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Abstract: Phosphorylation (pY705) mediated homodimerization is a rate-limiting step controlling STAT3 key onco-
genic functions making it an attractive target for drug discovery. Hence, this study reports development of a sensi-
tive and versatile STAT3 Phospho-BRET biosensor platform technology to monitor activation dynamics of STAT3 
signalling directly from live cells. Categorically, we first demonstrate that NanoLuc donor and TurboFP635 acceptor 
serves as an excellent BRET system over other tested fluorophores like mOrange and TagRFP, both for live cells as 
well as in vivo optical imaging of protein-protein interactions. Based on initial multi-parametric optimizations, our 
Phospho-BRET sensor developed by fusing STAT3 with NanoLuc and TurboFP at the C-terminus, successfully cap-
tured the activation kinetics of STAT3 in response to different ligands (e.g. IL6 & EGF) and across multiple cancer 
cell types either with or without the endogenous STAT3 pool. Perturbation in EGF-mediated STAT3 BRET activation 
signal upon blocking with EGFR neutralizing antibody further confirms the specificity of the sensor to judge ligand-
receptor pathway dependent STAT3 activation. Finally, we determine the high-throughput compatibility of the devel-
oped biosensor by testing a few known/unknown STAT3 inhibitors in a 96- and 384-well plate format. The results 
from this screen revealed that drug molecules such as curcumin and niclosamide are more efficient inhibitors over 
known molecule like Stattic. Thus, the STAT3 Phospho-BRET sensor is a first of its kind live cell platform technology 
developed for its use to study STAT3 pathway dynamics and screen potential drug molecules in vivo.

Keywords: Bioluminescence resonance energy transfer (BRET), nanoluciferase, TurboFP635, phosphorylation, 
STAT3, cancer, high-throughput screening, protein-protein interactions, niclosamide, Stattic

Introduction

Complex cellular behaviour in response to a 
wide variety of external stimuli is a highly regu-
lated and controlled process driven by multiple 
protein-protein interactions (PPIs) [1]. Although 
numerous assays are available for detecting 
PPIs, capturing these interactions in a cellular 
context is still a challenging task [2]. Biolu- 
minescence resonance energy transfer (BRET) 
is an attractive assay primarily used for moni-
toring PPIs and/or temporal conformational 
changes in natural cellular environment. It is a 
proximity dependent assay, where non-radia-
tive energy from donor luciferase-substrate re- 
action is transferred to excite the acceptor-fluo-
rophore typically located within 0-10 nm of 
physiological distance. Due to the enzymatic 
nature of the donor molecule, no external illu-

mination is required, and thus this assay offers 
high signal to background ratio with excellent 
sensitivity [3]. Recently, several high quantum 
efficient luciferase or luciferase variants were 
reported [4]. One such key luciferase molecule 
is NanoLuc (Nluc), which is the smallest known 
(19 KDa), ATP-independent luciferase produc-
ing highest photon flux known so far [5]. Be- 
cause of its high quantum efficiency, NanoLuc-
based system has been utilized for several 
potential applications, including monitoring pro-
tein stability [6], protein-protein interactions 
(GPCRs, NanoBRET) [7, 8], protein-ligand inter-
actions (Epo-Epo receptor, INSL3-RXFP2) [9, 
10] as well as gene regulation and cell signal-
ling [11, 12]. 

STAT3 is a key oncogenic signalling molecule 
primarily activated by pY705 phosphorylation 
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leading to its homodimerization and nuclear 
translocation, where it acts as a potent tran-
scription factor for its target genes [13]. Per- 
taining to its essential role as an oncogenic 
player, identifying drugs through virtual screen-
ing of inhibitor library is a mainstay approach 
[14]. Subsequently, efforts have been made in 
the past to develop study methodology for 
detecting STAT3 activation in live cells [15]. 
There are reports on a synthetic optical report-
er for Y705 residue (Trp564 mutated to 7- 
hydroxycoumarin-4-yl) [16]. A FRET-based sen-
sor has also been used to study localization 
dynamics of STAT3 in live cells using CFP and 
YFP as partners [17]. However, pertaining to 
low sensitivity and lack of unified assay system 
for in vitro and in vivo validation, none of the 
methods developed so far, have shown poten-
tial to study perturbations in STAT3 signalling 
dynamics or screen potential inhibitors in a 
high-throughput format from living system.

Hence, the present study is an effort to develop 
a highly sensitive protein phosphorylation bio-
sensor using BRET platform technology for 
deciphering live cell STAT3 dimerization kinet-
ics as an oncogenic candidate. Further, we ha- 
ve also attempted to demonstrate high-throug- 
hput screening (HTS) compatibility of this sen-
sor for judging inhibitory action of drugs against 
STAT3 pathway.

Materials and methods

Materials 

EGF (#AF-100-15) and IL6 (#200-06) were bo- 
ught from Peprotech (USA). NanoLuc plasmid 
and anti-Nluc antibody were provided as a gen-
erous gift from Promega. Anti–total STAT3 
(#9139), anti-pY705 STAT3 (#D3A7), anti-EGFR 
blocking antibody (#54359) were from Cell sig-
nalling (USA). Anti-RFP antibody [RF5R] (ab12- 
5244), anti-mouse-HRP (#ab6728) from Abcam 
and anti-rabbit-HRP (#31460) from Invitro- 
gen. Furimazine (#N1110) was from Promega 
and Lipofectamine 2000 (#11668019) reagent 
was from Thermo Fischer. Coelenterazine (na- 
tive, #C-7001) was purchased from Biosynth 
International (Switzerland). Stattic (#S7024) 
was purchased from Selleckchem (USA). CI-994 
(#1742), AR-42 (#2716), Chidamide (#2261) 
and MS-275 (#1590) were from Biovision (USA). 
Niclosamide (#N3510) and Curcumin (#08511) 
were from Sigma (USA). BRET measurements 

were done using IVIS Spectrum In Vivo Imaging 
System from Perkin Elmer (USA) equipped with 
filters ranging from 500-850 nm with 20 nm 
bandwidth and Cytation Imaging reader from 
Biotek (USA) with filter range from 400-680 nm 
and band pass of 20 nm. 

Plasmid preparation

Fusion constructs of full length nanoluciferase 
(Nluc) with different fluorophores were pre-
pared in a pCMV empty vector containing suit-
able flexible GGSGGS repeat linker. The Nluc 
gene was inserted at the C-terminus by cloning 
a PCR amplified (516 base pairs) full length 
sequence using XhoI and BamHI restriction 
sites while PCR amplified fluorophores (TurboFP, 
TagRFP and mOrange) were inserted at N-ter- 
minus without stop codon using EcoRI and BglII 
restriction sites. A linker length of 12 amino 
acids was maintained between the fusion gene 
sequences. For dipole orientation related stud-
ies, PCR amplified fragment of XhoI-mOrange-
BamHI was cloned at the C-terminus of pCMV-
GGS vector while Nluc was inserted at the 
N-terminus using EcoRI and BglII restriction 
sites separated by a linker of 12 amino acids. 
mOrange-Nluc (12 a.a.) fusion construct was 
prepared as above. Optimization of linker le- 
ngth was achieved by ligating EcoRI-mOrange-
BglII at the N-terminus and XhoI-Nluc-BamHI at 
the C-terminus in pCMV vector containing GGS 
linker of length varying from 12 a.a., 18 a.a. to 
24 a.a. For achieving a separation of 9 a.a. link-
er length, mOrange was inserted using NheI 
and HindIII restriction sites while Nluc contain-
ing stop codon was amplified and ligated with 
AgeI and BamHI sites. 

Expression vectors pSTAT3-Nluc and pSTAT3-
TurboFP were prepared by amplifying full length 
STAT3 sequence from STAT3 (Y705F)-TAL-Luc 
plasmid (gift from Afshin Dowlati, Addgene 
plasmid # 46933) [18] flanked by NheI and SalI 
restriction sites and inserting into pCMV-GGS-
Nluc and pCMV-GGS-TurboFP vectors (10 a.a. 
linker separation) at the N-terminus. pNluc-
STAT3 and pTurbo-STAT3 expression vectors 
were prepared by inserting PCR amplified XhoI-
STAT3 (Y705F)-BamHI sequence with stop 
codon into the C-terminus of pNluc-GGS and 
pTurboFP-GGS vector with linker separation of 
12 a.a. Mutant STAT3 (Y705F) was converted 
to wild type sequence by site-directed muta-
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genesis (Forward primer: 5’ AGCGCTGCCCC- 
ATACCTGAAGACC 3’, reverse primer: 5’ GGTCT- 
TCAGGTATGGGGCAGCGCT 3’) in all relevant 
constructs.

Cell culture and transfection 

HT1080 and PC3 cells were cultured in DMEM 
medium (Gibco, USA) supplemented with 10% 
fetal bovine serum (Gibco, USA) and 1% penicil-
lin/streptomycin (Invitrogen, USA). A549 and 
MCF7 cells were maintained in RPMI1640 (Gi- 
bco, USA) supplemented with 10% fetal bovine 
serum (Gibco, USA) and 1% penicillin/strepto-
mycin (Invitrogen, USA). All cells were main-
tained at 37°C in a 5% CO2 humidified atmo-
sphere. One day prior to transfection 1×105 
cells were seeded in a 12 well-flat bottom plate. 
Transfection was carried out at an optimal con-
fluency of 80% using Lipofectamine 2000 tr- 
ansfection reagent as per manufacturer’s in- 
structions. For BRET studies expression vec-
tors coding for donor and acceptor plasmid 
were transfected in 1:1 ratio. Post-transfection 
medium was replaced and cells were main-
tained in normal culture condition until used. 

Acceptor stable cells were developed by trans-
fecting TurboFP-STAT3 or STAT3-TurboFP plas-
mids in HT1080 cells followed by antibiotic 
selection of stable clones using Zeocin (Invi- 
trogen) (500 µg/ml).

Immunoblotting  

Briefly cells were suspended in lysis buffer con-
taining 10 mM Tris-HCl (pH 7.5), 140 mM NaCl, 
5 mM EDTA, 2 mM EGTA, 100 mM NaF, 100 
mM Na3VO4, 100 mM PMSF and protease inhib-
itor cocktail. The mixture was lysed using soni-
cator and centrifuged at 14000 rpm for 30 min 
at 4°C. Supernatant was collected and protein 
estimation was done using Bradford reagent 
(Sigma, USA). Samples were prepared in 1× 
Laemmli buffer and boiled at 95°C for 3 mins. 
Protein samples (50-60 µg) were separated in 
10% SDS-PAGE gel and transferred onto nitro-
cellulose membrane using semi-dry transfer 
assembly (15 V for 1 hr), followed by incubation 
with blocking buffer (5% non-fat dry milk in 
1XTBS and 0.1% Tween 20) for 1 hr. The blots 
were incubated with primary antibody at a rele-
vant dilution (anti-STAT3 1:1000, anti-pY705 
STAT3 1:500, anti-NanoLuc 1:1000 and anti-
RFP 1:1000) overnight at 4°C. Next day, blots 

were processed for incubation with HRP conju-
gated-secondary antibody (1:10,000 dilution) 
for 1 hr. Chemiluminescence signal was captu- 
red using ECL substrate in ChemiDoc system 
(Biorad, USA).

Quantitative real time PCR

Total RNA was extracted using RNA extraction 
minikit (QIAGEN) followed by cDNA preparation 
from 2 µg RNA using SuperScript III (Invitrogen) 
kit. Normalization was performed using GAPDH 
as internal control. Primer sequence for EGFR 
and GAPDH is as follows: EGFR Fwd: 5’ AG- 
GCACAAGTAACAGGCTCAC; EGFR Rev: 5’ AAGG- 
TCGTAATTCCTTTGCAC; GAPDH Fwd: 5’ TGCAC- 
CACCAACTGCTTAGC; GAPDH Rev: 5’ GGCATGG- 
ACTGTGGTCATGAG.

Fluorescence microscopy

HT1080 cells stably expressing the pCMV-
STAT3-TurboFP and pCMV-TurboFP-STAT3 con-
structs were seeded on cover slips and fixed 
with 4% paraformaldehyde for 10 min at 37°C. 
DAPI was used for nuclear staining and images 
were acquired using Zeiss LSM 780 Confocal 
Microscope (Germany) with 633 nm filter for 
TurboFP635 and 460 nm for DAPI.

BRET imaging and analysis

24 hrs post transfection, cells expressing donor 
alone and donor-acceptor fusion constructs 
were trypsinized and seeded in a 96 black well 
plate with clear bottom. Cells were allowed to 
adhere overnight at 37°C with 5% CO2. For 
BRET studies, 50 ul furimazine (1:1000 diluted 
in DMEM from main stock) was added to each 
well and acquisition was performed in IVIS 
spectrum. Emission spectra were captured 
from 500-680 nm with an integration time of 1 
s/filter and 20 nm step increments.

For monitoring functionality of the STAT3 phos-
phorylation sensor, 24 hrs post transfection, 
donor alone and donor-acceptor co-transfected 
cells (20,000 cells/well in 96 and 5000 cells/
well for 384 well format) were distributed in 
black well plates in serum-negative medium. 
After 24 hrs of serum starvation, cells were trig-
gered with STAT3 pathway ligands (IL6 or EGF) 
in varying concentrations (5 ng-10 ng IL6, 
10-100 ng EGF) reconstituted in serum-ne- 
gative medium followed by addition of 50 ul 
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furimazine/well (1:1000 diluted). To study the 
effect of inhibitors on STAT3 activation, cells 
were first incubated with varying concentra-
tions of different inhibitors for 24 hrs followed 
by EGF (100 ng) and substrate addition. For Ab 
blocking study, cells were preincubated with 
EGFR blocking antibody for 4 hrs (1:100 dilu-
tion) and then EGF (100 ng) along with lucifer-
ase substrate was added. One set was left 
untreated as control group. For all BRET analy-
ses, ROIs were drawn on each well and Average 
Radiance was calculated in both donor channel 
(500 nm) and acceptor channel (580 nm-mOr-
ange, 600 nm-TagRFP and 640 nm-TurboFP), 
for donor alone and donor-acceptor samples. 
Analysis was done in Living image software ver-
sion 4.5 for IVIS spectrum.

For acquisition done on Cytation 5 Imaging 
reader, followed by substrate addition, spectral 
scan was performed from 400 nm to 680 nm 
keeping 20 nm band pass filter with an integra-
tion time of 1 sec/filter for all the samples. The 
output for each well was measured in Relative 
light units (RLU) that was further used for calcu-
lating BRET ratios.

In order to calculate BRET ratio, following equa-
tions were used [4, 19]:
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In vivo bioluminescence imaging

All in vivo experiments were performed in com-
pliance with the standard protocol of the in- 
stitutional animal ethics committee (IAEC), 
ACTREC. For performing in vivo BRET, equal 
number of HT1080 (3×106) cells stably express-
ing either Nluc alone (above) or TurboFP-Nluc 
fusion protein (bottom) were implanted subcu-
taneously on to the dorsal right flank of 6-8 
weeks old nude mice (N=3). 30 mins post 
implantation, 100 µl furimazine (1:20 diluted in 
1XPBS) was injected via intraperitoneal route 
and mice were anesthetised using 2.5% (vol/
vol) gaseous isoflurane in oxygen. Acquisition 
was performed in IVIS spectrum equipped with 

CCD camera at 500 nm for donor channel and 
640 nm for acceptor channel with integration 
time of 60 sec/filter. For calculating double 
ratio (DR), the following equation was used [20, 
21]:
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Where, µt is total attenuation coefficient. Here, 
DR is independent of µt.

Statistical analysis

For all data analysis student t-test (paired and 
two-sided) was employed. p-value<0.05 was 
considered statistically significant.

Results and discussion

NanoLuc is an efficient donor for BRET part-
nering with multiple red fluorescent proteins 

For successful developing of a BRET based 
STAT3 Phosphorylation sensor, careful selec-
tion of an appropriate acceptor pair with the 
NanoLuc (Nluc)-donor is essential. Hence, 
three red fluorescent proteins, i.e. mOrange 
(ExMax 548 nm/EmMax 562 nm), TagRFP (ExMax 
555 nm/EmMax 584 nm) or TurboFP (ExMax 588 
nm/EmMax 635 nm) were selected and individu-
ally fused to Nluc with a separation of 12 a.a. 
flexible GGS linker (Figure 1A). The integrity of 
fusion and expression of the above-mentioned 
BRET pairs was confirmed by immunoblotting 
and probing with anti-RFP antibody (Figure 1B). 
Transient overexpression of the three BRET 
pairs in HT1080 cells show that due to its high 
quantum output, Nluc is able to transfer suffi-
cient energy to excite all the three fluorescence 
proteins used here, resulting in their character-
istic emission maxima detected using appro- 
priate acceptor filters (mOrange-560 nm, Tag- 
RFP-580 nm and TurboFP-640 nm) (Figure 1C). 
Further, with decreasing spectral overlap with 
Nluc emission, TurboFP (322.57 mBU [mBU is 
milli BRET unit]) and TagRFP (277.79 mBU) 
always exhibit BRET ratios less than mOrange 
(460.72 mBU, P<0.001). However, the BRET 
ratio obtained with Furimazine as substrate for 
Nluc were always higher in comparison to when 
only coelenterazine was used [for e.g. mOr-



Phosphorylation BRET sensor for STAT3 target

325 Am J Nucl Med Mol Imaging 2019;9(6):321-334

ange-Nluc; 460.72 mBU (furimazine) vs. 
388.81 mBU (coelenterazine)] (Figure 1D). 
Overall, Nluc paired with mOrange showed the 
highest BRET efficiency using furimazine as a 
substrate when compared to other fluorophore 
acceptors.

Because energy transfer efficiency significantly 
relies on the geometric orientation of donor-
acceptor moieties, fusion constructs of mOr-
ange with Nluc were developed in different 

dipole orientations and transfected in HT1080 
cells. Over here, Nluc oriented at the C-terminus 
(533 mBu) by the virtue of closest proximity 
shows significantly higher efficiency (P<0.001) 
of non-radiative energy transfer to mOrange as 
compared to the N-terminal orientation (388 
mBu±0.0347), even with two different sub-
strates (Figure 1E). Another important param-
eter that impacts BRET efficiency is the linker 
length between the donor and acceptor mole-
cule. To verify this, constructs of Nluc separat-

Figure 1. Development of Nanoluc based BRET system: A. Diagrammatic representation of spectral separation 
between Nluc (NanoLuc) emission and excitation maximum of different fluorophores in presence of furimazine 
substrate. B. Immunoblot of lysates from HT1080 cells expressing Nluc-fluorophores fusion proteins, probed with 
anti-RFP antibody. Upper band is the fusion protein in each case. Parental HT1080 cells were used as control. C. 
Spectral scan for Nluc fused with different fluorophores showing acceptor peak at respective filters (mOrange-560 
nm, TagRFP-580 nm and TurboFP-640 nm) with Furimazine as substrate. D. Corrected BRET ratios (in milli BRET 
unit, mBU) for each of the Nluc-fluorophore fusion proteins in presence of two different substrates for Nluc (furima-
zine and coelenterazine). Spatial separation of 12 a.a. is kept constant between donor and acceptor in all fusion 
constructs. E. Graph representing the corrected BRET ratios for differentially oriented mOr-Nluc BRET pair. F. Effect 
of variable linker length from 9 a.a. to 24 a.a. on BRET ratio of mOr-Nluc (mBU) BRET pair. G. Representative im-
age of nude mice implanted with HT1080 cells (3×106) stably expressing Nluc alone (top) and TurboFP-Nluc fusion 
protein (bottom) for in vivo BRET. Donor emission was collected at 500 nm filter and acceptor at 640 nm with 60 
sec integration time per filter using furimazine as substrate. H. Graph representing comparison of corrected ratio 
(Avg.A/D-Cf) and double ratio calculated for both in vitro and in vivo BRET with Nluc and TurboFP BRET pair. All the 
above studies were done in HT1080 cells. Each graph represents mean ± SEM value, error bars represent SEM. 
Significance levels are *P<0.05, **P<0.01, and ***P<0.001 and ns for non-significant.
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ed from mOrange with a variable GGS linker 
repeat sequence (9 a.a. to 24 a.a.) were ex- 
pressed in HT1080 cells. With the difference in 
linker length from 9 a.a. to 12 a.a. (606.27 
mBu and 550 mBu respectively) the RET 
efficiency of Nluc for mOrange majorly remains 
unaffected, however with further increment of 
linker length from 18 a.a. to 24 a.a. the cor-
rected BRET ratios (478 mBu and 447 mBu 
respectively) drop significantly (P<0.01) (Figure 
1F). Hence, C-terminal orientation of donor and 
N-terminal orientation of acceptor with an opti-
mal linker length of 9-12 amino acids were con-
sidered, which also creates sufficient distance 
for protein folding in 3D conformation state for 
all control BRET pairs.

After obtaining a valid BRET pair using Nluc and 
TurboFP (emission maxima beyond 600 nm) 
combination in vitro, next we explore the poten-
tial of this pair to detect PPIs in deep tissues by 
performing in vivo BRET. HT1080 cells stably 
expressing either Nluc alone or TurboFP-Nluc 
fusion protein were injected subcutaneously 
onto the dorsal right flank of nude mice and 
imaged at respective donor (500 nm)-acceptor 
(640 nm) filter pairs (Figure 1G) Due to drastic 
difference in attenuation of signal for short 
wavelength emission, the bleed through sub-
tracted corrected ratios (Avg. A/D-Cf) obtained 
for in vivo BRET (0.614 mBU) were 3-fold higher 
as compared to in vitro BRET (0.169 mBU, 
P<0.001). Hence double ratios were calculated 

(DR) that considerably minimized the effect of 
tissue attenuation on BRET measurements 
[20], as the latter is independent of total atten-
uation coefficient (Figure 1H). Similar DRs ob- 
tained both in case of mice (13.30 mBU) and 
cell culture BRET (12.07 mBU, P<0.05) con-
firms the ability of Nluc-TurboFP pair for sensi-
tive detection of protein interactions even with 
deep tissue imaging in living subjects. Point to 
be noted here is that BRET ratios calculated 
using two different donor channels available on 
plate reader (i.e. 460±20 nm vs. 500±20 nm) 
show no significant difference in the BRET mea-
surement efficiency (Figure 2A, 2B). Therefore, 
even though Nluc-furimazine emission peak is 
at 460 nm, for BRET measurements done using 
IVIS spectrum, the 500 nm donor channel was 
used.

NanoLuc-TurboFP635 STAT3 BRET biosensor 
is a definite model for capturing STAT3 phos-
phorylation kinetics from live cells 

Because of bright and stable luminescence 
from Nluc and high spectral resolution along 
with feasibility to be adopted for in vivo imaging 
with TurboFP made them an obvious choice for 
development of STAT3 phosphorylation driven 
homodimerization sensor (Figure 3A). Hence, 
fusion constructs of STAT3 either with Nluc 
donor or TurboFP acceptor were established in 
both the orientations (N- and C-terminus) with a 

Figure 2. Comparison of BRET ratios using different donor channels for NanoLuc. A. Comparison of corrected BRET 
ratios obtained for mOrange-Nluc, TagRFP-Nluc or TurboFP-Nluc BRET pairs using different donor filters, 460 nm 
and 500 nm, in Cytation5 luminescence microplate reader. For all studies furimazine substrate was used. B. BRET 
ratio comparison done for N- or C-terminally tagged Nluc and mOrange BRET pairs using 500 nm or 460 nm donor 
filter. Each graph represents mean ± SEM value, error bars represent SEM. Significance levels are *P<0.05, ns 
indicates non-significant. 
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Figure 3. Development of STAT3 phosphorylation biosensor using Nluc and TurboFP BRET pair: A. Working model of STAT3 BRET sensor; STAT3 fused to either donor 
(Nluc) or acceptor (TurboFP) in the presence of substrate and ligand (that triggers activation and PTM of STAT3) undergoes dimerization and achieve a molecular 
distance less than 10 nm that allows energy from excited donor to be transferred to acceptor molecule. While in the absence of ligand or presence of inhibitor the 
two STAT3 molecules are far apart from each other allowing only donor signal to be detected without any energy transfer to the acceptor molecule. B. Schematic 
representation of all the four STAT3 BRET fusion constructs in different orientations. C. STAT3 BRET constructs transiently transfected in HT1080 cells shows expres-
sion of total STAT3 and activated from pY705-STAT3 along with the endogenous STAT3 pool. Upper band in each blot is the band of interest. D. Graph representing 
corrected BRET ratios (mBU) calculated for differentially oriented STAT3 BRET constructs transiently expressed in HT1080 cells at 30 mins post EGF treatment. E. 
Time kinetics graph (mBU) of BRET ratios for Nluc-St3+TurboFP-St3 BRET constructs transfected in HT1080 cells and stimulated with varying EGF concentration 
(0-100 ng). F. Immunoblot for time dependent phosphorylation and activation status of Nluc-St3 BRET fusion protein in response to EGF treatment (100 ng/ml). 
Phosphorylation is detected by probing for pY705 STAT3 and total STAT3 is determined by probing with anti-Nluc antibody in HT1080 cells. For all BRET studies 
Nanoluc activity was measured at 500 nm and for TurboFP at 640 nm in IVIS spectrum using furimazine as substrate. Each graph represents mean ± SEM value, 
error bars represent SEM. Significance levels are *P<0.05, **P<0.01, ***P<0.001 and ns as non-significant.
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10 a.a. GGS linker separation and subjected to 
primary functional validation for proper protein 
formation (Figure 3B). Overexpression of these 
constructs in HT1080 cells and immunoblot-
ting for total and pY705 STAT3 level confirms 
fusion protein translation and the ability to 
undergo spontaneous phosphorylation with 
endogenous cellular machinery (Figure 3C). In 
order to select an appropriate dipole orienta-
tion of STAT3 (ST3) BRET constructs where 
dimerization-driven BRET signal gain is maxi-
mum, a total of four probable combinations  
i.e. Nluc-ST3+TurboFP-ST3, Nluc-ST3+ST3-Tur- 
boFP, ST3-Nluc+ST3-TurboFP and ST3-Nluc+ 
TurboFP-ST3 were established. Activation lev-
els in each set were assayed by treatment with 
varying EGF concentrations (10-100 ng/ml) in 
comparison to serum-starved untreated cells 
and BRET ratios were calculated as described 
in Materials and Method section. Upon expres-
sion of these fusion constructs in HT1080 cells, 
treatment with the EGF ligand triggers an imme-
diate response with a rapid increase in BRET 
signal within 5 min. A stable BRET signal is 
observed for upto 1 hour, for all the fusion com-
binations. However, of all the orientations test-
ed, C-terminally oriented STAT3 BRET con-
structs (Nluc-ST3+TurboFP-ST3; 2.33 mBu, 
P<0.01 for 100 ng EGF) clearly stands out 
exhibiting a dose-dependent (10-100 ng EGF) 
significant gain in STAT3 activation and a sub-
sequent increase in BRET signal (Figure 3D, 
3E). Additionally, to ensure that the gain in 
Phospho-BRET signal upon EFG treatment is a 
result of preceding phosphorylation event, 
Nluc-ST3 fusion expressing HT1080 cells were 
treated with EGF for different time points and 
pY705 activation levels were determined. As 
expected, EGF stimulation initiates Nluc-ST3 
pY705 phosphorylation that drops down to 
basal level after 24 hrs (Figure 3F). This indi-
cates that the fusion STAT3 is able sense the 
ligand trigger from cellular environment and 
can initiate the STAT3 signalling independently.

Further, in an attempt to achieve higher BRET 
signal, stable HT1080 cell line overexpressing 
acceptor-STAT3 fusion was established (Figure 
4A). With constitutive expression of this fusion 
partner enhanced the BRET efficiency further. 
The result indicates that a BRET ratio of 1.57 
mBU (P<0.05) obtained when acceptor stable 
cell population is transiently co-expressed for 
the donor-STAT3 combinations and incubated 
with only 10 ng EGF ligand. Point that also to be 
noted here is the Nluc-ST3 and Turbo-ST3 com-

bination shows the highest BRET efficiency 
(1.61 mBu, P<0.05) when incubated with 100 
ng EGF ligand (Figure 4B, 4C). Hence, based on 
the above observations, donor/acceptor con-
structs with C-terminally orientated STAT3 were 
selected as final pair for further experiments.

STAT3 Phospho-BRET biosensor can detect 
STAT3 activation and dimerization in different 
cancer cell lines and with multiple ligands

Following the identification of Nluc/Turbo-STA- 
T3 as optimal dipole orientation, we next sought 
to verify the applicability of developed BRET 
sensor as a working model to judge STAT3 acti-
vation across different cancer cell types and 
against variable pathway ligands. To achieve 
this, we transiently overexpressed the STAT3 
Phospho-BRET sensor in a panel of multiple 
cancer cell lines including; MCF7 (breast can-
cer), HT1080 (Fibrosarcoma), PC3 (Prostate 
cancer), A549 (Adenocarcinomic human alveo-
lar basal epithelial cells) cells and challenged 
with IL6 at variable concentration, another 
potential ligand of STAT3 pathway. Despite hav-
ing a differential biological milieu, the STAT3 
Phospho-BRET sensor sensitively captures the 
activation phenomenon, upon ligand stimula-
tion across all the model cancer cell lines test-
ed (HT1080 [2.14 mBU, P<0.01], PC3 [2.3 
mBU, P<0.05], MCF7 [1.57 mBU, P<0.05] and 
A549 [4.43 mBU, P<0.01] for 10 ng IL6) (Figure 
5A-E). PC3 being a STAT3 null (Figure 5D) and 
HT1080/A549/MCF7 being STAT3 positive, the 
compounding effect of variable endogenous 
STAT3 pool, also did not affect the strength of 
BRET signal achieved. Further, as expected the 
increment in BRET signal observed shows lin-
ear dependency upon ligand (IL6) concentra-
tion, except in case of MCF 7 cells. Surprisingly, 
pertaining to its potency, IL6 turned out to be a 
better ligand as it could achieve BRET ratio 
equivalent to EGF treatment (100 ng) with even 
10-fold lower ligand concentration [for e.g. 
HT1080-10 ng IL6 (2.14 mBU) and 100 ng EGF 
(2.20 mBU)] (Figure 5A). These results clearly 
highlight the inherent strength of the STAT3 
Phospho-BRET sensor to work as a sensing 
model irrespective of the genetic background 
of model cell line or stimulating ligand.

The differential BRET ratios achieved with the 
same EGF concentration (100 ng) across a 
panel of cancer cell lines, intrigued us to look 
for EGFR expression level. Over here, quantita-
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Figure 4. Activation kinetics of phospho-STAT3 BRET constructs in HT1080 
acceptor stable cells in response to variable amount of EGF ligand. A. 
Fluorescence microscopy images of HT1080 cells stably expressing either 
the TurboFP-St3 or St3-TurboFP acceptor plasmids (uninduced). Nucleus 
is stained with DAPI and STAT3 signal was acquired at 633 nm filter for 
TurboFP. B. BRET ratios measured for differentially oriented donor-STAT3 
constructs transiently expressed in acceptor-STAT3 stable background, 
post 30 min of EGF trigger. C. Dynamics of BRET ratios measured for Nluc-
St3+TurboFP-St3 BRET construct for 60 min, post EGF induction at vari-
able concentration (10 ng-100 ng) using furimazine as substrate. Nanoluc 
activity was measured at 500 nm and TurboFP at 640 nm filter at every 5 

min for 1 hour. Y-axis represent cor-
rected BRET ratio in milli BRET units 
(mBU) and X-axis represent time in 
minutes. Each graph represents 
mean ± SEM value, error bars rep-
resent SEM. Significance levels are 
*P<0.05, **P<0.01, ***P<0.001 
and ns as non-significant.

tive assessment of EGFR tran-
script level with the BRET ratio 
gained in the respective cell line 
points towards the role of recep-
tor density on cell surface as key 
factor influencing BRET signal 
(Figure 5F). Cells having high 
EGFR expression [e.g. A549, 
4.17 mBU] respond more strong-
ly to the same EGF concentra-
tion as compared to the low 
EGFR-expressing cell line [MCF7 
(1.48 mBU) and HT1080 (2.20 
mBU); 100 ng, P<0.05 and 0.01 
respectively] (Figure 5G). Finally, 
to confirm the specificity of the 
sensor, prior blocking of EGF 
receptor with an EGFR neutraliz-
ing antibody in MCF7 cells suc-
cessfully abrogates EGF-medi- 
ated STAT3 activation (1.15 mBU 
with EGF and 0.92 mBU with 
EGF+EGFR Ab, P<0.05) and a 
parallel attenuation in BRET sig-
nal gain (Figure 5H, 5I). These 
data indicate that the activati- 
on response obtained with the 
STAT3 BRET sensor upon EGF 
treatment is a true event of EGF-
EGFR mediated STAT3 phos-
phorylation and homodimeriza-
tion. Collectively these observa-
tions clearly demonstrate the 
specificity and versatile nature 
of the developed STAT3 Pho- 
spho-BRET sensor as true repre-
sentation of STAT3 activation 
events from live cell. 

STAT3 Phospho-BRET biosensor 
is compatible for high-through-
put screening of different STAT3 
inhibitors

The need to find promising ST- 
AT3 inhibitors that can clear the 
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clinical trials demands for a very robust and 
much more strategic approach in screening 
STAT3 inhibitors [22]. With the advantages 
shown by the developed STAT3 Phospho-BRET 
biosensor to precisely read modulations in the 
STAT3 pathway, we next sought to adapt it in 
HTS platform as a drug screening tool. For this, 
we performed BRET assays in MCF7 cells 
expressing genetically encoded STAT3 phos-
pho-BRET sensor with relatively six-fold less 
adherent cell number in a 384-well plate and 
compared its sensitivity with a conventional 96 
well plate format. A random screen of seven dif-

ferent compounds (either known or unknown 
STAT3 modulators) with differential concentra-
tions either in absence or presence of EGF yield 
significant results. Out of the 7, four compounds 
[MS-275 (-0.157 mBU), Niclosamide (-0.287 
mBU), Stattic (0.325 mBU) and Curcumin 
(-0.367 mBU) against EGF+ (1.4 mBU)] shows 
significant attenuation in STAT3 activity despite 
giving EGF stimulation. While remaining three 
drugs [AR-42 (1.05 mBU), Chidamide (1.00 
mBU) and CI994 (0. strategic 603 mBU) against 
EGF+ (1.4 mBU)] though activated STAT3 but 
failed to achieve signal strength as equivalent 

Figure 5. Specificity and sensitivity of phospho-STAT3 BRET biosensor: A. HT1080 cells transfected with Nluc-St3 
and TurboFP-St3 wildtype BRET plasmids. Corrected BRET ratio graph (mBU) represent 30 min post ligand trigger 
condition with both IL6 and EGF as ligands. B, C. Representative graphs of corrected ratios (mBU) for MCF7 and 
A549 cells respectively showing activation of phospho-STAT3 BRET sensor 30 min post ligand trigger. D. Immu-
noblot of PC3 cells probed for endogenous STAT3 expression. MDA MB 231 cells were used as positive control. 
E. Kinetics of change in BRET ratio (mBU) in PC3 cells for STAT3 BRET sensor at varying ligand concentration. F. 
Relative EGFR mRNA level in different cancer cell lines tested. Normalization was done using GAPDH. G. Corrected 
BRET ratio values (mBU) for respective cancer cell lines expressing STAT3 BRET construct at 30 min post 100 ng 
EGF treatment. H. Schematic representation on mode of action of EGFR blocking antibody on STAT3 signaling. I. 
Representative graphs show corrected BRET ratios (mBU) for MCF7 cells expressing STAT3 BRET constructs either 
treated with or without EGFR blocking antibody in presence and absence of EGF (mean ± SEM, error bars represent 
SEM). Significance levels are *P<0.05, **P<0.01, ***P<0.001 and ns as non-significant.  
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to EGF treated control (Figure 6A, 6B). 
Surprisingly, of the inhibitory compounds identi-
fied, Curcumin (74% inhibition) [23] and 
niclosamide (80% inhibition) [24] were more 
potent than the previously well-known STAT3 
inhibitor, Stattic (22% activation) [25], (Figure 
6C). The reason for higher potency of both 
niclosamide and curcumin could be attributed 
to their ability to inhibit STAT3 activation by 
abrogating multiple other pathways that either 
directly or indirectly activate the STAT3 mole-
cule [26, 27], while Stattic is more specifically a 

SH2 domain binder [25]. The remaining three 
compounds (i.e. Chidamide, CI-994 and AR-42), 
that show high BRET signal upon EGF trigger in 
the HTS screen were majorly HDAC inhibitors, 
that probably activated STAT3 by increasing 
overall acetylation of the genome with concom-
itant increase in inducers of STAT3 pathway 
[28]. 

While a majority of HTS assays rely on 96 well 
plate format, here we have shown that STAT3 
phospho BRET sensor works even in 384 well 

Figure 6. STAT3 Phospho-BRET biosensor is HTS compatible for STAT3 pathway inhibitor screen: A, B. Representative 
plate images of compound library screen using Phospho STAT3 BRET sensor in 96 and 384 black well plate, respec-
tively, at specific donor and acceptor channels. Bottom graph in each case represents corrected ratios calculated 
for each drug concentration with or without EGF (100 ng). C. Percent inhibition or activation of BRET signal achieved 
with respect to EGF treated sample as control (100%). Percent activation is calculated by dividing corrected ratio of 
drug treated sample with EGF treated control *100. For percent inhibition the above calculated value is subtracted 
from 100. D, E. Immunoblot of MCF 7 cells treated with different concentrations of Stattic (either in serum positive 
or serum negative condition) and Curcumin, respectively. Each blot is probed for total and pY705 STAT3, with tubulin 
as loading control. Each bar represent mean ± SEM, error bars represent SEM. Significance levels are *P<0.05, 
**P<0.01, ***P<0.001 and ns as non-significant.
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format while using the same imaging equip-
ment for photonic quantification. A comparable 
bleed through subtracted BRET signal from two 
different plate formats (96 vs. 384) clearly 
shows uncompromised and sensitive signal 
detection ability of STAT3 phospho-BRET sen-
sor despite adapting to the miniature platform. 
Finally, to confirm the STAT3 inhibitory mode of 
action for these drugs, Curcumin and Stattic 
were randomly selected as drug candidates 
from the BRET screen for in vitro validation. 
Here, treating MCF7 cells with differential do- 
ses of both Curcumin and Stattic (either in 
serum-positive or serum-starved conditions) 
respectively, shows a significant drop in acti-
vated pY705 STAT3 levels (Figure 6D, 6E), 
thereby confirming loss of phosphorylation 
mediated drop in homodimerization signal as 
mechanistic basis for STAT3 Phospho-BRET 
sensor. Collectively, these results clearly dem-
onstrate the ability of STAT3 Phospho-BRET 
sensor as a promising high-throughput, specific 
and multidrug screening tool against the onco-
genic STAT3 pathway. 

Conclusion

Pertaining to the excellent quantum efficiency, 
NanoLuc has form an efficient BRET donor for 
fluorophores such as mOrange, TagRFP and 
TurboFP with 100 nm or more spectral resolu-
tion and thus provide opportunity to work with 
BRET systems with minimal bleed through sig-
nal at donor and acceptor channel. For the 
TurboFP-Nluc pair, the furimazine substrate 
yields a reasonably higher BRET ratio (351.5 
mBU) than a value when coelenterazine sub-
strate is used (296.6 mBU). Considering the 
reasonable dynamic range obtained from 
TurboFP-Nluc BRET pair, alongside of its suit-
ability for non-invasive molecular imaging, we 
have utilized this new BRET combination for 
developing a BRET biosensor that provides the 
monitoring ability of dynamic STAT3 phosphory-
lation directly from live cells in culture. STAT3, 
being an important oncogenic signalling path-
way, it is a prime target for therapeutic inter-
vention [29]. However, one of the major chal-
lenges is the lack of an appropriate assay sys-
tem to help screen the inhibitors for their spe-
cific action against STAT3 signalling in the live 
cell environment. Though virtual screening and 
structure-based drug designing approaches 
strongly pave the path for identifying novel 

compounds, final validation both in vitro and in 
vivo is mandatory [30]. The STAT3 Phospho-
BRET biosensor system is developed to bridge 
this technological gap, where as a measure of 
an immediate effect of protein phosphoryla-
tion, STAT3 forms homodimer, resulting in in- 
creased BRET ratio. After careful optimization 
of the dipole angular orientation, STAT3 placed 
at the C-terminus end of both the donor and the 
acceptor moiety is found to be the best orienta-
tion. Alongside of a thorough validation of this 
biosensor, we have further tested it for reveal-
ing the capacity to report real-time phosphory-
lation events occurring in situ using EGF and 
IL6 ligands in different types of cancer cells. 

Pertaining to its ability to give a true read out of 
the STAT3 activation event, irrespective of 
either the genetic background of the cell model 
or differential ligand modulators (e.g. IL6 and 
EGF), this assay system holds true potentials of 
deciphering STAT3 biology. The biosensor is 
also expected to provide novel and specific 
measures of a range of compounds with inhibi-
tory action on STAT3 signalling directly from live 
cells. Here, as a token measure of the HTS 
compatibility of the biosensor, we have shown 
that signal strength is equally sensitive in 96 
well plate with 20 K cells vs. 384 well plate with 
only 5 K cells. Thus, in future this technology 
can be used for studying role of key post trans-
lational modifications in changing the dimeriza-
tion status of STAT3 and screening potential 
inhibitors against this very important transcrip-
tional regulatory protein involved in various 
oncogenic pathways.
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