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Abstract
Rapamycin (Rap), a small-molecule inhibitor of mTOR, is an immunosuppressant, and several Rap analogues are cancer chemotherapeutics. Further pharmacologic development will be significantly facilitated if
in vivo reporter models are available to enable monitoring of molecular-specific pharmacodynamic actions
of Rap and its analogues. Herein we present the use of a Gal4→Fluc reporter mouse for the study of Rapinduced mTOR/FKBP12 protein-protein interactions in vivo with the use of a mouse two-hybrid transactivation strategy, a derivative of the yeast two-hybrid system applied to live mice. Upon treatment with Rap,
a bipartite transactivator was reconstituted, and transcription of a genomic firefly luciferase reporter was
activated in a concentration-dependent (Kd = 2.3 nmol/L) and FK506-competitive (Ki = 17.1 nmol/L) manner
in cellulo, as well as in a temporal and specific manner in vivo. In particular, after a single dose of Rap (4.5 mg/
kg, i.p.), peak Rap-induced protein-protein interactions were observed in the liver at 24 hours post treatment,
with photon flux signals 600-fold over baseline, which correlated temporally with suppression of p70S6
kinase activity, a downstream effector of mTOR. The Gal4→Fluc reporter mouse provides an intact physiologic system to interrogate protein-protein interactions and molecular-specific pharmacodynamics during
drug discovery and lead characterization. Imaging protein interactions and functional proteomics in whole
animals in vivo may serve as a basic tool for screening and mechanism-based analysis of small molecules
targeting specific protein-protein interactions in human diseases. Mol Cancer Ther; 9(10); OF1–9. ©2010 AACR.

Introduction
The mammalian target of rapamycin (mTOR) is a 289kDa serine-threonine kinase important in regulation of
cell growth and proliferation (1, 2). Functions of mTOR
can be inhibited by the small-molecule rapamycin (Rap)
through formation of a ternary complex comprising Rap,
FKBP12 (the 12-kDa immunophilin family member
FK506-binding and Rap-binding protein), and mTOR
through its FKBP-rapamycin–binding (FRB) domain (3).
Rap is a Food and Drug Administration–approved
immunosuppressant agent used to prevent organ rejection after transplantation (4). In addition, Rap and Rap
analogues, alone or in combination with other drugs,
are undergoing clinical trials for treatment of metastatic
and advanced cancers, including brain, breast, and other
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solid tumors (5, 6). Recently, a Rap analogue, temsirolimus, has been approved for use in treating advanced
renal cell carcinoma (7). Mechanistically, Rap provides
temporal and quantitative control of gene expression
through its ability to associate with FKBP12 and FRB,
which are critical in the mTOR signaling pathway
through regulating protein translation and controlling
autophagy (8, 9). Given that many questions about
mTOR complex signaling remain unanswered, gaining
insight into the pharmacologic action of Rap and analogues at the molecular level in vivo may address many of
these questions (10).
Pharmacodynamic analysis is key during early-phase
clinical trials to determine the relationships between drug
dose and target inhibition, as well as to monitor downstream effects of target inhibition (11). Most conventional
methods to monitor pharmacodynamics, including Western blot analysis, immunohistochemical staining, or flow
cytometry determinations, require either labor-intensive
sample preparation procedures or high-quality monoclonal antibodies and cannot readily provide information
about drug effects over time or in intact organ systems
(11–13). Integration of genome-wide analysis, proteomics, and bioinformatics can assist the development of
pharmacodynamic or pharmacokinetic evaluation by a
systematic approach (14–16), but these techniques are at
a relatively early stage of development.

www.aacrjournals.org

Downloaded from mct.aacrjournals.org on May 20, 2018. © 2010 American Association for Cancer Research.

OF1

Published OnlineFirst September 21, 2010; DOI: 10.1158/1535-7163.MCT-10-0265
Pan et al.

Recent advances in molecular imaging combined with
reporter animals can recapitulate genomic alterations in
human diseases and are reshaping the process of new
drug development at many levels (17). First, an effective
readout reflecting real-time pharmacodynamic changes
can be a powerful tool to monitor therapeutic effects in
a spatially specific and tissue-specific manner. Second,
molecular imaging may reduce cost during drug development because pharmacodynamic studies in animals
can inform clinical trials and accelerate the translation
process (18, 19). Third, noninvasive imaging allows chronological monitoring for delayed activities and toxicity of
drugs in living animals. However, one of the major challenges in in vivo pharmacodynamic monitoring is the lack
of high-fidelity reporter models to visualize the pharmacodynamics of therapeutic agents in a mechanistically
appropriate manner. In this regard, with the use of a
universal Gal4→Fluc reporter mouse (20), the inducible
association of FRB and FKBP12 upon introduction of
Rap enabled conditional activation of a luciferase reporter
gene (Fig. 1; refs. 21–25). This platform could lead to
broader applications of reporter models to study pharmacodynamics in the context of whole animals.

Materials and Methods
Chemicals and reagents
Plasmids pBJ5-Frb-VP16-HA and pBJ5-Gal4-FKBP(X3),
which express FRB-VP16-HA and G4BD-FKBP(X3) chimera proteins from a modified SV40 (SRα) promoter,
were graciously provided by Dr. Thomas Wandless and
Dr. Gerald Crabtree (Department of Chemical and Systems Biology, Stanford University, Palo Alto, CA; ref. 26).

pRluc-N3 was purchased from BioSignal Packard.
D-Luciferin was obtained from Biosynth, and both rapamy-

cin and FK506 were from Sigma-Aldrich. Native coelenterazine was from Biotium.
Cell cultures and transfection
HeLa/Gal4→Fluc cells, HeLa cells that stably express
firefly luciferase under the control of a concatenated
Gal4 promoter (5× Gal4), were described previously
(20). HeLa/Gal4→Fluc cells were maintained in DMEM
containing 10% heat-inactive fetal bovine serum and 1%
glutamine. Transfections were done with FuGENE-6
(Roche) according to the manufacturer's protocol.
Construction of Frb mutant plasmid, mtFrb (S2035I)
Mutant Frb (S2035I), hereafter referred to as mtFrb,
was prepared by the QuikChange mutagenesis method
(Stratagene) according to the protocol provided by the
manufacturer. Briefly, PCR was done with the parent
plasmid pBJ5-Frb-VP16-HA and overlapping oligonucleotides containing relevant base changes (sense primer: 5′-gcatgaaggcctggaagaggcaattcgtttgtactttgg-3′;
antisense primer: 5′-ccaaagtacaaacgaattgcctcttccaggccttcatgc-3′). The product was religated to the parent vector
and then transformed into TOP10-competent Escherichia
coli (Invitrogen). The expected mutation was confirmed
by sequencing.
Bioluminescence imaging of cells
HeLa/Gal4→Fluc cells (2.5 × 105 cells per well for 24well plates; 1 × 105 cells per well for 96-well plates) were
transiently cotransfected with pairs of plasmids (200 ng
DNA each for 24-well plates; 30 ng each for 96-well

Figure 1. Conditional genomic reporter activation with the use of a modified two-hybrid system. A, a crystallographic model of FRB-VP16 and G4BD-FKBP(X3)
domains in the absence of Rap. B, Rap-induced association of FRB-VP16 and G4BD-FKBP(X3) activate the reporter gene, Fluc (FRB-VP16, green-magenta;
G4BD-FKBP(X3), blue-orange; Rap, black; DNA, gray). Images adapted from RCSB PDB (www.pdb.org) using ID# 1AUE, 2PHG, 3COQ, and 1FKL.
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plates) with the use of FuGENE-6 according to the manufacturer's directions. For bioluminescence imaging,
∼48 hours after transfection, growth media were replaced with optically clear DMEM containing appropriate drugs or vehicle, and D-luciferin (150 μg/mL; ref.
27). Cells were incubated for another 6 hours, and photon
flux for each well was then measured with a chargecoupled device camera (IVIS 100, Caliper) with the use
of the following parameters: exposure, 3 minutes; f-stop,
1; binning, 8; field of view, 15 cm; filter, open.
Experiments were done in triplicate. After IVIS imaging,
an MTS assay for viable cell mass was done according to
the manufacturer's instructions (Promega). MTS reagent
(20 μL) was added to each well of a 96-well plate at a
final volume of 200 μL per well. Samples were incubated
for ∼1 hour. Absorbance of samples was measured
against a background control (blank) at 490 nm. Data
normalized by cell mass were expressed as mean photon
flux ± SE of triplicate wells (representative of three independent experiments).
Rap concentration-response curve and FK506
competitive inhibition assay
To determine the apparent Kd of Rap-induced FRB and
FKBP12 association, as well as the apparent Ki of FK506mediated inhibition of protein association in live cells,
HeLa/Gal4→Fluc reporter cells transfected with pBJ5Frb-VP16-HA and pBJ5-Gal4-FKBP(X3) plasmid pairs
were pretreated with Rap alone for 6 hours before bioluminescence imaging with the indicated concentrations
(0.1, 0.3, 1, 3, 10, 30, 100, and 1,000 nmol/L) or with
Rap at the EC50 (1 nmol/L) in the presence of the indicated concentrations of FK506 (1, 3, 10, 30, 100, and
1,000 nmol/L).
Animal studies
Hydrodynamic injections. Animal care and protocols
were approved by the Washington University Medical
School Animal Studies Committee. Generation of the
Gal4→Fluc transgenic reporter mouse strain was described (20). In vivo hepatocyte transfection of Gal4→Fluc
reporter mice was done with the use of the hydrodynamic somatic gene transfer method, as described previously
(20). Briefly, plasmid pairs of pBJ5-Frb-VP16-HA and
pBJ5-Gal4-FKBP(X3), or pBJ5-mtFrb-VP16-HA and pBJ5Gal4-FKBP(X3) (15 μg per plasmid), together with
pRluc-N3 (1 μg) were co-injected as indicated. Plasmids
were diluted in calcium- and magnesium-free PBS (pH
7.4; 1 mL/10 g of body weight) and rapidly injected into
tail veins of mice.
In vivo bioluminescence imaging. Bioluminescence imaging was done in the IVIS 100 under 2.5% isoflurane anesthesia, as described previously (20). First, background
signals were recorded by imaging before hydrodynamic
injections (D-luciferin, 150 mg/kg of body weight, i.p.).
Rluc activity was acquired 20 hours after hydrodynamic
injections by injection of coelenterazine (1 mg/kg of body
weight, i.v.) to serve as a transfection control. Four hours
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later (generally no residual signal), D-luciferin (150 mg/kg
of body weight, i.p.) was given, followed by image
acquisition 10 minutes post injection, providing the pretreatment (0 h) activity. Immediately after pretreatment
IVIS imaging, groups of mice were treated with Rap
(4.5 mg/kg in DMSO, i.p.; n = 6 for FRB-VP16 pair; n =
2 for mtFRB-VP16 pair) or vehicle only (DMSO; n = 2). At
the indicated times after treatment with Rap (6, 15, 24, 48,
and 72 h), mice were again injected with D-luciferin (i.p.)
and imaged 10 minutes later (IVIS 100). Because of the
highly inducible nature of the photon output, images
24 hours after Rap treatment were obtained with different exposure times (1-10 s) compared with those at later
time points in the experiment (exposure time, 5 min) to
avoid saturation of the charge-coupled device camera.
Photon flux (photons per second) was quantified on
images by contour-based regions of interests, in which
the edge of the region of interest was defined as 40% of
peak values and analyzed with Living Image 2.6 (Caliper) and IGOR (WaveMetrics) image analysis software.
Data represent the mean ± SE or range in each group imaged over the course of the experiment and are expressed
relative to the pretreatment bioluminescence of the same
mouse (photon flux, fold-initial).
Western blotting
HeLa/Gal4→Fluc cells (3 × 106 per 10-cm dish) were
transfected with the indicated pairs of plasmids (3 μg
DNA each), followed by bioluminescence imaging 48
hours after transfection. After a PBS wash, whole-cell lysates were prepared in 10 mmol/L Tris (pH 8.5) and 1%
SDS, and freshly combined with sodium orthovanadate
(1 mmol/L) and protease inhibitor cocktail (1:100; Sigma-Aldrich). Protein concentration was determined by
bicinchoninic acid assay (Pierce). Proteins (50 μg) were
fractionated by SDS-PAGE and immunoblotted with primary antibodies for VP16 (1:100; Abcam) and G4BD
(1:500; Santa Cruz Biotechnology). Immunoblots of
G4BD were stripped and reprobed with anti-actin antibody (1:2,000; Sigma-Aldrich). Bound primary antibodies
were visualized with appropriate horseradish peroxidase–conjugated secondary antibodies (1:1,000) with the
use of enhanced chemiluminescence (Amersham Pharmacia, GE Healthcare).
A cohort of mice was subjected to hydrodynamic injections and bioluminescence imaging before and at the
indicated times after treatment with Rap or vehicle (6,
24, and 72 h) as above. Immediately after imaging, livers
were harvested and ∼3 g of tissue were placed into 1 mL
of lysis buffer [50 mmol/L Tris (pH 8), 100 mmol/L
NaCl, 5 mmol/L EDTA, 0.5% P40) freshly combined with
sodium orthovanadate (1 mmol/L), protease and phosphatase inhibitor cocktail (1:100; Sigma-Aldrich), and
phenylmethylsulfonyl fluoride (2 mmol/L), and homogenized at 4°C with the use of a homogenizer (PT3000,
Brinkmann). Samples were then centrifuged twice for
10 minutes at 14,000 g to remove cell debris. Protein concentration measurement and Western blotting were done
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as described above. Proteins (500 μg) were fractionated
by SDS-PAGE and immunoblotted with primary antibodies for phosphorylated p70S6 kinase (p70S6K; S371;
1:1,000; Cell Signaling Technology) and actin. Immunoblots were stripped and reprobed with anti-p70S6K antibodies (1:1,000; Cell Signaling Technology).
Statistics
Curve-fitting, EC50, Kd, and Ki values were determined
with Prism software (GraphPad). All data are presented
as mean ± SE or range.

Results
In vitro studies
Concentration response of Rap-induced protein-protein
interactions and competitive inhibition by FK506. In
HeLa/Gal4→Fluc cells coexpressing the FRB-VP16 and
G4BD-FKBP chimera protein pairs, Rap increased bioluminescence signals in a concentration-dependent manner
up to 3 nmol/L. Maximum induction was 628-fold over
baseline 6 hours after addition of 3 nmol/L of drug
(Fig. 2). Curve fitting of the data revealed an EC50 of 1.2 ±
0.02 nmol/L with an apparent Kd of 2.3 ± 1.1 nmol/L (n = 3).
Under these conditions, reporter signals declined at concentrations >3 nmol/L (Supplementary Fig. S1). Addition
of FK506, a competitive inhibitor of Rap binding to FKBP,
inhibited Rap-induced luciferase activity in the presence
of 1 nmol/L of Rap with a Ki of 17.1 nmol/L, derived with
the use of the Cheng-Prusoff equation (ref. 28; n = 3; Fig. 3).

Figure 2. Concentration-dependent Rap-induced FRB/FKBP
interactions. HeLa/Gal4→Fluc reporter cells were cotransfected with
plasmid pairs expressing FRB-VP16 and G4BP-FKBP and then treated
with various concentrations of Rap for 6 hours. Bioluminescence
signals increased in a concentration-dependent manner up to 3 nmol/L
(Kd = 2.3 ± 1.1 nmol/L). Data, mean photon flux ± SE (when larger than
symbol) of triplicate wells.
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Figure 3. Competitive inhibition by FK506. HeLa/Gal4→Fluc cells
coexpressing FRB-VP16 and G4BD-FKBP were treated with Rap at
the EC50 (1 nmol/L) as well as the indicated concentrations of FK506
for 6 hours. The Ki of FK506-mediated inhibition of Rap-induced
protein association was determined with the Cheng-Prusoff equation
(Ki = 17.1 nmol/L). Data, mean photon flux normalized to cell mass ± SE
(when larger than symbol) of triplicate wells.

Abrogation of FRB and FKBP12 association by
mutant FRB (S2035I). HeLa/Gal4→Fluc cells transiently
transfected with plasmids expressing FRB-VP16 together with G4BD-FKBP and treated with 1 nmol/L Rap
produced 100-fold greater bioluminescence signals than
vehicle-treated cells (Fig. 4A). In comparison, the coexpression of mtFRB-VP16 and G4BD-FKBP produced no
significant change in bioluminescence activity after
treatment with 1 nmol/L Rap (P ≫ 0.05). Western blots
of whole-cell lysates showed similar expression levels of
both FRB-VP16 and mtFRB-VP16 proteins, as well as
G4BD-FKBP proteins under each condition (Fig. 4B).
Whereas quantitative analysis showed a 35% decrease
in protein levels for mtFRB compared with wild-type,
the complete disruption of the Rap-induced bioluminescence signal with mtFRB-VP16 was most consistent with
abrogation of Rap binding by mutation of ser2035 within
FRB (29) rather than loss of protein.
In vivo studies
Rap-induced bioluminescence in Gal4→Fluc transgenic
reporter mice. To show that Rap-induced transactivation
of the reporter gene could be imaged in living animals,
we did somatic gene transfer by giving plasmid pairs expressing wild-type FRB-VP16 and G4BD-FKBP, or
mtFRB-VP16 and G4BD-FKBP along with Rluc through
hydrodynamic injection into Gal4→Fluc reporter mice.
We obtained images of mice before hydrodynamic injection, before Rap or vehicle treatment (0 h), and at the indicated times after treatment (6 to 72 h). Photon flux from
Rluc expression in the liver, obtained 4 hours before Rap
exposure (−4 h), showed comparable transfection efficiency of hydrodynamic injection among all three groups
(Fig. 5A, left). After Rap treatment, photon flux arising
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from Fluc expression in the livers of mice receiving FRBVP16 and G4BD-FKBP reached maximal levels at 24
hours and persisted for 3 days, at which point the signal
declined back to almost pretreatment levels (Fig. 5A,
top). The signal 24 hours after Rap treatment was almost
600-fold higher than the pretreatment baseline (Fig. 5B),
achieving photon flux values of 4.6 × 108 ± 1.1 × 108
photons per second.
As a control, mice were injected with the FRB-VP16
and G4BD-FKBP pair, treated with vehicle, and imaged
over the same time course as described above. Vehicle
had no effect on transactivation of the reporter gene
(Fig. 5A, middle). Furthermore, mice expressing the
mtFRB-VP16 and G4BD-FKBP pair showed no detectable
signal induction in response to Rap treatment over the
entire time course of the experiment (Fig. 5A, bottom;
Fig. 5B).
Attenuation of mTOR signaling after Rap treatment in
transgenic reporter mice. To independently validate
functional mTOR activity in reporter mice in response
to Rap treatment, we monitored phosphorylated
p70S6K (S371), a downstream effector of mTOR, by
Western analysis in another cohort of reporter mice subjected to hydrodynamic injection and bioluminescence
imaging. Immediately after imaging, liver samples were
harvested at the indicated times post Rap or vehicle

Figure 4. Disruption of Rap-induced protein associations by mutant
FRB (mtFRB) in cellulo. Compared with untreated cells, HeLa/Gal4→Fluc
cells transiently expressing FRB-VP16 and G4BD-FKBP produced
100-fold greater bioluminescence signals after treatment with 1 nmol/L
Rap for 6 hours (A, top). In contrast, cells transfected with the plasmid
pair expressing mtFRB produced no significant signal change after
Rap treatment (P ≫ 0.05; A, bottom). Western blot analysis (B) showed
comparable expression of FRB-VP16, mtFRB-VP16, as well as
G4BP-FKBP from cotransfected HeLa/Gal4→Fluc cells treated with Rap
(1 nmol/L) for 6 hours.
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treatment. Bioluminescence imaging results were similar
to those shown in Fig. 5 (data not shown). When normalized to total p70S6K and baseline levels before Rap
treatment, phosphorylated p70S6K (S371) was attenuated at 6 (0.33) and 24 hours (0.21) post Rap exposure,
and returned toward baseline at 72 hours (0.63; Fig. 6A,
top). Total p70S6K remained unperturbed (Fig. 6A,
middle). In contrast, there was no substantial difference
in phosphorylated p70S6K (S371) in response to vehicle
treatment (Fig. 6B).

Discussion
Rapamycin, or Sirolimus, is approved as an antirejection agent post organ transplantation and confers immunosuppressant properties through suppression of
interleukin 2–induced T-cell proliferation and activation
(30). Rapamycin-coated stents are also Food and Drug
Administration–approved to reduce restenosis after coronary artery intervention through inhibition of vascular
smooth cells (31, 32). Because of the versatile therapeutic
potential of rapamycin associated with the mTOR signaling pathway as well as immunophilin function, various
rapamycin analogues with modified and improved pharmacokinetic properties have been developed as effective
therapeutics for organ transplantation, cancer, restenosis,
and neurodegenerative disorders (10). Temsirolimus
and everolimus are Food and Drug Administration–
approved rapamycin analogues for the treatment of
advanced renal cell carcinoma through disruption of
mTOR signaling, and subsequent suppression of protein
translation, cell cycle progression, and angiogenesis (7,
33, 34). Recently, numerous nonimmunosuppressive rapamycin analogues have been developed as novel candidate therapeutics for the treatment of neurodegenerative
diseases or stroke after the discovery of potent rapamycin-mediated neuroprotective properties for this class of
compounds (35, 36). In addition to mTOR or immunophilin-related signaling pathways, rapamycin analogues
also provide unique opportunities to regulate protein
function through conditional control of protein stability,
localization, and protein-protein interactions in vivo (37).
In terms of pharmacodynamic monitoring of rapamycin or its analogues, current strategies use biomarkers
derived from either blood, skin, or tumor samples of
patients (38, 39). Real-time reverse transcriptase-PCR,
Western blot, or immunohistochemical analysis for
biomarkers, such as cytokines (interleukin 2, 4 or 10), or
downstream targets of mTOR, such as eukaryotic initiation factor 4E–binding protein 1 or p70S6K, have been
reported (5, 40, 41). However, a sensitive approach to
quantitatively interrogate the pharmacodynamics of Rap
or its analogues in mouse models over time is lacking.
In vivo imaging, compared with conventional methods to monitor pharmacodynamics, permits the evaluation of drug effects on the target with quantitative,
spatiotemporal resolution after various dosages and at
any given time of interest (17, 18). Such a strategy will
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efficiently verify the effects of drugs of interest in living
organisms, such as reporter animals, without the requirement of high-quality antibodies and laborious sample processing. Most importantly, it enables noninvasive
and longitudinal observation of target engagement and
may help minimize the costs and time of pharmaceutical development.
The results of the present study show the application
of bioluminescence imaging to monitor the pharmacodynamics of Rap in a continuous and noninvasive
manner with the use of transgenic mice that incorporate a genetically encoded two-hybrid reporter strategy.

In effect, the system allows a molecular-specific pharmacodynamic readout of Rap in living mice. The data
reported herein show that Rap induced protein-protein
interactionsin a concentration-dependent and FK506competitive manner. The Kd value derived from the
transcriptional readout (2.3 ± 1.1 nmol/L) compared
favorably with previously reported values determined
by luciferase and colorimetric complementation systems in cellulo (42, 43). Accordingly, in our system,
FK506, a competitive inhibitor of Rap, diminished
Rap-induced bioluminescence signals with a K i of
17.1 nmol/L, which is also comparable with the Ki of

Figure 5. Pharmacodynamic analysis of Rap by bioluminescence imaging in vivo. Somatic gene transfer was done by hydrodynamic injection of plasmid
pairs expressing FRB-VP16 and G4BD-FKBP, or mtFRB-VP16 and G4BD-FKBP (along with Rluc as a transfection control) into Gal4→Fluc transgenic
reporter mice. Mice were imaged before and after treatment with Rap (4.5 mg/kg, i.p.) or vehicle at the indicated times. A, transfection efficiency was
similar between the groups as indicated by Rluc signals (left, representative images). Transgenic reporter mice receiving wild-type plasmid pairs
(top, representative of n = 6) produced peak Fluc signals 24 hours after Rap treatment (4.6 × 108 ± 1.1 × 108 photons per second) and returned to baseline
within 72 hours. Mice treated with vehicle showed no Fluc response (middle, representative of n = 2); mice receiving the mutant plasmid pair and
treated with Rap also showed no Fluc response (bottom, representative of n = 2). B, Rap-induced normalized photon flux (Fluc; fold-initial) as a function of
time. Wild-type FRB-VP16/G4BD-FKBP–induced signal increased 600-fold over the pretreatment baseline at 24 hours post Rap treatment. Data, means ±
SE or range (when larger than symbol); diamond, FRB-VP16 and G4BP-FKBP with Rap; triangle, FRB-VP16 and G4BP-FKBP with vehicle; circle,
mtFRB-VP16 and G4BP-FKBP with Rap.
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Figure 6. Suppression of p70S6K phosphorylation by Rap treatment in
reporter mice. Somatic gene transfer by hydrodynamic injection and
subsequent bioluminescence imaging of Gal4→Fluc transgenic reporter
mice were followed by harvest of liver samples before and at the
indicated times post Rap or vehicle exposure. A, Western blot analysis
showed attenuation of phosphorylated p70S6K (S371) at 6 and 24 hours
post Rap treatment and recovery toward baseline at 72 hours. The
fold-change of phosphorylated p70S6K (S371) was normalized to the
corresponding total p70S6K protein. B, phosphorylated p70S6K (S371)
was relatively unaffected by vehicle treatment.

FK506 in other reported in vitro systems (42, 44). Note
that our in vivo reporter system showed a high level of
signal induction (600-fold) 24 hours after treatment
with Rap. In contrast, expression of mutant FRB
(mtFRB S2035I), which abrogates binding to Rap, did
not activate the reporter system in cellulo or in vivo.
The slightly decreased mtFRB protein expression level
observed in cells, compared with that of wtFRB, could
have resulted from the destabilized quality of mtFRB
when not bound to Rap (3).
One arm of mTOR signaling controls translation
through activation of p70S6K and inhibition of eukaryotic initiation factor 4E–binding protein 1 (41, 45, 46).
Therefore, we used antibodies specific for S371 phosphorylation of p70S6K, a Rap-sensitive phosphorylation
site critical for kinase activity, as an independent readout
of mTOR activity (47, 48). As anticipated, suppression of
p70S6K phosphorylation induced by Rap treatment correlated temporally with induction of bioluminescence
signals, peaking at 24 hours post Rap exposure in vivo,
further validating the reporter strategy.
Note that reporter signals in cellulo produced by Rapinduced protein association plateaued in the presence
of ∼3 nmol/L Rap and began to decrease as the concentration increased (Supplementary Fig. S1). This may
have been due to the mechanism of action of Rap,
which resulted in inhibition of mTOR signaling, thereby
enhancing autophagy, repressing ribosomal protein syn-
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thesis, and inhibiting translation over the time frame of
these experiments (8, 9, 49). The transcriptional readout
strategy may be sensitive to this Rap-induced activity
over time and therefore fail to fully engage reporter
machinery after exposure to high concentrations of
Rap for 6 hours and longer. This stands in contrast to
luciferase protein fragment complementation strategies,
in which readouts occurred within minutes, results
were not dependent on new protein synthesis, and suppression of signals at high concentrations of Rap were
not observed (42).
In vivo imaging is a field of ongoing and active research
in which genetically encoded reporters in conjunction
with optical imaging, including bioluminescence and
fluorescence imaging, can add significant value to the
drug development process due to their efficiency, low
cost, and sensitivity (17, 18). An effective reporter animal
model can serve as a useful tool to monitor the effects of
candidate drugs and bridge the preclinical studies to successful clinical translation. In the current study, our highly inducible Gal4→Fluc transgenic reporter mice proved
to be amenable to verifying the pharmacodynamic effects
of Rap on the basis of an in vivo mouse two-hybrid system. Our mouse two-hybrid transgenic model seems to
have inherent high sensitivity while engaging the platform in an appropriate mammalian context. In contrast,
conventional yeast two-hybrid assays are often criticized
for generating high rates of false positive outputs (50),
perhaps related to the study of protein-protein interactions of human gene products within the context of yeast,
which do not necessarily reproduce the relevant microenvironment, physiologic context, and subcellular localization required for high-fidelity results (51). The mouse
two-hybrid system allows future high-throughput assays
based on monitoring changes in protein-protein interactions in response to novel pharmaceutical reagents in an
environment better recapitulating human physiology.
Furthermore, reporter systems with transcriptional amplification can enhance reporter gene expression from relatively weak promoters, such as the Gal4 promoter in our
system (52, 53). Compared with other existing modalities
to address protein-protein interactions, such as bioluminescence resonance energy transfer systems and split reporter protein complementation, this signal amplification
character secondary to transcriptional cascades will be
valuable in systems in which the signal output is low.
On the other hand, a major caveat is the sacrifice in temporal resolution with transcriptional reporter strategies,
both in terms of on rates as well as off rates, compared
with post-translational strategies (54).
In conclusion, we showed the feasibility of a mouse
two-hybrid platform with the use of a highly inducible
Gal4→Fluc reporter mouse to monitor conditional protein-protein interactions at the level of transcriptional
readouts with the use of bioluminescence imaging. This
reporter model may better reflect physiologic conditions in which protein-protein interactions are under intricate layers of control as well as provide a more
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sensitive assessment inherent to the broad dynamic
range of this approach (20). This strategy may facilitate
imaging studies of protein interactions, signaling cascades, and drug development within the physiologic
context of living animals.
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