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A positive feedback system, using GAL4-vp16 (a fusion protein of yeast GAL4 and herpes simplex virus 
vp16) as an activator and firefly luciferase as a reporter, maintained luciferase expression for 7 d in mice. 
However, the luciferase expression decreased after 7 d, and this phenomenon could be caused by immunore-
actions against these exogenous proteins. This hypothesis was examined by the following three strategies, 
designed to avoid the putative immunoreactions: (i) use of the endogenous secreted alkaline phosphatase 
(SEAP) protein as a reporter, (ii) replacement of vp16 with endogenous transcription factors, and (iii) inser-
tion of the target sequence of microRNA expressed in cells of hematopoietic origin, to suppress GAL4-vp16 
expression in antigen-presenting cells. The results obtained in this study suggested that silencing would be 
induced by mechanism(s) besides immunoreactions against reporter and activator proteins.
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Transgene expression in mammalian cells is essential 
for gene therapy and is frequently used in biotechnology. 
Nonviral vectors using plasmid DNA are the most suitable 
alternative to viral vectors, from the viewpoint of safety. 
However, transgene silencing,1–3) in addition to low transgene 
expression, is the main limitation of these vectors, and thus 
the prevention of silencing is critical for long-term expression. 
To achieve efficient and prolonged transgene expression from 
plasmid DNA, its intranuclear disposition must be controlled.4) 
Depletion of CpG dinucleotide sequences, removal of the 
plasmid DNA backbone containing the bacterial replication 
origin and an antibiotic-resistance gene, and use of the full 
genomic DNA sequence with its natural promoter have been 
employed as effective ways to achieve long-term transgene 
expression.5–9)

We previously described a positive feedback system, using 
GAL4-vp16 as an activator and luciferase as a reporter, for ef-
ficient transgene expression from plasmid DNA.10) GAL4-vp16 
is a fusion protein, composed of the sequence-specific DNA 
binding domain of yeast GAL4 and the transcription activa-
tion domain (TAD) of herpes simplex virus vp16, and acts as 
an artificial transcription factor.11) In this system, GAL4-vp16 
expressed from the activator plasmid DNA binds to the GAL4 
binding sequences (five tandem copies of the 17-bp GAL4 
DNA binding site, G5) located both upstream and downstream 
of the luciferase expression cassette in the reporter plasmid, 
resulting in enhanced luciferase expression. In addition, the 
GAL4 binding sequence was introduced both upstream and 
downstream of the GAL4-vp16 expression cassette, to en-
hance its own expression (positive feedback). The luciferase 
expression was maintained for 7 d by the feedback system in 
liver, while rapid reduction of the expression was observed 
for the conventional plasmid DNA administration.10) However, 
silencing was observed after 7 d post-injection. The luciferase 
activity in liver on day 28 was ca. 100-fold less than that on 
day 7 while amounts of luciferase DNA were similar (ref. 10 

and unpublished data). Thus, transgene expression was sup-
pressed over 7 d even when the positive feedback system was 
employed. This suppression would be due to reduced tran-
scription since amounts of the luciferase protein and mRNA 
similarly decrease in liver cells.2)

One of the drawbacks of the system was that the reporter 
(luciferase) and activator (GAL4-vp16) proteins were of 
exogenous origins. The silencing might be caused by immu-
noreactions against these proteins, since immune responses 
to foreign proteins have been reported.12,13) Thus, avoidance 
of the putative immunoreactions might be required in the 
positive feedback system. Mælandsmo et al. designed an ade-
noviral vector containing the gene encoding secreted alkaline 
phosphatase (SEAP), derived from the murine FVB strain.14) 
They injected the virus into FVB mice, and found that the 
SEAP protein was non-immunogenic. Meanwhile, Wolff et 
al. inserted the target sequence of miR142-3p, a microRNA 
expressed in cells of hematopoietic origin, into the region cor-
responding to the 3′ untranslated region (UTR) of the lucifer-
ase gene.15) They expected that the miR142-3p target sequence 
would inhibit luciferase expression in antigen-presenting cells, 
as in the report by Brown et al., using a lentiviral vector.16) 
Indeed, luciferase expression in liver was prolonged, as com-
pared to the control plasmid DNA lacking the miR142-3p 
target sequence, after administration into C57BL/6 and Bal-
b/c mouse strains. Note that the word “immunoreactions” in 
this article has a wide range of meanings. Previously, it was 
shown that cytokines suppressed promoter of an endogenous 
gene that does not participate in immunity, in liver cells (e.g.. 
refs. 17, 18). Thus, detection of exogenous protein(s) by the 
immune system might trigger unknown reactions such as 
transgene-specific transcription suppression.

In this study, we examined various strategies against the 
putative immunogenicities of foreign proteins on the positive 
feedback system. First, the gene encoding SEAP was cloned 
from the murine Balb/c strain, and the endogenous SEAP was 
used as a reporter protein (Fig. 1). Second, the TAD of vp16 
was replaced with that of an endogenous transcription factor, 
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to decrease the immunogenicity of the activator. Third, the 
miR142-3p target sequence was inserted into the 3′ UTR-cor-
responding region of the activator (GAL4-vp16) gene. The 
results obtained in this study suggested that silencing would 
be induced by mechanism(s) besides immunoreactions against 
the reporter and activator proteins.

MATERIALS AND METHODS

General  The plasmid pBluescript II SK(+ ) was purchased 
from Stratagene (La Jolla, CA, U.S.A.). Oligodeoxyribonucle-
otides were obtained from Life Technologies Japan (Tokyo, 
Japan) and Sigma Genosys Japan (Ishikari, Japan) in purified 
forms.

Animals  Six-week-old female Balb/c mice were purchased 
from Japan SLC (Shizuoka, Japan). The mice were maintained 
in a temperature-controlled room with a 12 : 12 h light/dark 
illumination cycle. All animal procedures were conducted 
according to the guidelines of the Hokkaido University Insti-
tutional Animal Care and Use Committee.

Cloning the Seap Gene and Construction of the Re-
porter Plasmid DNAs  cDNA was prepared from total RNA 
isolated from Balb/c mouse liver. The DNA fragment corre-
sponding to mouse Seap was amplified with high fidelity KOD 
FX DNA polymerase (Toyobo, Osaka, Japan).

Plasmid DNAs containing the Seap gene (also known as 
Alpl), driven by the mouse albumin (Alb) and cytomega-
lovirus (CMV) promoters, were constructed by ligation of 
the amplified DNA fragment into the pG5-CMV-luc-G5 
and pG5-Alb-luc-G5 plasmids,10) using the HindIII and FseI 
sites, to yield the pG5-CMV-Seap-G5 and pG5-Alb-Seap-G5 
plasmids, respectively. The plasmid DNA containing the 
Seap gene, driven by the human elongation factor-1α (EF1α) 
promoter (phEF1-Seap), was constructed by insertion of the 
promoter, the gene, and the SV40 polyA signal sequence into 
pBluescript II SK(+ ) and deletion of the f1 origin and the 
lacZα gene.

Activator Plasmid DNAs  The pG5-Alb-vp16-G5 and 
pG5-Alb-Cbp-G5 plasmid DNAs contain the genes encod-
ing GAL4-vp16 and GAL4-cAMP response element-bind-
ing protein-binding protein (CREBBP) (226–460), respec-
tively.10,19) The pG5-Alb-Sreb(1–140)-G5, pG5-Alb-p53-G5, 
and pG5-Alb-Med15(KIX)-G5 plasmids, containing the 
Srebp1 (1–140), p53 (1–70), and Med15 (9–73) genes, respec-
tively, were also used as the reporter plasmids.19)

Unphosphorylated oligodeoxyribonucleotides 5′-dGGCCGC 
TCCATAAAGTAGGAAACACTACACGATTCCATAAAG 
TAGGAAACACTACAACCGGT-3′ (miR142-3p U1) and 5′- 
dGGCCGCTGTAGTGTTTCCTACTTTATGGAGTGATGTA 
GTGTTTCCTACTTTATGGAACCGGT-3′ (miR142-3p L1), and  
phosphorylated oligodeoxyribonucleotides 5′-dTCCATA 
AAGTAGGAAACACTACATCACTCCATAAAGTAGGAA 
ACACTACAGC-3′ (miR142-3p U2) and 5′-dTGTAGT 
GTTTCCTACTTTATGGAATCGTGTAGTGTTTCCTAC 
TTTATGGAGC-3′ (miR142-3p L2), were annealed and 
then ligated (the miR-142-3p target sites are underlined). 
The obtained oligodeoxyribonucleotide duplex was ligated 
into the NotI site of pG5-Alb-vp16-G510) to generate the 
pG5-Alb-vp16-miR-G5 plasmid.

In Vivo Reporter Assay  The reporter plasmid DNA 
(10 pmol) was administered to Balb/c mice (female, six 

weeks old) by the hydrodynamics-based procedure.20,21) In 
experiments for the positive feedback system, the same molar 
amounts of the reporter plasmid pG5-Alb-Seap-G5 (10 pmol) 
and the activator plasmid were co-administered to Balb/c 
mice.

Blood samples (ca. 30 µL) were collected on days 1, 3, 7 
and 14 after injection, and then stored at 4°C overnight. The 
supernatant was obtained after centrifugation at 400×g for 
20 min at 4°C. The diluted supernatant was analyzed for alka-
line phosphatase activity with a SEAP Reporter Gene Assay, 
Chemiluminescent (Roche, Basel, Switzerland), and the 
activity was determined by comparison to a standard curve 
obtained with human SEAP.

Statistical Analysis  Statistical significance was examined 
by a two-way analysis of variance (ANOVA) and a SNK post-
hoc test. Levels of p<0.05 were considered to be significant.

RESULTS

Cloning of the Balb/c Mouse Seap Gene  We first cloned 
the Balb/c mouse Seap gene (DDBJ/GenBank/EMBL ac-
cession number AB473959). The cDNA was prepared from 
the total RNA of Balb/c mouse liver. The polymerase chain 
reaction (PCR) fragment was amplified by high-fidelity DNA 
polymerase and cloned into the plasmids. The sequence anal-
ysis indicated that the Balb/c SEAP protein has two different 
amino acid residues from the SEAP protein in the database 
(DDBJ/GenBank/EMBL accession number BC065175). In 
contrast, the sequence of the SEAP protein from the C57BL/6 
mouse was identical to that in the database. These results 
suggested that it would be better to clone the Seap gene from 
the mouse strain into which the plasmid DNA will be admin-
istered.

Expression of SEAP in Balb/c Mice  The mouse Seap 
gene was used as a non-immunogenic reporter gene in mice, 
by administration with an adenoviral vector.14) To determine 
whether SEAP expression can be monitored when delivered 
with a nonviral vector, we injected plasmid DNAs contain-
ing the Seap gene, driven by the CMV and EF1α promoters. 
We used a hydrodynamics-based administration method that 
enables the efficient introduction of naked DNA into mouse 
liver.20,21) The plasmid DNA (10 pmol) was administered into 
Balb/c mice, and the alkaline phosphatase activity in serum 

Fig. 1. Schematic Diagrams of the Reporter and Activator Plasmid 
DNAs Used in This Study

The white and hatched boxes indicate the 17-bp GAL4 binding site and the 
four tandem copies of the miR142-3p target site, respectively. PAlb and pA 
refer to the mouse albumin promoter and the polyA signal, respectively. The 
pG5-Alb- Sreb(1–140)-G5, pG5-Alb-p53-G5, and pG5-Alb-Med15(KIX)-G5 plas-
mid DNAs contain the Srebp1 (1–140), p53 (1–70), and Med15 (9–73) genes, respec-
tively, instead of the Crebbp gene of pG5-Alb-Cbp-G5.
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was measured for 2 weeks. As shown in Fig. 2, the alkaline 
phosphatase activity was evidently higher than the back-
ground phosphatase activity on days 1, 3, and 7 after admin-
istration, indicating the successful expression of SEAP from 
the plasmid DNAs. The alkaline phosphatase activities on day 
7 were 67- and 14-fold lower than those on day 1 in the cases 
of the CMV and EF1α promoters, respectively. The alkaline 
phosphatase activities were reduced to the background level 
on day 14 after injection.

Expression of SEAP in a Positive Feedback System  
We previously described a positive feedback system, using 
GAL4-vp16 as an activator and luciferase as a reporter.10) 
We examined the effects of an endogenous reporter protein, 
instead of luciferase, on the positive feedback system. There-
fore, we replaced the luciferase gene with the Seap gene in 
the reporter plasmid DNA in the positive feedback system, 
expecting that the use of SEAP could extend its expression 
in the system, if the production of luciferase caused the si-
lencing. The GAL4-vp16- and Seap-plasmid DNAs (10 pmol 
each) were administered, and the serum alkaline phosphatase 
activity was measured. The activity increased up to day 3, and 
then decreased (Fig. 3, closed circles). The activity on day 7 
was 4.5-fold lower than that on day 1, suggesting more expres-
sion stability than the conventional plasmid systems (simple 
administration of the Seap-plasmid DNAs). However, the al-
kaline phosphatase activity was decreased to the background 
level on day 14. Thus, the replacement of the reporter protein 
did not affect the transgene expression period.

Effects of Activator Plasmid DNAs Including Endoge-
nous Transcription Factors  Recently, we found that the 
TADs of endogenous transcription factors fused to the GAL4 
DNA binding domain act as activators in cultured mouse Hepa 
1–6 cells.19) In particular, CREBBP (226–460) functioned as 
the activator as efficiently as the vp16 protein in Hepa 1–6 
cells. We then examined positive feedback systems, using a 
fusion protein of GAL4 and the TADs of endogenous pro-
teins (sterol regulatory element-binding protein-1 (SREBP1) 
(1–140), p53 (1–70), and MED15 (9–73)), as well as CREBBP. 
In Fig. 3A, the open circles show the alkaline phosphatase 

activities in serum when the GAL4-Crebbp plasmid DNA was 
administered together with the Seap-plasmid. Unexpectedly, 
GAL4-CREBBP functioned less efficiently than GAL4-vp16 
in mouse liver. Moreover, none of the other endogenous TADs 
were more efficient activators than vp16 and CREBBP (Fig. 
3B). The replacement of vp16 with endogenous protein TADs 
did not suppress the silencing, suggesting that the use of the 
TADs of endogenous transcription factors instead of vp16, 
in addition to that of SEAP, did not affect the silencing. This 
result might suggest that immunoreaction(s) against the GAL4 
moiety of these activators caused the silencing.

Effects of the miR142-3p Target Sequence in the Acti-
vator Plasmid DNA  Wolff et al. assumed that the duration 
of luciferase expression from plasmid DNA became extended 

Fig. 2. SEAP Expression by Plasmid DNA Administration
The plasmid DNAs (10 pmol) containing the Seap gene, driven by the CMV 

(closed circles) and EF1α (open circles) promoters, were injected into the tail veins 
of female Balb/c mice (six weeks old), as described in Materials and Methods. 
The alkaline phosphatase activity in serum was measured on days 1, 3, 7, and 14 
after injection. The values represent the averages of four (CMV) and two (EF1α) 
independent experiments. Error bars indicate S.D. (standard deviation). The back-
ground phosphatase activity is shown by the gray line. Luciferase activity when 
pYK-CMV-luc plasmid was injected is shown for comparison (dashed line).3)

Fig. 3. SEAP Expression by the Positive Feedback System in Mice
(A) The reporter plasmid pG5-Alb-Seap-G5 (10 pmol) was co-injected into Balb/c 

mice with the same amount of the activator plasmid pG5-Alb-vp16-G5 (closed 
circles) or pG5-Alb-Cbp-G5 (open circles), or was injected without the activator 
plasmid (closed squares). (B) pG5-Alb-Seap-G5 (10 pmol) was co-injected with the 
same amount of the activator plasmid pG5-Alb-Sreb(1–140)-G5 (closed squares), 
pG5-Alb-p53-G5 (closed circles), or pG5-Alb-Med15(KIX)-G5 (closed triangles). 
The serum alkaline phosphatase activity was measured on days 1, 3, 7, and 14 
after injection. The values represent the averages of three (pG5-Alb-vp16-G5, 
pG5-Alb-p53-G5, pG5-Alb-Med15(KIX)-G5, pG5-Alb-Sreb(1–140)-G5, and no ac-
tivator) and five (pG5-Alb-Cbp-G5) independent experiments. Error bars indicate 
S.D. (standard deviation). The background phosphatase activity is shown by the 
gray line. Statistically significant differences were found between GAL4-vp16 ver-
sus no activator, GAL4-CREBBP, GAL4-SREBP1, GAL4-p53, and GAL4-MED15 
on days 1, 3, and 5 (p<0.01), and between GAL4-SREBP1 versus no activator and 
GAL4-MED15 on day 1 (p<0.05). Luciferase activity when pG5-Alb-luc-G5 and 
pG5-Alb-vp16-G5 were co-injected is shown for comparison (dashed line in panel 
A).10)
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by the introduction of the target sequence of miR142-3p, a he-
matopoietic-specific microRNA, due to the suppression of the 
foreign protein (luciferase) production in antigen-presenting 
cells, based on the experiments by Brown et al. using lenti-
virus.15,16) In fact, they found that the duration of luciferase 
expression from plasmid DNA containing the Alb promoter 
and the miR142-3p target sequence was longer than that from 
a plasmid without the target sequence in C57BL/6 and Balb/c 
mice.15) Their results prompted us to examine the effect of this 
sequence on the positive feedback system. We introduced the 
sequence into the region corresponding to the 3′ UTR of the 
GAL4-vp16 gene (Fig. 1), and the constructed plasmid was 
co-administered with the reporter plasmid into Balb/c mouse 
liver.

As shown in Fig. 4, the phosphatase activities in serum 
were similar for the positive feedback systems with/without 
the miR142-3p target sequence. Thus, the strategy by Wolff et 
al. did not affect the silencing in the positive feedback system. 
This result suggested that another biological response, rather 
than transgene expression in antigen-presenting cells, would 
be the major cause of the silencing.

DISCUSSION

The major objective of this study was to examine whether 
the immunoreactions against exogenous proteins cause the 
silencing in the positive feedback systems. We examined 
the effects of (i) the replacement of firefly luciferase with 
murine SEAP, (ii) the use of TADs of endogenous transcrip-
tion factors instead of herpes simplex virus vp16, and (iii) 
the insertion of the target sequence of miR142-3p to suppress 
the foreign protein production in antigen-presenting cells. As 
shown in Figs. 2–4, these strategies failed to affect the silenc-
ing. Thus, the silencing would be induced by other factor(s) 
besides the immunoreactions against the exogenous proteins. 
However, further experiments using immunosuppressants or 
immunodeficiency mice are required to reach a clear conclu-
sion.

Plasmid DNA silencing has been examined by several 

laboratories. In the case of chromosomal genes, DNA methy-
lation and histone modification are the major mechanisms of 
gene silencing. Previously, we examined the cytosine methyla-
tion of the BsaHI site (5′-GACGTC-3′) in the CMV promoter 
of plasmid DNA, administered by the hydrodynamics-based 
method. We found that the methylation did not increase over 
time, and concluded that the silencing is independent of DNA 
methylation, at least at this CpG site.2) In agreement with 
this conclusion, Chen et al. and Pringle et al. analyzed the 
CpG methylation status of plasmid DNA administered by the 
hydrodynamics-based method and by lipoplex, respectively. 
They found that the methylation status did not change in 
mouse organs.22,23) Regarding histone modifications, we did 
not obtain any evidence that such modifications were involved 
in the silencing.3) However, the causes of the silencing are still 
open to debate,24,25) and further studies are necessary.

We examined whether the increased phosphatase activity 
was derived from the plasmid DNA delivered into the liver. 
The total RNA was extracted from liver, spleen, lung, heart, 
and kidney of the injected mice, and the Seap mRNA was 
analyzed by reverse transcription-quantitative PCR. We found 
that the amount of Seap mRNA in liver was more than 300-
fold higher, as compared to those in the other tissues (data 
not shown). Thus, most of the increased phosphatase activity 
seemed to be derived from the plasmid DNA present in the 
liver.

Control of the intranuclear disposition of exogenous DNA4) 
is extremely important to improve the level and the duration 
of transgene expression from plasmid DNA, and is crucial to 
stimulate further progress in nonviral gene therapy. Although 
the positive feedback system was designed to maintain the 
activated state of the plasmid DNA for prolonged transgene 
expression, it was effective for only a week. Understanding 
the actual cause(s) of the silencing is necessary for improve-
ments of the current positive feedback system and for clinical 
gene therapy.
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