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Abstract Promoters are essential on plasmid vectors

to initiate transcription of the transgenes when gener-

ating therapeutic recombinant proteins expressing

mammalian cell lines. High and sustained levels of

gene expression are desired during therapeutic protein

production while gene expression is useful for cell

engineering. As many finely controlled promoters

exhibit cell and product specificity, new promoters

need to be identified, optimized and carefully evalu-

ated before use. Suitable promoters can be identified

using techniques ranging from simple molecular

biology methods to modern high-throughput omics

screenings. Promoter engineering is often required

after identification to either obtain high and sustained

expression or to provide a wider range of gene

expression. This review discusses some of the

available methods to identify and engineer promoters

for therapeutic recombinant protein expression in

mammalian cells.
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Introduction

There is rapidly growing demand for existing products

and a constant inflow of novel products in the

therapeutic recombinant protein market. Monoclonal

antibodies (mAb), the best-selling class of biologics,

accounted for sales of over $20.3 billion in the USA in

2011 (Aggarwal 2012). Biosimilar versions for some

of the top therapeutic proteins are also being devel-

oped and getting approved for the market (Kling

2012). With the expected sustained growth of the

biologics market in the near future, cell culture

technologies for therapeutic recombinant protein pro-

duction are required to improve as well.

Mammalian cells, such as Chinese hamster ovary

(CHO) cells, human embryonic kidney cells

(HEK293) and murine lymphoid cell lines, are com-

monly used for production of safe and effective

biologics (Ho et al. 2013; Wurm 2004). Generating a

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

a plasmid vector carrying the gene for the respective

recombinant protein (Birch and Racher 2006; Ho et al.

2013; Smale and Kadonaga 2003). Small amounts of

transiently expressed product can be collected a few

days after transfection for small scale assays during

early stages of drug development (Pham et al. 2006).

Stably-transfected cell lines that have undergone

selection for plasmid vectors integrated into the host

cell’s genome are used for commercial scale thera-

peutic protein production at high yields and consistent

quality (Barnes et al. 2003). It is desired that the

recombinant protein expression be high in both

transiently and stably transfected cell lines. There is

an added requirement of sustained expression over at

least 2–3 months in stably-transfected cell lines dur-

ing the scale-up process to ensure consistent product

levels and quality (Barnes et al. 2003).

Obtaining sustained, high level recombinant pro-

tein production depends on many factors such as cell

host, culture media, culture process, and expression

vectors (Birch and Racher 2006; Costa et al. 2010; Ho

et al. 2013). The promoter is an essential component of

the expression vector which initiates transcription and

can affect both expression level and stability. Promot-

ers can be classified broadly into inducible and

constitutive promoters. Constitutive promoters are

commonly used for recombinant protein production,

while inducible promoters are occasionally used either

for cell engineering or expressing products toxic to the

cell. This review will introduce the commonly used

promoters and how novel promoters can be identified

and engineered either for high and sustained gene

expression or for cell engineering in mammalian cells,

with emphasis placed on therapeutic recombinant

protein production.

Promoters for therapeutic recombinant protein

production

A typical promoter used for therapeutic recombinant

protein production contains a core promoter element,

an immediate upstream enhancer region and if

required, other cis-acting regulatory elements. The

core promoter is a minimal DNA sequence of around

80 nucleotides required for transcription initiation

which extends approximately 35 base pairs upstream

and downstream of the initiation site (Smale and

Kadonaga 2003). Sequence motifs found in well-

studied TATA-box based core promoters includes the

TATA box (TATA box binding protein recognition

sequence, TATAWAAR), BRE (transcription factor

IIB recognition sequence, SSRGCC), Inr (initiator

sequence, YYANWYY), MTE (motif ten element,

CSARCSSAAC), DPE (downstream promoter ele-

ment, RGWYV) (Juven-Gershon and Kadonaga 2010;

Pedersen et al. 1999; Smale and Kadonaga 2003).

These motifs allow anchoring of transcription factors

to form a transcription machinery that drives tran-

scription by RNA polymerase II (Juven-Gershon and

Kadonaga 2010). Apart from TATA-box based pro-

moters, CpG rich mammalian promoters which are

more plastic and evolvable have been identified with

modern genomic tools. These promoters have multiple

transcription start sites as compared to focused start

sites of TATA-box based promoters (Juven-Gershon

and Kadonaga 2010). After transcription is initiated by

the core promoter, the gene expression is augmented

by DNA elements like enhancers and introns. Enhanc-

ers are able to recruit a variety of transcription factors

to activate transcription and can function independent

of location and orientation (Ong and Corces 2011).

The enhancer bound transcription factors regulate

promoter activity either by direct interaction with the

Table 1 Online promoter databases

EPD, Eukaryotic Promoter Database

http://epd.vital-it.ch/

Managed by the Swiss Institute of Bioinformatics, EPD is

an annotated and experimentally validated collection of

eukaryotic promoters from human, mouse, D.

melanogaster, and zebrafish genomes. Over 200,000

promoters can be accessed in the database

MPromDb, Mammalian Promoter Database

http://mpromdb.wistar.upenn.edu/

MPromDb is a curated database of annotated gene

promoters identified from ChIP-seq experiment results.

Datasets are obtained from six different human cell

samples (CD4?TCells, HeLa S3, K562, NB4,

Lymphyoblastoid, Jurkat) and mouse samples from five

different mouse tissues and five different cell types

PEDB, Mammalian Enhancer/Promoter Database

http://promoter.cdb.riken.jp/

Mammalian promoter/enhancer database constructed by

integrating information of conserved non-coding regions,

transcriptional start sites and transcription factor biding

sites to obtain a system level understanding of dynamic

transcriptional regulation in mammals
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basic transcription machinery (Malik and Roeder

2010) or by forming complexes and recruiting

enzymes to remodel the chromatin structure to

increase accessibility (Clapier and Cairns 2009).

There are currently countless promoters identified

and catalogued for both eukaryotic and viral sources in

online databases (Table 1). A promoter derived from

the human cytomegalovirus major immediate early

gene (hCMV) is the most commonly used promoter

for high therapeutic recombinant protein expression in

industry (Costa et al. 2010). Other promoters that can

be used include promoters from the murine cytomeg-

alovirus (mCMV), simian virus 40 (SV40), CHO and

human elongation factor-1 a-1 gene (CHOEF1a,

HEF1a) and a hybrid promoter of hCMV enhancer

and chicken ß-actin promoter (CAG). These promot-

ers are used on commercial plasmids for constructing

vectors to express therapeutic recombinant proteins

(Table 2). The SV40 promoter is considered as a

weaker promoter among the above list and is mostly

used to drive expression of the selection marker gene

for more stringent selection of stably transfected high

producing cells (Birch and Racher 2006).

Due to the plethora of available promoters, the

choice of promoters for recombinant protein expres-

sion and engineering of mammalian cells can be

complicated as the promoters and cis-regulatory

elements, such as introns, exhibit product specificity,

cell line specificity and even differences between

transient and stable conditions for recombinant protein

Table 2 Promoters used in commercial vectors for recombinant protein expression in mammalian cells

Promoter Vector Supplier Comments

hCMV (human

cytomegalovirus

promoter)

pcDNA3.1

pcDNA3.3/3.4-TOPO

pOptiVEC-TOPO

pBudCE4.1

Life Technologies (www.

lifetechnologies.com)

Each vector uses different variants

of the hCMV promoter. Refer to

supplier database for more

information

gWiz vector series

phCMV vector series

Genlantis (www.genlantis.

com)

pCI/neo Promega (www.promega.

com)

pFLAG-CMV and pBICEP-CMV

series of vectors

Sigma-Aldrich (www.

sigmaaldrich.com)

mCMV (murine

cytomegalovirus

promoter)

GS vector Lonza (www.lonza.com) Intron is included downstream of

the promoter. Used in the

popular GS expression system

SV40 (simian virus 40

promoter)

pZeoSV2(?) Life Technologies

pSI/neo Promega

pcDNA3.1, pcDNA3.3-TOPO,

pOptiVEC-TOPO, GS vector

Various SV40 is often used for expression

of selection marker genes for

stringent selection

HEF1a (human elongation

factor 1a gene promoter)

pBudCE4.1 Life Technologies

pFUSE2-CLIg-hk

pFUSE-CHIg-hG1

InvivoGen (www.

invivogen.com)

Vectors specifically designed for

Ig expression with light chain

and heavy chain constant regions

on the vector

CHOEF1a (CHO

elongation factor 1a gene

promoter)

pDEF38 CMC biologics (www.

cmcbio.com)

50 and 30 flanking regions and the

first intron of CHO EF-1a are

included

FerH, FerL (human ferritin

heavy and light chain

gene promoters)

pVITRO2-MCS Invivogen 50UTR is modified to reduce iron

regulation of promoters

CAG (CMV

enhancer/ß-actin promoter)

pCAGG Gene Bridges (www.

genebridges.com)
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expression in mammalian cells (Kim et al. 2002;

Mariati et al. 2010; Xia et al. 2006). For instance,

mCMV promoter is stronger than hCMV in a few

reports (Addison et al. 1997; Kim et al. 2002).

However, when these two promoters were compared

for mAb production using CHO cells in Lonza’s GS

system, one of the commonly used vectors for

mammalian gene expression in industry, mCMV,

had lower expression than hCMV (Kalwy 2005).

Another possible reason for conflicting reports in

various studies is that different versions of truncated or

full-length promoters were used. For instance, the

hCMV promoter in some vectors only contains the

enhancer and core promoter, while in others it could

include the first intron and other cis-regulatory

elements (Mariati et al. 2010). Evaluation should be

performed when choosing promoters for different

purposes instead of only depending on the results

published in literatures.

While expression sustainability is less frequently

reported compared to expression level, it is another

critical issue faced during recombinant protein pro-

duction using stably transfected cell lines and cell

engineering. There are multiple reports linking the loss

of gene expression in CHO cells expressing therapeu-

tic recombinant protein upon long term culture to the

use of the hCMV promoter (Chusainow et al. 2009;

Kim et al. 2011; Osterlehner et al. 2011; Yang et al.

2010). Although the use of endogenous mammalian

promoters is thought to be advantageous compared to

viral promoters for transgene expression stability

(Chen et al. 2013), there is a shortage of data

comparing promoter expression stability in industrial

applications. We have observed in our laboratory that

the SV40 promoter was most resistant to gene

silencing but gave the lowest expression when com-

pared to hCMV, mCMV, and CHOEF1a in stably-

transfected CHO cell clones (results not published).

While therapeutic protein production requires the

highest possible expression levels, cell engineering

experiments to improve the therapeutic protein

expression or quality can require protein expression,

either at lower levels or under specific conditions,

thereby further complicating promoter selection pro-

cess (Blazeck and Alper 2013; Chen et al. 2013). Due

to the absence of a promoter that performs well for all

applications, work is always on-going to identify and

engineer novel promoters to complement new pro-

ducts and cell lines.

Identifying novel promoters

Identifying a promoter that can achieve high and

sustained gene expression is challenging, especially in

scenarios where novel cell hosts are to be utilized.

Promoters can either be isolated from viral sources

that infect mammalian cells, for example, the hCMV

(Thomsen et al. 1984) and mCMV promoters (Dorsch-

Hasler et al. 1985) or from upstream sequences of the

host’s endogenous genes, like the HEF1a and

CHOEF1a promoters (Deer and Allison 2004; Kim

et al. 1990). Promoters can be identified using methods

ranging from using simple molecular biology tech-

niques to utilizing high-throughput microarrays and

genomics tools.

‘‘Trapping’’ of promoters and regulatory elements

can be performed to identify and study novel

sequences (Fig. 1). This method of promoter identi-

fication is tedious due to its random nature but can be

performed using basic molecular biology tools. A

promoter trap utilizes a promoter-less vector carrying

a green fluorescent protein (GFP) reporter gene (Chen

et al. 2013). The vector was transfected into CHO cells

and GFP expressing cells would signify that the vector

was integrated adjacent to a transcriptionally active

promoter. The upstream region was sequenced to

identify a promoter which was 66 % as active as the

SV40 promoter. A variation of the promoter trap

involved shotgun cloning of CHO genomic fragments

into a promoter-less vector carrying an antibiotic

selection marker gene. Genomic fragments which

exhibit promoter activity can be isolated from clones

which display antibiotic resistance (Pontiller et al.

2008).

Enhancer trapping can be performed using vectors

carrying a weak SV40 core promoter (Weber et al.

1984). Fragments from the hCMV and mCMV

genomes were inserted in the enhancer trap, upstream

of the SV40 core promoter, to substitute the missing

enhancer. Sequences with enhancer properties that

increase gene expression were identified (Boshart

et al. 1985; Dorsch-Hasler et al. 1985). Another way to

use the enhancer trap is to transfect cells with the

enhancer-less vector. The transgenes would only be

expressed when the vector is integrated downstream of

an enhancer (Bulger and Groudine 2010). Although

promoter and enhancer trapping is an arbitrary exer-

cise, there is potential to identify novel promoters or

regulatory segments that cannot be easily identified by
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screening for conserved motifs or in silico promoter

prediction.

An alternative approach to identify strong promot-

ers is based on the expression level of endogenous

genes in mammalian cells. For instance, elongation

factor-1 a-1 gene (EF1a) is a house-keeping gene and

is highly expressed in different mammalian cells.

CHOEF1a and HEF1a promoters had been isolated

using cDNA probes to screen lambda phage genomic

libraries and confirmed to be strong promoters for high

level transgene expression (Deer and Allison 2004;

Uetsuki et al. 1989). CHOEF1a promoter when

combined with its flanking elements gave reporter

gene expression that was up to 35-fold higher than the

hCMV promoter in CHO cells (Deer and Allison

2004). In another effort to identify endogenous

promoters, a CHO DNA library was first built by

blunt-end cloning chromosomal DNA fragments into

Fig. 1 ‘‘Trapping’’ of novel

promoters and enhancers.

Plasmid vectors that are

either lacking a promoter or

carrying a weak SV40 core

promoter can be used as a

promoter trap or enhancer

trap respectively. The trap

vectors can be used in two

ways: (1) directly

transfecting the trap vector

into the host cell. In this

method, the green

fluorescence protein (GFP)

reporter or selection marker

(SM) would only be

expressed when the vector is

integrated downstream of an

endogenous promoter or

enhancer, (2) shotgun

cloning DNA fragments

from the target host into the

trap vector before

transfection. The fragments

integrated would need to be

a promoter or enhancer for

the GFP or SM to be

expressed. GFP screening or

drug selection is

subsequently performed to

isolate positive cells.

Sequence of the segments

upstream of the trap vector

or the ligated fragment can

be identified by methods like

nested PCR or genomic

library screens. The novel

promoter or enhancer would

be further evaluated and

engineered before use. Pro

promoter, Enh enhancer,

RDS random DNA segments
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promoter-less vector backbones. Primers binding to

the first exon of highly expressed CHO genes were

designed and used together with primers binding to the

backbone of the vector used for generating the library

to clone the 50-flanking regions (Pontiller et al. 2010).

The cloned 50-ends were inserted into reporter lucif-

erase vectors to check for promoter activity. While no

promoters stronger than SV40 were identified in the

above experiment, the method was effective in

isolating flanking promoter regions of known genes.

While highly expressed endogenous proteins are

obvious targets, genes with interesting properties like

elevated expression under specific conditions can also

contain useful promoter elements. One example is the

mild-cold responsive enhancer (MCRE) found

upstream of a cold-inducible RNA-binding protein

(cirp). Cirp expression is induced during mild hypo-

thermia. Using MCRE together with the hCMV

promoter increased expression of erythropoietin

(EPO), a therapeutic protein, by six-fold in cultures

shifted to 32 �C as compared to cultures at 37 �C

(Sumitomo et al. 2012). Other genes with expression

driven by promoters of potential interest can be

identified by culturing the cells in the desired condi-

tions and using either oligo-dT probes (Prentice et al.

2007) or high-throughput micro-arrays to detect

highly expressing mRNAs (Le et al. 2013; Thaisuchat

et al. 2011). The ferritin heavy chain gene (FerH) was

identified to be preferentially expressed at high levels

during the stationary stages of culture using biotin

tagged, oligo-dT generated probes from day 5 cell

culture samples. The generated probes were allowed to

hybridize to a cDNA library generated from the same

cell sample. A more abundant mRNA species would

give a more intense signal. The FerH promoter and its

flanking regions gave expression three-fold higher

than the hCMV promoter during late stages of culture

to maximize protein expression during peak cell

density (Prentice et al. 2007).

Therapeutic protein-producing mammalian cell

cultures can be cultured under hypothermic conditions

to slow down cell metabolism and extend cell viability

for increased product yield. The S100a6 gene was

identified in CHO microarray data to be highly

expressed during hypothermia treatment and a

1.5 kb region upstream of the gene was isolated by

screening CHO genomic lambda phage libraries

(Thaisuchat et al. 2011). The identified promoter was

two-fold better than the SV40 promoter during

transient recombinant protein expression in hypother-

mic cultures. With the release of the CHO genome (Xu

et al. 2011), tedious genomic library screens can be

avoided as the upstream sequence of any endogenous

genes can be located easily and cloned using PCR.

Microarray data was first used to identify genes highly

expressed at late stages of cell culture. Upstream

sequences were then isolated based on the known

genomic sequencing data. This method allowed iden-

tification of an interesting pTXnip dynamic promoter

which was used to express a mGLUT5 fructose

transporter (Le et al. 2013). pTXnip promoter allowed

dynamic expression of the recombinant mGLUT5

gene, changing the expression levels in synchrony

with the cell growth-staying low during early cell

culture and increasing during the later stages of

culture. Fructose consumption increased at later stages

of culture when mGLUT5 expression was sufficiently

high to avoid glucose depletion. While microarray

data allows high-throughput screening of genes, it is

limited to known genes and can be hard to implement

for novel cell hosts which are not well studied.

The activity level of a promoter when expressing a

gene depends on the interactions between protein

trans-activating factors and the promoter sequence,

allowing us to identify promoters by their DNA–

protein activator interactions. Chromatin immunopre-

cipitation (ChIP) can be combined with massive

parallel sequencing (NGS) to screen for promoters

which bind to specific factors. Tissue specific tran-

scription factors, like p300 for heart related enhancers,

can be used to identify cell specific promoter elements

(Blow et al. 2010). Performing either formaldehyde-

assisted isolation of regulatory elements (FAIRE) or

DNaseI enzymatic digestion to enrich samples com-

bined with high-throughput assays, such as NGS and

micro-arrays to identify the samples, are novel meth-

ods to identify regions of active chromatin, to enrich

for active promoters and to isolate DNA regions that

bind transcription factors (Furey 2012; Song et al.

2011). In FAIRE-seq, formaldehyde is added to

cultured cells to cross-link DNA to proteins. The

sample is sheared by sonication and DNA is extracted

using phenol/chloroform for identification (Giresi

et al. 2007). DNase-seq enriches and identifies open

chromosomal areas prone to DNaseI enzymatic

digestion. These methods have mainly been applied

to study and annotate the human genome. With human

cell lines like PER.C6 (Kuczewski et al. 2011) being
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explored for therapeutic protein production, the pro-

moters identified from these studies could be benefi-

cial when human cell lines gain wider usage for

biologics production.

With enhanced understanding of promoter

sequence compositions, bioinformatics algorithms

have been developed for sorting, analyzing and

extracting succinct information from the large

amounts of data obtained from genomics studies for

prediction of novel promoters. The availability of the

CHO genome allows application of these techniques

to identifying promoters from the most commonly

used mammalian host for biologics production. Basic

screening of motifs like the TATA box is problematic

in huge datasets. Instead, DNA structural properties

like GC content, stabilizing energy, denaturation

values and DNA-bending stiffness can be analyzed

for promoter prediction (Abeel et al. 2008; Gan et al.

2012). Analysis can also be sequence based if there is a

sufficiently large training set available. A support

vector machine (SVM) utilized a previously generated

set of data to produce k-mers that would identify

enhancers without being restricted purely to transcrip-

tion factor binding sequences (Lee et al. 2011).

Several algorithms can also be used in sequence as a

hybrid approach to identifying promoters (Lin and Li

2011).

Simply identifying a promoter region can be

insufficient to achieve high therapeutic recombinant

protein expression or to obtain the desired range of

expression of genes for cell line development and

engineering. The promoter would require further

engineering to optimize the activity and fine-tune the

derived expression levels.

Engineering promoters to improve gene expression

Identified promoter regions can span several thousand

base pairs and be cumbersome to use during vector

construction. The promoters are subsequently engi-

neered to only retain critical regulatory regions. Serial

deletion analysis is one of the simpler ways to engineer

an optimal promoter. Early deletion analysis was

performed based on the sequence data and used

restriction enzymes to systematically remove sequence

repeats to study the effect of each segment to the

strength of the promoter (Boshart et al. 1985; Dorsch-

Hasler et al. 1985; Nelson et al. 1987). As knowledge of

promoter structure improved, deletion analysis became

more systematic and was based on deletion of known

segments. The full length hCMV promoter was

dissected to determine which regions are critical to

transgene expression in CHO-K1 and HEK293 cells.

Using the enhancer and core promoter as a control, it

was observed that the full length promoter gave the

highest stable EPO expression in CHO-K1 cells while

addition of only the first exon gave the highest

expression in HEK293 cells (Mariati et al. 2010).

Several other reports of promoter identification also

performed deletion analysis to optimize the promoter

(Prentice et al. 2007; Thaisuchat et al. 2011). The same

process can also be applied to promoters for weakening

its activity instead of strengthening. A series of SV40

promoters with different regions deleted were tested to

weaken the expression of glutamine synthetase for

improved selection stringency of high producing cells

(Fan et al. 2013).

The promoter can also be engineered by either

removing sequences/motifs detrimental to expression

or introducing factors beneficial to gene expression.

For example, the PDX1 binding region in the hCMV

promoter was shown to be a repressor and removal of

the site by mutation increased expression by up to

four-fold in transient luciferase experiments (Chao

et al. 2004). Removal of CpG dinucleotide sites which

are prone to gene silencing due to DNA methylation

can improve transgene expression stability during long

term culture (Swindle et al. 2004). An interesting way

to introduce protein factors beneficial to gene expres-

sion is to link the factors to other DNA binding

proteins. Recombinant protein expression was posi-

tively influenced in CHO cells, with increases in

expression levels and stability, when the p300 histone

acetyltransferase (HAT) domain was fused to a LexA-

binding protein and a LexA-binding site was placed

upstream of a hCMV promoter (Kwaks et al. 2005). In

another example, an engineered zinc-finger protein

(ZFP) transcription factor of the VP16 activation

domain was fused to the ZFP DNA binding moiety to

generate the novel factor ZFP-2392v. It was used to

target a site upstream of the SV40 promoter, improv-

ing protein expression by up to two-fold (Reik et al.

2007). Positive effects were also observed after

inserting binding sites for ZFP-2392v upstream of

the hCMV promoter.

The enhancer and core promoter regions should be

able to recruit transcription factors which work in

Biotechnol Lett (2014) 36:1569–1579 1575
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synergy to improve transcription activity. As the

enhancer and core promoter can be regarded as

modular components, it is possible to fuse different

enhancers and core promoters to enhance transcription

activity or regulate expression (Blazeck and Alper

2013). For example, the combination of the hCMV

enhancer with the chicken b-actin promoter provided

transgene expression higher than the hCMV promoter

(Niwa et al. 1991). Use of a hCMV enhancer and

HEF1a core promoter hybrid was beneficial to

extending transgene expression for gene therapy in

liver cells (Magnusson et al. 2011).

Another possible way to improve enhancer and

promoter activity is by artificially directing and

accelerating evolution of the sequences through the

introduction of mutations. Enhancer libraries can be

generated by polymerase cycling assembly using long

overlapping oligonucleotides that have mutations

introduced through a programmed level of degeneracy

(Patwardhan et al. 2012). Promoter or enhancer

libraries can also be generated utilizing DNA micro-

array printing. By controlling the depurination side

reaction through a novel detritylation process, high

quality 150-mer oligonucleotide libraries can be

synthesized (LeProust et al. 2010). Enhancers with

either single or multi-site mutations were printed using

the depurination-controlled process for systematic

dissection studies and enhancer optimization (Melni-

kov et al. 2012). There is a need for high-throughput

methods to efficiently screen the large libraries

generated. One screening method incorporates fully

degenerate short 20 base pair tags at the three-UTR

end of enhancers in a library to create a catalog of

enhancer-tag combinations for identification. Restric-

tion sites can be added in between the enhancer and the

tag for insertion of transgenes, leaving the tag between

the transgene and the polyadenylation signal. The

abundance of each tag after transfection and tran-

scription can be used to determine the effect each

modification has on enhancer activity (Melnikov et al.

2012; Patwardhan et al. 2012).

Synthetic enhancers and core promoters can be

constructed either randomly or based on known

promoter characteristics like transcription factor bind-

ing sites or CpG content. Short synthetic oligonucle-

otides of binding sites for nuclear factor jB, activating

protein-1, CArG binding factor A and nuclear factor Y

were randomly ligated to generate a promoter with

expression three-fold higher than the hCMV promoter

(Ogawa et al. 2007). In another study, promoter

regions were given an alpha score based on how unlike

a gene the nucleotide composition was. By replacing

regions of a X-linked gene cancer/testis antigen 1A

promoter with sequence that had double the alpha

score resulted in increased expression (Grabherr et al.

2011). A novel synthetic promoter was generated by

aligning the sequence of the hCMV and HEF1a
promoters to obtain a consensus sequence which was

modified to include a maximal number of transcription

factor binding sites. This novel synthetic promoter

with high transcription factor binding was combined

with the hCMV enhancer to obtain transgene expres-

sion similar to the hCMV promoter but with improved

long-term expression (Magnusson et al. 2011). In a

study of the enhancer activity for random combina-

tions of short DNA sequences, 100 base pair synthetic

enhancers were generated by creating tandem repeats

of every possible 10-mer DNA sequence by micro-

array printing. One enhancer worked twice as well as

the human CMV enhancer in HeLa cells (Schlabach

et al. 2010).

Introns can affect transcription by containing

regions with enhancer-or repressor-like elements,

containing splicing signals that enhance transcription

initiation and RNA polymerase II activity or allowing

formation of ordered nucleosome arrays around the

promoter (Le Hir et al. 2003). Inclusion of introns into

a basic enhancer-core promoter combination improves

recombinant protein expression levels in mammalian

cells (Kang et al. 2005; Kim et al. 2002; Mariati et al.

2010; Nott et al. 2003). Expression levels in CHO cells

using the human and murine CMV promoters were

improved by two-fold and eight-fold, respectively,

with addition of the first intron from the human EF-1a
gene (Kim et al. 2002). A truncated version of the

hCMV intron A, the D600 variant that was less than

half the length of an original intron A with splicing

acceptor sites preserved, was shown to perform as well

the full length version for antibody expression in

CHO-K1 cells (Quilici et al. 2013).

Promoter engineering maximizes the potential of

both existing and newly identified promoters. A

combination of different promoter engineering tech-

niques might be required to yield the best results. For

example, first shortening the promoter by deletion

analysis and followed by designing hybrid combina-

tions, introducing various mutations or testing the

inclusion of introns to improve recombinant protein
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expression. With greater understanding of promoter

function, designing synthetic promoters could be the

most flexible option.

Conclusion

Promoter choice is critical to getting high and stable

therapeutic recombinant protein expression and con-

trolled expression levels for cell engineering in

mammalian cells. While a long list of promoters have

been identified and catalogued in online databases, any

identified or engineered promoter still needs to be

carefully characterized before use during protein

production. A database of characterized promoters

either used with, or derived from, mammalian cells,

such as CHO cells, for therapeutic protein production

is currently unavailable. Such a list would be a

valuable resource for anyone trying to establish cell

lines for biologics production. A gap also still exists

before we are able to fully understand the complex

regulation of promoter activity level and sustainability

upon integration into the chromosome. Bridging of

this gap coupled with the promising work done on

engineering synthetic promoters, would allow the

design of custom promoters for any applications to be

a feasible method to optimize protein expression level.

Acknowledgment This work was supported by the

Biomedical Research Council/Science and Engineering

Research Council of A*STAR (Agency for Science,

Technology and Research), Singapore.

References

Abeel T, Saeys Y, Bonnet E, Rouzé P, Van De Peer Y (2008)
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