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Abstract Transcriptional control of transgene expression is
crucial to successful gene therapy, yet few promoter/enhancer combinations have been tested in clinical trials. We created a simple, desktop computer database and populated it
with promoter sequences from publicly available sources.
From this database, we rapidly identified novel CpG-free
promoter sequences suitable for use in non-inflammatory,
non-viral in vivo gene transfer. In a simple model of lung
gene transfer, five of the six promoter elements selected,
chosen without prior knowledge of their transcriptional activities, directed significant transgene expression. Each of
the five novel promoters directed transgene expression for at
least 14 days post-delivery, greatly exceeding the duration
achieved with the commonly used CpG-rich viral enhancer/
promoters. Novel promoter activity was also evaluated in a
more clinically relevant model of aerosol-mediated lung
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pressure tail vein injection. In each case, the novel CpG-free
promoters exhibited higher and/or more sustained transgene
expression than commonly used CpG-rich enhancer/promoter sequences. This study demonstrates that novel CpGfree promoters can be readily identified and that they can
direct significant levels of transgene expression. Furthermore, the database search criteria can be quickly adjusted
to identify other novel promoter elements for a variety of
transgene expression applications.
Keywords Gene therapy . Promoter . Database . Transgene
expression . CpG

Introduction
An ideal in vivo gene transfer vector is non-inflammatory
and directs transgene expression only in the desired target
tissue. Despite this, vectors employed in the majority of preclinical and clinical studies to date have utilised only a
modest number of widely permissive, often viral, enhancer/promoter transcriptional control elements. Current nonviral gene transfer vectors, typically comprising a cationic
polymer or liposome complexed with plasmid DNA
(pDNA) containing a transgene expression cassette, frequently elicit a mild but appreciable host inflammatory
reaction when administered in vivo [1, 2]. Such host inflammatory reactions appear to be initiated by innate host defence mechanisms that recognise unmethylated CG
dinucleotides (CpG motifs) present within the pDNA component. Systematic mutation of all CpG motifs to alternative
non-stimulating dinucleotide sequences dramatically
reduces the host inflammatory reaction to both systemic
and lung delivery of non-viral formulations [3]. As retention
of even a single CpG within a pDNA molecule has been

1488

shown under some circumstances to provoke a host inflammatory response, the ideal non-viral gene transfer vector
arguably contains a CpG-free, tissue-specific transgene expression cassette coupled to a CpG-free pDNA backbone.
One synthetic approach to the creation of the necessary
CpG-free enhancer/promoter elements is mutation of commonly used CpG-rich sequences [4]. However, as CpGmotifs are often associated with transcription factor binding
sites, this synthetic approach often renders enhancer/promoter elements non-functional. Consequently, only a very
small number of functional CpG-free enhancer/promoter
elements have been identified by this method [3, 4].
To extend the utility of CpG-free expression cassette design
and offer the possibility of tissue-specific transgene expression, it would be advantageous to identify and evaluate a wide
range of naturally occurring CpG-free enhancer/promoter elements. However, few, naturally CpG-free enhancer/promoter
elements have been characterised and none to date, as far as
we are aware, have been evaluated in the context of in vivo
gene therapy. It was hypothesised that within large mammalian sequence databases currently available, promoters should
exist that have regions around the transcription start site (TSS)
that are CpG-free. Regrettably, none of the commonly available database mining tools we evaluated were suitable for the
identification of such sequences. Therefore, a desktop database was created to allow existing enhancer/promoter sequence data to be interrogated. Using a simple search
strategy, we could rapidly screen this database for the presence
of not just CpGs, but any transcription factor binding site or
other nucleotide sequence for which we chose to screen. This
has led to the identification of many previously uncharacterised CpG-free promoters. A number of these promoters were
isolated and inserted into CpG-free transgene expression vectors to allow their promoter activity to be evaluated in several
models of in vivo non-viral gene transfer.

Materials and methods
Creation of a promoter database using FileMaker Pro
The PromoSer 3.0 database [5, 6], a collection of predicted
promoter sequences containing 33,692 human, 22,549 mouse
and 5,705 rat entries (−2,000 to +100 relative to the transcription start site), and the Eukaryotic Promoter Database (EPD)
[7, 8], a collection of ∼4,700 experimentally verified promoter
sequences, were downloaded as text files. Simple application
of find and replace functions parsed these files into a comma
separated values (csv) files containing two columns of header
information and promoter sequence. A FileMaker Pro (FileMaker, Inc., Santa Clara, CA, USA) database was created
with two tables for sequence data and search strings. The
sequence data table contained fields for the header and
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sequence information from the promoter databases as well as
further fields to extract the gene name and species from the
header data. The sequences of 4,746 transcription factor binding sites were obtained from MacVector 9.5 (MacVector Inc,
Carey, NC, USA) and parsed to create a four-column csv file
with columns for transcription factor name, sequence, reverse
sequence and a PubMed reference. These data were imported
into the search string table of the FileMaker Pro database with
matching field names. The search string table was used to
create two values lists for the forward and reverse orientations
of the transcription factor binding sites. In the promoter table,
a number of extra fields were added to allow the user to
specify a search region within the promoters, and global fields
were created to accommodate the value lists passed from the
search string tables. Finally, multiple calculation fields were
created to count the number of instances of the specified
transcription factor binding sites in the specified area of the
promoters. A manual entry for CpG (CG) was created to
search for the presence of CpGs. This process was repeated
(with some modification) to provide extra layouts to count for
up to 16 different transcription factor binding sites (or other
arbitrary user-defined DNA sequence) or to count the frequency of up to 100 members of a family of binding sites. Finally,
the PromoSer and Eukaryotic Promoter Database csv files
were imported into separate versions of the FileMaker Pro
database. The finished FileMaker Pro databases and csv files
containing the promoter sequences and transcription factor
binding sites are available as Supplementary Information.
Construction of plasmids containing the CpG-free
promoters
BAC or PAC clones containing the promoter sequences
were identified in GenBank and purchased (Invitrogen,
Paisley, UK), and the DNA was purified using the LargeConstruct Kit (Qiagen, Crawley, UK). The promoter
sequences were amplified by PCR using primers designed
to add BglII and HindIII restriction sites at the 5′ and 3′ end
of the PCR fragment, respectively, for five of the six promoters (human regenerating islet-derived 1β (hREG1B),
human carboxypeptidase B1 (hCBOX), human tryptophan
2,3 dioxygenase (hTDOX), human apolipoprotein A-II
(hAPOA2) and murine fatty acid binding protein 4
(mFABP)). For the sixth promoter (hTSHB), 5′ BglII and
3′ NheI sites were added. The promoter fragments were then
inserted into the CpG-free pDNA backbone (Fig. 2a). A
CFTR encoding version of the enhanced mFABP plasmid
was created by replacing the CpG-free Lux transgene with
the CpG-free form of the CFTR cDNA from pGM169 [3].
Plasmids were propagated in the Escherichia coli strain
GT115 (Invivogen, Toulouse, France) and purified using
Qiagen Endofree Mega kits (Qiagen). CpG-rich plasmids
containing the luciferase (Lux) transgene under the
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transcriptional control of the CMV, RSV, SV40 and UbC
promoters have been described previously [9].
Procedures involving mice
Female BALB/c mice aged 6–8 weeks were used throughout the current study. Mice were housed and treated in
accordance with UK Home Office ethical and welfare
guidelines and fed on standard chow and water ad libitum.
Plasmid DNA delivery
For the delivery of pDNA to the lungs by instillation, pDNA
was complexed with liposomes of GL67A at a charge ratio of
1:4 as described previously [10]. Mice received 100 μL of the
indicated pDNA/GL67A complexes containing 80 μg pDNA
by intranasal insufflation [10]. For the delivery of pDNA to the
lungs by aerosol, 2 mg of pDNA was complexed with 25 kDa
branched polyethylenimine (PEI) (Sigma Aldrich, Poole, UK)
at an N/P ratio of 10:1 and aerosolised for ∼30 min to groups of
mice as described previously [11]. For the delivery of pDNA to
the liver, pDNA was diluted to 100 μg/ml in D-PBS (Invitrogen), and a volume of diluted pDNA equivalent to 10 % bodyweight (approximately 1.8 to 2.0 ml) was injected into the tail
vein over a period of approximately 5 s [12, 13].
Luciferase reporter assay
Mouse lung and liver samples were homogenised in 1×
RLB, and luciferase activity was quantified using the Promega luciferase assay reagent system (Promega) as described
previously [9]. The level of luciferase activity, expressed in
arbitrary relative light units (RLU), for each sample was
normalised against total protein concentration determined
using a detergent-compatible protein assay (BioRad, Larne,
UK). To aid in comparison with other studies, standards of
recombinant luciferase protein (Promega) were also routinely analysed. For comparative purposes, 100 RLU/mg total
lung protein corresponds to 2,467 ng recombinant luciferase
(Promega) per mg total lung protein.
Real-time quantitative TaqMan RT-PCR
Total mRNA was purified from mouse lungs using the
RNeasy Mini kit (Qiagen). Absolute levels of vector derived
mRNA and murine Cftr mRNA were determined by TaqMan qRT-PCR as described previously [3, 14].
Lung inflammation
Levels of TNF-α in bronchoalveolar lavage fluid (BALF)
were determined using Bio-Plex cytokine assays (Bio-Rad
Ltd, Hemel Hempstead, UK) as described previously [15, 16].
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Statistical analysis
Statistical analyses were performed using GraphPad Prism
v5.0c for Mac OSX (GraphPad Software Inc, La Jolla, CA,
USA). Power analysis to aid in the selection of group sizes
was performed using G*Power v3.1.2 [17]. Differences in
luciferase activity were determined using ANOVA on lognormalised values, using Tukey’s multiple comparison post
hoc tests where appropriate. Data for mRNA levels could not
be successfully log-normalised and were thus analysed by
non-parametric Kruskal–Wallis and Mann–Whitney U
(MW) tests where appropriate. Differences in dinucleotide
frequencies were determined using Friedman’s test, using
Dunn’s multiple comparison post hoc test where appropriate.
A probability value (p value) of less than 0.05 was considered
statistically significantly. In figures, bars represent mean±
standard error of the mean; the symbols NS, *, ** and ***
indicate a p value of >0.05, <0.05, <0.01 and <0.001, respectively, compared with the unlabelled comparator group.

Results
Identification of CpG-free promoters
Initially the size of the available pool of CpG-free promoters
was determined. A FileMaker Pro database (Supplementary
Information) was created to house the PromoSer 3.0 dataset
of predicted promoter sequences containing 33,692 human,
22,549 mouse and 5,705 rat entries (−2,000 to +100 bp
relative to the TSS) [6]. This was first used to calculate the
frequency of all dinucleotides in the region −2,000 to the
TSS (Fig. 1a). Most dinucleotides exhibited a normal distribution with peaks around 100–150 dinucleotides per
2,000 bp. However, as previously described for mammalian
genomes in general [18], the frequency of CG dinucleotides
(CpGs) in the promoter regions represented in the database
was markedly skewed, with a peak at ∼15 CpGs per
2,000 bp (Fig. 1a). Notably, ∼20 % of promoters in this
large dataset contained ≤15 CpGs in the selected region. To
establish if a usable population of CpG-free promoters was
available for use in gene therapy models, the distance from
the TSS to the first occurrence of each of dinucleotide was
calculated for each promoter (Fig. 1b). In the first 150 bp,
86 % of the promoter sequences contained a CpG, and there
was no apparent difference between the occurrence of CpGs
and the other dinucleotides (p>0.99; Friedman). However,
as the distance from the TSS increased, a bias in favour of
CpG-free promoter sequences appeared, such that there
were 1,339 promoters containing ≥500 bp of CpG-free
sequence 5′ of the TSS, while only 158 promoters, at most,
remained free of any other dinucleotide. This pattern is
readily apparent in 50-bp windows between 300 and

1490

J Mol Med (2012) 90:1487–1496

Fig. 1 Promoter dinucleotide
frequencies. a Percentage
distribution of all 16 DNA
dinucleotides in the PromoSer
database (−2,000 bp to the
TSS). The number of each of
the 16 dinucleotides in the
61,946 promoters in the
PromoSer 3.0 dataset was
determined and expressed as a
percentage count (b).
Occurrence rate of each
dinucleotide in PromoSer
database. The first occurrence
of each dinucleotide relative to
the TSS was collated into 50-bp
bins for representation. CG occurrence rate (black triangles),
along with rates for all other
dinucleotides, is shown. See also Supplementary Fig. 1

1,000 bp from the TSS where 4–11-fold more CpG-free
promoters were found than for any other dinucleotide (p<
0.001; Friedman/Dunn’s multiple comparison post hoc)
(Fig. 1b and Supplementary Fig. 1).
From these observations, it can be concluded that CpGfree promoters are readily identifiable within mammalian
genomes and that they represent an under-utilised experimental resource. This conclusion was strengthened when a
second FileMaker Pro database was created to interrogate an
alternative dataset, the EPD, which contains experimentally
determined promoter sequences (1,869 humans, 195 mice,
117 rats and 2,911 others). Unique sequences within the
EPD (−2,000 to +100 bp relative to the transcription start
site) were screened for the presence of CpGs (in the region
−500 to +10 bp), and 18 promoters were identified as being
CpG-free (Table 1). A further 55 promoters contained only

one CpG and a further 60 contained two. The 18 CpG-free
promoters identified from the two databases were further
analysed for their suitability, and five human promoters and
one mouse promoter were selected (based on suitability of
restriction sites to allow rapid cloning) for further study
(Table 2). Five of the six promoters (hREG1B, hCBOX,
hTDOX, hAPOA2 and mFABP) have >500-bp CpG-free
DNA upstream of the transcription start, but the sequence
between the TSS and the associated coding sequence initiation codon (ATG) was not CpG-free. For these promoters,
the upstream CpG-free region and 10 bases downstream of
the TSS was isolated. These promoter sequences were
inserted into a common CpG-free pDNA backbone [3] containing a CpG-free CMV enhancer, a 5′ UTR region comprising two CpG-free exons and a synthetic CpG-free intron
and a CpG-free luciferase reporter gene (Fig. 2a). The
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Table 1 CpG-free promoters identified from initial screen of database
Species Gene

EPD
accession #

Bovine Alpha s1-casein, CSN1S1 gene
Bovine Thyroid-stimulating hormone alpha
Chicken Myosin adult fast-white
(myosin heavy chain) 1
Human Apolipoprotein A-II
Human Thyroid stimulating hormone-β
Human Regenerating islet-derived 1β

EP11090
EP11126
EP11080

Human

EP73490

Human
Human
Human
Murine
Murine
Murine
Murine
Murine
Murine
Rat
Rat

Guanylate binding protein 2,
interferon-inducible
Carboxypeptidase B1
KIAA0174 gene product
Tryptophan 2,3 dioxygenase
Fatty acid binding protein 4
Insulin I
Interferon β
Immunoglobulin variable region 1
Immunoglobulin (heavy chain) variable region:
specific for 4-hydroxyl-3-nitrophenacetyl
Immunoglobulin (heavy chain) variable region:
specific for 4-hydroxyl-3-nitrophenacetyl
Prostatic steroid binding protein C2, C2 gene
Insulin II

EP11088
EP30071
EP73427

EP73648
EP73814
EP74093
EP24033
EP17068
EP23039
EP07116
EP14073
EP14071
EP16047
EP17070

remaining promoter, hTSHB, had an entirely CpG-free sequence spanning from −750 bp relative to the TSS to the
initiation codon at +350. This sequence included a region
predicted to be the naturally occurring first intron of the
hTSHB gene [19, 20]. Consequently, this entire region was
used and the hTSHB construct lacked the synthetic 5′ UTR
region included in the other promoter constructs.
CpG-free promoter activity following in vivo lung gene
transfer
Plasmid DNA for each of the six selected promoters was
complexed with GL67A liposomes (a leading non-viral
gene transfer agent [21]) and transcriptional activity in vivo
was assessed in a mouse lung gene transfer model [3]. Lux
activity in the lungs of mice dosed by instillation with the
novel plasmids was determined at 1 and 14 days post-dosing
and compared with constructs containing the commonly
used CpG-rich CMV, RSV, SV40, UbC enhancer/promoters
and CpG-free hCEFI enhancer/promoter all previously
found to be effective in this system [3, 13]; untreated naïve
mice acted as negative controls (Fig. 2b, c). The commonly
used CMV, RSV, SV40, UbC and hCEFI enhancer promoters all directed substantial levels of Lux activity compared with naïve controls (p<0.001; ANOVA/Tukey’s post
hoc (A/T)). Mean Lux activity directed by the novel mFABP

promoter was similar to that observed with the commonly
used CMV, SV40 and hCEFI enhancer/promoters (p>0.05;
A/T). Encouragingly, four of the other five novel CpG-free
promoters were transcriptionally active, directing Lux activity at levels significantly greater than observed in naïve
animals (p>0.05 for hAPOA2, p<0.001 for all other promoters; A/T), though at levels that were lower than those
observed with the commonly used CMV, SV40 and hCEFI
enhancer/promoters (p<0.05; A/D).
By day 14, Lux activity from the CpG-rich CMV, RSV
and SV40 viral promoter had, as expected [9], fallen to the
level of untreated naïve animals (p>0.05; A/T). In contrast,
5/6 novel CpG-free promoters and the commonly used UbC
and hCEFI enhancer/promoters maintained significant Lux
activity (hAPOA2 p>0.05, others p<0.001; A/T). Encouragingly, Lux activity directed by the mFABP promoter was
indistinguishable from that directed by the UbC and hCEFI
enhancer/promoters (p>0.05; A/T). Interestingly, for the
novel CpG-free promoters, the rank order of transgene expression level observed at day 1 was maintained at day 14,
with the mFABP directing the highest level and hAPOA2
directing the lowest level of expression at both time points.
None of the five novel CpG-free promoters that directed
significant transgene expression appeared to suffer from the
striking attenuation of promoter activity (>4-logs) observed
with the CpG-rich viral enhancer/promoters in the lung
(Fig. 2b, c). Importantly, a range of transcriptional activities
was observed, allowing for the selection of desired expression level by judicious choice of promoter sequence.
Subsequently, the inflammatory response generated
by each of the six novel CpG-free promoters was compared with the CpG-rich CMV, RSV and SV40 enhancer/promoters and the CpG-free hCEFI enhancer/
promoter. The pDNAs were complexed with GL67A,
instilled into the mouse lung, and at 1 day postTable 2 CpG-free promoters identified and used in this study
Gene

CpG-free
region

Cloned
region

BAC/PAC
ID #

Human thyroid
stimulating
hormone-β
Human regenerating
islet-derived 1β
Human
carboxypeptidase
B1
Human tryptophan
2,3 dioxygenase
Human
apolipoprotein A-II
Murine fatty acid
binding
protein 4

−750:+350 (ATG) −750:+350 RP4-666F24
−625:+70

−625:+10

RP11-88C6

−630:+16

−630:+10

RP11-505J9

−670:+36

−670:+10

RP11-401G24

−513:+26

−513:+10

RP11-401G24

−623:+52

−623:+10

RP23-436F15
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Fig. 2 CpG-free promoter activity following pDNA/GL67A instillation to the mouse lung. a Structure of pDNA expression vectors used in
the study. The selected promoters were inserted into a common plasmid backbone, entirely free of CpGs, containing a human CMV enhancer, 5′ UTR region, soLux luciferase reporter gene, BGH poly A 3′
UTR, R6K origin of replication and a kanamycin resistance gene
(KanR). Restriction sites (BamHI, HindIII and NheI) used in construction of promoter variants are indicated. Numbers indicate size of
elements in DNA base pairs. pDNA was complexed with liposomes

of GL67A and delivered to the mouse lung by instillation. Luciferase
activity in the mouse lung, normalised to total protein concentration, is
shown at day 1 (b) and day 14 (c) post-dosing. Luciferase reporter gene
expression was under the control of the promoters indicated. Luciferase
activity in naïve animals acts as negative controls. TNF-α levels in
bronchoalveolar lavage fluid collected at day 1 post-dosing is shown
(d). Mock-treated animals act as negative controls. n05–6 mice per
group. Vertical dashed lines delineate commonly used enhancer/promoters from the novel CpG-free promoters

dosing, a BAL was performed and levels of TNF-α in
the BALF were assessed. In line with previous studies
utilising CpG-free pDNAs [3], we observed that in vivo
delivery of all seven of the CpG-free promoters resulted
in low levels of TNF-α similar to that of naïve mice
(Fig. 2d). In contrast, delivery of the CpG-rich CMV,
RSV, SV40 and UbC promoters resulted in a highly
significant induction of TNF-α levels ranging between
44- to 187-fold (p<0.001; A/T) (Fig. 2d).

selected promoters was examined in an alternative model
of in vivo gene transfer. Transgene expression from the four
most potent promoters in the lung (hCBOX, hTDOX,
hREG1B and mFABP) was measured in the liver following
naked plasmid DNA delivery via the high-pressure tail vein
method [12, 13]. Transcriptional activity was compared with
constructs containing the commonly used CpG-rich CMV
and UbC enhancer/promoters and CpG-free hCEFI enhancer/promoters; all previously found to be effective in this
system [22]. At day 1 post-dosing, the hCEFI enhancer/
promoter directed the highest levels of Lux activity of the
positive controls (p<0.001; A/D). Encouragingly, all four of
the novel CpG-free promoters directed higher activity than
the hCEFI enhancer/promoter (p<0.001 for mFABP, p<
0.01 for others; A/D) (Fig. 3).

CpG-free promoter activity following in vivo liver gene
transfer
To ensure the observations made above could be applied
generally, the transcriptional activity of a subset of the
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Fig. 3 CpG-free promoter activity following high-pressure tail vein
delivery of naked plasmid DNA to the mouse liver. Plasmid DNA was
diluted to 0.1 mg/ml in D-PBS and a volume equal to 10 % bodyweight
was injected over 5 s to the tail veins of mice. Luciferase activity in the
mouse liver, normalised to total protein concentration, is shown at
day 1. n06 mice per group. Vertical dashed line delineates commonly
used enhancer/promoters from the novel CpG-free promoters

Duration of CFTR mRNA expression directed by mFABP
promoter following aerosol-mediated lung gene transfer
The results for the in vivo lung gene transfer studies performed above were obtained using an instillation procedure
that rapidly delivers a bolus of fluid to the lungs. Subsequently we evaluated the transcriptional activity of the
mFABP promoter, the most potent of the novel CpG-free

Fig. 4 mFABP promoter activity following pDNA/PEI aerosolisation
to the mouse lung. mFABP-CFTR or pCF1-CFTR pDNA (2 mg) was
complexed with 25 kDa branched PEI at an N/P ratio of 10:1 in a final
volume of 10 mL. pDNA/PEI complexes were aerosolised into an 8-L
perspex chamber over ∼30 min containing un-restrained groups of
mice. Absolute levels of pDNA vector-derived lung mRNA were
determined at 1, 7 and 28 days post-dosing by TaqMan qRT-PCR
and normalised to absolute levels of murine Cftr (100 %01 copy
vector mRNA: 1 copy murine Cftr mRNA). n06 mice per group.
Horizontal dashed line indicates assay sensitivity
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Fig. 5 Promoters used in gene therapy clinical trials (1991-2011). One
hundred twenty-two gene therapy clinical trial publications were identified from the Gene Therapy Clinical Trials Database (http://www.wiley.com/legacy/wileychi/genmed/clinical/). Where possible, the
promoters used in each gene therapy vector were identified. For a full
list of publications by promoter, see Supplementary Fig. 2

promoters described here in a more clinically relevant model
of lung gene transfer, where pDNA was complexed with
25 kDa PEI and delivered by inhalation of an aerosol produced by a jet nebuliser [11]. Transcriptional activity of the
mFABP promoter, directing the expression of a CpG-free
form of the cystic fibrosis transmembrane conductance regulator (CFTR) cDNA, was compared with that achieved by
pCF1-CFTR, a construct containing the CpG-rich CMV
enhancer/promoter and pGM169 a construct containing the
CpG-free hCEFI enhancer/promoter, which between them
have been used in four previous non-viral clinical trials
involving patients with the common inherited lung disease
cystic fibrosis [1, 2, 23, 24].
Lungs were harvested at 1, 7 and 28 days post-aerosol
dosing, and absolute levels of vector-derived CFTR mRNA
were determined by qRT-PCR and normalised to endogenous
murine Cftr mRNA [14]. Robust transcriptional activity from
the mFABP promoter was observed at day 1 post-aerosol and
remained essentially unchanged throughout the study (Kruskal–Wallis test, p>0.05) (Fig. 4). At day 1 post-aerosol, activity from the CMV promoter was ∼20-fold higher than from
the mFABP promoter (p00.002; MW) but fell during the
study such that it was at a similar level to that of mFABP by
day 7 (p00.329; MW) and was 15-fold lower than mFABP by
day 28 (p00.009; MW) (Fig. 4). Activity from the hCEFI
promoter was similar to that of the mFABP promoter at days 1
and 28 post-aerosol (p>0.05; MW).

Discussion
Promoter selection is undoubtedly a key factor in the efficacy of gene transfer vectors. With the availability of many
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complete mammalian genomes, there exists an almost unlimited choice of promoters available. Despite this, very few
promoters have been assessed in gene therapy models, and
the number of different promoters used in clinical trials
appears to be small. Using a number of public sources, we
were able to identify 122 publications from gene therapy
clinical trials performed between 1991 and 2011. In these
trials, we could identify the use of only 15 different promoters. Variations of the CMV enhancer/promoter were the
most popular (34 %) with the retroviral LTR (12 %), RSV
LTR (11 %) and the SV40 promoter (8 %) being the next
most common (Fig. 5 and Supplementary Fig. 2). Of note is
that a significant number of clinical trial publications (10 %)
failed to mention which promoter was used and subsequent
searches of cited literature could not identify the element
selected. While this probably represents only a subset of all
studies, it is clear that few promoters have been used in
clinical trials for gene therapy and the choice of promoter
has most likely not been based on any rigorous assessment
of what was available. In the case of non-viral gene therapy
for CF, persistent gene expression is perceived as an absolute requirement for clinical progress in order to maximise
the interval between treatments. Most clinical trials for CF,
however, have used promoters of viral origin such as CMV
[1, 2, 25, 26] or RSV [27, 28]. Most of these studies
reported evidence of CFTR expression, but levels were
rarely maintained for more than a few days. Similar transient
activity with viral promoters has been observed in mouse
models of lung gene transfer [9, 29]. Subsequently, we have
shown that some human promoters (such as UbC), or compound elements comprising a viral enhancer and a human
promoter (such as hCEFI), can direct long-term gene expression in the mouse lung [3, 9] and in human clinical trials
[24]. Thus, the concept that selecting an appropriate promoter can have an appreciable impact on gene expression
profile following in vivo gene transfer has been established.
By using the database screening approach described here,
we identified 18 naturally occurring CpG-free promoters
(Table 1) and chose six (Table 2) for evaluation in mouse
models of in vivo gene transfer. Five of these six were shown
to direct transcriptional activity 24 h following delivery to the
lung via instillation, with levels of transgene expression directed by the mFABP promoter approaching that achieved
with the commonly used CMV enhancer/promoter (Fig. 2b).
Gene transfer by this route using conventional CpG-rich
pDNA constructs is associated with an acute inflammatory
reaction. However, levels of pro-inflammatory TNF-α provoked by delivery of the six novel CpG-free promoters were
essentially at the naive background, 43–118-fold lower than
those provoked by a construct containing the CpG-rich CMV
enhancer/promoter (Fig. 2d). The majority of promoters historically evaluated in this model appear to suffer from pronounced transcriptional silencing [3, 9, 10, 29], which was
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readily apparent for the commonly used CMV, RSVand SV40
enhancer/promoters (Fig. 2b, c). Interestingly, five of the six
new CpG-free promoters evaluated—hTSHB, hCBOX,
hTDOX, hREG1B and mFABP—retained significant transcriptional activity for at least 14 days after delivery (Fig. 2c).
To further assess their effectiveness, the activity of the four
most transcriptionally potent promoters in the lung studies
was evaluated in the mouse liver following high-pressure tail
vein delivery. All were shown to direct transcriptional activity
in the liver 24 h after delivery, with levels of transgene
expression exceeding those achieved with the commonly used
CMV, UbC and hCEFI enhancer/promoters (Fig. 3). Finally,
mFABP, the most consistent of the novel CpG-free promoters,
was evaluated in a clinically relevant aerosol delivery model
utilising CFTR as a potential therapeutic transgene. Transcriptional activity from an mFABP-CFTR construct eclipsed that
directed by pCF1-CFTR, a CMV promoter construct used in
three previous clinical trials, and was similar to that achieved
with an hCEFI promoter containing construct used in a recent
clinical study.
Together, these results demonstrate that not only do naturally occurring CpG-free promoters exist but they can be
effective in models of gene therapy in which many commonly used promoters are ineffective. Moreover, these promoters are novel to gene therapy and were selected merely
by their CpG content. This suggests that for situations where
CpG-content is not a concern, promoter choice could be
limitless and a search based on suitable criteria is likely to
identify candidate promoters that may be useful for preclinical and clinical application. Our specific interest was
to screen for CpG-free promoters, but the approach can be
used to screen for the presence of any sequence or combination of sequences. For example, if novel promoters were
required for use in a model of inflammatory disease, it may
be beneficial to specify promoters with or without binding
sites for specific transcription factors; to this end, the binding sites for NF-kB have been included in gene transfer
vectors to increase nuclear uptake or increase expression
[30, 31]. Forty-four promoters containing at least four NFkB binding sites were identified in our databases in a matter
of minutes, without the need for in-depth knowledge of
bioinformatics or programming tools (data not shown). Another approach that has been used with a degree of success
is the design of synthetic promoters with specific tissue
expression [32–34]. In a recent study, Santilli et al. created
synthetic promoter for X-GCD gene therapy based around
the presence of specific transcription factor binding sites
[34]. In the PromoSer database, we were able to rapidly
identify eight natural promoters that contain between three
and five of these sites (data not shown).
In conclusion, we have developed a method to identify
promoter elements, which replaces traditional bioinformatics tools with a simple desktop database that can be
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easily mastered. The database provides an unbiased analysis
of promoter sequences and led to the identification of novel
CpG-free promoters that were functionally equivalent, or
better than commonly used promoters. By adapting the
promoter search criteria, this approach could be used in
other applications requiring cell or tissue-specific transgene
expression, such as development of transgenic animal models or recombinant protein production.
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