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a b s t r a c t

Despite their fundamental importance, the dynamics of signaling pathways in living cells remain chal-
lenging to study, due to a lack of non-invasive tools for temporal assessment of signal transduction in
desired cell models. Here we report a dual-reporter strategy that enables researchers to monitor signal
transduction in mammalian cells in real-time, both temporally and quantitatively. This is achieved by
co-expressing green fluorescent protein and firefly luciferase in response to signaling stimuli. To display
the versatility of this approach, we constructed and assessed eight unique signaling pathway reporters.
We further validated the system by establishing stable NF-jB pathway reporter cell lines. Using these
stable cell lines, we monitored the activity of NF-jB-mediated inflammatory pathway in real-time, both
visually and quantitatively. Live visualization has the power to reveal individual cell responses and is
compatible with single cell analysis, In addition, we provide evidence that this system is readily amena-
ble to a high-throughput format. Together, our findings demonstrate the potential of the dual reporter
system, which significantly improves the capacity to study signal transduction pathways in mammalian
cells.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Signaling pathways regulate cell-specific behaviors that are
important for normal development and disease processes [1,2].
Despite their importance, real-time monitoring of pathway
signaling has remained a challenge, mainly due to a lack of tools
to visualize and quantify the dynamics of signal transduction in
living cells. For decades, immune-based analysis of protein
phosphorylation has been a mainstay of signaling pathway analy-
sis [3–5]. However, immune-based protocols rely heavily on
specific antibodies, are cumbersome [6] and not suitable for

pathway activations without phosphorylation [7]. Similarly, bio-
chemical analysis of metabolites in a signaling cascade can provide
clues to pathway activation [8]. However, quantification of the
metabolites usually requires rigorous validation, special reagents
and equipment [9]. Moreover, both immune-based and
biochemical assays typically use cell lysates, thus limiting their
capability to study the dynamics of signal transduction in living
cells [10].

High-throughput, image-based cell assays have emerged as
alternative approach for monitoring molecular events [11–13].
For example, signaling molecule such as NF-jB can be fused with
imageable reporters such as green fluorescent protein (GFP) or
red fluorescent protein (RFP). Migration of GFP from the cytosol
to the nucleus reveals NF-jB pathway activation [14]. Alterna-
tively, the fluorescent reporter proteins can be placed under the
control of appropriate transcription factors to monitor pathway
activation [15]. In fact, numerous reporter cell lines have been
established for the use of signal transduction monitoring, regula-
tion studies and compound screening [16–19]. Although fluores-
cent proteins allow real-time monitoring of individual cell
responses, quantification tends to be tedious, time-consuming
and costly, due to the requirement of specialized imaging systems
or fluorescent-activated cell sorters [20]. To overcome this
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drawback, bioluminescent proteins are used in place of GFP/RFP.
Actually, the firefly luciferase-based reporter system has greatly
simplified quantification procedures and enabled the integration
of plate-handling and data-collection amenable for high-through-
put applications [21,22]. However, luciferase lacks a robust visual-
ization capability, and thus is not suitable for monitoring signaling
dynamics within single cells.

Combining the advantages of fluorescent and bioluminescent
reporters, we developed a dual-reporter system to both visualize
and quantify pathway signaling in living mammalian cells. We
incorporated features to allow easy and reliable establishment of
stable reporter cell lines with reduced background noise, and
minimized potential genomic influences. To test this system, we
constructed and assessed eight unique signaling pathway
reporters, and established stable cell lines harboring inflammatory
NF-jB reporters. We demonstrate the capability of both live
visualization and quantification of NF-jB pathway activation using
cultured human HEK293 cell models. Live visualization reveals
individual cell responses and is compatible with single cell
analysis. We further provide evidence that the dual reporter
system is readily amenable to high-throughput quantification of
pathway signaling in living cells. Our findings demonstrate the
power of dual-reporters for studying signaling pathways in
mammalian cells.

2. Materials and methods

2.1. Materials and reagents

Human recombinant TNFa, IL-1b, and IL-6 were purchased from
R&D Systems (Minneapolis, MN, USA). Nutlin-3, PMA (phorbol-12-
myristate 13-acetate) and ionomycin were purchased from Sigma,
St. Lois, MO, USA). 5� D-luciferin substrate for live cell luciferase
activity assay was obtained from System Biosciences (SBI, Moun-
tain View, CA, USA). Fetal bovine serum (FBS) was obtained from
Atlas Biologicals (Fort Collins, CO, USA).

2.2. Design and construction of dual-reporters

The dual reporter system is configured from the 50 to 30 as fol-
lows (Fig. 1A): multiple cloning sites (MCS) to insert different tran-
scription factor response elements (TREs), followed by a minimal
CMV promoter (mCMV), GFP-T2A-firefly-luciferase and a poly A
signal as previously reported [23]. To make the dual-reporters suit-
able for establishing stable reporter cell lines, a constitutive pro-
moter EF1a-driven puromycin resistance gene cassette was
implemented. Reporter and selection cassette were flanked by
insulator sequences to minimize potential interference of neigh-
boring sequences. To obtain a controlled integration by co-expres-
sion of integrase [24], integrase-recognizable insertion sequences
were introduced and situated outside the insulator. The above dual
reporter cassette was subsequently cloned into a regular plasmid
with an ampicillin selection marker. Additionally, reporters lacking
the mCMV or harboring a full-length CMV promoter were similarly
constructed for system validation. For specific signaling pathway
reporters, four to eight repeats of the corresponding TREs were
cloned into the MCS. All final constructs were confirmed by dou-
ble-stranded DNA sequencing.

2.3. Cell culture and transfection

Human embryonic kidney cells (HEK293) were maintained in
high glucose Dulbecco’s Minimal Essential Medium (DMEM) sup-
plemented with 10% FBS, 2 mM GlutaMax (Life Technologies,
Grand Island, NY, USA), 100 U/ml penicillin, and 100 U/ml strepto-
mycin. All transfections were performed in 6-well plates seeded
with 2 � 105 cells per well the day before transfection. At
30–50% confluency, cells were transfected with the dual reporter
plasmid with or without transposase-expression vector, using
Purefection transfection reagent according to the user manual
(SBI, Mountain View, CA, USA). For all transfection experiments,
2 lg of dual-reporter DNA was used, with or without 0.2 lg of
transpose expression vector DNA (SBI, Mountain View, CA, USA).
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Fig. 1. A dual reporter strategy to visualize and quantify signaling pathway activation. (A) Schematic representation of main features of the dual reporter system, depicting
the dual reporters GFP and firefly luciferase (Luc), separated by T2A (self-cleavage peptide), under the control of a minimal CMV promoter. The multiple cloning sites were
incorporated to facilitate the insertion of transcription factor response elements (TREs). Without stimuli, the transcription factor (TF) is inactivated and does not bind to TREs,
therefore basal levels of expression of both GFP and Luc are expected (upper panel). Upon stimulation, the TF becomes activated and binds to TREs, resulting in high levels of
expression (lower panel). (B) Configuration and construction of a promoterless negative control reporter, a mCMV-driven basal reporter, and a full-length CMV promoter-
driven positive control reporter. (C) HEK293 cells were transfected with the promoterless negative control reporter, the mCMV-driven reporter, and the positive control, and
GFP expression was recorded. (D) Relative luciferase activities of each reporter were presented as fold increase over promoterless control (mean ± SD, n = 3).
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