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A sensitive cAMP response element (CRE) reporter system is essential for studying the cAMP/protein
kinase A/cAMP response element binding protein signal pathway. Here we have tested a few CRE pro-
moters and found one with high sensitivity to external stimuli. Using this optimal CRE promoter and the
enhanced green fluorescent protein as the reporter, we have established a CRE reporter cell line. This
cell line can be used to study the signal pathway by fluorescent microscope, fluorescence-activated cell
AMP
AMP response element
ell signaling pathway
eporter cell line
emory formation

analysis and luciferase assay. This cell line’s sensitivity to forskolin, using the technique of fluorescence-
activated cell sorting, was increased to approximately seven times that of its parental HEK 293 cell line,
which is currently the most commonly used cell line in the field for the signal pathway study. Therefore,
this newly created cell line is potentially useful for studying the signal pathway’s modulators, which
generally have weaker effect than its mediators. Our research has also established a general procedure
for optimizing transcription-based reporter cell lines, which might be useful in performing the same task

er tra
when studying many oth

. Introduction

Cell function is mediated by various signal pathways. Most sig-
al pathways mediate cell function by altering the transcription
ctivity of certain genes. For example, in the cAMP/protein kinase
/cAMP response element binding protein (cAMP/PKA/CREB) sig-
al pathway, the adenylyl cyclase catalyzes the formation of cAMP
pon a Gs protein-coupled receptor activation or calcium entry.
he cAMP then activates the PKA, which in turn initiates the down-
tream kinase cascade. One of the end steps of this cascade is the
hosphorylation of the CREB. The phosphorylated CREB, together
ith other transcription factors, can bind promoter regions con-

aining the 5′-TGACGTCA-3′ sequence, i.e. the cAMP response
lement (CRE), and in consequence induces the downstream gene
ranscription. CREs exist in the promoter region of many genes that
lay important roles in metabolism, cell cycle, development, neuro-
ransmission, memory formation, etc. (Mayr and Montminy, 2001;
ang and Storm, 2003). This signal pathway has therefore been
ntensively studied.

A signal pathway’s activity is usually measured by testing its
utcome, the transcription products. The transcription products
an be endogenous proteins, but, more often they are the products
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nscription-based signal pathways.
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of externally-introduced reporter genes. A reporter gene usually
contains both a specific promoter and a reporter gene cDNA. The
promoter can be either obtained from one of the endogenous target
genes of the specific signal pathway, or made artificially from a few
consensus sequences, in this case CREs, together with a minimal
promoter. The commonly used reporters are the enzymes luciferase
and �-galactosidase (LacZ), the activities of which can be measured
by testing their catalysis of their respective substrates. However,
the application of these two reporter systems is quite limited. For
example, they cannot be used for real-time imaging. To overcome
this limitation, we have developed a new CRE-enhanced green flu-
orescent protein (EGFP) reporter system, which could be used for
monitoring real-time transcription under a fluorescent microscope
and for testing signal pathway activity by fluorescence-activated
cell sorting (FACS).

These reporter systems can be used to measure how a small
molecule or a specific gene product regulates the CRE signal path-
way. This is usually done by applying the small molecules directly or
by transfecting the target genes to the reporter cells, and measuring
the change in the level of reporter expression. This approach works
well if the change is robust, but it would be difficult to distinguish
the signal from the noise when the change is slight. This is espe-
cially crucial when studying the effect of modulators, rather than

mediators, on the CRE signal pathway, as the former usually have
less effect than the latter. Therefore, a more sensitive CRE reporter
system is needed. To achieve this, the new CRE-EGFP reporter sys-
tem was further optimized with a significantly enhanced sensitivity
to external stimuli.

dx.doi.org/10.1016/j.jneumeth.2010.06.003
http://www.sciencedirect.com/science/journal/01650270
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a difference in luciferase activities resulted when either the num-
Fig. 1. Construction of CRE luciferase (A) and EGFP (B) reporter plasmids.

. Materials and methods

.1. Plasmid construction

The luciferase and EGFP reporter plasmids were constructed as
hown in Fig. 1.

.2. Cell culture and transfection

The HEK 293 (ATCC) and HT22 cells (Morimoto and Koshland,
990) were maintained in Dulbecco’s modified Eagle’s medium
DMEM) supplemented with 10% fetal bovine serum (FBS).
he NIH3T3 cells (ATCC) were maintained in DMEM sup-
lemented with 10% calf serum. Cells were transfected with

ipofectamine 2000 (Invitrogen) according to the manufacturer’s
uide.

.3. Luciferase assay

Cells were transfected with the CRE-luciferase reporters
nd EF1-LacZ plasmids. The EF1-LacZ plasmid contains the �-
alactosidase cDNA preceded by the constitutively active EF1
romoter. It works as an internal control to normalize luciferase
ctivity. One day after transfection, the cells were treated with
ither 10 �M forskolin, 100 �M 5,6-dichlorobenzimidazole ribo-
ide (DRB, Sigma), 10 �M forskolin (Sigma) and 100 �M DRB or
MSO, as a control, for 6 h. The cells were harvested, washed with

ce-cold phosphate buffered saline (PBS) twice and lysed in 100 �l
f 0.1% Triton X-100/1 mM dithiothreitol/1.5 mM MgSO4/4 mM
TP/100 mM Na2HPO4, pH 7.8. Luciferase and �-galactosidase
ssays were performed as described previously (Orellana and
cKnight, 1992; Matthews et al., 1994). The luciferase activity was

ivided by the �-galactosidase activity to normalize for differences
n cell number and transfection efficiency. The assays for each CRE
eporter were performed three times and the final data were aver-
ged.

.4. Fluorescence-activated cell analysis and sorting

Cells were harvested by trypsin treatment and centrifuged at
00 × g for 5 min. The pellet was resuspended in ice-cold PBS and
entrifuged again. The pellet was then resuspended at a concentra-
ion of 4 × 106 cells/ml in the sorting buffer, which is PBS containing
00 Kunitz DNase I/ml, 10 �g/ml propidium iodide (Sigma) and
% FBS. The sorting solution was also supplemented with either
0 �M forskolin, 100 �M 5,6-dichlorobenzimidazole riboside (DRB,
igma), 10 �M forskolin (Sigma) and 100 �M DRB or DMSO, as a
ontrol. The cells were then sent through a 40 �m filter to remove
arge clumps and loaded into either a FACScan Flow Cytometer (BD
ioscience) for cell analysis or a FACSVantage SE cell sorter (BD Bio-
cience) for cell sorting. The cells with positive propidium iodide
taining, i.e. the dead cells, were first eliminated from the analysis
r sorting pool. For cell sorting, the desired population, either the

GFP brightest or the least bright ones according to the purpose
f experiments (see Section 3), was sorted into either 15 ml coni-
al tubes or 96-well plates, which both contained complete DMEM
ulture media.
ience Methods 191 (2010) 21–25

2.5. Genotyping

Genotyping was performed by following a protocol modified
from the one described in Shan et al. (2008). Briefly, cells were
grown in 6-well plates and then harvested by trypsin treatment.
The trypsin treatment was terminated by adding 2 ml DMEM. The
cells in DMEM were centrifuged at 500 × g for 5 min. The super-
natant was discarded and the cell pellet was washed in 0.5 ml
ice-cold PBS and centrifuged at 500 × g for 5 min. The pellet was
digested in 0.25 ml of a buffer containing 5 mM EDTA, 200 mM
NaCl, 100 mM Tris (pH 8.0), 0.2% (w/v) SDS and l0 mg/ml Proteinase
K (Sigma) at 50 ◦C for 12–18 h. The genomic DNA was extracted
by phenol/chloroform purification and isopropanol precipitation.
The genomic DNA was then used as the template for a PCR, which
used two oligos as primers. The primers were designed to comple-
ment sequences 5′ to CRE3 and 3′ to BGHpA (Fig. 1B), respectively.
Therefore, the essential elements for the inducible EGFP construct,
including the sequences of CRE3, TK, EGFP and BGHpA, were ampli-
fied. The sequences of the oligos were CTGCGGCCGCAATAAAATATC
and CAGAAGCCATAGAGCCCAC.

3. Results

The quality of a reporter system is determined by two factors,
i.e. cell type and reporter gene construction. In order to make an
optimal CRE-reporter cell line, we tested three cell lines, HEK 293,
NIH3T3 and HT22. The HEK 293 and NIH3T3 cell lines are widely
used in reporter assays because of their easy maintenance. The
HT22 cell line is an immortalized hippocampal cell line (Morimoto
and Koshland, 1990) and has the advantage of possessing some neu-
ronal characteristics. Since our lab is working in the learning and
memory field, any result from the HT22 cell line might be more
readily extrapolated into neurons in vivo. Besides the cell type, the
reporter gene construction is also essential for the quality of the
reporter system. Generally, in order to boost assay outcome, multi-
ple consensus sequences followed by a mini-promoter are used to
construct the promoter region. However, having too few consen-
sus elements causes a low overall expression level, while having too
many induces a high basal level. Therefore, it is necessary to iden-
tify the optimal number of consensus elements, in this case CREs, to
achieve the best signal to noise ratio. Here we chose to test reporter
genes containing three and six CREs (CRE3 and CRE6). In addition,
mini-promoters of different origin may have different transcription
strengths and therefore differently affect the basal expression level
of a reporter gene. We chose to test the mini-promoters from the
thymidine kinase gene of human herpesvirus (TK) and the terminal
repeat of Rous sarcoma virus (RSV). Overall we constructed six pro-
moters, i.e. TK, CRE3-TK, CRE6-TK, RSV, CRE3-RSV and CRE6-RSV,
among which the TK and RSV served as controls. We fused them
to the cDNA of luciferase (Fig. 1A) and luciferase assays were sub-
sequently performed. In the luciferase assay, we treated cells with
10 �M forskolin for 6 h to induce CRE activity, because forskolin
of this concentration usually induces a half-saturating response
and 6 h is usually the time point when the luciferase expression
reaches saturation (unpublished data).As shown in Fig. 2A, in all
cases when the CRE was present in the promoter region, there
was some level of basal luciferase expression. This is not surprising
since a basal CRE signal activity is essential for cell viability (Mayr
and Montminy, 2001). Moreover, as expected, the luciferase activ-
ity is enhanced following forskolin stimulation. In each cell line,
ber of CREs was altered or the mini promoter changed. The CRE6
and the RSV seemed to have higher transcription strength than the
CRE3 and the TK, respectively. This applied to both the DMSO and
forskolin-treated groups among the three cell lines tested. How-
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ig. 2. Luciferase assay of various promoters in three cell lines (HEK 293, NIH3T3, an
MSO or 10 �M forskolin for 6 h are shown in the left panels (A). The fold changes

n the right panels (B).

ver, although a high level of absolute luciferase activity is essential
Fig. 2A), what is more important in determining system sensi-
ivity is the relative luciferase activity, i.e. the ratio of luciferase
ctivity with forskolin stimulation to luciferase activity with DMSO
reatment (Fig. 2B). Unlike in the case of absolute luciferase activ-
ty, CRE3 demonstrated a slightly higher relative luciferase activity
han CRE6, while there was no significant difference between the
K and RSV mini-promoters (Fig. 2B). A more dramatic difference
n relative luciferase activity was seen between the three cell lines

e tested, i.e. the HEK 293 showed the highest relative luciferase
ctivity (9.2- to 11.6-fold change), in contrast to NIT3T3 and HT22,
hich only had 1.9- to 3.4- and 2.4- to 4.0-fold changes, respectively

Fig. 2B).
Based on the overall result, we chose to use the CRE3-TK pro-

oter and the HEK 293 cell line to construct the stable CRE reporter
ell line.

We next subcloned the CRE3-TK DNA followed by the EGFP
DNA into the modified pcDNA3.1zeo + vector (Invitrogen) (Fig. 1B).
owever, one day after this construct transfected the HEK 293 cells,
strong green fluorescence appeared without any forskolin stim-

lation. In addition, its brightness could not be distinguished from
he case after forskolin stimulation (data not shown). Our inter-
retation is that the EGFP has a very stable structure and it can
ccumulate and saturate within cells. In consequence, the forskolin
timulation could not further the expression or the fluorescence
2). The normalized luciferase activities for the transfected cells treated with either
e value of the forskolin group divided by the value of the DMSO group, are shown

level of the EGFP. One strategy to circumvent this problem is to
make the EGFP less stable, i.e. more amenable to degradation. We
achieved this goal by fusing a PEST motif from mouse ornithine
decarboxylase to the C-terminal of EGFP. The PEST motif imparts
instability to its host proteins (Li et al., 1998; Loetscher et al., 1991).
This CRE3-TK-EGFP construct was then used to stably transfect the
HEK 293 cells.

This stable cell line could be selected by a traditional one-time
zeocin treatment, however, we instead employed an alternative
method combining the zeocin selection and FACS in order to obtain
a cell clone which is more sensitive to external stimuli. The proce-
dure is described as follows.

The HEK 293 cells were transfected with the CRE3-TK-EGFP
construct. One day after transfection, the cells were 1:10 split and
treated with 100 �g/ml zeocin (Invitrogen) until they were 80%
confluent. The cells were then treated with 10 �M forskolin for 6 h
and subjected to FACS. To isolate the most forskolin-responsive
cells, the brightest 15% were sorted out and allowed to continue
to grow in the culture medium containing zeocin until they were
80% confluent again. This population, however, might also have

consisted of the cells with high constitutive, rather than forskolin-
responsive, EGFP expression. They were unwanted since, as
discussed above, the quality of the reported cell line is determined
by the ratio of the reporter activity of the activated group to that
of the control group. To eliminate this unwanted constitutively
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Fig. 3. Characterization of the CRE3-TK-EGFP stable cell line. The cells were treated with either DMSO, 10 �M forskolin (FSK), 100 �M DRB or 10 �M forskolin and 100 �M
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RB (FSK + DRB) for 6 h and subjected to fluorescence-activated cell analysis (A) or o
× 103 tick of the x-axis. In (B), the left photos are from the fluorescent field while
CR on the genomic DNA (C). Lane 1 is the DNA marker; lanes 2, 3 and 4 are the PCR
orskolin stimulation and the CRE3-TK-EGFP cell line, respectively. An extra 1.7 kb b
RE3-TK-EGFP cells as well as the HEK 293 cells and the fold changes after 10 �M f

right cell population, we starved the cells cultured from the first
ACS with serum-free DMEM for 6 h and sorted out the least bright
5% of cells through FACS. The purpose of the serum starvation
as to eliminate any serum-induced CRE activity. The sorted cells
ere again grown in the zeocin-containing DMEM until they were

0% confluent. The cells were treated with 10 �M forskolin for 6 h
nd the brightest 192 cells were sorted individually into 96-well

lates coated with poly-d-lysine. The cells were maintained in
eocin-containing DMEM and finally about 20% of them survived.

Each single cell clone was propagated and subjected to
uorescence-activated cell analysis. One of the resulting cell clones

ndicated a dramatic increase in fluorescence intensity after 10 �M
ed under an inverted fluorescent microscope (B). In (A), a line is drawn crossing the
ight ones are from the bright field. The reporter DNA integration was verified by a
cts from the HEK 293 cells, one of the resulting stable cell clones not responsive to
lane 4 represents the reporter gene. Luciferase assays were also performed on the

in, 100 �M DRB or 10 �M forskolin and 100 �M DRB stimulation are shown (D).

forskolin stimulation. As shown in Fig. 3A, about 70% of the cell pop-
ulation in the forskolin-treatment group of this clone demonstrated
fluorescence intensity above 4 × 103, in contrast to the control
DMSO treatment group in which less than 5% of cells fell into the
same range. To confirm that forskolin induced EGFP expression was
through CRE transcription rather than cAMP regulated translation,
a transcription inhibitor DRB was used together with forskolin. As

shown in Fig. 3A, when 10 �M forskolin was applied in the presence
of 100 �M DRB, only about 10% of cells demonstrated fluorescence
intensity above 4 × 103. This is much lower than in the forskolin-
only treatment group, but just slightly higher than in the control
DRB-only treatment group, in which about 5% of cells fell into the



urosc

s
c

c
m
t
1
c
a
a
t

w
l
s
i
p
1
c
F
c
D
t
c
C

4

i
p
v
w
e
h
t
w
a
t
s

Q. Shan, D.R. Storm / Journal of Ne

ame range. We therefore concluded that this new CRE-reporter
ell line mostly reported the CRE-transcription activity.

On the other hand, under a fluorescent microscope, this cell
lone barely showed any fluorescence in the control DMSO treat-
ent group while it became fluorescent after 6 h of 10 �M forskolin

reatment (Fig. 3B). Again, 10 �M forskolin in the presence of
00 �M DRB did not induce any detectable fluorescence, which
onfirmed that this cell line mainly reported CRE-transcription
ctivity. In addition, the stable integration was verified by a PCR
mplification of the genomic DNA using a pair of primers flanking
he CRE3-TK-EGFP-BGHpA reporter gene (Fig. 3C).

More interestingly, when the CRE3-TK-EGFP stable cell line
as transfected with the CRE3-TK-luciferase reporter plasmid, the

uciferase activity was enhanced 80 times after 10 �M forskolin
timulation (Fig. 3D). This stable cell line has thus shown much
mprovement in sensitivity towards forskolin stimulation com-
ared to its parental HEK 293 cell line, which was only enhanced
1.6 times. This improvement was apparently achieved by the pro-
edure of selecting the most forskolin-sensitive cell clone through
ACS. In addition, when either the CRE3-TK-EGFP or the HEK 293
ell lines was treated by 10 �M forskolin in the presence of 100 �M
RB, the induced luciferase activity was minimal. This is consis-

ent with the results from the FACS and the microscope studies,
onfirming that this CRE3-TK-EGFP cell line mainly reported the
RE-transcription activity.

. Discussion

Here we have tested a few CRE promoters, which, besides direct-
ng the construction of a stable CRE reporter cell line, might also
rovide useful knowledge for in vivo study. For example, we pre-
iously made a transgenic mouse line expressing CRE6-RSV-LacZ,
hich, although useful, tends to have an unwanted high basal LacZ

xpression in neurons (Impey et al., 1996; Impey et al., 1998). This
igh basal activity of the CRE6-RSV was coincidently reflected in

he luciferase assay we performed (Fig. 2A). However, compared
ith the CRE6-RSV, the CRE3-TK seemed to have much lower basal

ctivity while slightly higher relative activity (Fig. 2A and B) and
herefore promises to be a better CRE reporter promoter for in vivo
tudy.
ience Methods 191 (2010) 21–25 25

We have also constructed and optimized a stable CRE reporter
cell line. This cell line can be used to study the signal pathway
by fluorescent microscope, fluorescence-activated cell analysis and
luciferase assay. This cell line can be used to test whether a given
protein, or small molecule, regulates the cAMP/PKA/CREB signal
pathway. This is especially useful for those that only mildly mod-
ulate the signal pathway activity, as this cell line is much more
sensitive to external stimuli than any other widely used cell line,
such as the HEK 293, NIH3T3 or HT22 cell lines.

Our experiment has also established a general procedure for
optimizing transcription-based reporter cell lines, which might be
useful in performing the same task when studying many other
transcription-based signal pathways.
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