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Background: Our previous study suggested NR4A2, a subfamily member of orphan nuclear receptors, is
essential for survival of human cancer cells such as mucoepidermoid carcinoma (MEC).

Methods: We conducted high throughput drug screening for NR4A2 inhibitors as a novel therapeutic
modality. Positive screening was performed using a luciferase reporter vector containing NR4A2 binding
sequence, and a CRE-reporter control vector was used to eliminate false positives. In vitro assays for positive
hits were conducted.

Results: A total of 23 Food and Drug Administration (FDA) and 43 Life Science Library compounds were
identified, including several epidermal growth factor inhibitors and Src inhibitors. Subsequent iz vitro assays
confirmed that identified compounds were preferentially active in NR4A2+ cancer cells. Several candidate
compounds appeared to suppress NR4A2 via inhibition of p-ERK, whereas a novel compound KU0171309
may act as a more direct inhibitor.

Conclusions: Further research should focus on homologue selectivity, in vivo activity, and definitively
deciphering the mechanism of action of KU0171309.
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Introduction

Cancer remains a major healthcare issue worldwide.
According to world health organization, approximately
8.2 million people annually succumb to the disease (1).
While many factors contribute to cancer development and
mortality, it is clear that more effective anticancer drugs
are needed. Progress in understanding cancer biology
has led to discovery of molecular alterations that can be
pharmacologically targeted by small molecule inhibitors.
For instance, somatic activating mutations in epidermal
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growth factor gene (EGFR) sensitize lung cancer cells to
tyrosine kinase inhibitors (TKI) such as erlotinib (2,3).
These genetic changes occur relatively infrequently, and
efficacy of the targeted therapies is almost always temporally
(4-6). So, improved outcomes for precision therapies will
require strategies to overcome drug resistance as well as
discovery and validation of new, targetable oncogenic
pathways for development of new therapies.

Our team has worked on molecular characterization

of mucoepidermoid carcinoma (MEC), which commonly
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occurs in human salivary gland as well as upper respiratory
tract (7). A common chromosomal translocation t(11:19)
reported in the literature led to our discovery of a unique
fusion gene, cAMP responsive element binding (CREB)-
regulated transcription coactivator 1 (CRTC1)-Mastermind-
like protein 2 (MAML2), in most human MEC tumor
samples and cell line (7,8). We and others also found that this
fusion gene up-regulates CREB protein signaling and CREB
responsive genes such as Amphiregulin (AREG) and NR4A?2
(9-11). Our further research determined that CRTCI1-
MAML2+ MEC tumors and non-small cell lung cancer
(NSCLC) with loss of liver kinase B (LKB1) gene, which
commonly occurs in NSCLC, are sensitive to gene silencing
of NR4A2 in vitro (12).

NR4A2, also known as Nurrl, belongs to a subfamily of
the orphan nuclear receptor NR4As (13). These receptors
transcriptionally regulate cell proliferation, apoptosis,
inflammation, neuronal development, and carcinogenesis
(13,14). Several studies suggest an oncogenic role of
NR4A2, because its expression was associated with poor
patient outcome, invasive phenotype, and resistance to
systemic therapy (15-18). These studies include gene
silencing of NR4A2 in preclinical models (17). Currently,
there is no clinically available agent that is known to target
NR4As for the treatment of human cancer.

We conducted high throughput drug screening with
a luciferase-based in vitro assay to identify agents to
suppress NR4A2 expression which were validated later in
our preclinical assays. Compound libraries included Food
and Drug Administration (FDA)-approved drugs, which
could potentially be quickly repurposed, as well as a diverse
collection of drug-like scaffolds. This study may lead to
development of NR4A?2 inhibitors and also help researchers
explore inhibitors of other orphan receptor genes.

Methods
Chemicals, screening compounds, and vectors

Chemicals used for in vitro studies were purchased
as follows: G418 Sulfate (Corning, NY, USA); H-89
dihydrochloride hydrate, S31-201, Sigma-Aldrich (St. Louis,
MO, USA); afatinib, rapamycin, sorafenib, dasatinib, LC
Laboratories (Woburn, MA, USA); gefitinib, dabrafenib,
AZD9291, CO1686, OSI-420, bosutinib, vemurafenib,
SelleckChem (Houston, TX, USA); KU171309, Life
Chemicals Inc. (Niagara-on-the-Lake, Canada). Reagents
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for transfection (Lipofectamine 2000) were purchased from
Invitrogen (Carlsbad, CA, USA). Dual Luciferase Reporter
Assay System, and Steady Glo Luciferase Assay System kits
were obtained from Promega (Maddison, MI, USA).

Compounds used for high throughput screening were
obtained from Life Chemicals and FDA library. Firefly
luciferase vectors (pGL4.26, positive screen; pGL4.29,
negative screen) were purchased from Promega (Maddison,
MI, USA). GFP vectors (pCMV6-AC-GFP) and plasmid
containing open reading frame of human NR4A2 was
purchased from OriGene Technologies (Rockville,
MD, USA).

Cell lines, growth assay, and establishmment of sublines

NCI-H3118, H2087, H2126 were kindly gifted by Dr.
Frederic Kaye (University of Florida). All of them were
originally derived from human individuals with MEC
(H3118) and NSCLC (H2087 and H2126) at National
cancer Institute, and have been maintained by standard
tissue culture techniques. UM-SCC-81B, a human
squamous cell carcinoma cell line, was kindly donated by
Dr. Thomas Carey at University of Michigan via material
transfer agreement. All cells were cultured in RMPI1640
medium with 10% fetal bovine serum and grown at 5%
CO,. All cells were also tested for mycoplasma by Lonza
Mycoalert Assay when we received cells.

Unless otherwise noted, in vitro growth assay was
performed with 96-well plates, and cells were placed at a
density of 500-1,000 cells/well on the day prior to drug
exposure which lasted for 48 hours. Thereafter amount of
live cells were determined by CellTiterGlo assay (Promega,
Maddison, MI, USA) according to manufactures guideline.
A triplicate was made for each treatment condition
(i.e., time and concentration), and a median and 95%
confidence interval were determined based on at least three
independent experiments.

A total of five repeated nucleotide sequences of NuRE
[5-GAT CGT GAT ATT TAC CTC CAA ATG CCA-
3 (19)] were cloned into pGL4.26 luciferase vector by
standard molecular biology technique. H3118 cells
were then transfected with the pGL4.26 containing
5xNuRE sequence or pGL4.29 which contains CRE
using Lipofectamine 2000°, according to manufacturer’s
recommendation. Transient transfection was performed,
repeated five times, and relative luciferase activity was
determined by normalization with Renilla luciferase using
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Dual-Luciferase Reporter system® (Promega) according to
the manufactures guideline. Stably transfected H3118 cell
clones were selected by G418, and then further expanded
till we confirmed stable expression of the luciferase gene by
Steady Glo Luciferase Assay System® (Promega).

H2087 cells stably expressing GFP-NR4A2 or GFP
alone were established similarly. GFP tagged pCMV-AC-
GFP vectors with or without NR4A2 gene were transfected
into NR4A2 negative H2087 cells. Positive clones for each
vector construct were selected by G418, and then expanded
for cell growth assay.

High throughput screening

The primary screening was performed using a stably
transfected H3118 cell line expressing luciferase reporter
under the control of 5xNuRE regulatory elements. To
identify compounds modulating luciferase expression,
10,000 cells were plated in in each well of 384 well
microplates to screen a total of 20,427 compounds. Labcyte
Echo 555 was used to acoustically transfer the 5,384 FDA/
Bioactive compounds (5 pM) and Life Chemical diversity
set (15,040 compounds: 10 pM) to the assay plates. After
48 h of incubation, One-Glo luciferase detection reagent
(Promega, Madison, MI, USA) was added to the cells and
luminescence was quantified using Perkin Elmer Enspire.
An average Z’ score of 0.73£0.05 was obtained across all
assay plates screened. The primary hits were identified as
compounds that inhibited luminescence to >40%, which
was a cut-off defined by plate median plus three standard
deviations.

Reconfirmation of primary hits

The 316 FDA/bioactive compounds and 254 Life Chemical
diversity compounds were cherry-picked from library stocks
and their activity reconfirmed in a concentration response
assay. The two cell lines H3116.4.26. NuRE as well as
H3116.4.29 cell lines were treated with 20, 10, 5 and 2.5
M FDA/Bioactive compounds and at 40, 20, 20, 5 and 2.5
pM of Life Chemical compounds. At 48 h post exposure,
the luminescence was quantified using One Glo luciferase
assay kit (Promega). Along with luminescence inhibition,
the effect of compounds on cytotoxicity of the two cell lines
was also measured in parallel using the Cell Titer Glo assay
(Promega).

Immunoblotting

Western blot analyses were performed as previously
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reported. A total of 18-50 pg protein derived from cell
lysate was prepared using standard method, then loaded
onto SDS-PAGE gels. Subsequently electrophoresis,
transfer to PVDF membrane, and blotting with primary
and secondary antibodies followed. Blotting signals were
detected by ChemiDoc™ MP Imaging System. Primary
and secondary antibodies were purchased from as follows:
NR4A2 (1:1000), R & D Systems (Minneapolis, MN, USA);
EGFR (1:1000), p-EGFR (1:1000), ERK (1:1000), p-ERK
(1:1000), Cell Signaling Technology (Danvers, MA, USA);
GAPDH (1:1000), Santa Cruz (Dallas, TX, USA); anti-
mouse IgG, HRP-linked Antibody (1:5000), Cell Signaling
Technology (Danvers, MA, USA), and Goat anti-Rabbit
IgG (H + L), HRP Conjugate (1:5000), Thermo Fisher
Scientific (Waltham, MA, USA). Blotted membranes were
washed, and then incubated with SuperSignal™ West
Femto (Thermo Fisher Scientific, Waltham, MA, USA) at
room temperature for 5 min prior to image scanning.

RT-PCR

mRNA was extracted from tissue culture cells using RNeasy
kit (Qiagen, Germantown, MD, USA). Thereafter cDNA
was made using SuperScript® IIT First-Strand Synthesis
SuperMix (Thermo Fisher Scientific). A total of 30 cycles
of PCR reaction with the cycle conditions: 98.0 °C for 30 s,
followed by 30 cycles of 98.0 °C for 10's, 59.0 °C for 25 s and
72.0 °C for 25 s was performed by thermal cycler, Veriti®
96-Well Fast Thermal Cycler. PCR primers for human
NR4A2 and GAPDH are as follows: NR4A2(Forward
57-CGACATTTCTGCCTTCTCC-3’, Reverse
5’-GGTAAAGTGTCCAGGAAAAG-3’), GAPDH
(Forward 5’-GCCACATCGCTCAGAACCA-3’, Reverse
5’-CCAGCATCGCCCCACTTGAT-3"). Samples were
then loaded onto 1-2% agarose gel containing ethidium
bromide for visualization.

Statistical analyses

Statistical significance was determined using two-sided
Student’s t-test or Mann-Whitney U test (Wilcoxon rank-
sum test) as appropriate. P<0.05 was considered to be
significant.

Statement of ethics

Ethics approval was not required for this study because no
human or animal was involved.
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Results
High throughput drug screening for NR4A2 inbibitors

In order to identify candidate agents targeting NR4A?2
signaling, we undertook a cell-based high throughput
screening using isogenic human cancer cells. Transient

603

transfection of NCI-H3118, a human MEC cell line
constitutively expressing endogenous NR4A2, with
pGL4.26 luciferase vector containing NR4A2 binding
sites (19), exhibited high level luciferase expression as
compared to H2087 cell line (Figure 14). A positive H3118
clone with stable luciferase activity was used to screen a
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Figure 1 Screening of NR4A2 inhibitors. (A) Transient transfection of H3118 with luciferase vector containing NR4A2 binding site
(5xINuRE) showed more than 20 times higher relative luciferase activity than that of H2087 cells whose median is adjusted at 1.0 (P<0.0001,
two sided, Wilcoxon rank-sum test). Columns and bars indicate mean and standard deviation, respectively; (B) high throughput drug
screening was performed using FDA approved agents and Life Science Library (Life); (C) suppression of luciferase activity by candidate
agents. Activity of luciferase vector containing NR4A2 binding sites (green) was compared to the one containing CRE sites (red). One

sample for each of four concentrations was assessed.
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Table 1 List of candidate compounds identified by high throughput
drug screening [1]

FDA approved agents (N=23) Target/class

GSK1070916 Aurora Kinase

PF-03814735 Aurora Kinase

CYC116 Aurora Kinase
CO-1686 (AVL-301) EGFR
0SI-420 EGFR
Erlotinib HCI EGFR
PD173074 FGFR
TAK-632 Raf

Bosutinib (SKI-606) Src

TW-37 Bcl-2
KPT-276 CRM1
CNX-774 BTK

Thioguanosine Purine metabolism

HMN-214 PLK
CX-4945 (Silmitasertib) CK2
PTC-209 BMI-1
Ispinesib (SB-715992) Kinesin
Oprozomib (ONX 0912) Proteasome
BX-795 IkB/IKK
Tipifarnib (Zarnestra) Transferase

Rilpivirine Reverse Transcriptase

Ciclopirox (Penlac) Antifungal agent

Raloxifene HCI Estrogen agonist/antagonist

EGFR, epidermal growth factor receptor; FGFR, fibroblast
growth factor receptor; CRM1, chromosome maintenance
protein 1; BTK, Bruton’s tyrosine kinase; PLK, polo-like kinase;
CK2, Casein kinase 2; BMI-1, B lymphoma Mo-MLV insertion
region 1.

total of 20,427 compounds including 5,387 FDA approved
agents and known bioactives and 15,040 compounds from
Life Chemical diversity scaffold Library. A total of 316
and 254 compounds, respectively, were shown to suppress
luciferase activity by more than 40%, which was a cut-off
defined by plate median plus three standard deviations.
Secondary screening was conducted with an isogenic H3118
cells expressing cAMP responsive element (CRE)-luciferase
(pGL4.29). This was used to eliminate false positive
compounds that can suppress luciferase activity, leaving 23
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FDA and 43 Life Chemical compounds as potential NR4A2
inhibitors (Figure 1B, Tables 1,2). These positive hits have
differential activity to suppress luciferase activity driven by
endogenous NR4A2, and minimal effect on CRE-luciferase.
Of note, several positive hits among FDA approved agents
were known inhibitors for EGFR and Src. Examples of
these positive hits are shown in Figure 1C.

In vitro validation studies for positive hits

Several compounds were validated for iz vitro sensitivity
according to NR4A2 expression status. As we have
previously reported, H3118 and H2126 cells showed high
NR4A2 expression at both protein and mRNA levels,
whereas H2087 and UM-SCC-81B cells showed very low
to undetectable expression (Figure 24,B) (11). RT-PCR
analysis showed that UM-SCC-81B cells had no CRTC1-
MAML2 translocation (data not shown). These findings
are consistent with our previous study demonstrating that
cells with either CRTC1-MAMIL2 translocation (H3118) or
loss of LKB1 (H2126) had relatively high NR4A2 level as
compared to wild type cells (H2087).

In vitro growth inhibitory activities of the several hits
were tested for these four human cancer cell lines. EGFR
inhibitors (erlotinib, OSI-420, CO-1686), a Src inhibitor
(bosutinib), and a compound from Life Chemical library
with unknown mechanism of action (KU0171309) had
superior growth inhibitory activity for H3118 as compared
to other three cell lines (Figure 2C). An isogenic H2087
cell line stably expressing GFP-NR4A2 gene (H2087-
GFP-NR4A2) was more sensitive to these compounds than
H2087-GFP cell (Figure 3).

Mechanism of action of NR4A2 inbibitors

To further determine mechanism of action of the potential
NR4A?2 inhibitors, H3118 cells were treated with EGFR/
Src inhibitors and KU0171309. EGFR inhibitors (Erlotinib,
Afatinib) and Src inhibitors (Bosutinib, Dasatinib)
suppressed both NR4A2 and phospho-ERK, whereas
KU171309 suppress NR4A2 without affecting p-ERK
(Figure 4). Compounds targeting downstream of EGFR
such as BRAF (dabrafenib, vemurafenib), mTOR/S6K
(rapamycin, H89), STAT3 (S3I), MEK (trametinib) did
not significantly affect NR4A2 level (Figure 4 and data
not shown). Although BRAF inhibitors (Dabrafenib and
Vemurafenib) suppressed pERK, they did not consistently
suppress NR4A2 expression or cell growth (Figure 4 and

Transl Lung Cancer Res 2017;6(5):600-610
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Table 2 List of candidate compounds identified by high throughput
drug screening [2]

Life Science Library (N=43)
KU0167544
KU0167550
KU0167722
KU0167773
KU0167968
KU0168362
KU0168765
KU0168797
KU0169225
KU0169368
KU0171126
KU0171128
KU0171229
KU0171309
KU0172147
KU0172188
KU0172224
KU0172456
KU0173552
KU0173653
KU0173967
KU0173971
KU0173997
KU0174272
KU0174672
KU0174734
KU0174812
KU0174866
KU0174947
KU0175066
KU0175084
KU0175218
KU0175240
KU0175912

Table 2 (continued)
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Table 2 (continued)

KUO0176266
KU0177264
KU0177529
KUO0177721
KUO0178525
KU0179573
KU0179649
KU0181526
KU0182540

data not shown).

Discussion

Orphan nuclear receptor family members share several
biological features across species. They act as transcriptional
factors to regulate downstream genes, and lack endogenous
ligands despite common ligand-binding structures (13).
This family includes subfamilies such as NROBs, NR1Ds,
NR2Es, NR2Fs, NR4As, and NR6As. NR4A2 is a member
of NR4A subfamily with significant similarity in ligand-
binding domains to NR4A2 and NR4A3. Recent studies
demonstrated that NR4A2 is involved in a number of
biologic processes to regulate homeostasis. It plays a
key role in neuronal development, inflammation, and
carcinogenesis (13,14). Unlike its homologues NR4A1
and NR4A3 where their concomitant loss lead to acute
leukemia in murine models (20,21), studies on NR4A2
mostly demonstrated its role as an oncogene. For instance,
its forced expression leads to resistance to chemotherapy-
induced apoptosis in several human cancer types (18,22).
Overexpression of NR4A2 and its association with poor
patient outcome have been reported for several human
cancer types (15,16,18,22). Given lack of inhibitors for
any transcription factors in cancer therapy, development
of NR4A2 inhibitors will likely encourage researchers to
explore other transcription factors as therapeutic targets.
Our previous research indicated that NR4A2 is one of
the promising targets for subsets of MEC and NSCLC
tumors (12). We found that CRTC1-MAML?2 transgene in
MEC tumor has activated CREB signaling, whereas LKB1
null NSCLC cells have under-phosphorylated CRTCl1
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Figure 2 In vitro sensitivity assay for candidate agents. (A) NR4A2 expression at protein level was assessed by SDS-PAGE electrophoresis.
CRTC1-MAML2 + (H3118) and LKB1 mutant cells (H2126) showed high NR4A2 expression; (B) mRNA expression of NR4A2 was also
tested for the corresponding human cell lines; (C) cells were incubated with candidate agents for 48 hours at indicated concentration in 96
well plates. Differences in sensitivity between H3118 and H2087 cells at 1 pM were assessed using two sided, Wilcoxon rank-sum test. Stars

indicate P<0.05.

which leads to its nuclear localization to induce CREB
signaling (9,12). NR4A2 was found to be a key molecule to
sustain their cell growth iz vitro.

Our high throughput screening procedure determined
that 23 FDA approved/bioactive and 43 Life Chemical
compounds suppressed luciferase activity driven by
endogenous NR4A2. Subsequent study demonstrated
several EGFR inhibitors, Src inhibitors, and a compound
KUO0171309 had differential activity for NR4A2+ cells.
EGFR and Src inhibitors appear to inhibit NR4A2
expression via blocking ERK signaling, which is known to
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regulate NR4A2 in cancer cells (23). KU0171309, however,
inhibits NR4A2 through a different—possibly direct but
currently unknown—mechanism. Inhibitors of downstream
targets of EGFR/Src such as BRAF, MEK, STAT3, mTOR
did not suppress NR4A2 level (Figures 4,5). In particular,
BRAF inhibitors (Dabrafenib and Vemurafenib) were
unable to suppress NR4A2 level and growth of H3118 cells
despite depletion of p-ERK. Therefore ERK signaling does
not seem to be the sole mechanisms to suppress NR4A2
level, and other collateral pathways related to EGFR/Src
may have a role in NR4A2 regulation. For instance, EGFR
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isogenic H2087 cell lines at 1 uM were assessed using two sided, Wilcoxon rank-sum test. Stars indicate P<0.05.

and Src inhibitors may suppress PI3K and STAT?3 along
with ERK. NR4A2 is known to be regulated by PI3K-Akt
signaling whose simultaneous suppression with ERK may
significantly impact NR4A2 regulation (24).

NR4A2 expression can also be regulated by prostaglandins,
NF«B, Wnt/beta-catenin and other signals. As a
transcription factor, NR4A2 regulates many downstream
signal pathways such as osteopontin, angiogenesis, and
maturation of regulatory T cells (13,14). Therefore
further investigation regarding the mechanism of action of
KU171309 may need to consider possible effects on these
pathways, in addition to possible direct effects on NR4A2.

Recent studies demonstrated that EGFR-TKIs have
selective activity for cells with somatic mutation in EGFR
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kinase domain that primarily drives cell growth (2,3). These
driver/activating mutations in EGFR gene are now used
in clinic to select patients who benefit from EGFR-TKIs.
As a result of these observations, indications approved by
FDA for such TKIs are currently restricted to patients
with activating mutations. However, there are several
lines of preclinical and clinical evidence to suggest the
use of EGFR-TKIs for EGFR wild-type cancers. We and
others previously reported that mucoepidermoid cell lines
with CRTC1-MAML2 translocation had relatively high
sensitivity to EGFR-TKIs in vitro (9,11). Wu et al. revealed
that CRTCI1-MAML2 chimera gene regulates EGFR ligand
AREG which in turn leads to addiction to EGFR signaling,
and that EGFR inhibitors were effective for in vitro and
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Figure 4 Suppression of NR4A2 and downstream targets by candidate agents. (A) EGFR and Src inhibitors as well as KU 171309
suppressed NR4A2 level; (B) inhibition of downstream pathways of EGFR and Src were assessed by western blotting. EGFR and Src
inhibitors showed suppression of p-ERK, whereas KU171309 had no effect.

in vivo models (11). Whang et a/. demonstrated that EGFR
wild-type/LKB1 null NSCLC cells are relatively sensitive
to EGFR-TKIs due to impaired energy metabolism and
mitochondrial dysfunction, although they do not have
activating EGFR mutation (25). Moreover, phase III clinical
trials showed survival advantage for EGFR-TKIs over
control in stage IV/recurrent NSCLC where a vast majority
of patient population seemed EGFR wild-type (26,27).
Besides activating EGFR mutations, our present study
suggests that certain cell types (e.g., CRTC1-MAML2,
LKBI null) might possibly show collateral sensitivity to
EGFR-TKIs due to suppression of pERK and downstream
effects on NR4A2. This hypothesis awaits validation in
future studies in vitro and in vivo.

To the best of our knowledge, this is the first study to
identify agents targeting NR4A2 in human cancer cells.
Most positive hits except KU0171309 suppressed NR4A2
level via depletion of p-ERK. Future studies must include
validations regarding homologue selectivity (lack of effect
on NR4A1 and NR4A3), determination of mechanism of

© Translational lung cancer research. All rights reserved.
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action for KU0171309, and iz vivo studies. These future
investigations should yield insights that may facilitate
academic and industry development of inhibitors targeting
NR4A2, and possibly additional orphan nuclear receptors.
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Figure 5 Mechanism of action of NR4A2 inhibitors. NR4A2 are regulated by a number of signaling pathways including downstream
cascades of EGFR and Src. EGFR and Src inhibitors can suppress NR4A2 level via depleting p-ERK and possibly others such as PI3K,

whereas individual downstream inhibitors (e.g., mMTOR/S6K inhibitors) cannot do so. KU171309 seems to have a novel, unknown

mechanism to downregulate NR4A2.
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