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Development of a computational promoter
with highly efficient expression in tumors
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Abstract

Background: Gene therapy is a potent method to increase the therapeutic efficacy against cancer. However, a gene
that is specifically expressed in the tumor area has not been identified. In addition, nonspecific expression of therapeutic
genes in normal tissues may cause side effects that can harm the patients’ health. Certain promoters have been reported
to drive therapeutic gene expression specifically in cancer cells; however, low expression levels of the target gene are a
problem for providing good therapeutic efficacy. Therefore, a specific and highly expressive promoter is needed for
cancer gene therapy.

Methods: Bioinformatics approaches were utilized to analyze transcription factors (TFs) from high-throughput data.
Reverse transcription polymerase chain reaction, western blotting and cell transfection were applied for the measurement
of mRNA, protein expression and activity. C57BL/6JNarl mice were injected with pD5-hrGFP to evaluate the
expression of TFs.

Results: We analyzed bioinformatics data and identified three TFs, nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB), cyclic AMP response element binding protein (CREB), and hypoxia-inducible factor-1α (HIF-1α), that are
highly active in tumor cells. Here, we constructed a novel mini-promoter, D5, that is composed of the binding sites of the
three TFs. The results show that the D5 promoter specifically drives therapeutic gene expression in tumor tissues and that
the strength of the D5 promoter is directly proportional to tumor size.

Conclusions: Our results show that bioinformatics may be a good tool for the selection of appropriate TFs and for the
design of specific mini-promoters to improve cancer gene therapy.
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Background
Gene therapy has been widely regarded as a promising
modality for the treatment of various cancers [1–3].
However, one of the problems with gene therapy is the
low expression level of the transgene, leading to a negative
impact on the efficacy of gene therapy. The secondary
problem is that nonspecific expression between tumor tis-
sues and normal tissues may cause side effects. Therefore,
tumor-specific promoters have been considered to im-
prove cancer gene therapy. Transcription factor response

elements (TFREs) in the eukaryotic promoter control the
strength and specificity of gene expression [4, 5]. In cancer
cells, certain specific transcription factors (TFs) are
overactive and substantially contribute to malignant
progression [6]. Thus, tumor-specific TFREs were
combined to form a tumor-specific mini-promoter that
may enhance gene expression levels in tumor cells and
reduce the side effects.
Recently, bioinformatics has been used to efficiently

analyze abundant bio-information. In addition, free data-
bases such as the Gene Expression Omnibus (GEO) and
the Cancer Genome Atlas (TCGA) databases provide
abundant clinical information and have been demon-
strated to be useful in identifying new tumor marker
genes or targeted treatment [7, 8]. On the other hand,
there are many online databases and proteomic tools
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that can be used to analyze gene function and predict the
pathways that they influence [9]. Using these methods,
overexpression of E2F in gastric cancer [10], overexpres-
sion of SPP1 in metastatic prostate cancer [11], and over-
expression of hub in colorectal cancer [12] were identified
and confirmed. Therefore, bioinformatics may be useful to
help identify tumor-specific TFREs that allow cancer cell-
specific gene expression.
In this study, bioinformatics approaches were utilized

to analyze the high-throughput data. Three TFs (NF-κB,
CREB and HIF-1α) were identified and overexpressed in
most types of cancer cells but not in normal cells.
Therefore, the D5 mini-promoter was constructed by
combining the three TFs, and the D5 promoter was
shown to result in overexpression of the reporter gene
in tumor tissues but not in normal tissues. Interestingly,
the levels of reporter gene expression in tumor tissues
were tumor size dependent. This study provides a con-
venient platform with which to identify suitable TFs for
the construction of promoters, and the D5 tumor-
specific promoter may improve the efficacy of cancer
gene therapy in the future.

Methods
Bioinformatics analysis
The CEL files were composed of analyzed microarray
data that were obtained using the Affymetrix GeneChip®
Human Genome U133 Plus 2.0 Array and were retrieved
from the GEO database [13]. The data were collected
from patient samples of 8 cancers (breast cancer, colon
cancer, lung cancer, melanoma, oral cancer, liver cancer,
ovarian cancer and pancreatic cancer) and were normal-
ized using the Robust Multiarray Analysis (RMA) algo-
rithm [14, 15]. Data preprocessing and analysis were
performed using the ‘affy’ and ‘stats’ packages in R soft-
ware (http://www.r-project.org/) [16].
The 1624 TFs were defined using data from the

TRANSFAC database (version 2012.4) [17], and the
expression levels of these TFs were extracted from the
expression data of 19,902 genes. Furthermore, TFs in-
volved in cell growth or angiogenesis were selected by
Gene Ontology (GO) [18]. One hundred and eleven TFs
were shown to be associated with the functions of cell
growth or angiogenesis (GO:0016049 for cell growth and
GO:0001525 for angiogenesis). To illustrate the bio-
logical pathways in which the 111 TFs were involved,
enrichment analysis was carried out via the Database
for Annotation, Visualization and Integrated Discovery
(DAVID) [19]. Afterward, the identified TFs with a
log2 fold change ≥1 were chosen.
An online reference database (PubMed) was searched

for the selected TFs. The following search keywords
were used: “transcription factor gene and tumor and cell
growth” or “transcription factor gene and tumor and

angiogenesis.” The references were further identified to
distinguish whether there was overlap in the two
searches, and the number of references was calculated.
Articles published before 2016 were included in the
present study.

Protein interaction (PPI) network, functional analysis of
genes in the PPI network and protein expression
The PPI database GENEMANIA (http://genemania.org/)
was used to obtain the interactions among the selected
TFs, including NF-κB, CREB and HIF-1α. The proteins
that interact with the selected TFs were predicted, and
their gene names were obtained. These predicted genes
were further verified by their related biological functions
using UniProt (http://www.uniprot.org/). The protein
expression levels were mined from “The Human Protein
Atlas” (https://www.proteinatlas.org/) [20].

Cell culture
The human cell lines MCF-7 (BCRC 60436), A-549 (BCRC
60074), AGS (BCRC 60102), HEK293 (BCRC 60019), and
H184B5F5/M10 (BCRC 60197) were obtained from
Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). The human cell lines HT29 (ATCC®
HTB38™) and HUVECs (ATCC® PCS-100-010 ™) were
obtained from the American Type Culture Collection
(ATCC, VA, USA). The human cell line PaTu8988T
(ACC 162) was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig,
German). The mouse cell lines B16F10 (BCRC 60031) and
BALB/3 T3 (BCRC 60009) were obtained from the BCRC
(Hsinchu, Taiwan). The human pancreatic duct epithelial
cell line HPDE was kindly provided by Dr. Y.S. Shan.
(National Cheng Kung University Medical College, Tainan,
Taiwan), which are human papillomavirus-E6 and -E7
gene-immortalized pancreatic ductal epithelial cells [21].
HT29, MCF-7, A549, PaTu8988T, B16F10 and BALB/3 T3
cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, CA, USA); HEK293 and
H184B5F5/M10 cells were maintained in Minimum Es-
sential Medium Eagle medium (MEM; Sigma-Aldrich,
Shanghai, China); AGS and HPDE cells were main-
tained in RPMI medium 1640 (Invitrogen, CA, USA);
and HUVECs were maintained in Medium 199 (Gibco,
CA, USA) with 25 U/ml heparin and 30 μg/ml endo-
thelial cell growth supplement (ECGS) in 5% CO2 at
37 °C. All media were supplemented with heat-
inactivated 10% fetal bovine serum (Gibco, CA, USA)
and 1% penicillin/streptomycin/amphotericin.

Reverse transcription polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted with TRIzol reagent
(Life Technologies, Glasgow, UK) according to the man-
ufacturer’s instructions. The total RNA was reverse
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transcribed into cDNA following the Superscript™-III kit
(Invitrogen, CA, USA) instructions. The sequences of
the primers used for PCR are shown in Additional file 1.
The PCR products were analyzed on 2% agarose gels
and photographed under a UV box after EtBr staining.

Western blotting
Cells were collected and lysed in ice-cold RIPA lysis
buffer. Sixty micrograms of protein was electrophoresed
by SDS-PAGE using 10% polyacrylamide gels and trans-
ferred onto nitrocellulose membranes. The membranes
were blocked with 5% skim milk in phosphate-buffered
saline with 0.05% Tween 20 for 1 h. The membranes were
probed using anti-NF-κB antibody (1:200; Santa Cruz,
Shanghai, CN), anti-CREB antibody (1:500; GeneTex, CA,
USA), anti-HIF-1α antibody (1:500; GeneTex, CA, USA)
or anti-β-actin antibody (GeneTex, CA, USA) followed by
anti-mouse or anti-rabbit secondary antibodies (1:10,000;
GeneTex, CA, USA). The protein bands were developed
using the ChemiLucent ECL Detection System (Millipore,
MA) and were visualized using the Biospectrum AC
Imaging System (UVP, CA, USA).

Construction of the D5 mini-promoter
As shown in Fig. 4, the D5 mini-promoter was prepared
as previously described [22]. The order of the 3 copies of
each TF binding site in the sequence of the D5 promoter
is NF-κB, CRB and HRE. The DNA fragments of the D5
promoter were assembled by PCR with the primers
shown in Additional file 2, and the length was 103 bp.
Furthermore, pD5-hrGFP was obtained by replacing the
CMV promoter of pAAV-MCS-hrGFP with the D5 pro-
moter. Briefly, the pAAV-MCS-hrGFP vector was double
digested by MluI and ClaI (Fermentas, Burlington,
Canada) to remove the sequence of the CMV promoter,
and the DNA fragments of the D5 promoter were ligated
into the digested vector.

In vitro transcription factor activity assay
The assay plasmids (pHRE-hrGFP, pNF-κB-hrGFP, pCRE-
hrGFP, pD5-hrGFP) and control plasmid (pARE-hrGFP;
ARE is the binding site of a prokaryotic transcription
factor ampR) were each co-transfected with a reporter
plasmid (pAsRed2-N1, Clontech, CA, USA) into each type
of cell. Cells (4 × 105) were seeded into the wells of 6-well
plates overnight and were transfected with different
plasmids using Lipofectamine™ 2000 (Invitrogen, CA,
USA) according to the manufacturer’s protocol. At 24 h
after transfection, the cells were harvested and reseeded
into the well of 24-well plates (2 × 105 cells) followed by
treatment with or without different activators (800 μM
CoCl2, 10 ng/ml TNF-α or 400 nM PMA), incubation for
24 h at 37 °C and measurement of the fluorescence signal
using a C6 flow cytometer (BD, CA, USA). The expression

index of each transcription factor was calculated using the
following formula:

Expression Index ¼ TFI of TFBS–hrGFP� TFI of AsRed2
TFI of ARE–hrGFP� TFI of AsRed2

ð1Þ

where TFI is the total fluorescence intensity and TFBS is
the transcription factor binding site.

Construction of the pCMV-RBDV-IgG1 Fc, pCMV-IgG1-Fc,
pD5-RBDV-IgG1 Fc and pD5-IgG1-Fc plasmids
Briefly, pCMV-RBDV-IgG1 Fc and pCMV-IgG1-Fc were
constructed as previously described [23]. For pCMV-
RBDV-IgG1 Fc, the RBDV (receptor binding domain of
human vascular endothelial growth factor A (VEGF-A
residues 1–109)) and the Fc region of human IgG1 were
fused and cloned into the pAAV/MCS vector (Stratagene
California, CA, USA). For pCMV-IgG1 Fc, the Fc region
of human IgG1 was cloned into the pAAV/MCS vector
(Stratagene California, CA, USA).
For pD5-RBDV-IgG1 Fc, the fragments of RBDV-IgG1

Fc were amplified from pAAV-RBDV-IgG1 Fc plasmids
using the forward primer 5′-AAA GGT ACC TGA ACT
TTC TGC TGT CTT GGG-3′ and reverse primer 5′-
AAA AGA TCT TCA ATG GTG ATG GTG ATG ATG
C-3′. The PCR products were generated with new restric-
tion enzyme sites at the 5′-end (KpnI) and 3′-end (BglII)
(underlined in the sequence of primer) and directly cloned
into the pD5 vector to form pD5-RBDV-IgG1 Fc. For
pD5- IgG1 Fc, the DNA fragments of IgG1 Fc were ampli-
fied from pAAV- IgG1 Fc plasmids using the forward
primer 5′-AAA GGT ACC GTG GAA TTG CCC TTA
TGT ACA G-3′ and reverse primer 5′-AAA AGA TCT
TCA ATG GTG ATG GTG ATG ATG CG-3′, and the
PCR products were cloned into the pD5 vector.

Preparation of the LPPC and DNA/LPPC complexes
Briefly, the LPPC (liposome-PEG-PEI complex) parti-
cles were prepared as previously described [24]; their
particle sizes and zeta-potential were subsequently eval-
uated. LPPC/DNA complexes were prepared by mixing
1 mg of LPPC with 100 μg of pAAV-MCS-hrGFP,
pAAV-D5-hrGFP, pCMV-RBDV-IgG1 Fc, pCMV-IgG1-
Fc, pD5-RBDV-IgG1 Fc or pD5-IgG1-Fc in 100 μl of
H2O at 25 °C for 30 min.

In vivo transfection
Female C57BL/6JNarl mice (8 weeks of age) were pur-
chased from the National Laboratory Animal Center. All
animal experiments were performed in accordance with
and approved by the Institutional Animal Care and Use
Committee at National Chiao Tung University (NCTU-
IACUC-104034). For monitoring the expressions of specific
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transcriptional factors in different tumor sizes, B16F10 cells
(1 × 106) were implanted subcutaneously into C57BL/
6JNarl mice. The mice were sacrificed when the tumors
grew to 50 mm3, 100 mm3, 250 mm3, 500 mm3 or
1000 mm3. The tumors were harvested, fixed in 10%
formalin, and embedded in paraffin. The sections (7 μm) of
paraffin-embedded tumors were deparaffinized with xylene,
rehydrated through alcohols, and stained with IHC to
observe the expression level of HIF-1α, NF-κB and CREB.
For intra-tumor transfection, B16F10 cells (1 × 106)

were implanted subcutaneously into C57BL/6JNarl mice.
The mice were injected with LPPC/pD5-hrGFP or
LPPC/pCMV-hrGFP complexes when the tumors grew
to 50 mm3, 100 mm3, 250 mm3, 500 mm3 or 1000 mm3.
At 7 days after transfection, the mice were sacrificed by
CO2 asphyxiation, and the tumors were obtained and
embedded in OCT compound embedding medium
(Sakura Finetek USA Inc., CA, USA) followed by storage
at − 80 °C.
For intra-muscle experiments, the mice were intra-

muscularly injected with PBS or LPPC/pD5-hrGFP or
LPPC/pCMV-hrGFP complexes into the tibialis anterior.
At 7 days after transfection, the mice were sacrificed by
CO2 asphyxiation, and the leg muscles were harvested
and embedded in OCT compound embedding medium
followed by storage at − 80 °C.
For normal organ experiments, the mice were injected

intravenously with LPPC/pD5-hrGFP or LPPC/pCMV-
hrGFP. At day 7, the mice were sacrificed by CO2-
asphyxiation, and the heart, liver, spleen, lung and
kidney were collected and embedded in OCT compound
embedding medium followed by storage at − 80 °C.
Frozen tissue sections were examined and photographed
by fluorescence microscopy (ZEISS AXioskop2).
Seven-micrometer-thick frozen sections were analyzed

at ten random fields (200× magnification) per sample.
The expression level of GFP was quantified and calcu-
lated as the GFP expression score. The GFP expression
level was analyzed using ImageJ software. The GFP
expression score was calculated as the fluorescence
intensity × the fluorescent area. The intensities of the
fluorescence signals were divided into 4 levels (0, 1, 2 or
3 levels). The fluorescent areas were defined as follows:
0–5% of the total area in the section = 0; 5–20% of the
total area in the section = 1; 20–40% of the total area
in the section = 2; 40–60% of the total area in the sec-
tion = 3; 60–80% of the total area in the section = 4;
and 80–100% of the total area in the section = 5.

Immunohistochemical (IHC) staining
Paraffin-embedded sections (7 μm) of the different tumors
or organs were obtained and processed for immunohisto-
chemical staining. Briefly, after the dewaxing and rehydrat-
ing processes, the slides were treated with 3% hydrogen

peroxide in 1× PBS for 10 min to block endogenous perox-
idase activity. Next, the sections were washed three times
with PBS-T (1× PBS containing 0.05% Tween-20) for
5 min per wash, and nonspecific reactions were blocked by
10% FBS in PBS for 10 min at room temperature. The sec-
tions were incubated with primary antibody (anti-NF-κB
antibody, anti-CREB antibody and anti-HIF-1α antibody)
overnight at 4 °C. Then, the sections were incubated with
biotin-conjugated anti-mouse, anti-rabbit or anti-human
IgG1 Fc antibody (1/1000 dilution) for 1 h at room
temperature followed by incubation using the LSAB2
system (DAKO, CA, USA). After washing, 0.5 mg/ml
diaminobenzidine (DAB) and 0.03% (v/v) H2O2 were added
to develop the stain in PBS for 10 min. Finally, the sections
were counterstained with hematoxylin, mounted and
photographed by AXioskop2 microscopy (Zeiss, Jena,
Germany). The protein expression scores were calculated
as staining intensity × staining area. The intensities of
expression were divided into 4 levels (0, 1, 2 or 3 levels).
The expression areas were defined as follows: 0–5%
of the total area in the section = 0; 5–20% of the total
area in the section = 1; 20–40% of the total area in
the section = 2; 40–60% of the total area in the sec-
tion = 3; 60–80% of the total area in the section = 4;
and 80–100% of the total area in the section = 5.

In vivo safety assessment
The mice were injected intravenously with LPPC/pCMV-
RBDV-IgG1 Fc, LPPC/pCMV-IgG1-Fc, LPPC/pD5-RBDV-
IgG1 Fc or LPPC/pD5-IgG1-Fc complexes. At day 7, the
mice were sacrificed by CO2 asphyxiation, and the heart,
liver, spleen, lung and kidney were collected and fixed by
paraformaldehyde. Finally, the tissue sections were stained
with hematoxylin and eosin (H&E) or underwent IHC
staining as previously described.

In vivo tumor therapy
B16F10 cells (1 × 106) were implanted subcutaneously in
five female C57BL/6JNarl mice (8 weeks of age) per group.
The mice were in situ injected with PBS or LPPC/pCMV-
RDBV-IgG1 Fc, LPPC/pCMV-IgG1 Fc, LPPC/pD5-RDBV-
IgG1 Fc or LPPC/pD5-IgG1 Fc complexes when the
average tumor size reached 50 mm3. The tumor sizes of
mice were measured every 2 days. Tumor sizes (mm3)
were calculated as length × width × height. Mice were
sacrificed at 21 days.

Statistical analysis
The results were analyzed using the SAS statistical soft-
ware package (SAS Institute Inc., Cary, USA). All of the
results are expressed as the mean ± SD. A t-test was
used to compare two independent trials. Differences of
p < 0.05 were considered to be statistically significant.

Ho et al. BMC Cancer  (2018) 18:480 Page 4 of 15



Results
Design of the mini-promoter by bioinformatics
As previously discussed, we aimed to obtain a promoter
that can overexpress transgenes in the growing tumor
area. Therefore, we designed the sequence of this pro-
moter by bioinformatics. Figure 1 displays the flow chart
describing the study design. According to the TRANS-
FAC database, 1624 genes with TF activity were identi-
fied. Subsequently, the Gene Ontology Consortium was
used to define whether the activity of these TFs was
associated with cell growth. Since angiogenesis is also
closely associated with tumor growth, the TFs with
angiogenic activity were also selected. The number of
genes involved in cell growth and angiogenesis was 43
and 68, respectively. A total of 8 genes overlapped in
both groups, and they are displayed in Additional file 3.
To further retrieve the biological pathways for the 111 TFs,
enrichment analysis was carried out using the DAVID bio-
informatics tools. As shown in Additional file 4, the
enriched biological pathways were identified and divided
based on carcinogenesis processes.
The expression data of 111 genes were mined from

the GEO database; the expression levels of 19,902 genes
in different tumor and normal samples were obtained.

The analyzed microarray data include the following:
breast cancer (GSE10780, GSE10810, GSE11001, GSE
12276, GSE12790, GSE13787, GSE14020, GSE17907,
GSE18728, GSE18864, GSE19697, GSE20086, GSE20
713, GSE21422, GSE22840, GSE23640, GSE29431, GSE
31138, GSE31448, GSE3744, GSE42568, GSE43365, GSE
47109, GSE5460, GSE5764, GSE6532, GSE7515, GSE
7904 and GSE8977), colon cancer (GSE10961, GSE
13067, GSE13294, GSE13471, GSE15960, GSE17538,
GSE18105, GSE18462, GSE20916, GSE22598, GSE23
878, GSE33371, GSE37364, GSE39582, GSE4107, GSE
41328, GSE4183 and GSE9348), lung cancer (GSE10245,
GSE10445, GSE10799, GSE12345, GSE12667, GSE18
842, GSE19188, GSE27262, GSE30219, GSE33356 and
GSE43346), melanoma (GSE15605, GSE31879 and GSE
7553), oral cancer (GSE29330, GSE30784, GSE38517,
GSE42743 and GSE51010), liver cancer (GSE17548,
GSE19665, GSE29722, GSE33006, GSE41804, GSE6222,
GSE6465, GSE6764 and GSE9829), ovarian cancer (GSE
10971, GSE12172, GSE14001, GSE14407, GSE15578,
GSE18520, GSE19352, GSE27651, GSE29450, GSE36
668, GSE38666 and GSE9899) and pancreatic cancer
(GSE15471, GSE16515, GSE18670, GSE19650, GSE22
780 and GSE32688). After calculation, genes were se-
lected if their fold change in the tumor vs. normal
sample was greater than 2-fold (log2 > 1). Following such
criteria, 19 genes were selected, and their importancewas
evaluated by searching key words in the PubMed data-
base to calculate the number of studies in which the
genes were associated with tumor growth or angiogen-
esis (Table 1). The results showed that 9 TFs were well
studied and published in more than 100 articles. The top
3 selected TFs were HIF-1α, CREB and NF-κB.
Subsequently, the interactions involving these TFs were

further analyzed using GENEMANIA. Figure 2 shows the
proteins that could interact with NF-κB, CREB or HIF-1α.
Using UniProt analysis, the functions of the gene products
that interact with NF-κB suggest that they are involved in
cell growth, cell death and inflammation, the functions of
the gene products that interact with CREB suggest that they
are involved in cell growth, apoptosis, angiogenesis and cell
metabolism, and the functions of the gene products that
interact with HIF-1α suggest that they are involved in
cell growth, apoptosis, angiogenesis and cell metabol-
ism (Additional file 5). In addition, the genes that co-
operate with NF-κB, CREB and HIF-1α were analyzed
with the GENEMANIA database. The results revealed
that NF-κB has direct interactions with HIF-1α through
physical interactions and co-expression and has direct
interactions with CREB through co-expression. In
addition, CREB has indirect interactions with NF-κB
and HIF-1α via p300-CBP coactivator (CREBBP and
EP300), which increases the expression level of their
target genes (Additional file 6).

Fig. 1 Flowchart of bioinformatics analysis for selecting the
transcription factors
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Furthermore, we calculated the percentage of overex-
pression for these TFs in the samples of patients with dif-
ferent tumors for which the data were mined from the
GEO database. The results reveal that all eight tumor types
overexpressed at least one TF in over 50% of the patients
(Fig. 3a). Figure 3b further shows that the frequencies at
which tumors overexpress two or more of the three TFs
were higher than the frequencies at which tumors overex-
press only one of the three TFs. Moreover, The Human
Protein Atlas database was used to analyze the protein ex-
pression levels of the three TFs. Figure 3c shows that the
NF-κB and CREB proteins were overexpressed in over
50% of patients with the eight tumor types; HIF-1α was
overexpressed in over 50% of patients with one tumor type
and was significantly overexpressed in patients with other
tumor types. Therefore, we designed a mini-promoter
using the binding sequences of HIF-1α, CREB and NF-κB.
The sequence of the D5 promoter comprises three copies
of each of these TFs, and the construct is shown in Fig. 4.

Differences in the activities of TFs between the tumor
cells and normal cells in vitro
We proposed that the D5 mini-promoter would drive
transgene overexpression in tumors. Therefore, we
verified the expression profile of the D5 promoter. The
expression levels of the TFs NF-κB, CREB and HIF-1α

were first examined in different cells. The results showed
that except for tumor cell line HT29, tumor cells exhib-
ited higher transcription levels of NF-κB than the nor-
mal cells HEK293 and HUVECs in the culture system.
Similar gene expression levels of HIF-1α and CREB were
observed between the tumor cell lines (HT29 and
B16F10 cells) and normal cell lines (HUVECs and
HEK293 and Balb3T3 cells), but HT29 cells had higher
expression levels of NF-κB than HEK293 cells and
HUVECs (Fig. 5a). However, the tumor cell lines HT29
and B16F10 exhibited higher protein expression levels of
NF-κB, HIF-1α or CREB than normal cell lines, includ-
ing HUVECs and HEK293 and Balb3T3 cells (Fig. 5b).
Based on the expression level of the reporter gene EGFP
driven by different mini-promoters, the activities of TFs
were measured in different tumor and normal cells.
Figure 5c shows that in the presence or absence of acti-
vator treatments, different mini-promoters exhibit differ-
ent activity levels in different tumor cells (6 tumor cell
lines were examined). With activator treatment, NF-κB
binding element promoter activity in 100% of cell lines
(6/6), HIF-1α binding element promoter activity in 50%
of cell lines (3/6) and CREB binding element promoter
activity in 50% of cell lines (3/6) were significantly higher
than the activity level of the control ARE (binding site of
a prokaryotic transcription factor ampR) promoter,
which is a prokaryotic promoter with nonspecific ex-
pression in eukaryotic cells. Under such conditions, the
D5 mini-promoter exhibited high activity levels and
induced high gene expression levels in 6 tumor cell lines
(Fig. 5c) but not in 4 normal cell lines (Fig. 5d). In
addition, the CMV promoter was compared with the D5
mini-promoter, and Additional file 7 shows that the
CMV promoter induced higher gene expression in the
HEK293 cell line than the D5 mini-promoter; mean-
while, the CMV promoter did not induce significantly
different gene expression levels in the B16F10 cell line
compared with the D5 mini-promoter but did induce
less gene expression in the HT29 cell line than the D5
mini-promoter. After the addition of different inhibitors,
the activity of the D5 mini-promoter was significantly
reduced (Additional file 8), revealing that the activity of
each transcription factor in the D5 mini-promoter
affects the strength of the D5 mini-promoter.

In vivo activities of the D5 mini-promoter in tumors of
different sizes or normal tissues
The levels of different TFs (HIF-1α, NF-κB and CREB)
were examined in tumors of different sizes. The results
showed that there were no differences in the expression
levels of all TFs in tumors whose sizes were smaller than
or equal to 250 mm3

, but all TFs showed increased
expression in tumors whose sizes were greater than or
equal to 500 mm3 (Fig. 6a). Subsequently, D5 promoter

Table 1 PubMed articles related to the 19 genes

Gene name Function Cell growth
plus angiogenesis

Cell growth or
angiogenesisCell

growth
angiogenesis

ELK3 11 5 2 14

HEY1 79 21 17 83

HIF1A 2852 1506 1113 3245

HMGB1 313 46 30 329

HOXB3 14 3 3 14

ID1 294 85 55 324

KLF5 86 11 3 94

UBP1 1 0 0 1

VEZF1 2 0 0 2

ABL1 117 14 8 123

ADNP 5 0 0 5

CREB1 751 64 43 772

ENO1 41 7 6 42

IGFBP1 327 13 9 331

SMARCA4 96 4 2 98

SOX9 182 11 6 187

TAF9 4 0 0 4

WT1 581 42 27 596

NFKB1 7373 967 678 7662
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activity was examined in tumors of different sizes. The
pathological results indicated that intratumoral injections
of pCMV-hrGFP generally resulted in low expression levels
of hrGFP protein, but injections of pD5-hrGFP resulted in
strong expression of hrGFP protein, especially near angio-
genic vessels. In addition, detection of the fluorescence
signal from hrGFP revealed that the D5 promoter not only
induced higher reporter gene expression levels than the
CMV promoter but also induced gene expression in a
tumor size-dependent manner (Fig. 6b). In contrast,
intramuscular injections of pCMV-hrGFP induced stronger
expression of hrGFP proteins in muscular cells than in
untreated muscular cells, but pD5-hrGFP did not induce a
significantly different change in hrGFP expression com-
pared with that in untreated cells (Fig. 6c). Systemic trans-
fection with pCMV-hrGFP or pD5-hrGFP was performed
to further monitor the level of reporter gene expression in
different organs. The results also showed that pCMV-

hrGFP induced high hrGFP expression levels in liver and
lung tissues and moderate hrGFP expression levels in the
kidney, heart and spleen tissues. Unlike pCMV-hrGFP,
pD5-hrGFP induced mild hrGFP expression in only liver
and kidney tissues (Fig. 7a and b). These results indicate
that the CMV promoter can drive gene expression in nor-
mal cells as well as tumor cells, but the D5 promoter could
lead to divergent gene expression levels in tumor cells and
normal cells.

Tumor-inhibitory effect of D5 mini-promoter-driven
expression of the therapeutic gene RBDV IgG1 Fc
To further evaluate the feasibility of using the D5 pro-
moter for in vivo tumor therapy, we constructed a thera-
peutic gene, RBDV-IgG1 Fc, that codes a fusion protein
for amino acid residues 8–109 of VEGF-A and the Fc re-
gion of human IgG1. RBDV-IgG1 Fc can inhibit tumor
angiogenesis by binding to VEGF receptor 1 or 2. In this

Fig. 2 Analysis of NF-κB, CREB and HIF-1α. Prediction of the protein-protein interactions of NF-κB, CREB and HIF-1α. The predictions were analyzed
by GENEMANIA. The pink line indicates a physical interaction, which is the highest interaction in the network. The purple, light blue, dark blue
and green lines indicate that the protein interacts with the TF, with different effects, co-expression, involved pathways, co-localization and genetic
interactions, respectively
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Fig. 3 Overexpression of NF-κB, CREB and HIF-1α. a Percentages of overexpression for the NFKB1, CREB1 or HIF1A genes in eight cancers. The data
were mined from the GEO database and were calculated to display the overexpression percentages of different TFs in different cancers. b Percentages
of co-expression for the NFKB1, CREB1 or HIF1A genes. Percentages of patients with co-expression or non-co-expression are displayed for the eight
types of cancers. c Percentages of overexpression for the NF-κB, CREB or HIF-1α proteins in eight cancers. The data were mined from “The Human
Protein Atlas” database and were calculated to display the percentages of overexpression among different TFs in different cancers

Fig. 4 Schematic diagram of the D5 mini-promoter. The D5 mini-promoter contained three copies of the NF-κB, CREB and HIF-1α binding sites
(NF-κB, CRB and HRE)
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Fig. 5 Expression level of transcription factors in different cells. a The mRNA levels of NF-κB, CREB and HIF-1α in B16F10, Balb3T3, HT29, HEK293 and
HUVECs were determined by RT-PCR. The loading control for B16F10 and Balb3T3 cells was mouse β-actin, and the loading control for HT29, HEK293
and HUVECs was human GAPDH. b Protein expression levels of five cell lines were verified by western blotting. c and d In vitro verification of the D5
promoter activity in tumor and normal cell lines. pARE-hrGFP, pHIF-1α-hrGFP, pNFκB-hrGFP, pCRE-hrGFP and pD5-hrGFP were separately transfected
into different cells. Twenty-four hours after transfection, the cell lines were treated with control medium (close column) or activators (open column).
After the treatments, the green fluorescence levels were determined by a flow cytometer. The data were analyzed from three independent
experiments, and statistically significant differences were determined by t-test (* p < 0.05)
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6 Expression of different transcription factors in tumors of different sizes. a Immunohistochemical (IHC) staining of HIF-1α, NF-κB or CREB in different-
sized B16F10 tumors. The tissue sections of tumors were probed with primary and HRP-conjugated antibodies, developed and photographed under a
microscope (Scale bar: 100 μm, 200×). According to the levels of brown-colored staining in the tumor tissue sections, the expression levels of the TFs were
quantified and calculated as protein expression scores. The protein expression scores for the groups with different tumor sizes (a: 50 mm3, b: 100 mm3,
c: 250 mm3, d: 500 mm3 and e: 1000 mm3) were calculated and are displayed for HIF-1α, NF-κB or CREB. Statistically significant differences were determined
by t-test, and the p values were presented as the tested group compared with the control group (*: p < 0.05). b After intra-tumor transfections
with pCMV-hrGFP or pD5-hrGFP in different-sized B16F10 tumors for 7 days, the green fluorescent protein levels in the B16F10 tumors were
observed under a fluorescence microscope (Scale bar: 100 μm, 200×) and photographed. The GFP expression scores were estimated and calculated
according to the different tumor sizes (a: 50 mm3, b: 100 mm3, c: 250 mm3, d: 500 mm3 and e: 1000 mm3). Statistical analysis of the average score of
green fluorescent protein expression in B16F10 tumors was performed by t-test (*p < 0.05). c After intra-muscle transfection with pCMV-hrGFP or
pD5-hrGFP for 7 days, the green fluorescent protein levels in muscles were observed under a fluorescence microscope (Scale bar: 100 μm, 200×) and
photographed. The GFP expression scores were estimated and calculated. Statistical analysis of the average green fluorescent protein expression score
in the muscles was performed by t-test (*p < 0.05)

Fig. 7 D5 promoter-driven expression of the hr-GFP reporter gene in normal organs. a Seven days after the transfection of pCMV-hrGFP or pD5-
hrGFP via the lateral tail vein, the expression levels of green fluorescent proteins (GFP) in normal organs (heart, liver, spleen, lung, and kidney)
were observed under a fluorescence microscope and photographed (Scale bar: 100 μm, 200×). b The GFP expression scores were calculated and
compared. Statistical analysis of the average score of GFP in different normal organs was performed by t-test (*p < 0.05)
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study, we established subcutaneous tumors in C57BL/6
mice using B16F10 cells and treated the tumors with D5
or CMV promoter-driven RBDV expression via in situ
injections of D5-RBDV-IgG1 Fc or CMV-RBDV-IgG1
Fc, which caused significant tumor growth inhibitory
effects compared to injections of D5-IgG1 Fc or CMV-
IgG1 Fc after 17 days. In addition, D5-RBDV-IgG1 Fc
exhibited better therapeutic efficacy than CMV-IgG1 Fc
at 21 days after tumor inoculation (Fig. 8a). Moreover,
D5-RBDV-IgG1 Fc treatments resulted in smaller tumor
sizes than all other treatments (Fig. 8b).
In addition, the side effects of utilizing the D5 promoter

were examined using in vivo biodistribution studies. The
results showed no acute tissue damages in the organs
(Additional file 9A). In addition, the expression levels were
further monitored in different organs. According to the
results of the GFP experiments, pCMV-driven genes were
highly expressed in the liver and moderately expressed in

the heart, lung, kidney and intestine tissues. Unlike
pCMV-driven genes, pD5-RBDV-IgG1 Fc or IgG1 Fc
was only mildly expressed in liver and kidney tissues
(Additional file 9B and C). These results indicate that
the D5-driven therapeutic genes could be specifically
expressed in the tumor area and not in normal organs.

Discussion
This study provided a convenient and efficient method
to design a mini-promoter that could drive transgene
overexpression in the tumor area but not in normal tis-
sues. To obtain a promoter that can overexpress a trans-
gene in the growing tumor area, we proposed a model
(Fig. 1) using bioinformatics tools. Using this model, a
D5 mini-promoter was designed to enable transgene
overexpression in tumors in a size-dependent manner
(Fig. 6b) while driving low transgene expression in nor-
mal organs (Figs. 6c and 7). Three TFs, HIF-1α, NF-κB

Fig. 8 Inhibitory effect of D5 mini-promoter-driven expression of the therapeutic gene RBDV IgG1 Fc on tumor growth. a C57BL/6 mice (5 animals per
group) were subcutaneously implanted with 1 × 106 B16F10 tumor cells/mouse. When the average tumor sizes reached 50 mm3, the mice were in situ
injected with PBS, or LPPC/pCMV-RDBV-IgG1 Fc, LPPC/ pCMV-IgG1 Fc, pD5-RDBV-IgG1 Fc or LPPC/pD5-IgG1 Fc complexes. Tumor growth was monitored
every 2 days, and tumor sizes were calculated as described in the Methods section. For the pD5-RBDV-IgG1 Fc group, * indicates p< 0.05 compared with
the PBS group and # indicates p< 0.05 compared with the pCMV-RBDV-IgG1 Fc group. b B16F10 tumors were collected and photographed after the
mice were sacrificed at 21 days
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and CREB, were proposed as elements of the D5 mini-
promoter. As predicted, the D5 mini-promoter displayed
specific expression in the tumor areas but not in normal
tissues, as indicated by the calculations of fold change in
the tumor vs. normal samples in the bioinformatics pre-
diction step. In addition, the information from Fig. 3a
and b revealed that most tumors overexpressed more
than one TF among NF-κB, CREB and HIF-1α, possibly
making the D5 mini-promoter stronger than other mini-
promoters composed of a single TFRE (Fig. 5c). In
addition, the TFs may cooperatively enhance gene ex-
pression [25]. Therefore, the interactions of the selected
TFs were analyzed, and the predictions showed that
there were direct and indirect interactions among NF-
κB, CREB and HIF-1α (Additional file 6) that may sug-
gest strong activity from the D5 mini-promoter.
As predicted, the results showed that the three pre-

dicted TFs exhibited high expression and activity in
tumor cells in vitro (Fig. 5b and c) and in vivo (Fig. 6a).
The pathological results also revealed that NF-κB, CREB
and HIF-1α were overexpressed in tumors in a size-de-
pendent manner (Fig. 6a), which may be the main rea-
son for the tumor size-dependent activity of the D5
mini-promoter. Solid tumors need blood vessels to
support their growth; an approximate 0.2-mm distance
to the blood vessel is the limitation for efficient oxygen
diffusion to maintain cell survival [26, 27]. Consequently,
the growing solid tumors are exposed to hypoxic condi-
tions that will facilitate a gene expression profile sup-
porting angiogenesis and oxygen delivery through
overexpression of HIF-α and NF-κB [28]. The literature
also indicates that prolonged hypoxia will activate CREB
and NF-κB and that these proteins will cooperate to
induce the expression of MMP1 [29]. Thus, tumors with
larger sizes would experience more hypoxic stress and
exhibit higher expression and promotor activity levels of
NF-κB, CREB and HIF-1α than small-sized tumors,
resulting in the size-dependent expression of the D5
mini-promoter.
Moreover, our results showed that it was difficult to

observe D5 promoter-derived gene expression in the tis-
sues of normal organs, whereas CMV promoter-derived
expression was notable (Figs. 6c and 7). The D5 pro-
moter is composed of NF-κB, CREB and HIF-1α TFREs,
which are regulated in normal cells. HIF-1α is rapidly
degraded through the pVHL pathway under normoxic
conditions [28], the activity of NF-κB is inhibited by I-
κB until IKKs are activated [30], and phosphorylation at
ser133 is necessary for CREB activation [31], all of which
explain the lower activity of the D5 mini-promoter in
normal tissues. In contrast, the CMV promoter is com-
posed of multiple TFREs, including NF-κB, CREB, YY1,
retinoic acid receptor and SP-1, and is repressed by p53
and activated by JNK [32]. Thus, it may be that many

TFs can bind to the CMV promoter and initiate tran-
scription to result in constitutive activation in both pri-
mary and transformed cells. Therefore, the D5 promoter
is better than the CMV promoter for tumor-specific
gene expression.
In general, the specific signaling pathways and TFs in

tumors should be studied thoroughly, as the knowledge
can be used to design a tumor-specific promoter. For
example, telomerase (TERT) activation is a fundamental
step in tumorigenesis, and many mutations in the TERT
promoter are found in over 50 cancer types; additionally,
TERT mutations are the most common mutations in
many cancers [33]. Therefore, the hTERT promoter was
used to drive the expression of IL-18 and HSV-TK in mur-
ine colorectal cancer cells as a novel cancer vaccine [34].
In addition, many tumor-specific promoters or TFRE have
been identified, and they have been shown to exhibit
cancer-specific expression, including the 5′-UTR of basic
fibroblast growth factor-2 or the enhancer element
targeted by beta-catenin [35]. In addition, the ETS-related
gene (ERG), a member of the E-26 transformation-specific
(ETS) family of TFs, is a key factor in prostate cancer [36],
and the SP1 factor is a good target for anti-cancer prolifer-
ation [37]. Therefore, bioinformatics information can be
easily integrated to design the required promoter. In
addition, we showed that bioinformatics can be a conveni-
ent and effective tool for rapidly designing a promoter
sequence for specific expression based on the vast know-
ledge in the literature.

Conclusions
In summary, this study provides a convenient platform
with which to identify suitable TFs for the construction
of promoters, and the D5 promoter has the potential to
reach optimal therapeutic effects with limited side ef-
fects for application in cancer gene therapy.
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Additional file 6: Cooperativity analysis of NF-κB, CREB and HIF-1α. The
protein-protein interaction of (A) NF-κB with CREB, (B) NF-κB with HIF-1α,
and (C) CREB with HIF-1α were analyzed by GENEMANIA. The pink line
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co-expression, the involved pathway, co-localization and genetic
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hrGFP were transfected into (A) HEK293, (B) B16F10 or (C) HT29 cells 24 h,
and the GFP expression intensities were detected by flow cytometer. The
data were analyzed from three independent experiments, and the significant
differences were calculated by t-test (* p < 0.05). (PDF 196 kb)

Additional file 8: The effects of inhibitors for transcription factors on the
hrGFP expression levels in PaTu8988T cells. pARE-hrGFP, pHIF-1α-hrGFP,
pNFκB-hrGFP, pCRE-hrGFP and pD5-hrGFP were transfected into PaTu8988T
cells, respectively. The pD5-hrGFP-transfected cells were treated respectively
with different inhibitors, 30 μM Bay11-7082 (NFκB inhibitor), 1 μg/ml DMGF
(CREB inhibitor) and 1 atm oxygen. Twenty-four hours after transfection, the
green fluorescent levels of hrGFP were determined by flow cytometer. The
data were calculated and analyzed from three independent experiments,
and the significant differences were calculated by t-test for the pD5-hrGFP
transfected cells v.s. the pD5-hrGFP transfected cells treated with inhibitor
(*p < 0.05). (PDF 233 kb)

Additional file 9: Histopathologic analysis of mice treated with LPPC/DNA
complexes. (A) H&E staining of normal organs including the heart, liver, spleen,
lung, kidney, intestine and stomach at day 7 after an intravenous injection of
PBS, LPPC/pCMV-RDBV-IgG1 Fc, LPPC/ pCMV-IgG1 Fc, pD5-RDBV-IgG1 Fc or
LPPC/pD5-IgG1 Fc complexes. (Scale bar: 50 μm, 400×) (B) IHC staining of
normal organs using anti-Human IgG1 Fc antibody. (Scale bar: 50 μm, 400×)
(C) Statistical analysis of the average score of human IgG1 Fc staining normal
organs. Significance differences were evaluated by t-test, and the p values
were represented as the tested group compared with the control group
(*: p< 0.05). (PDF 1022 kb)

Abbreviations
CREB: Cyclic AMP response element binding protein; ERG: ETS-related gene;
ETS: E-26 transformation-specific; GEO: Gene Expression Omnibus; GO: Gene
Ontology; H&E: Hematoxylin and eosin; HIF-1α: Hypoxia-inducible factor-1;
IHC: Immunohistochemical; LPPC: Liposome-PEG-PEI complex; NF-κB: Nuclear
factor kappa-light-chain-enhancer of activated B cells; PPI: Protein-protein
interaction; RMA: Robust Multiarray Analysis; TCGA: The Cancer Genome
Atlas; TFREs: Transcription factor response elements; TFs: Transcription factors

Acknowledgments
We thank Laboratory Animal Center of National Chiao Tung University for
supplying food for the animals.

Funding
This research was supported by grants from the Ministry of Science and
Technology of Taiwan (MOST 103-2320-B-009-008) and grants from Aiming
for the Top University Program of the National Chiao Tung University and
Ministry of Education (104 W970 and 105 W970). The funding body had no
role in the design of the study and collection, analysis, and interpretation of
data and in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author for reasonable request.

Authors’ contributions
KWL and YCL are responsible for planning this article. SYH, BHC and HPJ are
responsible for biology experiments. NMT and SCH are responsible for tumor
tissue sections. CHC1, CHC2 and WCH are responsible for bioinformatics. YLL
and YKL are responsible for data analysis. All authors have approved the final
manuscript.

Ethics approval
In this study, research using cell lines does not require ethical review either
under the Human Tissue Act or NHS research governance systems.
All experiments with animals were performed in accordance with and approved
by the Institutional Animal Care and Use Committee at National Chiao Tung
University (NCTU-IACUC-104034). The mice were sacrificed by CO2 asphyxiation
and the CO2 flow was maintained more than 1 min after respiratory arrest. The
euthanasia protocol followed as the suggestion in “AVMA Guidelines for
the Euthanasia of Animals: 2013 Edition”, and approved by the Institutional
Animal Care and Use Committee at National Chiao Tung University (NCTU-
IACUC-104034).
In this study, the administrative permission was not required in any database.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Biological Science and Technology, National Chiao Tung
University, Hsinchu, Taiwan, Republic of China. 2Institute of Molecular
Medicine and Bioengineering, National Chiao Tung University, Hsinchu
30050, Taiwan, Republic of China. 3Center for Bioinformatics Research,
National Chiao Tung University, Hsinchu, Taiwan, Republic of China. 4Institute
of Bioinformatics and Systems Biology, National Chiao Tung University,
Hsinchu 300, Taiwan, Republic of China. 5College of Biological Science and
Technology, National Chiao Tung University, Hsinchu, Taiwan, Republic of
China. 6School of Medical and Laboratory Biotechnology, Chung Shan
Medical University, Taichung, Taiwan, Republic of China. 7Clinical Laboratory,
Chung Shan Medical University Hospital, Taichung, Taiwan. 8Department of
Surgery, National Yang Ming University, Taipei, Taiwan, Republic of China.
9Division of Colon and Rectal surgery, Department of surgery, Taipei Veteran
General Hospital, Taipei, Taiwan, Republic of China. 10Department of
Biotechnology and Bioindustry Sciences, College of Bioscience and
Biotechnology, National Cheng Kung University, Tainan, Taiwan, Republic of
China. 11Graduate Institute of Medicine, College of Medicine, Kaohsiung
Medical University, Kaohsiung, Taiwan, Republic of China.

Received: 20 November 2017 Accepted: 22 April 2018

References
1. Obermiller PS, Tait DL, Holt JT. Gene therapy for carcinoma of the breast:

therapeutic genetic correction strategies. Breast Cancer Res. 2000;2(1):28–31.
2. Shimada H, Matsushita K, Tagawa M. Recent advances in esophageal cancer

gene therapy. Ann Thorac Cardiovasc Surg. 2008;14(1):3–8.
3. Doloff JC, Waxman DJ. Adenoviral vectors for prodrug activation-based

gene therapy for cancer. Anti Cancer Agents Med Chem. 2014;14(1):115–26.
4. Erokhin M, Vassetzky Y, Georgiev P, Chetverina D. Eukaryotic enhancers:

common features, regulation, and participation in diseases. Cell Mol Life Sci.
2015;72(12):2361–75.

5. Razin SV, Gavrilov AA, Ulyanov SV. Regulatory elements of the eukaryotic
genome controlling transcription. Mol Biol. 2015;49(2):212–23.

6. Rhie SK, Guo Y, Tak YG, Yao L, Shen H, Coetzee GA, Laird PW, Farnham PJ.
Identification of activated enhancers and linked transcription factors in
breast, prostate, and kidney tumors by tracing enhancer networks using
epigenetic traits. Epigenetics Chromatin. 2016;9:50.

7. Li J, Huang Z, Wei L. Bioinformatics analysis of the gene expression profile of
hepatocellular carcinoma: preliminary results. Contemp Oncol. 2016;20(1):20–7.

8. Ab Mutalib NS, Othman SN, Mohamad Yusof A, Abdullah Suhaimi SN,
Muhammad R, Jamal R. Integrated microRNA, gene expression and
transcription factors signature in papillary thyroid cancer with lymph node
metastasis. PeerJ. 2016;4:e2119.

9. Karimpour-Fard A, Epperson LE, Hunter LE. A survey of computational tools
for downstream analysis of proteomic and other omic datasets. Hum
Genomics. 2015;9:28.

10. Zhang X, Ni Z, Duan Z, Xin Z, Wang H, Tan J, Wang G, Li F. Overexpression
of E2F mRNAs associated with gastric cancer progression identified by the
transcription factor and miRNA co-regulatory network analysis. PLoS One.
2015;10(2):e0116979.

11. Li TQ, Teng YL, Zou YG, Yang Y, Li Q, Mao XM. The highly expressed secreted
phosphoprotein 1 gene in prostate cancer metastasis: a microarray-based
bioinformatic analysis. Zhonghua Nan Ke Xue. 2014;20(11):984–90.

12. Wang Y, Zheng T. Screening of hub genes and pathways in colorectal
cancer with microarray technology. Pathol Oncol Res. 2014;20(3):611–8.

13. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M,
Marshall KA, Phillippy KH, Sherman PM, Holko M, et al. NCBI GEO: archive for
functional genomics data sets–update. Nucleic Acids Res. 2013;41(Database
issue):D991–5.

14. Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, Speed TP. Summaries of
Affymetrix GeneChip probe level data. Nucleic Acids Res. 2003;31(4):e15.

Ho et al. BMC Cancer  (2018) 18:480 Page 14 of 15

https://doi.org/10.1186/s12885-018-4421-7
https://doi.org/10.1186/s12885-018-4421-7


15. Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization
methods for high density oligonucleotide array data based on variance and
bias. Bioinformatics. 2003;19(2):185–93.

16. Ihaka R, Gentleman R. R: a language for data analysis and graphics. J
Comput Graph Stat. 1996;5(3):299–314.

17. Matys V, Kel-Margoulis OV, Fricke E, Liebich I, Land S, Barre-Dirrie A, Reuter I,
Chekmenev D, Krull M, Hornischer K, et al. TRANSFAC and its module
TRANSCompel: transcriptional gene regulation in eukaryotes. Nucleic Acids
Res. 2006;34(Database issue):D108–10.

18. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP,
Dolinski K, Dwight SS, Eppig JT, et al. Gene ontology: tool for the unification
of biology. The gene ontology consortium. Nat Genet. 2000;25(1):25–9.

19. Huang d W, Sherman BT, Lempicki RA. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc. 2009;4(1):44–57.

20. Ponten F, Schwenk JM, Asplund A, Edqvist PH. The Human Protein
Atlas as a proteomic resource for biomarker discovery. J Intern Med.
2011;270(5):428–46.

21. Liu N, Furukawa T, Kobari M, Tsao MS. Comparative phenotypic studies of
duct epithelial cell lines derived from normal human pancreas and
pancreatic carcinoma. Am J Pathol. 1998;153(1):263–9.

22. Chen CH, Liu YK, Lin YL, Chuang HY, Hsu WT, Chiu YH, Cheng TL, Liao KW.
A rapid and convenient method to enhance transgenic expression in target
cells. Prep Biochem Biotechnol. 2012;42(5):448–61.

23. Tseng FJ, Chen YC, Lin YL, Tsai NM, Lee RP, Chung YS, Chen CH, Liu YK,
Huang YS, Hwang CH, et al. A fusion protein with the receptor-binding
domain of vascular endothelial growth factor-A (VEGF-A) is an antagonist of
angiogenesis in cancer treatment: simultaneous blocking of VEGF receptor-
1 and 2. Cancer Biol Ther. 2010;10(9):865–73.

24. Yen-Ku Liu Y-LL, Chen C-H, Lin C-M, Ma K-L, Chou F-H, Tsai J-S, Lin H-Y,
Chen F-R, Cheng T-L, Chang C-C, Liao K-W. A unique and potent protein
binding nature of liposome containing polyethylenimine and polyethylene
glycol: a nondisplaceable property. Biotechnol Bioeng. 2011;108(6):1318–27.

25. Wang Y, Zhang XS, Xia Y. Predicting eukaryotic transcriptional cooperativity
by Bayesian network integration of genome-wide data. Nucleic Acids Res.
2009;37(18):5943–58.

26. Hlatky L, Hahnfeldt P, Folkman J. Clinical application of antiangiogenic
therapy: microvessel density, what it does and doesn’t tell us. J Natl Cancer
Inst. 2002;94(12):883–93.

27. Vaupel P. Tumor microenvironmental physiology and its implications for
radiation oncology. Semin Radiat Oncol. 2004;14(3):198–206.

28. Leo C, Giaccia AJ, Denko NC. The hypoxic tumor microenvironment and
gene expression. Semin Radiat Oncol. 2004;14(3):207–14.

29. Nakayama K. cAMP-response element-binding protein (CREB) and NF-
kappaB transcription factors are activated during prolonged hypoxia and
cooperatively regulate the induction of matrix metalloproteinase MMP1. J
Biol Chem. 2013;288(31):22584–95.

30. Baeuerle PA, Baltimore D. IκB: a specific inhibitor of the NF-κB transcription
factor. Science. 1988;242(4878):540–6.

31. Greenberg AJSaME. CREB: a stimulus-induced transcription factor activated
by a diverse array of extracellular signals. Biochemistry. 1999;68:821–61.

32. Rodova M, Jayini R, Singasani R, Chipps E, Islam MR. CMV promoter is
repressed by p53 and activated by JNK pathway. Plasmid. 2013;69(3):223–30.

33. Bell RJ, Rube HT, Xavier-Magalhaes A, Costa BM, Mancini A, Song JS,
Costello JF. Understanding TERT promoter mutations: a common path to
immortality. Mol Cancer Res. 2016;14(4):315–23.

34. Higashi K, Hazama S, Araki A, Yoshimura K, Iizuka N, Yoshino S, Noma T, Oka
M. A novel cancer vaccine strategy with combined IL-18 and HSV-TK gene
therapy driven by the hTERT promoter in a murine colorectal cancer model.
Int J Oncol. 2014;45(4):1412–20.

35. Roth JA. Adenovirus p53 gene therapy. Expert Opin Biol Ther. 2006;6(1):55–61.
36. Adamo P, Ladomery MR. The oncogene ERG: a key factor in prostate cancer.

Oncogene. 2016;35(4):403–14.
37. Vizcaino C, Mansilla S, Portugal J. Sp1 transcription factor: a long-standing

target in cancer chemotherapy. Pharmacol Ther. 2015;152:111–24.

Ho et al. BMC Cancer  (2018) 18:480 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Bioinformatics analysis
	Protein interaction (PPI) network, functional analysis of genes in the PPI network and protein expression
	Cell culture
	Reverse transcription polymerase chain reaction (RT-PCR)
	Western blotting
	Construction of the D5 mini-promoter
	In vitro transcription factor activity assay
	Construction of the pCMV-RBDV-IgG1 Fc, pCMV-IgG1-Fc, pD5-RBDV-IgG1 Fc and pD5-IgG1-Fc plasmids
	Preparation of the LPPC and DNA/LPPC complexes
	In vivo transfection
	Immunohistochemical (IHC) staining
	In vivo safety assessment
	In vivo tumor therapy
	Statistical analysis

	Results
	Design of the mini-promoter by bioinformatics
	Differences in the activities of TFs between the tumor cells and normal cells in vitro
	In vivo activities of the D5 mini-promoter in tumors of different sizes or normal tissues
	Tumor-inhibitory effect of D5 mini-promoter-driven expression of the therapeutic gene RBDV IgG1 Fc

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Competing interests
	Publisher’s Note
	Author details
	References

