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ABSTRACT
The c-Myc (MYC) transcription factor is amajor cancer driver and
a well-validated therapeutic target. However, directly targeting
MYC has been challenging. Thus, identifying proteins that
interact with and regulate MYC may provide alternative strate-
gies to inhibit its oncogenic activity. In this study, we report the
development of a NanoLuc-based protein-fragment comple-
mentation assay (NanoPCA) and mapping of the MYC protein
interaction hub in live mammalian cells. The NanoPCA system
was configured to enable detection of protein–protein interac-
tions (PPI) at the endogenous level, as shown with PRAS40
dimerization, and detection of weak interactions, such as
PINCH1-NCK2. Importantly, NanoPCA allows the study of PPI
dynamics with reversible interactions. To demonstrate its utility
for large-scale PPI detection in mammalian intracellular

environment, we have used NanoPCA to examine MYC in-
teraction with 83 cancer-associated proteins in live cancer cell
lines. Our new MYC PPI data confirmed known MYC-interacting
proteins, such as MAX, GSK3A, and SMARCA4, and revealed
a panel of novel MYC interaction partners, such as RAC-a
serine/threonine-protein kinase (AKT)1, liver kinase B (LKB)1,
and Yes-associated protein (YAP)1. The MYC interactions with
AKT1, LKB1, and YAP1 were confirmed by coimmunoprecipita-
tion of endogenous proteins. Importantly, AKT1, LKB1, and
YAP1 were able to activate MYC in a transcriptional reporter
assay. Thus, these vital growth control proteins may represent
promising MYC regulators, suggesting new mechanisms that
couple energetic and metabolic pathways and developmental
signaling to MYC-regulated cellular programs.

Introduction
The c-Myc (MYC) transcription factor, identified three

decades ago, is encoded by the proto-oncogene MYC and is
highly deregulated in a wide range of human malignancies
(Vennstrom et al., 1982; Meyer and Penn, 2008). MYC is a
master regulator that integrates signals from numerous path-
ways to modulate diverse cellular processes, such as prolifer-
ation, cell growth, apoptosis, differentiation, transformation,
and metabolism (Meyer and Penn, 2008; Tu et al., 2015). To

understand MYC function in normal cell biology and tumor
progression, it is crucial to establish clear relationships be-
tween MYC status and cellular regulatory networks.
Characterization of the MYC protein–protein interaction

(PPI) network is one of the major efforts to systematically
interrogate MYC function through establishing detailed mo-
lecular connectivity. A large set of the MYC interactome data
has become available through the application of a number of
PPI detection technologies, such as yeast two-hybrid (Rolland
et al., 2014) and affinity purification-mass spectrometry–
based methods (Ewing et al., 2007; Agrawal et al., 2010;
Dingar et al., 2015). Due to the unstable nature and strong
chromatin association of MYC protein in cells, capturing
MYC-mediated PPIs in a live cellular context has the potential
to provide novel insights into the MYC regulatory system.
Protein-fragment complementation assays (PCAs) provide

an efficient way for the detection of PPIs both in vitro and
in vivo (Michnick et al., 2000, 2007; Michnick, 2001; Kodama
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and Hu, 2012). In this system (Fig. 1A), two proteins of
interest, X and Y, are genetically fused with complementary
N- and C-terminal fragments of a reporter protein, respec-
tively. Upon the interaction of X and Y, the complementary
fusion fragments are brought into close proximity, reconsti-
tuting the PCA reporter protein activities (Fig. 1A).
The applicability of PCA has been significantly expanded by

employing various reporter proteins, such as b-galactosidase
(Rossi et al., 1997), fluorescent proteins (Hu et al., 2002; Zhang
et al., 2002; Kodama and Hu, 2012; Tchekanda et al., 2014),
and luciferases (Paulmurugan et al., 2002; Paulmurugan and
Gambhir, 2003; Remy and Michnick, 2006). The poor revers-
ibility of fluorescent protein-based PCAs and the weak optical
intensity of conventional luciferase-based PCAs largely hinder
their broad application (Magliery et al., 2005), particularly for
high-throughput PPI screening assays. A PCA platform featur-
ing robust sensitivity in detecting PPI at physiologic levels
of expression that allows miniaturization in an ultrahigh-
throughput screening (uHTS) format is highly desirable.
NanoLuc luciferase (NLuc) (Hall et al., 2012) is the smallest

(19 kDa), ATP-independent monomeric luminescent protein,
engineered from the luciferase of a luminous deep-sea shrimp,
Oplophorus gracilirostris. Together with the novel imidazo-
pyrazinone substrate, furimazine, NLuc generates glow-type

luminescence with a specific activity about 100-fold greater
than that of the Firefly or Renilla luciferases (Hall et al.,
2012). In addition, NLuc is stable over a wide range of
environmental conditions, such as temperature, pH, urea,
and ionic strength (Hall et al., 2012). Thus, the relatively
small size, bright signal, and physical stability make NLuc a
candidate PCA reporter protein that may offer many advan-
tages over conventional approaches for biochemical and
pharmacological investigations.
In this work, we describe the development and validation of

an NLuc-based PCA system that we termed NanoLuc-based
PCA (NanoPCA). We demonstrate the following: 1) its en-
hanced sensitivity that enables the detection of PPI at various
endogenous expression levels and weak interactions; 2) its
reversibility that allows detection of protein dissociation upon
inhibitory peptide or small-molecule PPI inhibitor treatment;
and 3) its adaptability for large-scale uHTS PPI mapping of
c-MYC interactors. With NanoPCA in H1299, a human non-
small cell lung carcinoma cell line, and HCT116, a human
colon carcinoma cell line, we successfully identified a MYC
PPI hub by examining the PPIs between protein products of
c-MYC and 83 cancer-associated genes. This study identified
RAC-a serine/threonine-protein kinase (AKT)1, liver kinase B
(LKB)1, and Yes-associated protein (YAP)1 as candidate MYC

Fig. 1. Design and development of NanoPCA. (A) NanoPCA design. N- or C-NLuc fragments are genetically fused to theN-terminal end of each protein of
interest, X and Y, respectively. PCA signal can be detected when N- and C-NLuc fragments reconstitute into active full-length NLuc upon interaction of
proteins X and Y. (B) Overall predicted secondary structure and selection of the splitting site of NLuc. (C–I) Schematic illustration of the predicted
secondary structure of seven pairs of NLuc fragments. Secondary structural elements are colored as following: random coil with red, helix with green, and
sheet with cyan. (J) Identification of the potential splitting site of NLuc using 14-3-3s dimerization as a model. Luminescence signal was measured from
live H1299 cells expressing the indicated NanoPCA 14-3-3s constructs, respectively. H1299 cells expressing full-length NLuc were used as positive
control. (K) Identification of the optimized splitting site of NLuc using four additional known PPIs as indicated. Error bars represent S.D. from three
independent experiments. *P , 0.01.
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regulators, suggesting potential mechanisms through which
MYC is coupled to cellular metabolic and developmental
pathways.

Materials and Methods
Construction of Plasmids. The N- and C-terminal fragments of

theNluc and RLuc were amplified by polymerase chain reaction from
pNL1.1[Nluc] and pRL-null vector, respectively (Promega, Madison,
WI). The fragments were cloned into the HindIII and NheI sites of
the mutated pcDNA3.2/V5-DEST vector (g894t, t908g, a3182c, and
c3243g) to generate Gateway cloning-friendly NLuc-PCA vectors. The
mutatedpcDNA3.2/V5-DESTvectorwas generated viamutagenesis using
the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA). Gateway cloning system (Invitrogen,
Carlsbad, CA) was used to generate the mammalian expression plasmid
containing the gene cDNA withNluc fragment tagged at its 59 end. In all
cases, a 10-amino-acid flexible linker sequence [(Gly4Ser)2] was inserted
between the Nluc fragment and the partner gene cDNA. The pDONR
vector containing the gene cDNA was either purchased from DNASU or
cloned by polymerase chain reaction. All plasmids generated were
confirmed by sequencing.

Cell Culture and Transfection. Lung cancer H1299 cells, breast
MCF7, pancreatic PANC-1, glioblastoma LN229 cells, colorectal
carcinoma HCT116, prostate carcinoma DU145, skin melanoma
A375, and liver hepatocellular carcinoma HepG2 cells were obtained
from American Type Culture Collection (Manassas, VA). All cells
maintained their appropriate culture medium. Cells were incubated
at 37°C in humidified conditions with 5% CO2. Linear polyethyleni-
mines (Polysciences, Warrington, PA; catalogue 23966) were used as
the transfection reagent throughout the study.

PCA Measurements. PCA signal measurements were performed
48 hours after transfection. N- and C-NLuc or N- and C-RLuc-tagged
plasmids were cotransfected, as indicated. After 48-hour incubation,
furimazine (NanoGlo; Promega, Madison, WI) or ViviRen (Promega)
was added to the cells directly for live cell–based NanoPCA or
Renilla luciferase-based PCA (RLuc-PCA)measurement, respectively.
Furimazine or Coelenterazine-h (Promega) was used for cell lysate–
based NanoPCA or RLuc-PCA measurement. The luminescence
signals were measured immediately using an Envision Multilabel
plate reader (PerkinElmer, Waltham, MA). Luminescence measured
from PPI pairs and empty vector control pairs was defined as PCA
signal and background, respectively.

Glutathione S-Transferase Pull-Down and Coimmuno-
precipitation. Glutathione S-transferase (GST) pull-down and
coimmunoprecipitation assays were performed essentially as de-
scribed previously (Havel et al., 2015). For Western blotting, cells
were lysed and centrifuged for 15 minutes at 4°C. Total protein was
quantified using the Bradford reagent, and equal amounts of total
protein were mixed with 4� SDS sample buffer, incubated at 95°C for
5 minutes, and separated by SDS-PAGE. After electrophoresis,
proteins were transferred to a nitrocellulose filter membrane (Bio-
Rad, Hercules, CA) and blocked for 1 hour at room temperature. Each
membrane was incubated with the appropriate primary antibody at
4°C overnight. The blots were then incubated with horseradish
peroxidase–conjugated secondary antibodies for 1 hour, washed three
times with PBST (1X Phosphate Buffered Saline Tween-20), and
visualized using the ImmobilonWestern chemiluminescent horserad-
ish peroxidase substrate (Millipore, Billerica, MA). The following
primary antibodies were used: rabbit anti-PRAS40 (IBL,Minneapolis,
MN); rabbit anti-GST (Santa Cruz Biotechnology, Santa Cruz, CA;
sc-459); mouse anti-Flag (Sigma-Aldrich, St. Louis, MO; M2); mouse
anti-LKB1 (Santa Cruz Biotechnology; sc-32245); mouse anti-AKT1
(Santa Cruz Biotechnology; sc-5298); rabbit anti-P65 (Santa Cruz
Biotechnology; sc-372); rabbit anti-YAP (Santa Cruz Biotechnology;
sc-15407); mouse anti-MYC (Santa Cruz Biotechnology; sc-40); and
rabbit anti-MYC (Santa Cruz Biotechnology; sc-764).

Time-Resolved Föster (Fluorescence) Energy Transfer As-
say. Time-resolved (TR)–Föster/fluorescence energy transfer (FRET)
assay was performed to monitor the small-molecule inhibitory effect,
as described before (Du et al., 2013). Briefly, GST- and Venus-tagged
PRAS40 were cotransfected and expressed in HEK293T cells, and
cells were lysed with 1% Nonidet P-40 lysis buffer [20 mM Tris-HCl
(pH 7.0), 50mMNaCl, 1%Nonidet P-40]. Lysateswere serially diluted
in TR-FRET buffer [20 mM Tris-HCl (pH 7.0), 50 mM NaCl, 0.01%
Nonidet P-40] to obtain the optimal signal. Terbium-conjugated GST
antibody was used to couple GST-tagged protein as a FRET donor.
Venus-tagged proteins served as a FRET acceptor. The FRET signal
was measured on the Envision spectrophotometer (excitation wave-
length, 337 nm; emission wavelength, 520 nm).

Myc Reporter Assay. Myc reporter assay was performed by
transfection of HEK293T, H1299, and HCT116 cells with the Myc
Reporter (luc) plasmids. Forty-eight hours after transfection, lucifer-
ase activities were determined usingDual-Glo luciferase assay system
(Promega). Relative Myc activity was expressed by normalizing the
luciferase activity (Firefly/Renilla) to the empty vector control.

Data Analysis and Statistics. For uHTS data, all analyses were
performed using the MatLab package (MathWorks, Natick, MA). The
statistical significance of the differences between NanoPCA PPI and
control signals was calculated with the one-way analysis of variance,
which can be used to compare the differences in means of two or
more groups of data points (Heiman, 2010; http://www.stat.cmu.edu/
∼hseltman/309/Book/Book.pdf). In particular, for every PPI, two
statistical groups were generated. The first group contained the
NanoPCA signals obtained in quadruplicate for the PPI (e.g.,
N-Nluc-MYC 1 C-Nluc-gene X), and the second group included
NanoPCA signals obtained in quadruplicate for two empty
vector controls (e.g., control 1: N-Nluc-MYC 1 C-Nluc and control 2:
N-Nluc1C-Nluc-gene X). TheP values less than 0.05 were considered
significant. Because only two groups of data were subjected to analysis
of variance analysis, no additional tests (e.g., post hoc tests) are required
to confirm the difference between the PPI and control groups. However,
to ensure that thePPI signals are stronger than the signals of the empty
vector controls, the signal/background ratios were calculated as a
ratio of averaged PPI signal to the highest of averaged signals
obtained for the empty vector controls: signal over background (S/B) 5
PPIAVR/max(control 1AVR/control 2AVR). Accordingly, PPIs that demon-
strate P values less than 0.05 and S/B. 1 were considered as positive.
For other two groups of data, the significance of differences was
analyzed using paired two-tailed Student’s t test in Prism 6.0 software.

Results
For efficient detection of PPIs for protein network analysis

and pharmacological studies in a live cell environment, we
sought to develop a sensitive assay system that permits the
implementation of ultrahigh-throughput screening applica-
tions. We selected the highly versatile PCA system (Michnick
et al., 2000, 2007; Michnick, 2001; Kodama and Hu, 2012) and
investigated the feasibility of adapting NLuc for enhanced
performance in a PCA configuration.
Selection of a Nanoluc Protein Complementation

Pair. To develop the NanoPCA, we first examined potential
fragmentation sites and generated a library of seven pairs of
NLuc fragments (Fig. 1, B–I). To minimize the structural
perturbation, the cleavage sites were localized within seven
unstructured domains (Fig. 1, B–I), according to a predicted
secondary structure of NLuc using the I-TASSER suite
(Yang et al., 2015). We then genetically fused the correspond-
ing N- and C-terminal NLuc fragment (N-NLuc and C-NLuc)
to a test protein, 14-3-3s (Fu et al., 2000). Coexpression of the
N- and C-NLuc-14-3-3s constructs in H1299 cells led to robust
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luciferase activity, suggesting that constitutive 14-3-3s di-
merization leads to reconstitution of the inactive N- and
C-NLuc fragments into active NLuc (Fig. 1J). Live cells
expressing three potential pairs of NLuc fragments, with
fragmentation sites at Asn52 (N52), Leu67 (L67), and Asp148

(D148), reached about 10% of the full-length luminescence
signal (Fig. 1J). To eliminate the bias of using a single 14-3-3
PPI example and to further narrow down the fragmentation
site among N52, L67, and D148, four additional known
PPIs were examined, CDK6/CDKN2B (Hannon and Beach,
1994), PRAS40/PRAS40 (Havel et al., 2015; Mo et al., 2016),
14-3-3s/RAF-1 (Fu et al., 2000), and YAP1/TEAD2 (Vassilev
et al., 2001; Zhao et al., 2008). As shown in Fig. 1K, these four
PPIs showed the highest luminescence signal at fragmenta-
tion site at L67, which was selected for NanoPCA in the
following studies.
Comparative Sensitivity of NanoPCA for PPI Detection.

The RLuc-PCA has been widely used for detection of PPIs
(Paulmurugan and Gambhir, 2003). Therefore, RLuc-PCA
was used as a benchmark for the development of NanoPCA
using PRAS40 dimerization as a model system (Havel et al.,
2015; Mo et al., 2016). We first generated a dose-response
curve using a range of PRAS40 protein expression levels and
measured PCA signals for PRAS40 dimerization. As revealed
by Western blot analysis (Fig. 2A), PRAS40 proteins as the
N- and C-NLuc–tagged, or N- and C-RLuc–tagged fusions
were exogenously expressed at levels ranging from less to
greater than endogenous PRAS40 expression. At expression
levels that were comparable to or even lower than the
endogenous PRAS40 (Fig. 2A, lanes 4–6), PRAS40 dimeriza-
tion could be detected using NanoPCAwith S/B up to 350-fold.
At such endogenous levels, the PRAS40 interaction could not
be detected with RLuc-PCA (Fig. 2B). Thus, the increased
sensitivity of NanoPCA compared with that of the RLuc-PCA
platform suggests a particular advantage of the NanoPCA in
the setting of low protein expression. Moreover, this enhanced
sensitivity allows detection of PPIs under physiologic expres-
sion conditions.
Such a sensitivity of NanoPCA may allow the detection of

PPIs with low binding affinity. To test this notion, we
examined theperformance ofNanoPCAwith thePINCH1/NCK2
pair, a known PPI with a low binding affinity (KD ∼3 � 1023 M)
(Vaynberg et al., 2005).We observed significant PCA signal upon
expression of N-NLuc-PINCH1 and C-NLuc-NCK2 with S/B of
more than 10-fold (Fig. 2C). No significant signals were detected
for PINCH1/NCK2 with the conventional RLuc-PCA. Our

results demonstrate that NanoPCA has enhanced detection
sensitivity compared with RLuc-PCA, enabling the detection
of PPIs at low expression levels of tested proteins, as well as
PPIs with low binding affinity.
NanoPCA for Monitoring PPI Dynamics. Irreversibil-

ity is a perceived limitation of PCA, particularly PCAs based
on fluorescence proteins (Hu et al., 2002; Magliery et al., 2005;
Kodama andHu, 2012). Poor reversibility often results in high
false-positive discovery rate in PPI detection, and also largely
hinders the further application of PCA for monitoring protein
dynamics.
To test the reversibility of NanoPCA in live cells, we first

evaluated the reversible interactions between 14-3-3s and its
binding partners, such as PRAS40 and RAF1, by coexpressing
a disruptive peptide, R18, known to effectively disrupt the
binding of 14-3-3 with client proteins (Masters and Fu, 2001).
When theR18 disruptive peptidewas coexpressed in cells with
14-3-3s and PRAS40 or RAF1, we observed 60% and 40% less
luminescence from the interaction of 14-3-3s with PRAS40
or RAF-1 than cells without R18 (Fig. 3A), suggesting the
dissociation of the interactions in the NanoPCA settings.
We next examined the reversibility of NanoPCA in cell

lysate using a small-molecule PPI inhibitor. Wemonitored the
dissociation of PRAS40 dimer upon the treatment of cells with
our previously described PRAS40 dimerization inhibitor,
p-chloromercuribenzoic acid. With p-chloromercuribenzoic
acid treatment, a dose-dependent decrease of luminescence
signal from the PRAS40 dimer, but not from full-length NLuc,
was observed with IC50 of 22 mM (Fig. 3B), which is consistent
with the IC50 of 29.9 mM from TR-FRET assay (Fig. 3C), as
well as our previously observed IC50 using GST pull-down
experiments (Mo et al., 2016). These results suggest that
reconstitution of the complementary fragments of NanoLuc is
dependent on target protein interactions, and the associated
N- and C-terminal NanoPCA subunits were able to dissociate
reversibly.
Miniaturized NanoPCA Allows Rapid PPI Detection

across Multiple Cell Lines. The high sensitivity of the
NanoPCA technology enables miniaturized configuration for
uHTS, which permits a wide range of applications, such as
uHTS PPI mapping. The uHTS assay platform in the 1536-
well plate was developed similarly, as described previously
(Mo and Fu, 2016; Mo et al., 2016). Briefly, cells were plated in
a high-density 1536-well plate, and, after 24 hours, forward
transfection was performed robotically from 384-well DNA
plate in four replicates. To test the utility of uHTS NanoPCA

Fig. 2. Characterization of the sensitivity of NanoPCA. (A) Expression of N- and C-NLuc or RLuc-tagged PRAS40 compared with endogenous PRAS40.
HEK293T cells were cotransfected with various amounts of NanoPCA or RLuc-PCA PRAS40 construct. Whole-cell lysate was applied to Western blot
analysis with anti-PRAS40 antibodies. (B) PCA analysis. Whole-cell lysate from the same sample as indicated in (A) used for Western blot analysis was
added into the 1536-well plate for PCA detection. (C) Comparison between the NanoPCA and RLuc-PCA for measuring the extremely weak PPI,
PINCH1/NCK2, in live H1299 cells. The data are expressed as mean 6 S.D. from three independent experiments. *P , 0.01.
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technology for rapid PPImapping, we focused on the oncogenic
MYC interactome as an example. MYC is dysregulated in
more than 50% of human cancers (Meyer and Penn, 2008).
However, the molecular basis of the oncogenic activity of
MYC under various physiologic contexts is still not completely
understood.
The complexity of PPI maps largely results from cellular

context-dependent protein dynamics, and thus an experimen-
tal method allowing PPI detection in multiple cell lines is
highly preferable (Schaefer et al., 2013). We tested the
scalability of NanoPCA for PPI detection across multiple cell
lines. We selected seven known MYC interaction partners,
CDK4, CDK6, GSK3A, MAX, SMARCA4, TP53, and MYC
homodimer, and eight different human cancer cell lines, A375,
DU145, H1299, HCT116, HepG2, LN229, MCF7, and PANC1,
from various tissues of origin. MYC and test partners were
coexpressed in these cells. NanoPCA signals were recorded. A
heat map was constructed using PPI signals compared with
background from empty vector controls (Fig. 4A). Using the
NanoPCA platform, we validated the selected known PPIs
with significantly higher S/B . 1.0 and P , 0.05 in all of the
cell lines tested (Fig. 4A). These results suggest that these
knownMYC interaction partnersmay play a generalized role in
MYC signaling across tissues or cell lines of different origins.
Identification of Novel MYC Partners with NanoPCA

Profiling. We explored the capability of NanoPCA for PPI
profiling to discover newMYC interaction partners. As a proof
of concept, we mapped the interactions of MYC with a focused
set of human cancer-associated proteins using the OncoPPi
library v.1 (Li et al., 2016) (Supplemental Table 1), expressed
in H1299 and HCT116 cell lines. As shown in the heat map
(Fig. 4B), 58 PPIs were considered as positive with S/B . 1.0
and P value , 0.05 in at least one cell line, and 53 of these
58 PPIs were positive in both cell lines. Using NanoPCA
technology, 10 of 12 (about 83%) of known MYC-interacting
partners (Chatr-Aryamontri et al., 2015) were successfully
identified in at least one cancer cell line (Fig. 4, A and B). As
shown in the Venn diagram (Fig. 4C), 27 of 53 NanoPCA-
positive were also validated by TR-FRET, as described for the
OncoPPi v1 network (Li et al., 2016).
To build a high-confidence MYC oncogenic PPI network, we

selected 53 interactions, including 6 known (in red) and
49 novel (in black) interactions that were positive in both cell
lines (Fig. 4D). These 49 novelMYC-interacting partners span
across various groups of established oncogenic signaling
pathways, including a panel of transcription regulators,
AKT signaling, cell cycle regulators, mitogen-activated

protein kinase signaling, Hippo pathway, adaptor proteins,
autophagy, and other pathways.
Validation of AKT1, LKB1, P65, and YAP1 as MYC

Interaction Partners. This oncogenic MYC PPI hub sug-
gests several potential mechanisms underlying MYC regula-
tion through interaction with several novel binding partners,
such as AKT1, LKB1, P65, and YAP1. GST pull-down was
employed as an orthogonal confirmatory method to validate
these four novel PPIs. The GST-affinity chromatography gave
rise to significantly higher signals for the PPI pairs than
empty tag vector controls (Fig. 5A). To further validate the
connectivity between these four genes with MYC, coimmuno-
precipitation assay was used to examine interaction of
endogenously expressed proteins. As shown in Fig. 5B, we
successfully detected protein complexes of MYC with ATK1,
LKB1, P65, andYAP1, respectively, with the indicated protein
antibodies, but not with IgG controls.
To gain further functional insights into these new MYC

interactions, we tested the effect of AKT1, P65, LKB1, and
YAP1 onMYC-driven transcriptional activity using an E-box–
basedMYC reporter assay in three different cell lines,HEK293T,
H1299, and HCT116. As shown in Fig. 5, F–H, in the presence
of extracellular signal-regulated kinase 1, a known MYC inter-
actor (Sears et al., 2000), as a positive control, MYC activity was
increased comparedwith the empty vector control. AlthoughP65
expression failed to enhance the MYC reporter activity, expres-
sion of AKT1, LKB1, and YAP1 led to increased reporter signals,
suggesting their positive roles in modulating MYC activity.

Discussion
In the present study, we have demonstrated that NanoPCA

is a highly sensitive techniquewith simple add-and-readmode
(no washing step) that can be readily used to detect PPIs in
a live cell environment at low protein expression level. The
Gateway cloning friendly vector system developed in this
study provides a convenient platform for cDNA library-based
PPI network mapping. Additionally, the stable glow-type
luminescence of NLuc (Hall et al., 2012) is well suited for
high-throughput applications. In contrast,Gaussia luciferase-
based PCA is limited by the fast flash kinetics of the Gaussia
luciferase reaction (Tannous et al., 2005; Remy and Michnick,
2006; Tannous, 2009; Gilad et al., 2014). Because of its
simplicity and sensitivity, NanoPCA can be miniaturized
and automated for high-throughput applications. Moreover,
NanoPCA is reversible and thus allows the study of PPI
dynamics, such as PPI inhibitor discovery.

Fig. 3. Monitoring PPI dissociation using NanoPCA. (A) PCA signal for 14-3-3s with PRAS40 or RAF-1 in the presence or absence of disruptive peptide
R18. (B and C) The p-chloromercuribenzoic acid induced dissociation of PRAS40 dimer with NanoPCA (B) and TR-FRET (C). A dose-dependent decrease
of PCA and TR-FRET signal for PRAS40 dimerization with increasing PCMB concentration is observed. The data are expressed as mean 6 S.D. from
three independent experiments. *P , 0.01.
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Design and selection of the optimal fragmentation site are
critical for developing PCA technology with robust perfor-
mance. In the NanoPCA settings, an optimal pair of NLuc

fragments was identified as the splitting site at Leu67 located
in an unstructured coil region from Ile62 to Gln74 (Fig. 1B).
This fragmentation site is in agreement with another splitting

Fig. 4. High-throughput PPI mapping of oncogenic MYC interactome. (A) Heat map of known MYC PPIs in eight cell lines showing four independent
replicates. (B) Oncogenic PPI profiling of N-NLuc-MYC against C-NLuc–tagged genes library. Four independent replicates were shown in the heat map.
(C) The Venn diagram of the distribution of positive PPIs identified in NanoPCA platform and TR-FRET–based OncoPPi v1 network (Li et al., 2016). (D)
An oncogenicMYCPPI hub. PPIs that are positive with S/B. 1.0 andP, 0.05 in both cell lines were selected. Colors are assigned as indicated. PPIs that
are double positive in both NanoPCA and TR-FRET were denoted in bold italic. MAPK, mitogen-activated protein kinase.
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position at N65, which is also in the Ile62-Gln74 region,
identified by Zhao et al. (2016) using protein aggregation as
a model system. In accordance with previous PCA technolo-
gies, the split NanoPCA protein achieves up to 10% reconsti-
tution of activity compared with full-length NLuc (Fig. 1J).
Further engineering the peptide fragments through amino
acid substitution may further increase the reconstitution
activity. For example, Dixon et al. (2016) recently developed
a NanoLuc Binary Technology (NanoBiT), through engineer-
ing and substituting 16 amino acid residues of the nativeNLuc
1–156 peptide, and increased the reconstitution activity up to
37% of NLuc.
With the NanoPCA technology presented in this work, we

have demonstrated its robust performance in a uHTS format
and capability of detecting known and discovering novel
MYC-interacting proteins in a live cancer cellular context. In

contrast, previous MYC interactomes established using other
high-throughput PPI detection platforms use nonhuman
expression systems (such as yeast two-hybrid), or lack the
ability to detect PPI signal in live cells without lysing and
washing steps (such as affinity purification-coupled mass
spectrometry). These limitations highlight the critical impor-
tance of developing a homogenous high-throughput PPI
detectionmethodwith the capability ofmonitoring PPIs under
physiologically relevant conditions in various cellular con-
texts, such as with NanoPCA.
MYC is a validated oncogene with pluripotent activities

through engaging a wide spectrum of other proteins; to date,
about 568 MYC-interacting proteins have been reported
(Chatr-Aryamontri et al., 2015). In this study, we tested a
total of 83 cancer-associated proteins for MYC binding, and
53 of these were positive. Such high connectivity (∼64%) partly

Fig. 5. Validation of novel PPI inter-
actors. (A) GST pull-down and (B–E)
endogenous coimmunoprecipitation val-
idation of MYC interaction with (B)
AKT1, (C) P65, (D) STK11, and (E)
YAP1. (F–H) Functional validation of
MYC activity in the presence of AKT1,
STK11, P65, and YAP1 in (F) HEK293T,
(G) H1299, and (H) HCT116 cell lines.
The data are expressed as mean 6 S.D.
from three independent experiments.
*P , 0.01. WCL, whole cell lysate.
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results from the focused set of cancer-focused genes included
in the screen (Barabási et al., 2011), and also probably reflects
the intrinsic nature of MYC as an important signaling node
(Chatr-Aryamontri et al., 2015). However, PCAs are prone to
both false negatives and false positives. False positives could
be in part due to overexpression-induced reconstitution of
the luciferase activity. Thus, alternative experimental ap-
proacheswithout involving luciferase reporter are required for
confirmation of positive interactions. The near endogenous
level of fusion proteins required for detecting positive PPIs in
our NanoPCA is expected to significantly reduce the potential
false-positive rate. In this study, 27 of 53 positive PPIs have
been confirmed in both NanoPCA and TR-FRET, whereas
other 26 were solely positive in NanoPCA. These 26 PPIs will
need further investigation to assess whether they are true or
false positives. For example, MYC-YAP1 interaction, which
was positive in NanoPCA, but not in TR-FRET, has been
confirmed as true positive in alternative GST-pull-down and
endogenous co-immunoprecipitation experiments. In con-
trast, false negatives could result from protein tag-mediated
steric hindrance for certain PPIs. Using multiple fusion
orientations for a particular PPI pair is expected to capture
true positives, reducing false negatives.
The prominent role of MYC in tumorigenesis makes it an

ideal candidate for targeted cancer therapy. Because numer-
ous lines of evidence suggest that direct pharmacological
inhibition of MYC is challenging due to its lack of enzymatic
activity and binding pocket (Tu et al., 2015), a better un-
derstanding ofMYC function and regulation throughmapping
of its PPI network may inform promising alternative strate-
gies to inhibit the oncogenic activity ofMYC (Hart et al., 2014).
Interestingly, through this study, we have revealed a large
number of potential MYC interactors and validated three
promising MYC partners, including AKT1, LKB1, and YAP1.
These novel MYC PPIs provide evidence for the previously
described pluripotency of MYC in regulating these signaling
pathways (Partanen et al., 2007; Clegg et al., 2011; Xiao et al.,
2013). Although our current studies focused on the establish-
ment of the novel NanoPCA platform and the demonstration
of its utility for the rapid discovery of multiple novel MYC
partners, functional roles of these newly revealed partners in
the MYC regulatory system remain to be established.
The phosphatidylinositol 3-kinase/AKT/mTOR (mechanis-

tic target of rapamycin) survival pathway, LKB1/AMPK
metabolic pathway, and Hippo-YAP developmental pathway
are three of frequently dysregulated cell signaling pathways
involved in tumorigenesis and progression. Moreover, the
functional relevance of MYC with AKT1, LKB1, and YAP1
has been suggested by previous studies (Partanen et al., 2007;
Clegg et al., 2011; Xiao et al., 2013). For example, the
association between MYC and AKT1 activity has been report-
ed based on the evidence that several knownMYCmodulators,
such as FOXO1, MAD1, and CDCA7, can be phosphorylated
by AKT1 in vitro or in vivo (Bouchard et al., 2004; Zhu et al.,
2008; Gill et al., 2013). The direct interaction of AKT1 and
MYC discovered in our study, together with the MYC-TSC1
interaction (Fig. 4D), provides another layer of linkage between
the phosphatidylinositol 3-kinase/AKT/mTOR (mechanistic
target of rapamycin) survival pathway and the MYC transcrip-
tional machinery.
The functional relevance of LKB1 for MYC function has

been suggested recently based on the observation of indirect

suppression of MYC activity by LKB1 in epithelial polarity
regulation, as well as through MZF1, extracellular signal-
regulated kinase 1/2, or signal transducer and activator of
transcription 3 signaling in lung adenocarcinoma cell line
models (Partanen et al., 2007; Liang et al., 2009; Tsai et al.,
2015). The LKB1-MYC PPI revealed in this study indicates a
potential mechanism of direct regulation of MYC by LKB1. It
is noteworthy that we observed a significant increase of MYC
reporter signal upon the overexpression of LKB1, which is
unexpected based on previous data of LKB1-induced suppres-
sion of MYC (Partanen et al., 2007; Liang et al., 2009; Tsai
et al., 2015). Further investigation, such as profiling of LKB1-
dependent MYC target gene expression, is needed to examine
how the LKB1-MYC PPI contribute to the process of tumor-
igenesis and progress.
Recently, the connection between the Hippo-YAP and MYC

pathways has been explored, and a positive feedback loop
linked by c-ABL has been suggested underlying YAP and
MYC’s oncogenic activity in liver cancer (Xiao et al., 2013).
Through our study, we identified and validated the YAP1-
MYC PPI, suggesting a direct coupling of MYC to the Hippo
developmental pathway. Moreover, the interactions between
MYC and NF2, RASSF1, LATS2, and TEAD2 (Fig. 4D)
identified in our study further suggest the involvement of
MYC at different regulatory points in the Hippo pathway.

Conclusion
In summary, we have developed an NLuc-based PCA

technology, termed NanoPCA. We have demonstrated robust
performance of NanoPCA to study dynamic PPIs in live cells
with high specificity, sensitivity, and reversibility. The signif-
icantly enhanced sensitivity of NanoPCA enabled the de-
tection of PPIs at endogenous expression levels, or with low
binding affinity, in 1536-well uHTS format. Application of
NanoPCA allowed rapid mapping of the oncogenic MYC PPI
hub across multiple cancer cell lines. We validated three
promisingMYC interactors (AKT1, LKB1, and YAP1), revealing
their functional importance in the regulation of oncogenic MYC.
The established NanoPCA PPI sensors will be readily available
for protein interaction studies and chemical probe discovery.
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