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A kinome-wide screen using a NanoLuc LATS
luminescent biosensor identifies ALK as a novel
regulator of the Hippo pathway in tumorigenesis
and immune evasion
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ABSTRACT: The Hippo pathway is an emerging signaling pathway that plays important roles in organ size control,
tissue homeostasis, tumorigenesis, metastasis, drug resistance, and immune response. Although many regulators of
the Hippo pathway have been reported, the extracellular stimuli and kinase regulators of the Hippo pathway remain
largely unknown. To identify novel regulars of the Hippo pathway, in this study we created the first ultra-bright
NanoLuc biosensor (BS) to monitor the activity of large tumor suppressor (LATS) kinase 1, a central player of the
Hippo pathway. We show that this NanoLuc BS achieves significantly advanced sensitivity and stability both in
vitro using purified proteins and in vivo in living cells and mice. Using this BS, we perform the first kinome-wide
screen and identify many kinases regulating LATS and its effectors yes-associated protein (YAP) and transcriptional
co-activator with PDZ- binding motif (TAZ). We also show for the first time that activation of receptor tyrosine
kinase anaplastic lymphoma kinase (ALK) by its extracellular ligand family with sequence similarity (FAM)150
activates Hippo effector YAP/TAZ by increasing their nuclear translocation. Significantly, we show that constitu-
tively active ALK induces tumorigenic phenotypes, such as increased cancer cell proliferation/colony formation via
YAP/TAZ and elevated immune evasion via YAP/TAZ-programmed death-ligand 1 in breast and lung cancer cells.
Insummary, we have developed anew LATS BS for cancer biology and therapeutics research and uncovered anovel
ALK-LATS-YAPITAZ signaling axis that may play important roles in cancer and possibly other biologic
processes.—Nouri, K., Azad, T., Lightbody, E., Khanal, P., Nicol, C. J., Yang, X. A kinome-wide screen using a
NanoLuc LATS luminescent biosensor identifies ALK as a novel regulator of the Hippo pathway in tumori-

genesis and immune evasion. FASEB J. 33, 000-000 (2019). www.fasebj.org
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The Hippo signaling pathway was originally discovered
in Drosophila and later in mammals as a novel regulator of
animal size and cell growth (1-3). Since its initial

ABBREVIATIONS: ALK, anaplastic lymphoma kinase; BLI, bioluminescent
imaging; BS, biosensor; CMV, cytomegalovirus; Dox, doxycycline; EML4,
echinoderm microtubule-associated protein like 4; FAM150, family with
sequence similarity 150; FLuc, Firefly luciferase; HEK, human embryonic
kidney; LATS, large tumor suppressor kinase 1; LgBiT, large binary
technology; MST, mammalian STE20-like; Mut, mutant; NanoBiT, Nano-
Luc Binary Technology; NLuc, NanoLuc luciferase; PD-L1, programmed
death-ligand 1; PI3K, phosphoinositide 3-kinase; qRT-PCR, quantitative
RT-PCR; RTK, receptor tyrosine kinase; siCtrl, siRNA with scrambled
sequence; si, small interfering; SLCA, split luciferase complementation
assay; SmBiT, small binary technology; STAT3, signal transducer and
activator of transcription 3; TAZ, transcriptional co-activator with PDZ-
binding motif; TBK1, TANK-binding kinase 1; TK, thymidine kinase; WT,
wild type; YAP, yes-associated protein

! These authors contributed equally to this work.

2 Correspondence: Department of Pathology and Molecular Medicine,
Queen’s University, 88 Stuart St., Richardson Lab Room 306A, Kingston,
ON K7L 3N6, Canada. E-mail: yangx@queensu.ca

doi: 10.1096/1.201901343R
This article includes supplemental data. Please visit http://www.fasebj.org to
obtain this information.

0892-6638/19/0033-0001 © FASEB

discovery, the Hippo pathway has been overwhelmingly
confirmed to play critical roles in tumorigenesis, metas-
tasis, tissue homeostasis, development, immune response,
and drug resistance (2, 4-8). Therefore, elucidating func-
tions of the Hippo pathway in regenerative medicine,
cancer biology, and cancer therapeutics has become one of
the most attractive areas in biomedical research.

Briefly, activation of the Hippo pathway is initiated by
upstream regulators, such as cell-cell contact and nutrient
stress, leading mammalian STE20-like (MST)1/2 (mam-
malian homologs of Drosophila Hippo) serine/threonine
kinases to phosphorylate/activate adaptor proteins
hMOB1 and WW45 as well as large tumor suppressor
kinase (LATS)1/2 , which subsequently phosphorylate
and inactivate transcriptional coactivator yes-associated
protein (YAP) and its paralog transcriptional co-activa-
tor with PDZ- binding motif (TAZ). Phosphorylated (p)
S5127-YAP (YAP-pS127) and TAZ-pS89 bind to cyto-
plasmic protein 14-3-3 and are prevented from interact-
ing with TEA domain family member transcription
factors in the nucleus to regulate cell proliferation and
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survival through transactivation of downstream genes
(CTGF, Cyr61, FGF).

Despite the tremendous interest in the Hippo pathway,
there are currently no tools for measuring the dynamics
and activity of the Hippo signaling components in a
quantitative, real-time, high-throughput, and noninvasive
manner both in vitro and in vivo. To solve this issue, we
recently used a Firefly luciferase (FLuc) split luciferase
complementation assay (SLCA) approach to develop the
first LATS-FLuc-biosensor (BS) that faithfully monitors
LATS kinase activity in living cells and a xenograft mouse
model (9, 10). However, the breadth of applications for
FLuc is limited because of their relatively large sizes, low
stability under common cell culture conditions (37°C), and
short half-lives. Recently, a new small luciferase (19 kDa)
named NanoLuc (NLuc) was engineered from a small
luciferase subunit of deep-sea shrimp, Oplophorus graci-
lirostris (11). This smallest and brightest ATP-independent
luciferase enzyme utilizes an optimally designed sub-
strate, furimazine, to emit bioluminescence >150 times
stronger than FLuc. In addition, the NLuc exhibits high
stability in various conditions and a longer half-life.
Therefore, it has quickly brightened up the biolumines-
cent research field by increasing the scope of biologic
processes that may now be studied (12). By using NLuc, a
SLCA called NanoLuc Binary Technology (NanoBiT)
was recently developed to monitor protein-protein in-
teractions (13). In this NanoBiT SLCA, a 17.6 kDa large
binary technology (LgBiT; large fragment of N-terminal
NLuc) is complemented by small binary technology
(SmBiT; 11 aa of C-terminal NLuc). Because of their
bright bioluminescence, high stability, wide dynamic
range, and low background (low-affinity LgBiT:SmBiT
binding; Kp = 190 uM), this breakthrough technology
will undoubtedly have a great impact on the study of
protein function and signaling in cells and animal
models. In this study, using advanced NanoBiT tech-
nology we created a new ultra-bright NanoLuc LATS
bioluminescent BS, which has a stronger signal and
higher stability than the original FLuc-LATS-BS. We
validated the BS using purified BS proteins in vitro as
well as in vivo in both living cells and animal models. To
identify novel kinases regulating the Hippo pathway in
tumorigenesis, we also successfully used this BS to per-
form a kinome-wide inhibitor screen and identified
several kinases that regulate the Hippo pathway. Most
significantly, we validated receptor tyrosine kinase
(RTK) anaplastic lymphoma kinase (ALK) as a novel
regulator of the Hippo pathway in regulating tumori-
genesis and immune evasion.

MATERIALS AND METHODS
Plasmid construction

LATS-FLuc-BS was made as previously described (9). To gen-
erate LATS-NBiT-BS [LgBiT-YAP15-5127 (wild type [WT])/
YAP15-5127A (mutant ([Mut]) and 14-3-3-SmBiT]in pcDNA3.1/
hygro vector, PCR was performed using pBiT1.1-N [thymidine
kinase (TK)/LgBiT] vector (Promega, Madison, WI, USA) and
full-length cDNA of human 14-3-3 (accession no. NM_006826)
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as template. The BS was cloned into the BamHI/NotI sites of
pcDNA3.1/hygro(+). In order to make LATS-NBiT-BS in TK
vector, oligos coding for YAP15-5127 [WT] and YAP15-S127A
[Mut] were annealed and directly cloned into the pBiT1.1-N
[TK/LgBiT] vector (Promega), and full-length 14-3-3 was am-
plified by PCR and cloned into pBiT2.1-C [TK/SmBiT] vectors
(Promega) with the EcoRI/Bglll sites.

To make His-tagged fusion proteins, LATS-NBiT-BS in TK
vector was used as template, and amplified LgBiT-YAP15 S127
[WT]/YAP15-5127A [Mut] and 14-3-3-SmBiT were cloned into
the Ndel/BamHI sites of pET16b. Full-length cDNAs of human
ALK (accession number NM_004304.4) was subcloned into
pcDNA3.1/hygro(+)-myc vector. For lentivirus production,
ALK cDNA was cloned into pTRIPZ lentiviral vector. For echi-
noderm microtubule-associated protein like 4 (EML4)-ALK
cloning, cDNA was synthesized by reverse transcription from
H3122 cells. EML4-ALK ¢cDNA was amplified by PCR and
cloned into pTRIPZ lentiviral vector. The following primers were
used for cloning:

LATS-NBIT-BS in pcDNA3.1/hygro vector

BamHI-kozak-LgBiT-YAP15-sense, 5'-CCGCGGAT CCGCCGC-
CACCATGGTCTTCACACTCGAAGAT-3'; Not1-LgBiT-YAP15-
antisense, 3'-CAAAGGAAGCGGCCGCTTACAACTGCAGA-
GAAGC TGGAGA-5'; BamH1-kozak-14-3-3-SmBiT-sense, 5'-C-
CGCGGATCCGCCGCCACCATGGAGAAGACTG AGCTGAT-
C-3’; Notl-14-3-3-SmBiT-antisense, 3'-CAAAGGAAGCGGCC-
GCTTACAGAA TCTCCTCGAACAGCCG-5'.

LATS-NBIT-BS in NanoBiT-TK vector

EcoR1-YAP-5127-Bglll-sense, 5'-AAT TCA CCACAGCATGTT-
CGAGCTCATTCCTCTC CAGCTTCTCTGCAGTTGTGAA-3';
ECoR1-YAP-5127-Bglll-antisense, 3'-ATCTTCACAACTGCAG-
AGAAGCTGGAGAGGAATGAGCTCGAACATGCTGTGGT-
G-5'; EcoR1-YAP-A127-Bglll-sense, 5'-AATTCACCACAGCA-
TGTTCGAGCTCATGCGTCTCCAGCTTCTCTGCAGTTGTG-
AA-3'; ECoR1-YAP-A127-Bglll-antisense, 3'-ATCTTCACAAC-
TGCAGAGAAGCTGGAGACGCATGAGCTCGAACATGCT-
GTGGTG-5'; Bglll-14-3-3-sense, 5'-GGAAGATCTAATGGA-
GAAGACTGAGCTGATC-3'; ECoR1-14-3-3-antisense, 3'-CG-
CCGGAATTCCCGTTTTCAGCCCCTTCTGCC GC-5'.

LATS-NBIT-BS in pET16b vector

Ndel-LgBiT-YAP15-sense, 5'-GGAATT CATATGATGGTCTTC-
ACACTCGAAGATTTCGT-3'; BamHI-LgBiT-YAP15-antisense,
(3'-CGCGGGATCCTTACAACTGCAGAGAAGCTGGAGAG-
GAATG-5'); BamHI-LgBiT-YAP15A127-antisense, (3'-CGCGG-
GATCCTTACAACTGCAGAGAAGCTGGAGACGCATGA-
GC-5'); Ndel-14-3-3-SmBiT-sense, (5'-GGAATTCATATGAT-
GGAGAAGACTGAGCTGATCCAGAA-3'); BamHI-14-3-3-
SmBiT-antisense, (3'-CGCGGGATCCTTACAGAATCTCC
TCGAACAGCCGGTAGCC-5').

ALK and EML4-ALK in pTRIPZ vector

Agel-kozak-ALk-sense, 5'-ACCACCGGTGCCGCCACCATG-
GGAGCCATCGGGCTCCTG-3’; MLU1-ALK-FLAG-antisense,
3'-ACACGATACGCGTTCACTTGTCGTCATCGTCTTTGTA-
GTICGGGCCCAGGCTGGTTCATG-'. Agel-kozak-FLAG-BgLII-
EML4-ALK-sense, 5'-AACCACCGGTGCCGCCACCATG-
GACTACAAAGACGATGACGACAAGGGAAGATCTATG-
GACGGTTTCGCCGGCAGT-3’; MLU1-N1-EMIL4-ALK-antisense,
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5" CGACGCGTATAAGAATGCGGCCGCTCAGGGCCCAGGC-
TGGTTCATGCT-3'.

Cell culture

Human embryonic kidney (HEK)293AD, HEK293T, and Hs578T
(human breast carcinoma cells) were cultured in DMEM
(D6429; MilliporeSigma, Burlington, MA, USA). H1299 (human
non-small cell lung carcinoma cells) and HCC1143 (human
breast carcinoma) cells were cultured in Roswell Park Memorial In-
stitute 1640 (8758; MilliporeSigma) supplemented with 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mM sodium
pyruvate, and 2.5 mg/ml glucose. All abovementioned cells were
cultured in medium supplemented with 10% fetal bovine serum,
and 1% penicillin/streptomycin (Thermo Fisher Scientific, Wal-
tham, MA, USA) as antibiotics. MCF10A cells were cultured in
DMEM/F12 medium (D6421; MilliporeSigma) containing 5%
horse serum (H1270; MilliporeSigma), 0.25 mM L-glutamine
(G7513; MilliporeSigma), 10 pg/ml insulin (16634; Millipore-
Sigma), 20 ng/ml human epidermal growth factor (E4269; Mil-
liporeSigma), 100 ng/ml cholera toxin (C8052; MilliporeSigma),
0.5 pg/ml hydrocortisone (H4001; MilliporeSigma), and 1%
penicillin/streptomycin. Cells were grown in a humidified CO,
(5%) atmosphere at 37°C. All experiments were conducted using
cells with a passage number <25.

In vitro luciferase assay and NanoLuc
luciferase assay

HEK293T cells (3 X 10° cells) were plated in triplicate in a 12-well
plate 24 h before transfection. Two hundred nanograms of BS
alone or alongside 300 ng LATS or 200 ng MST2, or both, was
transfected using PolyJet transfection reagent (SignaGen Labo-
ratories, Rockville, MD, USA). After 48 h, cells were collected and
lysed using passive lysis buffer, and finally luciferase or NanoLuc
luciferase assay was performed using a Luciferase Assay Kit
(Promega) for LATS-FLuc-BS and a NanoLuc Luciferase Assay
Kit (Nano-Glo Live Cell Reagent; Promega) for LATS-NBiT-BS.
Turner Biosystems 20/20 Luminometer or GloMax Navigator
Microplate Luminometer (Promega) were used, depending on
the type of experiment. Results are presented as relative lumi-
nescence units or fold change compared with control. The data
presented are the mean of 3 independent experiments. For live
cell luciferase assay or NanoLuc luciferase assay, BSs were
transfected into HEK293T cells. After 24 h, cells were trypsinized
and different numbers of the cells were seeded in a 96-well plate.
After 24 h, p-luciferin (150 pg/ml, D-luciferin, potassium salt,
GoldBio UCK-250) or Nano-Glo Live Cell Reagent, which pro-
vides the cell-permeable furimazine substrate, was added to each
well and immediately luminescence was measured.

To determine temperature stability of each BS, transfected
cells were collected and lysed 48 h after transfection and after
incubating the samples under different conditions; assays were
performed using kits from Promega as previously described.

RNA extraction and quantitative RT-PCR

Total RNA was extracted using RNAzole (Molecular Research
Center, Cincinnati, OH, USA) according to the manufacturer’s
protocol. SuperScript III Platinum Sybr Green One-Step quanti-
tative RT-PCR (qRT-PC) Kit (Thermo Fisher Scientific) was used
for qRT-PCR by using 50 ng total RNA. For internal control, 185
rRNA was used. The following primers were used: rRNA, sense
(5’-TCCCCATGAACGAGGAATTCC-3'), anti-sense (5'-AAC-
CATCCAATCGGTAGTAGC-3'); Firefly, sense (5'-TCGAAAT-
GTCCGTTCGGTTG-3'), antisense (5'-CGCAACTGCAACTC-
CGATAA-3'); and LgBiT, sense (5'-GTGTCCGTAACTCCG-
ATCCA-3’), antisense (5'-TCATCCACAGGGTACACCAC-3).

REGULATION OF THE HIPPO PATHWAY BY ALK

Western blotting and antibodies

The same samples used for measuring luminescence were used to
perform immunoblotting. Proteins were heated in Laemmli
sample buffer and subjected to SDS-PAGE. The proteins were
transferred to nitrocellulose membranes using Mini Trans-Blot
Cell (Bio-Rad, Hercules, CA, USA) and were immunoblotted
using different primary antibodies. Antibodies for Western blot
analysis were as follows: MST2, LATS1 (C66B5), ALK (C26G7)
rabbit mAb, programmed death-ligand 1 [PD-L1 (E1L3N)], and
PYAP (5127) from Cell Signaling Technology (Danvers, MA,
USA); rabbit polyclonal anti-HA (H6908), mouse monoclonal
anti-FLAG (F1804), and mouse monoclonal anti-B-actin (AC-15)
from MilliporeSigma; mouse monoclonal anti-Myc (9E10) from
Roche (Basel, Switzerland); mouse monoclonal anti-YAP (sc-
101199) from Santa Cruz Biotechnology (Dallas, TX, USA; H125);
and TAZ (M2-616) from BD Biosciences (San Jose, CA, USA).

Live cells and in vivo imaging

To determine if the LATS-NBiT-BS could be used to measure a
response to different drug treatments and regulators of Hippo
signaling, HEK293T cells were transfected with LATS-NBiT-BS
and treated with 2-deoxy glucose (25 mM), ER-27-319 (10 uM),
RO-318220 (10 wM), and axitinib (10 wM) for 4 h, or they were
serum-starved overnight. Cells were then transferred to a black
plate, and furimazine was mixed into each well for subsequent
bioluminescent imaging (BLI). Imaging of cells was performed
using a LightTools Research System (Synopsys, Mountain View,
CA, USA) dark box and an Orca-Flash4.0 v.2 digital CMOS
camera (Hamamatsu Photonics, Hamamatsu, Japan) over a
course of 30 min to establish optimal peak luciferase activity.
Pseudo-colored parametric overlays of BLI were dynamically
constructed, and the BLI of the regions of interest was then an-
alyzed for total emission flux using Image Pro Plus software
(Media Cybernetics, Rockville, MD, USA). The BS activity in the
live cells was measured using NanoLuc luciferase assay.

A xenograft mouse model was used to evaluate the sensitivity
of the LATS-NBiT-BS in wvivo. First, immunocompromised
Rang/ B ;Iergf/ ~ mice at least 12 wk in age were anesthetized
and injected subcutaneously into the flank with increasing cell
densities of HEK293T cells (1.0 X 10°-1.0 X 10°) expressing
LATS-NBiT-BS mixed with 10 b8 (=~0.5 mg/kg) furimazine in
200 plsterile PBS. Next, 1.0 X 10> HEK293T cells transfected with
BS alone (LATS-NBiT-BS), or with LATS (LATS-NBiT-BS+
LATS), were mixed with furimazine and implanted into oppos-
ing flanks for imaging. All images were taken with an IVIS Lu-
mina Series III In Vivo Imaging System (PerkinElmer, Waltham,
MA, USA) using a 30-s acquisition period. Bioluminescent
quantification is represented as signal counts for the regions of
interest designated by Living Image Software (PerkinElmer). All
procedures and protocols were approved by the Queen’s Uni-
versity Animal Care Committee in accordance with the Canadian
Council on Animal Care guidelines.

Fusion proteins

All proteins were purified as His-tagged fusion proteins from
Escherichia coli according to the protocols with minimal changes
from what was previously described (14, 15). Briefly, E. coli strain
CodonPlusRIPL was transformed and used to purify the pro-
teins. Fusion protein expression was induced with 0.3 mM iso-
propyl B-D-1-thiogalactopyranoside, when the optical density
measured at a wavelength of 600 nm was between 0.6 and 0.8, for
16 h at 20°C in an environmental incubator shaker. After centri-
fugation and harvesting, cells were incubated at 4°C with pro-
tease inhibitor cocktail, DNase I (10 pg/ml) and lysozyme
(10 pg/ml). Then, bacterial cells in buffer containing 30 mM
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Tris-HCl, pH7.5, 150 mM NaCl, 5 mM MgCl2, 20 mM imidazole,
and 2 mM B-mercaptoethanol were lysed by sonication. Bacterial
lysates were centrifuged to collect soluble fractions, and tagged
proteins were isolated from the supernatant via Ni-NTA affinity
purification. In order to get rid of imidazole, proteins were sub-
jected to dialysis overnight at 4°C using a standard buffer con-
taining 30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl,, and
3 mM DTT. All purified proteins were analyzed by SDS-PAGE
and stored at —80°C.

In vitro kinase assay

For in vitro kinase assay, 100 ng of LgBiT-YAP15 WT (S127)/Mut
(S127A) and 14-3-3-SmBiT fusion proteins were incubated with
25 ng of LATS fusion protein (SignalChem Life Sciences, Rich-
mond, BC, Canada) at 30°C for different time points (1 min—20h)
in the presence of ATP and kinase buffer. Luminescence was
measured for each sample, and samples were prepared for
Western blot analysis as previously described. p-LgBiT-YAP15
was detected by anti-pYAP (S127) antibody.

Kinome-wide kinase inhibitor screen

High-throughput screens were performed in the Sinai-
McLaughlin Assay and Robotic Technologies (S.M.A.R.T.)
Laboratory for High-Throughput Screening Programs of the
Lunenfeld-Tanenbaum Research Institute (Mount Sinai Hospital,
Toronto, ON, Canada). Cells were seeded in 384-well plates in a
total volume of 45 pl/well (2500 cells/well). On the following
day, screening compounds, including 560 kinase inhibitors
(1 mM in DMSO) were robotically pinned (200 nl) into assay
wells to attain a final concentration of 4.4 uM. Equal amounts of
DMSO (0.5%) were used as vehicle controls. After 24 h of in-
cubation, 5 pl diluted furimazine (1:25 dilution) was added to
each well and BS activity (luminescence signal) was measured by
NanoLuc luciferase assay (reading time: 100 ms). Fold-change
ratios were generated by comparing BS activity for each drug
with that of DMSO-treated controls. All experiments were per-
formed in duplicate.

Lentivirus production, infection, and establishment
of stable cell lines

To producelentiviruses, HEK293T cells were plated on a 150-mm
plate. The next day, cells were transfected with 8 g of
ALK-FLAG-pTRIPZ or EML4-ALK-FLAG alongside 6 ug of
psPAX2 (a packaging vector) and 2 ug of pMD2.G (an envelope
vector) using Poly]Jet transfection reagent (SL100688; SignaGen
Laboratories) according to the manufacturer’s instructions. The
next day, the media were replaced with new media and NaBu-
tyrate with final concentration of 10 mM was added. Forty-eight
hours after transfection, the virus-containing medium was
collected and then concentrated using Lenti-X Concentrator
(631231; Clontech Laboratories, Mountain View, CA, USA). To
stably overexpress ALK-FLAG in MCF10A or EML4-ALK in
H1299, HCC1143, and Hs578T, cells were infected with lentivirus
with 8 wg/ml polybrene. Two days after infection, cells were
selected with 1 wg/ml puromycin. Protein expression was
assessed in cells selected for 1 wk by Western blot analysis, and
immunofluorescence staining of MCF10A cells was performed as
previously described (9).

Cell proliferation and colony assay

Cell proliferation and colony formation assay were performed as
previously described (16).
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Transient gene knockdown with small
interfering RNA

Small interfering RNAs (siRNAs) targeting YAP and TAZ were
purchased from Integrated DNA Technologies (Coralville, 1A,
USA) and transfected into cells using GenMute siRNA trans-
fection reagent according to the manufacturer’s instructions.
Final concentration of siRNAs was 50 nM. An siRNA with
scrambled sequence (siCtrl) was used as a negative control.
Forty-eight hours after transfection, knockdown efficiency was
determined by Western blot analysis.

Flow cytometry

Flow cytometry was performed according to a general procedure
for direct flow cytometry from Abcam (Cambridge, MA, USA)
using a phycoerythrin-conjugated antibody for human PD-L1
(MIH1) from eBioscience (San Diego, CA, USA) and isotype
control mouse IgG1k from Thermo Fisher Scientific.

Jurkat T cell-tumor cells coculture
and apoptosis assays

In order to do coculture, Jurkat T cells were stimulated with
1 pg/ml phytohemagglutinin and 50 ng/ml phorbol 12-myristate
13-acetate for 48 h before coculture to induce PD-1 expression.
H1299, HCC1143, and Hs578T cells were transfected with siCtrl
or siYAP/siTAZ and pretreated with doxycycline (Dox) for 48 h
to induce EML4-ALK expression. To induce apoptosis in Jurkat
T cells, cancer cell lines were coincubated with activated Jurkat
cells for 16-24 h at a tumor:T cell ratio 10:1. Briefly, cancer cells
were trypsinized using TrypLE Express reagent (Thermo Fisher
Scientific). Cells were counted, and 5 X 10° cancer cells were
plated into a 12-well plate and allowed to attach to the plate
overnight. The following day, 5 X 10* activated Jurkat T cells
were added to each well of the 12-well plate. Cells were allowed
to interact for 1624 h before collecting T cells. After collecting
T cells, in order to get higher Jurkat cells purity and reduce cancer
cell backgrounds, Jurkat cells were positively selected using
EasySep Human PE Positive Selection Kit II (17664; Stem Cell
Technologies, Vancouver, BC, Canada) according to the manu-
facturer’s instructions. After lysing cells in 1% NP-40 lysis buffer,
T-cell apoptosis was measured using the Caspase-Glo 3/7 Assay
from Promega as previously described (17).

Statistical analysis

Data shown in the graphs were performed in triplicate, except for
gRT-PCR and T-cell apoptosis experiments, which were per-
formed in duplicate. All data are the average of triplicate, or,
where indicated, duplicate independent experiments and
expressed as the mean = sp. Student’s t test (2-tailed) was used for
statistical analysis. A value of P < 0.05 was accepted as statis-
tically significant.

RESULTS
Design of LATS-NBIiT-BS

Our previously reported LATS-FLuc-BS was constructed
by fusing Firefly N-terminal luciferase with 15 aa of YAP
(YAP15) containing the LATS phosphorylation site at S127
and C-terminal luciferase with YAP-pS127-binding 14-3-3
(9). Active LATS increases YAP-pS127, which binds to
14-3-3, resulting in complementation of N-terminal and
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C-terminal luciferase. Using a similar strategy, we have
designed a new LATS-NBiT-BS in which YAP15 is fused
with LgBiT through a linker [GSS(G)sS(G)4SSG], whereas
14-3-3 is fused with SmBiT through the same linker (Fig.
1A). Activation of LATS kinase will cause increased levels
of YAP-pS127, which binds to 14-3-3 to make structural
complementation of LgBiT and SmBiT and emit bio-
luminescence in the presence of the NLuc substrate, fur-
imazine (Fig. 1B).

LATS-NBiT-BS is much brighter and has greater
dynamic range, activity, sensitivity, and
stability compared with LATS-FLuc-BS

We next compared this new LATS-NBiT-BS with our

previously constructed LATS-FLuc-BS (9). Although the
mRNA levels of LATS-NBiT-BS are lower than those of

A
LgBiT-yAP15 (NGB

GSS(G),S(G).SSG
[Tinker [ YAP15__]

GSS(G).S(G),SSG

14-3-3-smeiT [N 14-3-3 B iinker ISWBIT |
B
: B
58 YAP15 & 14-3-8] .
LATS & \
YAP15 Furimazine

- 7
o 74-3-9 - <l
&
o

Structural complementation
&

No interaction y J
Bioluminescence

—~ 9 §1200
g g
- 74
=7 <= 900+
‘o 6 =
= 600
x 51 =
D 4 3]
B g 3001 '
B 5]
< 2 3 — .
= 1 E 8
n: 4
4_
E ol 3 0,___.. llll
Q\}»D & LATS1 - + - + -+ -+
v,)fo’@g o MST2 - - + + - -+ +
AN LATS-FLuc-BS LATS-NBiT-BS

Figure 1. Hippo signaling pathway and establishment of LATS-
NBiT-BS to quantify LATS activity. A) Domain organization of
LATS-NBiT-BS. B) Overview of the mechanism of the action
for the LATS-NBIiT-BS. C) The relative RNA expression level of
LATSNBiT-BS and LATSFLuc-BS. mRNA expression was
determined by qRT-PCR (n = 2 technical replicates). D)
Comparison of LATS-NBiT-BS and LATS-FLuc-BS activity. Both
BSs were cloned in pcDNA3.1/hygro(+) and then transfected
alone or with LATS1 and/or MST2 into HEK293T cells.
Luminescence was measured 48 h after transfection. RLU
values shown as bars clearly indicated that LATS-NBiT-BS is
around 250X (on average) brighter than LATS-FLuc-BS.
RLU, relative luminescence units. Data are expressed as
means * SD.
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LATS-FLuc-BS in cells when both BSs were cloned into
cytomegalovirus (CMV) promoter-driven pcDNA3.1
vector (Fig. 1C), LATS-NBiT-BS is around 250 times (in
average) brighter than LATS-FLuc-BS when they were
expressed alone or together with LATS1 or its activator
MST2 in cells (Fig. 1D). To reduce the potential buffering
effect of the BS caused by its high levels of expression,
which might outcompete the endogenous LATS kinase
substrate YAP, we then cloned the LATS-NBiT-BS in a
vector with the herpes simplex virus-TK promoter pro-
viding constitutive, low-level (>100-fold lower) expres-
sion in mammalian cells. Our qRT-PCR results show that
the mRNA levels of LATS-NBiT-BS (TK) are 121X lower
than those of LATS-FLuc-BS cloned in pcDNA3.1/CMV
promoter (Fig. 2A4). We next compared the sensitivity of
our new LATS-NBiT-BS (TK promoter) with that of
LATS-FLuc-BS (CMV promoter). Although 5000 cells are
needed to detect LATS-FLuc-BS bioluminescent signal in
live cells, LATS-NBiT-BS bioluminescence is detectable
using only 200 cells in a 96-well plate (Fig. 2B). In addition,
although the mRNA expression levels of LATS-NBiT-BS
are much lower than those of LATS-FLuc-BS (Fig. 2A), the
luminescence of LATS-NBiT-BS is significantly stronger
than that of LATS-FLuc-BS (Fig. 2C). Moreover, compared
with LATS-FLuc-BS, LATS-NBiT-BS expressed in cell ly-
sate is more stable at 10-55°C for 30 min (Fig. 2D), stays
activeat 25, 30, and 37°C for several hours, and amazingly
retains 10% activity even when incubated at 37°C for 24 h
(Fig. 2E). In summary, our results strongly suggest that
the newly developed LATS-NBiT-BS has higher activity,
sensitivity, and stability compared with our previously
reported LATS-FLuc-BS.

Validation of LATS-NBIT-BS in vivo and in vitro

We further tested our LATS-NBiT-BS both in vitro using
purified proteins and in vivo in living cells and mice. As
shown in Fig. 3, cells transfected with LATS-NBiT-BS
alone had low luciferase activity, which was correlated
with a low degree of LgBiT-YAP15-5127 phosphorylation.
Although cotransfection of LATS-NBiT-BS with LATS1
or MST2 alone increases both LgBiT-YAP15-5127 phos-
phorylation and luciferase activity, coexpression with
both MST2 and LATS1 causes further increases in
LgBiT-YAP15-5127 phosphorylation and luciferase ac-
tivity (Fig. 3A). On the other hand, mutation of 5127
phosphorylation on YAP15 into alanine (S127A) com-
pletely abolished LgBiT-YAP15-5127 phosphorylation
and LATS-NBiT-BS activity (Fig. 3A). These data are
consistent with the model that MST?2 activates LATSI,
which phosphorylates YAP-5127 and leads to binding of
14-3-3 and reconstitution of active luciferase (9).

We further validated the LATS-NBiT-BS by trans-
fecting it into cells and subsequently treating cells with
agents regulating the Hippo pathway, followed by mea-
suring BS activity in live cells using BLI and in cell lysates
by in vitro NanoLuc luciferase assays. As depicted in Fig.
3B, the LATS-NBiT-BS faithfully reports LATS activity in
response to positive [e.g., serum starvation, 2D-glucose,
and axitinib (VEGF receptor inhibitor)] and negative [e.g.,
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ER-27319 (SYK inhibitor) and Ro-318220 (broad kinase
inhibitors)] regulators of the Hippo pathway (9). We also
tested LATS activity in vivo by injecting HEK293 cells
expressing LATS-NBiT-BS into mice and imaging the
bioluminescence using an IVIS Spectrum In Vivo Imaging
System. The bioluminescent signal increases with the in-
creasing number of cells injected (Fig. 3C). Notably, the
bioluminescent signal could be detected even when only
1000 HEK293-LATS-NBiT-BS cells were injected into the
flank of each mouse (Fig. 3C). The signal is dependent
upon LATS kinase activity because the bioluminescent
signal of HEK293-LATS-NBiT-BS+LATS is dramatically
higher than that of HEK293-LATS-NBiT-BS when they
were injected into opposing flanks of the same mice
(Fig. 3D).

Finally, we were able to purify His-tagged LgBiT-
YAP15 and SmBiT-14-3-3 in vitro (Fig. 4A) from bacteria. In
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LATS-NBIiT-BS

vitro luciferase assays show that purified active LATS ki-
nase increases LgBiT-YAP15-pS127 and luciferase activity
of LATS-NBiT-BS [WT LgBiT-YAP15 (LgBiT-YAP15" ") +
SmBiT-14-3-3] in a time-dependent manner in vitro (Fig.
4B, C), whereas mutation of LATS phosphorylation site
5127 on YAP15 (LATS-NBiT-BS-Mut) or phosphatase
treatment abolishes LgBiT-YAP15 5127 phosphorylation
and BS activation by LATS (Fig. 4B, D).

Kinome-wide kinase inhibitor screen using
the LATS-NBIT-BS

We next used our LATS-NBiT-BS to perform a kinome-
wide high-throughput screen for kinases regulating
Hippo signaling using a library containing inhibitors
of 560 kinases (Supplemental Fig. S1A). Although 10
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Figure 3. Validation of LATS-NBiT-BS activity. A) Phosphorylation-dependent LATS-NiT-BS. LATS-NBiT-BS in NanoBiT entry
vector was transfected alone or with LATS1 and/or MST2 into HEK293T. BS activity, expression of LATSI, and MST2 and
LgBiT-YAP15-S127 phosphorylation was determined 48 h after transfection. Obtained results showed that in the presence of
LATSI1 or MST2, LATS-NBiT-BS activity significantly increased. Mutation of serine in LgBiT-YAP15 abolishes LgBiT-YAP15
S127-phosphorylation and BS activation, which means the BS responds specifically to LATS kinase activity (means * sp; n=3).
B) LATS-BS responds to different drug treatments and regulators of Hippo signaling. HEK293T cells were transfected with
LATS-NBiT-BS (in NanoBiT entry vector) and treated with 2-deoxy glucose (2D-glucose; 25 mM), ER-27-319 (10 pM),
RO-318220 (10 wM), and axitinib (10 uM) for 4 h, or serum-starved overnight. In this experiment, BS activity in live cells was
measured using NanoLuc luciferase assay (upper panel) and BLI (lower panel) after adding furimazine (means * sp; n = 3).
#P < 0.01, #*P < 0.001. C, D) In vivo detection of LATS-NBiT activity. C) BLI of mice 30 s after flank implantation of
furimazine (25 pM) preincubated HEK293T-LATS-NBiT-BS (different number of the cells). D) HEK293T cells were
transfected with BS alone or with LATS. Flan- implanted cells (1 X 10°) previously incubated with furimazine (25 uM) were
imaged. A heat map of signal counts represents the relative comparison of BS activity with or without LATS. This experiment
was performed in triplicate.

kinase inhibitors activate the BS [i.e., inhibitors of BRAF,
TANK-binding kinase 1 (TBK1), etc.], 54 inhibitors re-
duce the BS signal =2-fold [i.e., inhibitors of ALK, Au-
rora A, phosphoinositide 3-kinase (PI3K), epidermal
growth factor receptor (EGFR)/human epidermal
growth factor receptor 2 (HER?2), etc.] (Supplemental Fig.
S1B and Supplemental Table S1). Several candidates of
LATS regulators identified by our screen were already

REGULATION OF THE HIPPO PATHWAY BY ALK

described in the literature (i.e., inhibitors of EGFR and
PI3K) (18), whereas others [e.g., inhibitors of ALK, TBK1,
and Janus kinase 2 (JAK2)] are novel. Among these
candidate Hippo regulators identified, because ALK is a
RTK that plays important roles in various biologic and
pathologic processes (19-21), we further validated and
characterized RTK ALK as a novel regulator of the Hippo
pathway.
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Figure 4. Characterization of LATS-NBiT-BS activity in vitro. A) Coomassie brilliant blue (CBB)-stained SDS-PAGE (15%) of
purified proteins used in this study. B) In vitro kinase assay using 100 ng of LgBiT-YAP15 WT (S127)/MUT (S127A) and 14-3-3-
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determined by Western blotting. This experiment was performed under the same condition as in B. D) In vitro kinase assay using
5 ng of fusion proteins, and in the presence or absence of A-phosphatase. After 30-min incubation, BS activity and phosphor-
ylation status were determined by NanoBiT luciferase assay and Western blotting, respectively.

Validation of ALK as a novel upstream
regulator of the Hippo pathway in
tumorigenesis and immune evasion

To further confirm the interaction between ALK and the
Hippo pathway, we first tested whether the regulation of
LATS activity by ALK inhibitor is specific. We show that
the LATS-NBiT-BS activity significantly increases after 4 h
of treatment of cells with 2 different ALK inhibitors (Fig.
5A). In addition, overexpression of ALK suppresses
LATS-NBiT-BS but activates LATS downstream target
YAP/TAZ (STBS-reporter containing 14x TEA Domain
response sites) activities, which can be reversed by ALK
inhibitor LDN193189 (Fig. 5B). Overexpression of ALK
together with YAP in HEK293 cells inhibits YAP-5127
phosphorylation by LATS, which can be reversed by
LDN193189 treatment (Fig. 5C). Finally, because LATS
inhibits YAP by phosphorylating and sequestering YAP/
TAZ in the cytoplasm, we established a Dox-inducible cell
line that overexpressed ALK (Fig. 5D, upper panel) and
then we examined the subcellular localization of YAP in
the absence or presence of ALK and its ligands family with
sequence similarity (FAM)150 (22). YAP is translocated
into the nucleus after 45 min of FAMI150 treatment,
which is reversed by ALK inhibitors (Fig. 5D-F), sug-
gesting that FAM150/ ALK activates YAP/TAZ through
enhancement of their nuclear localization by inhibiting
LATS. Next, we further examined the functional
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significance of ALK-YAP/TAZ interaction. We show that
Dox-induced overexpression of constitutively activated
ELM4-ALK in HEK293 cells significantly enhances cell
proliferation and colony formation, whereas knockdown
of YAP/TAZ by siRNA that targets YAP and TAZ
(siYAP/siTAZ) abolishes ELM4-ALK-induced tumori-
genic phenotypes (Fig. 5G-I). In addition, since ALK in-
duces PD-L1 (23) and our previous work reported that
YAP/TAZ induces because evasion by transcriptionally
activating PD-L1 (17), we further examined whether ALK
enhances immune evasion via YAP/TAZ-PD-L1. Our re-
sults show that inducible expression of ELM4-ALK in
H1299 lung and HCC1143 and Hs578T breast cancer cells
increases total and membrane PD-L1, which can be re-
versed by YAP/TAZ knockdown (siYAP/siTAZ)(Fig. 6,
left and middle panels). Significantly, YAP/TAZ knock-
down completely blocks ELM4-ALK-induced T-cell kill-
ing (immune evasion) by multiple breast and lung cancer
cell lines (Fig. 6, right panels), suggesting that ELM4-ALK
causes PD-L1-mediated immune evasion by activating
YAP/TAZ. Moreover, because our previous study shows
that ALK can also up-regulate PD-L1 through activation
of signal transducer and activator of transcription 3 (STAT3)
(24), we also examined the levels of pSTAT3 after ALK
overexpression in the absence or presence of YAP/TAZ
knockdown. Our results show that ALK can indeed acti-
vate STAT3 by increasing pSTAT3 independent of YAP/
TAZ levels in cells (Supplemental Fig. S2).
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DISCUSSION designed FLuc LATS BS (9). Compared with LATS-FLuc-

BS, much stronger signals are detected for LATS-NBiT-
In this work, we designed and developed the first BS, even when it is expressed 100 times lower than
ultra-bright NanoBiT LATS bioluminescent BS that mon- LATS-FLuc-BS. This feature with enhanced signal/BSra-
itors LATS kinase activity in the Hippo signaling pathway  tio significantly reduces the side effect of overexpressed BS
both in vitro and in vivo. We demonstrate that thisnew BS  on the function of endogenous proteins (the buffering ef-
has a much higher sensitivity than our previously fectof the BS on endogenous YAP)in cells. In addition, we
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Figure 6. Knockdown of YAP/TAZ by siRNA blocks ELM4-ALK-induced up-regulation of PD-L.1 and immune evasion. H1299
lung (A), or HCC1143 (B), and Hs578T (C) breast cancer cells expressing inducible ELM4-ALK were transfected with siRNAs
against siCtrl or YAP and TAZ (siYAP/siTAZ). One day after transfection, the transfected cells were untreated (—Dox) or treated
(+Dox) with Dox for another day. Cells were subjected to Western blot analysis of EML4-ALK, YAP, TAZ, and PD-L1 (left panels).
B-Actin was used as an internal control. Transfected cells were also subjected to FACS analysis of membrane PD-L1 levels (middle
panels) and Caspase3/7 activity analysis of T-cell apoptosis (right panels).

also show that this new LATS-NBiT-BS has higher sta-
bility than LATS-FLuc-BS at higher temperatures. The
high sensitivity and stability of this BS will have a wider
span of applications and significant implications for
studying the roles of the Hippo pathway in various bi-
ologic processes. For example, it can be used to monitor
the dynamics of LATS activity in live cells at physiologi-
cally relevant levels, which is not possible using FLuc BSs.

Moreover, we analyzed LATS kinase activity in vitro by
luciferase assays using purified LATS-NBiT-BS (Fig. 4).
Previously, kinase activity was mostly measured in vitro
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using [**P] radioisotope, purified protein as a substrate,
and kinase immunoprecipitated from large amounts of
protein lysates (25). Our ultra-sensitive BS luciferase assay
is the first assay developed so far using NanoLuc luciferase
to analyze kinase activity in vitro, which will significantly
simplify the traditional in vitro immunoprecipitated kinase
assay procedures and sensitivity. Therefore, this BS has the
potential to test Hippo signaling intensity by measuring
the LATS kinase activity using protein lysates extracted
from cells or clinical patient tissues. It will have significant
implication in clinical diagnosis. In addition, because small
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molecule inhibitors or activators of LATS kinase is still
unavailable, this in vitro luciferase LATS kinase assay can
be also used for screening new small molecules directly
activating or inhibiting LATS kinase in vitro at ambient
room temperature or 30°C, which is not possible for LATS-
FLuc-BS.

Our in vivo work further demonstrates that the
ultra-bright LATS-NBiT-BS is very sensitive in moni-
toring LATS activity in a xenograft mouse model in vivo.
Significantly, only 1000 cells are required to detect
LATS activity in tumor cells in a murine mammary
xenograft model, which makes it much easier to per-
form in vivo preclinical screen studies on the effects of
chemotherapeutic drugs, small molecules, or antibody
inhibitors on LATS activity.

Protein kinases are important in relaying signaling in
cells in almost all biologic processes. Dysregulation of
protein kinases contributes to the development of many
diseases, such as cancer and cardiovascular disease.
Therefore, they are important targets for the treatment
of various diseases (26-33). Although the roles of in-
dividual kinases in various biologic and pathologic
processes have been extensively studied in the past, few
kinome-wide studies have been performed. Recently,
siRNA or short hairpin RNA and clustered regularly
interspaced short palindromic repeats functional ge-
nomic screens were used for a kinome-wide screen of
kinases regulating biologic functions, such as cell pro-
liferation and drug resistance (34-38). However, there
are currently few kinome-wide screenings for kinases
affecting the activity of a specific protein. By using our
newly developed LATS BS, in this study we performed
the first kinome-wide screen for kinases positively or
negatively regulating LATS kinase activity using 560
kinase inhibitors and identified many novel lead tar-
gets. The bioluminescent BS screen will provide another
useful tool, other than siRNA and clustered regularly
interspaced short palindromic repeats, with which to
screen kinase regulators of any protein.

ALK is an RTK activated by translocation into the
locus of other oncogenes, such as ELM4 in breast, lung,
and other cancers (19, 21, 39). ALK inhibitors have been
clinically used for the treatment of these cancers, in-
cluding lung cancer (40). Although previous studies
identified downstream genes, such as PI3K and Stat3, as
mediators of ALK-induced tumorigenesis (24), to our
knowledge, after extensive review of the literature,
there are no published reports on the interaction be-
tween ALK and the Hippo pathway. In this study, we
validated ALK and its ligand FAM150 as a bona fide
regulator of LATS-YAP/TAZ and the Hippo pathway.
We also show that YAP/TAZ are critical downstream
genes mediating ALK-induced increased cell pro-
liferation and colony formation. Most recently, ALK
was reported as a novel regulator of PD-L1 (23, 24), a
checkpoint gene that is overexpressed in various can-
cers enhancing their tumorigenic functions by either
evading immune surveillance (immune evasion) via
PD-1-mediated T-cell inactivation (41, 42) or activat-
ing the intrinsic oncogenic pathway (43, 44). In this
study, we further show that YAP/TAZ are critical in
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mediating ALK-induced up-regulation of PD-L1 in
multiple cancer cell lines. Significantly, we show that
knockdown of YAP/TAZ blocks ALK-induced im-
mune evasion. The molecular mechanism underlying
ALK-induced activation of YAP/TAZ is currently un-
clear. However, our recent studies indicate another
RTK VEGF receptor activates YAP/TAZ through acti-
vation of MAPK and PI3K signaling pathways (9).
Therefore, it is possible that ALK may activate YAP/
TAZ through a similar mechanism. In addition, we
have shown that ALK can induce PD-L1 and activate
STAT3 independent of YAP/TAZ (Fig. 6 and Supple-
mental Fig. 52). Because JAK is the tyrosine kinase
phosphorylating STAT3 (23) and because JAK was
identified as a novel regulator of LATS in our kinome
screen (Supplemental Table S1), it is also possible that
ALK causes enhanced immune evasion and tumorigen-
esis through a JAK-STAT3-LATS-YAP/TAZ-PD-L1
signaling pathway. Further characterization of this
newly discovered signaling axis during immune re-
sponse and tumorigenesis will shed light on the molec-
ular mechanism underlying the ALK-Hippo pathway
involved in cancer progression and therapy.

Beside ALK, our kinome-wide inhibitor screen also
identifies many regulators of LATS and YAP/TAZ.
Some kinase regulators were already reported as up-
stream regulators of LATS or YAP/TAZ (e.g., Src, ATR,
FAK, Syk, PAK, Aurora A, BRAF, PERK, p38) (9, 45, 46),
whereas many positive (e.g., eEF2K, IRE1, SMG1, PIM,
TrkA) or negative kinase (e.g., TBK1, y-secretase, JAK?2,
PLK) regulators are novel. Further characterization of
these kinases and their ligands in regulation of the
Hippo pathway will shed a light on new roles that the
Hippo pathway may play inregulating various biologic
processes.

CONCLUSIONS

In this study, we developed the first ultra-bright NLuc
LATS BS that has extremely high sensitivity and sta-
bility. Therefore, it will have wide applications for
monitoring the dynamics and activity of LATS kinase
and the Hippo pathway in many biologic and bio-
chemical analyses in the future. Moreover, we identify
YAP/TAZ-PD-L1 as a novel downstream signaling axis
mediating ALK function in immune evasion. Our
findings offer other scientists and clinicians a novel
strategy of targeting Hippo component YAP/TAZ
alone or together with ALK (combined therapy) for
more effective treatment of ALK-involved or ALK
inhibitor-resistant cancers.
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