian gene
expression is always weak and difficult to detect even by
sensitive ELISA or the less sensitive, semi-quantitative dot
blot detection method. Thus, a 24—48 hour expression pe-
riod is often required for mammalian protein detection.

To examine our hypothesis, we inserted this 1.006 kb in-
tron-1 (average 75.3% GC content) from the chick
beta-actin gene (a gift from Dr. N Fregien, University of
Miami) (ATCC 37507) at the 5" and 3’ flanking regions of
more than 20 protein or antibody genes (Figure 4). We
achieved extremely high 3-hour stable gene expression in
one chicken and four mammalian cell lines by using just a
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Figure 3 Dot blot detection of protein production in a 3-hour period for a human antibody and VEGF trap (an IgG1 Fc-fused protein). The furthest left lane
is standard human anti-VEGF antibody (Avastin) or TNFR2-Fc (Enbrel) 10 mg/L (10 pg/mL) series dilution.

Promoter

Coding sequence

Figure 4 Insert position of GC-rich chick beta-actin intron-1.
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few laboratory scale gene transfections for each protein
(Table 2). By contrast, no protein expression (TNFR2-Fc,
commercial name Enbrel) was detected in 3 and 6-hour
production periods without the GC-rich intron-1 at 5" or/and
3’ flanking regions of the genes of interest under the native
chick beta-actin gene promoter or CMV promoter sequence
alone [10].

We also visualized expressed proteins from a hyper-
glycosylated EPO production clone by direct protein stain-
ing of the culture supernatant after a 24-hour culture period.
Amazingly, we clearly saw the protein band (Figure 5).

The results in Table 2 clearly show that inserting the
GC-rich intron-1 at 5" and 3’ flanking regions of the gene of
interest greatly enhanced expression in different cell lines
for different proteins. The expression has reached the levels
above the current industrial average levels (20—60 pg cell™
d™") [11] that were achieved using the labor-intensive gene
copy amplification method employed elsewhere.

To further prove that these high-expressing cells from
Table 2 were truly producing recombinant proteins at the
industrial level, we have selected some stable clones for
non-optimized scale up cultures using the 5-, 50- and
300-liter working volume bioreactors [12]. The protein

A S r B c

-
-

Figure 5 Visualization of 24-hour expressed proteins in 96-well plates by
the direct culture supernatant. A, Commassie blue staining; B, sugar stain-
ing; C, Western blot. 1, 5 pg purified EPO; 2, 20 uL EPO-HyperG en-
hanced generic supernatant.
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purification yields are demonstrated in Table. 2.

The above results indicated that a simple industrial
“GC-rich” method for mammalian protein and antibody
expression has been successfully established at this point.

The generated cell clones from Table 2 have the potential
to be optimized into gram/liter production yields although
the production speed (pg cell”' d™") defined in Table 2 was
measured in 96-well plates (0.1 mL/well) after a 3 or
24-hour culture period. However, scale up protein purifica-
tion yields in Table. 3 did not reach gram/liter. It indicates
that medium optimization and scale up optimization are
further required for commercial scale protein production.

In order to determine if the GC-rich DNA fragment was
the key for the extremely high mammalian gene expression
shown in Tables 2 and 3, we synthesized a 0.733 kb “se-
quence” non-specific GC-rich DNA fragment (average of
71.9% GC content shown in Table 4) with no GGCGGG
and CCCGCC boxes (Figure 6) to replace the 1.006 kb
GC-rich chick beta-actin intron-1 (Figure 1). This 0.733 kb
“sequence” non-specific GC-rich DNA (Figure 6) was de-
rived respectively from GC-rich DNA fragments of a
chicken genome and a rice genome. This result in Table 5
and Figure 7, taken together with other results shown in
Tables 2 and 3 provided the first experimental evidence in-
dicating that a non-coding GC-rich DNA fragment is a su-
per “chromatin opening element” and plays a dominant role
in the regulation of mammalian gene expression.

We have also inserted the GC-rich DNA at either 3’ or 5’
flanking regions of genes of interest alone. Our results in
Figure 7 indicated similar expression, but with fewer high
expressors, suggesting the requirement of more cell trans-
fections and clone screening. The constructs illustrated in
Figs. 2 and 6 had the best results.

3 Discussion

In order to examine our hypothesis, we successfully em-

Table 3 Production rate (pg cell™ d™') of different cell clones (CHOK1 E1 and CHO-S A3) from AmProtein-China and NCPC in different media and pro-

duction periods (ELISA)

Clone nam Enbrel E1 Enbrel A3 Enbrel E1 Enbrel A3 Enbrel E1 Enbrel A3
one name (AmProtein-China) (NCPC) (AmProtein-China) (NCPC) (AmProtein-China) (NCPC)
Medium DMEM/F12 DMEM/F12 B001 (rich medium)  BO0OI (rich medium) DMEM/F12/M199  DMEM/F12/M199
3-hour  production
period (pg cell” d) 12.7 9.5 44.9 29.2 12.0 9.2
24-hour production | 552 165.0 94.5 57.9 388
period (pg cell” d™)
Cell density 0.65%10%well 0.65x10%well  0.65x10%well 0.65%10%well 0.65x10%well 0.65x10%well
Table 4 Analysis of GC content of the synthetic 0.733 kb DNA fragment
Positions 1—147 bp 148—294 bp 295—442 bp 443—590 bp 591-733 bp
GC content 74.8% 78.1% 78.9% 70.7% 58.1%
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TTACTAGACAGGTGAGTGTCGCCGCGTCGT
CGCCGCGTCCCCCGCGCACGCGTCGTCGTC
GTCGCCGCGGCCCCGCGCCGTAGCCGCCG
CCGCCGGCCTCCCCCCTCCCTCCTCCGGCC
AGATCTGGGTCTAAGTATGCCCGGGGCAAG
GGAGGGGGGAGGGGAGCCGCCGCCGCGa
CCCCCGCGCGCGCGACGTCGTCGTCACCGC
CGCCCCGCGCCGTAGCCGCTGCCGCCGGC
CTTCCCCCTCCCTCCTCCAGCCAGATCTGGG
AGGGAGGGGGTAAGAATGCCGCGGGAGGG
AGGGGAGCCGCCGCCGeaGeeeeeeaeaea
TCGTCGTCGCCGTGGCCCTGCGCCGTCGTC
ATCGTCGCCACCGCCGCCGGCGGCCTCAGC
TTGTGCGGTGTTACCGGCGTCCGCCTGCTC
GCCCTTTGTGCGGCTCTAGAGCATCTGCCG
CGAGCACGGGACGGGACACCGCCCTCTGCC
CTTCTCGCCCTCGGAGCGGCTGCGGCTCGA
CGGGGCGCGGTGCGCCGGAGGCGGCGTGC
GCTGGCAGAGCCGGACTCTGCGATACCATT
TCGCTTAAGCTCGAGACTCATCCATTTTGATC
TGTGCCCATAGGGTACCGCTAGTGCCCAAA
GTTAGCGTTCTGGGAGCCTTCTGAATCGTGA
ACGGCAGCGGCGACGGGTCCCTCAGAGCC
GTGCCCGAGCGCCGCCGCCTTCTTCTTTTTC
CTACAGCTCAAGCTTG

Figure 6 A synthetic 0.733 kb “sequence non-specific” GC-rich DNA
fragment. There are no GGCGGG and CCCGCC boxes [9]. There are 119
CG sites in the above sequence.

Table 5 Application of the synthetic 0.733 kb DNA fragment and corre-
sponding  protein expression”

Cell types Protein types a b c

CHO-S (Invi- g 0o (TNFR2-F) 10 14.0 75
trogene)
CHOK1

(ATCC) Enbrel (TNFR2-Fc) >10 14.5 95

a) a, the detected protein level in the 3-hour production period of the
best clone (mg/L); b, the detected protein level in the 3-hour expression
period of the best clone detected by ELISA (mg/L); c, the estimated pro-
duction speed of the best clone (pg cell™ d™).

ployed 3-hour expression periods for our protein detection
(Table 2). To further prove that these high-expressing cells
from Table 2 were truly producing recombinant proteins at
the industrial level, we have selected some stable clones for
non-optimized scale up cultures (Table 3). Thus, a simple
industrial “GC-rich” method for mammalian protein and
antibody expression has been successfully established.
Based on the facts that GC linkages have three hydrogen
bonds and that a GC-made DNA double helix is different
from an AT-made one, it is likely that DNA GC content

Sci China Life Sci

January (2010) Vol.53 No.1 99

TBDE2-Fc 3h

Figure 7 Dot blot detection of protein production. A 0.733 kb GC-rich
DNA was inserted in the 3'-flanking region of genes of interest (Pro-
moter-TNFR2-Fc-Poly A-0.733 kb GC-rich fragment) alone. Dot blot
detection of protein production in the 3 hour period for TNFR2-Fc (Enbrel).
The furthest left lane is standard Enbrel (Amgen) 10 mg/L (10 ug/mL)
series dilution.

makes a difference in forming DNA secondary structure that
further affects the chromatin openness.

Giorgio Bernardi and Vinogradov reported that GC-rich
genes were associated with the expression of certain genes,
such as house-keeping genes [4,5]. Meissner ef al. [13] re-
cently reported that a core region of unmethylated CpGs in
high-CpG-density promoters [14,15] was associated with
ubiquitous “house-keeping genes” and highly-regulated key
developmental genes where the transcriptional initiation
mark H3K4me3 (univalent) is generally highly expressed.
Meissner’s study also identified 25051 sites of the enriched
transcriptional initiation mark H3K4me3 (univalent) at lo-
cations from 1 kb to >100 kb away from known promoters.
CpGs sampled at these sites (outside promoters and CpG
islands) had significantly lower methylation levels. This
relationship was particularly strong for CpGs located in
highly conserved non-coding elements. These reports indi-
cated a link between “sequence” non-specific GC content,
including CpG islands, and DNA methylation that might
further affect gene expression.

Together with our experimental evidences reported here,
an immediate study to link the genomic non-coding GC
content with adjacent gene expression activities was indi-
cated. These results also suggested studies to understand the
role of a non-coding GC-rich DNA fragment in the regula-
tion of gene expression in other eukaryotic cells such as
plant cells, which may have a significant impact on mo-
lecular farming.

4 Conclusions

We concluded that a simple industrial “GC-rich” method for
mammalian protein and antibody expression has been suc-
cessfully established. We also conclude that flanking
GC-rich non-coding DNA plays the key role in the regula-
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tion of gene expression in mammalian and chicken cells.
Importantly, our discovery indicates that the chroma-
tin-based regulation of gene expression is at least partially
embedded in DNA primary structure, namely DNA GC-con-
tent.
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