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Development of a High-throughput NanoBRET Screening
Platform to Identify Modulators of the RAS/RAF
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Activating mutations in RAS are found in approximately 30% of
human cancers, resulting in the delivery of a persistent signal to
critical downstream effectors that drive tumorigenesis. RAS-driven
malignancies respond poorly to conventional cancer treatments and
inhibitors that target RAS directly are limited; therefore, the iden-
tification of new strategies and/or drugs to disrupt RAS signaling in
tumor cells remains a pressing therapeutic need. Taking advantage
of the live-cell bioluminescence resonance energy transfer (BRET)
methodology, we describe the development of a NanoBRET screen-
ing platform to identify compounds that modulate binding between
activated KRAS and the CRAF kinase, an essential effector of RAS
that initiates ERK cascade signaling. Using this strategy, libraries
containing synthetic compounds, targeted inhibitors, purified nat-

Introduction

The RAS GTPases, which include HRAS, KRAS, and NRAS, are
among the most prevalent drivers of human cancer, with approxi-
mately 30% of tumors harboring an oncogenic RAS allele (1). The
prominent role of the RAS proteins in tumorigenesis is not surprising
given the importance of RAS-driven signaling in the control of cell
proliferation. In response to normal growth signals, receptor tyrosine
kinases routinely engage guanine nucleotide exchange factors to
promote the conversion of RAS to its active GTP-bound state (2).
Once activated, RAS interacts with critical downstream effectors such
as the RAF kinases (ARAF, BRAF, and CRAF) to further propagate the
signal. Following signal transmission, GTPase-activating proteins
(GAP) facilitate the conversion of RAS back to its inactive GDP-
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ural products, and natural product extracts were evaluated. These
efforts resulted in the identification of compounds that inhibit
RAS/RAF binding and in turn suppress RAS-driven ERK activation,
but also compounds that have the deleterious effect of enhancing the
interaction to upregulate pathway signaling. Among the inhibitor
hits identified, the majority were compounds derived from natural
products, including ones reported to alter KRAS nanoclustering
(ophiobolin A), to impact RAF function (HSP90 inhibitors and ROS
inducers) as well as some with unknown targets and activities. These
findings demonstrate the potential for this screening platform in
natural product drug discovery and in the development of new
therapeutic agents to target dysregulated RAS signaling in human
disease states such as cancer.

bound state (2). However, in the case of oncogenic RAS proteins,
cancer-associated mutations often cause structural changes that dis-
rupt GAP binding or reduce the intrinsic GTPase activity of RAS (3),
resulting in constitutive effector engagement and the constant delivery
of signals that promote tumor initiation and maintenance.

It is well established that for mutant RAS proteins to exert their full
oncogenic potential, they must interact with the RAF kinases to engage
the ERK cascade (4, 5). RAS binding recruits autoinhibited RAF
monomers from the cytosol to the plasma membrane, where they
become activated through a mechanism that involves relief of
autoinhibition and dimerization (6). In RAS-dependent signaling,
CRAF/BRAF heterodimers appear to predominate and form highly
active dimeric complexes that promote the sequential activation of the
downstream MEK and ERK kinases (7). Importantly, it has been
shown that RAS-mediated ERK activation can be blocked when
RAS/RAF binding is disrupted through mutational events or by the
expression of peptides or proteins that encode key regions of the RAS-
binding domain (RBD) of RAF (8-10).

Recently, our group has used the bioluminescence resonance energy
transfer (BRET) methodology to further investigate the RAS/RAF
interaction in live cells (11). This work revealed previously unknown
binding preferences among the RAS and RAF family members and
demonstrated the marked sensitivity of the assay in detecting changes
in RAS/RAF binding. Importantly, the BRET assay preserves the
spatial environments of a live cell as well as pathway regulation, thus
it has the potential to detect both direct and indirect inhibitors of RAS
or RAF function. Taking advantage of this methodology, here, we
describe the development and use of a BRET-based screening platform
to identify compounds that can modulate RAS/RAF binding in living
cells. The libraries evaluated included ones containing synthetic
compounds and targeted inhibitors, as well as those comprised of
purified natural products or natural product extracts. Through these
efforts both inhibitors and enhancers of this critical interaction were
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identified, demonstrating the potential of this methodology to discover
and characterize new agents for targeting RAS-driven malignancies.

Materials and Methods

Cell lines and reagents

293FT and reconstituted RAS-deficient mouse embryo fibroblasts
(MEF) were cultured in DMEM supplemented with 10% FBS, 2 mmol/L
L-glutamine, and 1% penicillin/streptomycin. MCF10A cells and those
stably expressing KRASS'2Y were cultured in DMEM/F12 supplemen-
ted with 5% horse serum, 0.5 plg/mL hydrocortisone, 20 ng/mL EGF,
100 ng/mL cholera toxin, 10 ug/mL insulin, and 1% penicillin/
streptomycin. All cells were grown at 37°C under 5% CO,. 293FT
(catalog no. PTA-5077, RRID:CVCL_6911) and MCF10A (catalog no.
CRL-10317, RRID:CVCL_0598) cells were purchased from ATCC.
Reconstituted RAS-deficient MEFs were obtained from and sequenced
by the NCI-RAS Initiative to confirm the loss of all endogenous RAS
proteins and subsequent integration of the KRAS?'® or BRAF"*"F
alleles. All cell lines were confirmed to be Mycoplasma negative using
the MycoAlert kit (Lonza).

The LOPAC library of known bioactive compounds was
from Sigma. Other synthetic and pure natural products were
obtained from the Drug Synthesis and Chemistry Branch, NCI-
Developmental Therapeutics Program (DTP, Frederick, MD) and
from the NCI-Molecular Targets Program. Natural product
extracts were obtained from the Natural Products Support Group
NCI-DTP. CMLD compounds were provided by the Boston Uni-
versity Center for Molecular Discovery (Boston, MA; ref. 12).
Antibodies, key reagents, and DNA constructs used in this study
are listed in Supplementary Table S1.

NanoBRET assay

The NanoBRET protocol was adapted from the technical manual
provided in the Promega NanoBRET Protein:Protein Interaction
System. For assay validation, 293FT cells were plated at a density of
4 x 10° cells per well of a 6-well dish, and for screening purposes, cells
were plated at a density of 2 x 10° cells per 10 cm dish. The next day,
cells were transfected using the X-tremeGENEY transfection reagent
per the manufacturer’s instructions, using a 2:1 ratio of X-treme-
GENE9 to DNA. For the DNA constructs, an acceptor to donor ratio of
5:1 was used (125 ng pCMV-Halo-KRAS?*'® and 25 ng pCMV-Nano-
CRAFYT per 10 cm dish or 25 ng pCMV-Halo-KRAS?®'® and 5 ng
pCMV-Nano-CRAF"T per well of a 6-well plate). A total of 24 hours
after transfection, cells were trypsinized, washed in complete media,
and resuspended in OptiMEM containing 4% FBS at a concentration
of 1.1 x 10° cells per mL. HaloTag 618 ligand was then added to the cell
suspension (1 p{L/mL), and 36 UL of the cell mixture was plated per well
of a 384-well white-walled tissue culture plate using a uFill dispenser
(BioTek), prior to incubation at 37°C. The next day, 10 x stocks of each
drug were prepared in phenol-free medium. A total of 4 UL of the 10x
drug stock was then added to the appropriate wells using the Biomek
FXliquid handler to yield a final volume of 40 pL. For a vehicle control,
DMSO was diluted in media and added to cells to make a final
concentration of 0.4% DMSO. Plates were incubated with drug for
4 hours at 37°C. To measure BRET, the Nano-Glo substrate was
diluted into phenol-free medium (10 uL/mL) and 10 pL of the mixture
was added to each well, following which the liquid volumes were mixed
for 60 seconds using an orbital shaker. Donor (460 nm) and acceptor
(618 nm) emissions were measured within 10 minutes of substrate
addition using the Envision microplate reader (Perkin Elmer) contain-
ing a 460/50 nm emission filter and a 610 nm LP filter. The BRET signal
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was calculated using the following formula: acceptor 618 nm emission/
donor 460 nm emissions x 1,000.

For saturation curve analysis, a 6-point saturation curve was
generated in which cells plated in a 6-well dish were transfected with
a constant amount (5 ng) of the energy donor construct (Nano-CRAF)
and increasing amounts (0-100 ng) of the energy acceptor plasmid
(Halo-KRAS). For competition experiments, a non-BRET-tagged
construct encoding the CRAF regulatory domain (pcDNA3-FLAG-
CRAF-Reg) was co-transfected into cells at increasing DNA concen-
trations along with the Nano-CRAF"" (5 ng) and Halo-KRAS?®'®
(25 ng) constructs. Following transfection, cells were processed, and
BRET signals determined as described above.

Data analysis

The donor emission value, acceptor emission value, and the BRET
signal were normalized for each test sample based on the averaged
values obtained from wells on each plate that were treated with
DMSO alone. Z values were calculated using methods described in
ref. 13. ICs, values were estimated from dose-response curves using
Prism (GraphPad) or SigmaPlot (SPSS Inc.) 4-parameter logistic
nonlinear regression analysis. P values presented in the Results section
are derived from Student t tests (unpaired, two sided, assuming
unequal variance; GraphPad Prism). Significant values are indicated
in figures (*, P <0.05; **, P< 0.01; ***, P<0.001; and ****, P < 0.0001).

Recombinant lentivirus and stable cell line generation

Recombinant lentivirus particles were generated by co-transfecting
psPAX2 and pMD2 with the pLenti Halo-KRAS®'?V construct into
293T cells using the X-tremeGENE9 transfection reagent. A total of
72 hours after transfection, the virus-containing supernatant was
collected, centrifuged to remove any cellular debris, and then stored
at —80°C. MCF10A cells were infected with viral supernatants con-
taining 8 ug/mL polybrene for 24 hours, following which growth
media containing 0.8 jlg/mL puromycin was added.

Cell lysis, immunoprecipitation, and analysis of cell signaling
Cells were washed twice with ice cold PBS and lysed in NP-40 lysis
buffer [20 mmol/L Tris (pH 8.0), 137 mmol/L NaCl, 10% glycerol, 1%
NP-40 alternative, 0.15 U/mL aprotinin, 1 mmol/L phenylmethylsul-
fonyl fluoride, 0.5 mmol/L sodium vanadate, 20 pmol/L leupeptin] for
15 minutes at 4°C on a rocking platform. Lysates were collected and
clarified by centrifugation at 14,000 rpm for 10 minutes at 4°C,
following which protein content was determined by Bradford assays.
Lysates containing equivalent amounts of protein were incubated with
the appropriate antibody and protein G Sepharose beads for 2 hours at
4°C on a rocking platform. The immune complexes were collected,
washed extensively with NP-40 lysis buffer, and examined by immu-
noblot analysis along with aliquots of total cell lysate. For signaling
studies, the indicated cell lines were plated at approximately 70%
confluency. A total of 48 hours after plating, cells were treated as
indicated with the appropriate compound and then lysed. Lysates were
equalized for protein content and examined by immunoblot analysis.

Surface plasmon resonance binding

Surface plasmon resonance (SPR) binding experiments were per-
formed on a Biacore $200 instrument (GE Healthcare). Avi-KRAS®!2P
(amino acids 2-188) loaded with the non-hydrolyzable GTP analog,
GppNHp, or avi-tagged CRAF-RBD (amino acids 52-131) were
captured on CM5 sensor chips (GE Healthcare) containing amine
coupled Neutravidin (10,000 RU). For single dose binding, compounds
were diluted to 100 pmol/L in buffer containing 20 mmol/L HEPES
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(pH 7.5), 150 mmol/L NaCl, 0.05% Tween 20, 5 mmol/L MgCl,, and
2.5% DMSO prior to injection over avi-CRAF-RBD (3,000 RU) or over
avi-KRASS'*P-GppNHp (3,800 RU). For dose-response binding, a
2-fold dilution series of each compound was prepared (100-1.56 pmol/
L in the above buffer) and injected over avi-RAF-RBD (1,785 RU) or
over avi-KRASS'?P-GppNHp (2,300 RU). The data were processed by
subtracting binding responses on the reference flow cells as well as
binding responses when buffer was injected. The samples were also
corrected for DMSO mismatches using a DMSO standard curve.

Results

Development and validation of a NanoBRET assay monitoring
RAS/RAF binding in live cells

The BRET methodology was used for the development of our
screening platform (14), as BRET allows for protein—protein interac-
tions to be monitored in real time and in a live cell context. This assay
involves the use of target proteins in which one target is tagged with an
energy donor and the second is tagged with an energy acceptor. When
the two target proteins interact, the donor and acceptor tags are
brought in close proximity such that energy from the donor is
transferred to the acceptor, resulting in acceptor fluorescence that is
used to determine the BRET signal (acceptor emission/donor
emission; Fig. 1A). For our screen, we chose to use the NanoBRET
system, in which the NanoLuc (Nano)-tag serves as the energy donor
and the Halo-tag functions as the energy acceptor (15). An advantage
of this system is that NanoLuc is a smaller and more robust energy
donor than those used in traditional BRET assays and in combination
with the Halo-tag 618 TM ligand, provides a wide spectral separation
of the donor and acceptor emission peaks, resulting in a broad dynamic
range.

Mutant KRAS and full-length, wild-type (WT) CRAF were selected
as the BRET pair, given that KRAS is the RAS family member most
frequently mutated in human cancer (3) and that our previous BRET
analysis revealed that mutant KRAS produces the strongest BRET
signal when paired with CRAF (11). In addition, because a primary
objective of the screen would be to identify compounds that reduce
signal output, the Q61R mutant of KRAS was utilized as the energy
acceptor due to its high GTP occupancy (16) and ability to generate a
higher BRET signal across a range of acceptor to donor ratios than did
the G12D or G12V mutants (Fig. 1B). Moreover, based on saturation
curve analysis and donor titration studies, an acceptor to donor ratio of
5 was used for further assay validation and screening, as this ratio
yielded a strong BRET signal and lay within the ideal dynamic range for
detecting changes in RAS/RAF binding (Fig. 1C and D).

To confirm the specificity of the NanoBRET assay, proteins contain-
ing mutations known to alter the RAS/RAF interaction were first
analyzed. As shown in Fig. 1E, when the RBD of Nano-CRAF
contained the R89L mutation that disrupts RAS binding, the BRET
signal was reduced > 94% in comparison with that generated by the
Halo-KRAS®®'®/Nano-CRAFW? pair. Likewise, a significant reduc-
tion in the BRET signal (~80%) was observed when the farnesylation
and membrane binding of Halo-KRAS®'® was disrupted by the
C185A mutation (Fig. 1E). The effect of these mutations on RAS/
RAF binding were further confirmed in co-immunoprecipitation
assays (Fig. 1F).

Next, to demonstrate that binding between Halo-KRASY'® and
Nano-CRAF"Y" could be disrupted in live cells, we employed a
competition-based approach in which a non-BRET-tagged protein
encoding the CRAF regulatory domain (CRAF-Reg, which contains
the RBD) was coexpressed with the Halo-KRAS?*'¥/Nano-CRAFV?®

AACRJournals.org

NanoBRET Screen for Modulators of the RAS/RAF Interaction

pair. As shown in Fig. 2A, CRAF-Reg was able to inhibit the inter-
action of full-length Nano-CRAF"" and Halo-KRAS®'® in a dose-
dependent manner, achieving an 82% reduction in the BRET signal.

Because there are no known inhibitors that can directly block the
RAS/RAF interaction, further assay validation was conducted using
compounds that indirectly alter this interaction. For example, ERK-
mediated feedback phosphorylation of the RAFs is part of a well-
established regulatory circuit to disrupt RAS/RAF binding and atten-
uate RAS signaling (17). As a result, when oncogenic RAS delivers a
persistent signal, the RAFs must be continually dephosphorylated to
restore their RAS-binding capability. Therefore, when cells were
treated with the phosphatase inhibitor okadaic acid, a significant
reduction in the BRET signal (~40% to 60%) was observed that
correlated with the accumulation of hyperphosphorylated, RAS-
binding incompetent Nano-CRAF"" (Fig. 2B).

Next, we evaluated the effect of treating cells with the farnesyl
transferase inhibitor FT1227. As expected, given the compensatory
mechanism whereby KRAS can be geranylgeranylated to restore
plasma membrane binding, FT1227 treatment for either 24 or 48 hours
did not decrease the Halo-KRAS?®'®/Nano-CRAF"' interaction
(Fig. 2C). In contrast, cells expressing Halo-HRAS®*'® and Nano-
CRAFY" exhibited a time-dependent reduction in the BRET signal
(Fig. 2C). These findings are consistent with the selective displacement
of Halo-HRAS, but not Halo-KRAS, from the plasma membrane by
FTI treatment and demonstrate the specificity of the assay and its
ability to detect compounds that target specific RAS/RAF complexes.

Finally, to determine whether the NanoBRET assay can also be used
to identify compounds that augment the RAS/RAF interaction, we
examined the effect of treating cells with the RAF inhibitor SB590885.
Although ATP-competitive RAF inhibitors are well known for their
ability to promote and stabilize RAF dimers, binding of these com-
pounds to the RAF catalytic domain has also been reported to disrupt
RAF autoinhibition and, in turn, facilitate RAS binding (18). Consis-
tent with this report, when cells were treated with the RAF inhibitor
SB590885, the interaction between Halo-KRAS?®'® and Nano-
CRAF™" was increased approximately 35% (Fig. 2D). Thus, taken
together, the above results demonstrate the effectiveness of the Nano-
BRET assay in detecting compounds that can modulate KRAS®'®/
CRAF"" binding.

Optimization of the RAS/RAF NanoBRET assay for high-
throughput screening

To maximize the efficiency and sensitivity of the NanoBRET assay
for screening purposes, further studies were conducted to determine
the optimal cell plating density, conditions for compound treatment,
as well as the repeatability of the assay. With regard to plating densities,
we found that the donor emission was linear with respect to cell
number when cells were plated at densities of 4,000 to 8,000 cells per
well, but not when plated at a higher cell density of 12,000 cells per well
(Fig. 3A). Nonetheless, because the ratiometric format of the assay
readout (acceptor 618 nm emission/donor 460 nm emission) insulates
against variations in cell number, only a small decrease in the BRET
signal was observed at the higher cell density (Fig. 3A), demonstrating
a broad effective window. The assay was further found to have a
Z’-factor of 0.6 and a signal to background ratio of >17, indicating a
high-quality assay well suited for high-throughput screening (HTS)
and one insensitive to small variations in cell number.

A test set of 352 natural product extracts was next used to evaluate
various sample incubation times and to confirm the suitability of the
assay for natural products discovery. When incubation periods of 1, 2,
and 4 hours were compared, detection of inhibitory compounds
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Figure 1.

Development and validation of the NanoBRET RAS/RAF interaction assay. A, Model illustrating the proximity-based NanoBRET assay. B, Comparison of the
BRET signals obtained when 5 ng of the Nano-CRAFWT donor construct was co-transfected with Halo-KRAS Q61R, G12V, or G12D acceptor constructs at acceptor to
donor ratios of 5 (25 ng), 10 (50 ng), or 20 (100 ng). C, Shown is a NanoBRET saturation curve in which increasing amounts of the Halo-KRASSE'R acceptor construct
were co-transfected with 5 ng of the Nano-CRAFWT donor construct. The gray box indicates the ideal dynamic range for HTS and the black arrow signifies the
5:1 acceptor to donor ratio used in this screen. D, Nano-CRAFYT was titrated from 50 to 2 ng of transfected plasmid DNA to obtain the highest BRET ratio when
paired with 25 ng of Halo-KRAS®®R E, Comparison of the BRET signal generated by the binding competent KRAS®®™® and CRAFWT NanoBRET pair (used
for normalization) with BRET signals generated when the CRAFRE mutant that fails to bind RAS was used as the energy donor and when the KRASS6TR/C185A
mutant that is unable to localize to the plasma membrane was used as the energy acceptor. F, Lysates were prepared from 293FT cells expressing the BRET
pairs KRASR/CRAFWT, KRASP'R/CRAFRE or KRASSER/CBSA/CRAFWT  Halo-KRAS®™®R proteins were immunoprecipitated from the lysates and probed
for the presence of Nano-CRAF and Halo-KRAS proteins. Total cell lysates were also examined for the expression of the BRET-tagged proteins. Blots are
representative of three independent experiments with similar results. B=E, Data points represent BRET signals of quadruplicate wells from at least two independent
experiments, with mean 4 SD. ***, P < 0.001; ****, P < 0.0001.

improved with increased time (Fig. 3B, left). However, when
sample incubation was expanded to 18 hours, high data scatter
was observed, likely reflecting increased cellular toxicity (Fig. 3B,
right). In addition, the BRET signal was unaffected by DMSO
concentration up to 1% (Fig. 3C), a concentration above that
needed for sample delivery. Therefore, based on the above findings,
all subsequent assays were performed using 4,000 cells per well with
a 4-hour sample incubation time.
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Finally, compounds in the LOPAC library as well as the test series of
natural product extracts were used to determine the day-to-day
repeatability of the assay. As indicated in Fig. 3D, an excellent
correlation was observed when the results of cells treated with the
identical compounds on two separate days were plotted against one
another. Further comparison revealed that the average multiple read
variation of individual samples ranged from 5% to 8% over 9 repeats,
confirming that the assay was highly reproducible.
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The NanoBRET assay detects positive and negative modulators of RAS/RAF binding. A, 293FT cells were transfected with constructs expressing the NanoBRET pair,
Halo-KRAS®®™® and Nano-CRAFWT, together with increasing amounts of a non-BRET-tagged CRAF regulatory domain construct (CRAF-REG). 48 hours after
transfection, the BRET signal was determined, and cells were monitored for the increased expression of CRAF-REG. B, 293FT cells expressing Halo-KRAS®®'R/Nano-
CRAFWT were treated with the phosphatase inhibitor okadaic acid (0.5 umol/L) for 1or 4 hours. BRET signals were then determined and normalized to the signal
obtained from cells treated with DMSO. Cells were also evaluated for the hyperphosphorylation and reduced electrophoretic mobility of Nano-CRAFWT. €, 293FT cells
expressing Nano-CRAF"T and either Halo-KRAS®®® or Halo-HRAS®®'R were treated with the farnesyl transferase inhibitor, FTI227 (10 umol/L), for 24 or 48 hours to
block RAS farnesylation, following which normalized BRET signals were determined. D, Cells expressing Halo-KRAS®®'™R/Nano-CRAFWT were treated with the RAF
inhibitor SB590885 at concentrations of 0.5 and 1 umol/L for 4 hours prior to determining the normalized BRET signals. Data (A-D) represent BRET signals of
quadruplicate wells from at least two independent experiments, with mean =+ SD. ns, not significant; **, P < 0.01; ***, P < 0.001, and ****, P < 0.0001.

Application to HTS

Using the optimized RAS/RAF NanoBRET assay, various librar-
ies containing synthetic compounds, targeted inhibitors, purified
natural products, and natural product extracts were evaluated. A
summary of the samples screened and the criteria by which active
(i.e., “hit”) compounds were identified and confirmed is shown in
Supplementary Table S2. Across 884 plates screened, the average
variation of the control BRET ratio was 7.0% and, based on
statistical evaluation of the screening data required to give >3 SDs
from control, primary inhibitor hits were defined as those reducing
the BRET output to less than 60% of control (summarized in
Supplementary Table S3). To eliminate hits that impact the BRET
signal due to toxicity issues, effects on the donor luciferase readout
were evaluated and any compound that reduced the donor emission
greater than 50% were excluded, as were compounds that increased
donor emission greater than 150%. In addition, a small number of
hits were also eliminated on the basis of color and/or intrinsic
fluorescence that interfered with the donor or acceptor emissions
(Supplementary Fig. S1). Active samples were confirmed in qua-
druplicate at the screening concentration, and dose-response curves
were performed to obtain an estimate of potency.

On the basis of the hit criterion described, the screen resulted in the
identification of numerous pure compounds that reproducibly inhib-
ited the KRAS'®/CRAFVT interaction (hereon referred to as inhib-
itor compounds; Table 1). In addition, 99 natural product extracts,
originating from plant, fungal, and animal sources, were also identified
as inhibitor hits and will be evaluated at a later date upon purification
and chemical characterization of the active components. Although the
primary goal of the screening effort was to identify inhibitors of
RAS/RAF binding, the screen also identified several compounds that
enhanced the KRAS®'®/CRAF"T interaction (defined as increasing
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the BRET signal >30%; Supplementary Table S4). Not surprising,
most of the enhancer compounds were known RAF inhibitors or other
ATP-competitive kinase inhibitors that may have off-target activity
toward RAF.

Further characterization of inhibitor compounds

A subset of 20 inhibitor compounds were selected for analysis by
SPR to determine whether any exhibited direct binding to activated
KRAS or the CRAF-RBD (Table 1). Of note, the determination of
this subset was based on the quantity of the compound available, its
efficacy in reducing the BRET signal, and its reported target/activity
or lack thereof. From this analysis, we found that none of the
compounds demonstrated high-affinity, specific binding to either
KRASS!?P or the CRAF-RBD (Table 1). However, the calmodulin
inhibitor calmidazolium chloride did display non-selective and
non-saturable binding to both KRASS?P and CRAF-RBD, the
cyclic depsipeptide swinhopeptolide (19) showed slow on/off rates
and possible non-specific binding to KRAS®'*P and CRAF-RBD,
and the CMLD7877 compound exhibited binding to the CRAF-RBD
at high concentrations (Supplementary Fig. S2). Thus, it is likely
that a majority of the inhibitors may exert their effects through
indirect mechanisms. On the basis of the reported targets and
activities of the inhibitor hits, these compounds could be grouped
into various categories, including those that bind calmodulin and/or
impact Ca®" signaling, ones that promote reactive oxygen species
(ROS) generation or endoplasmic reticulum (ER) stress, some that
interact with HSP90 chaperones, ones that alter plasma membrane
function, and some of other/or unknown functions. Interestingly,
the majority of the inhibitor hits were compounds derived from
natural products, which remains a rich source of medicinal
drugs (20, 21).
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Figure 3.

Optimization of the NanoBRET RAS/RAF interaction assay for HTS. A, Cells expressing Halo-KRAS®®'?/Nano-CRAFYT were plated at densities of 4,000, 8,000, and
12,000 cells per well in a 384-well plate. The following day, donor emissions (luciferase output, light gray) and BRET signals (acceptor emission/donor emission) were
determined (dark gray). Data represent quadruplicate wells from at least two independent experiments, with mean =+ SD. ns, not significant; **, P < 0.01. B, Cells
expressing the Halo-KRAS®®'R/Nano-CRAFWT BRET pair were plated at densities of 4,000 cells per well in a 384-well plate. The following day, cells were incubated
with a test set of natural product extracts for 1, 2, or 4 hours, after which BRET signals (left) were determined. The effects of a 4- and 18-hour incubation period on the
BRET signals were also compared (right). C, Cells expressing the Halo-KRAS®®'?/Nano-CRAFWT BRET pair were treated with increasing percentages of DMSO for
4 hours, prior to determining the BRET signal. Data are represented as the mean 4= SD. ns, not significant; *, P < 0.05. D, Cells expressing the Halo-KRAS®®™R /Nano-
CRAFWT BRET pair were plated at densities of 4,000 cells per well in a 384-well plate. The next day, cells were treated for 4 hours with either LOPAC samples
(10 umol/L) or a test set of natural product extracts and BRET signals were determined. From experiments conducted on two separate days, the BRET signals of each
well on the day 1(x axis) and day 2 (y axis) plates were plotted against each other to assess day-to-day repeatability. For the LOPAC samples, the slope was 0.770,
with a correlation coefficient of 0.900 and for the natural product extracts, the slope was 0.798, with a correlation coefficient of 0.875. Average difference between

the two reads was 5.1%-7.6%.

Signaling effects of modulating the RAS/RAF interaction
Experiments were next conducted to confirm that the NanoBRET
screen not only identified compounds that modulate KRAS/CRAF
binding, but also the signaling pathway that functions downstream of
this interaction. For this analysis, we first evaluated one of the most
potent inhibitors identified in the screen, ophiobolin A. Of note,
ophiobolin A has been previously identified in a screen for compounds
that disrupt the membrane organization of activated RAS proteins,
where ophiobolin was reported to bind calmodulin and selectively
inhibit the calmodulin-supported membrane nanoclustering of acti-
vated KRAS4B®'?Y (22). For our signaling experiments, we used
MCF10A epithelial cells that stably express Halo-KRASS'?V as
opposed to cancer cell lines expressing an activated KRAS allele, given
that the mutational complexity characteristic of cancer lines can cause
pathway feedback and cross-talk that could obscure the detection of
signaling effects. As shown in Fig. 4A, treatment of these cells with
ophiobolin A resulted in a dose-dependent decrease in the phosphor-
ylation and activation of MEK and ERK (as monitored by pMEK and
PERK levels), which correlated with the potency observed in the
NanoBRET assay. Consistent with the work of Najumudeen and
colleagues (22), we also found that ophiobolin A possessed signifi-
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cantly more activity than did the closely related ophiobolin C (Sup-
plementary Fig. S3).

To demonstrate that the signaling effects were indeed RAS specific,
we utilized RAS-deficient MEFs (4) that had been reconstituted to
express either KRAS'® or BRAFV*"E, In the KRAS?®'® MEFs, ERK
activation is dependent on RAS/RAF binding; however, in the
BRAFV°E MEFs, it is not, because these cells lack all RAS proteins
and BRAFV®F can signal to MEK as a RAS-independent mono-
mer (23). Thus, compounds that inhibit signaling in a RAS-dependent
manner would only be expected to decrease ERK activation in MEFs
reconstituted with KRAS'R, Consistent with this model, ophiobolin
A treatment reduced pERK levels in a dose-dependent manner in the
KRAS?®'® MEFs, but not in the BRAF Y***® MEFs (Fig. 4B). Further
confirming the “in cell” disruption of the RAS/RAF interaction,
ophiobolin A treatment of both MCF10A and MEF cells expressing
mutant KRAS reduced the phosphorylation of CRAF on S$338, an
activating phosphorylation event that is RAS dependent and occurs at
the plasma membrane (Fig. 4C; ref. 24).

Subsequent studies using these cell systems revealed that another
potent inhibitor, gliotoxin, as well as the CMLD 7877 compound,
which displayed binding to the CRAF-RBD at high concentrations
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Table 1. Compounds identified as inhibitors of the KRAS®®™R/CRAFWT interaction.

IC5o wmol/L

Inhibitor compounds (95% CI)? Putative target/activity(s) Reference
Calmidazolium chloride® 3.6 (3.3-3.9) Calmodulin inhibitor (32)
Trifluoperazine 14.3 (12.8-16.0)  Calmodulin inhibitor, dopamine receptor antagonist (33, 34)
Ophiobolin A€ (NP) 1.08 (0.59-1.39) Calmodulin inhibitor, alters KRAS nanoclusters, ER stress (22, 35)
Striatin E (NP) 6.3 (5.2-8.3) Calmodulin binding, alters IKK B, JAK-STAT, MAPK signaling (36, 37)
Gossypol (NP) 5.2 (4.6-5.8) Dehydrogenase inhibitor, calmodulin binding (38, 39)
A23187° (NP) 0.85 (0.71-1.0) Calcium ionophore 40)
NNC 55-0396¢ 7.1(6.5-7.8) T-type calcium channel inhibitor 4n
Thapsigargin (NP) 14.0 (12.7-15.7) SR Ca?*-ATPase inhibitor, ER stress/ROS 42)
Terfenadine 6.0 (5.5-6.5) Histamine receptor H1 inhibitor, Ca®*, ROS, hERG channel (43-45)

inhibitor
Callipeltin A® (NP) 1.1(0.7-1.5) Na*/Ca®* exchange inhibitor (46)
Chetomin (NP) 2.9 (21-3.8) Induces ROS/ER stress and Ca?* influx, thiol reactive, HIF1 (47, 48)

inhibitor
Gliotoxin® (NP) 2.8 (1.3-3.8) ROS inducer, thiol reactive (49)
Scabrosin diacetate (NP) 3.4 (2.7-4.0) ROS inducer, thiol reactive, inhibits mitochondrial ATP (50)

synthase
Varacin (NP) 9.5 (7.5-12.5) ROS inducer (51
Gambogic acid (NP) 1.7 (1.3-2.1) HSP90B inhibitor, affects multiple signaling pathways (26, 52)
NSC145366¢ 5.2 (4.7-5.7) Allosteric HSP9O inhibitor (binds HSP90 CTD) (53)
Polyphyllin B (diosgenin tetraglycoside, formosanin C, 3.3 (2.9-3.7) Saponin, mitochondrial effects, IKK B inhibition (54)

Paris saponin D¢ (NP)
Elliptoside J (NP) 9.8 (8.5-13.8) Saponin, membrane-reactive (55)
Ardisiacrispin A (NP) 3.8 (3.2-4.3) Saponin, membrane-reactive (56, 57)
Ardisiacrispin B (NP) 5.0 (4.4-5.8) Saponin, membrane-reactive (56, 57)
Cyclaminorin (NP) 4.2 (3.7-5.0) Saponin, membrane-reactive (56, 57)
3-0-a-L-Rhamnopyranosyl-(1-2)-3-D-glucopyranosyl- 3.7 (3.3-4.3) Saponin, membrane-reactive (56, 57)
(1-4)-a-L-arabinopyranosylcyclamiretin A (NP)

NSC164914¢ 3.5 (3.0-4.1) Aquaporin inhibitor (58)
Bromoacety! alprenolol methane 6.5 (6.0-7.0) B-AR antagonist, neddylation inhibitor (59, 60)
Candesartan cilexetil 5.4 (4.6-6.7) Angiotensin receptor antagonist (D)
L703-606 7.0 (6.3-7.8) NK1 neurokinin receptor antagonist (62)
MK886 7.7 (72-8.1) Leukotriene antagonist (63)
NSC33353° 5.9 (5.2-6.6) AcrA inhibitor (64)
NSC620358 (NP) 16.2 (13.2-21.0)  Ubiquitin-proteosome inhibitor (65)
Isolissochlinotoxin B€ (NP) 5.5 (4.0-8.1) HDM2 ubiquitin ligase (66)
Ugandensidial® (NP) ~8.7 12(S)-HETE, leukotriene B biosynthesis 67)
Malformin B (NP) 7.2 (5.9-8.4) Unknown (68)
NP-006581° (NP) ~10 Unknown
Swinhopeptolideb (NP) 3.6 (3.3-3.9) Unknown 19)
13-epi-9-deacetoxyxenicin® (NP) 2.6 (0.8-3.2) Unknown (69)
Aciculitin B¢ (NP) 4.0 (3.2-6.1) Unknown (70)
CMLD5181° 5.4 (5.2-5.6) Unknown na
CMLD7873° 9.4 (7.8-19.6) Unknown na
CMLD7877° 4.32 (3.95-4.69) Unknown na
CMLD7896° 5.3 (<5.9)¢ Unknown na
CMLD7898° 6.6 (<7.6) Unknown na

@NanoBRET ICso and 95% confidence interval calculated from 4-parameter logistic curve fitting.
PTested in SPR analysis and showed no binding to KRAS®'?Y or CRAF-RBD.
“Tested in SPR analysis and exhibited binding to KRAS®™?Y or CRAF-RBD that was likely nonspecific or only observed at high concentrations. (NP) designates

compounds that are derived from natural products.

9Lower limit of confidence interval could not be calculated.

in the SPR analysis, could also inhibit RAS-dependent ERK activation
(Fig. 5A and B). With regard to gliotoxin, it is a drug known to induce
ROS generation, and like rigosertib and paclitaxel, two cancer
therapies that promote ROS generation through effects on micro-
tubules, it is likely that gliotoxin treatment activates a stress-induced
phosphoregulatory circuit that leads to the hyperphosphorylation of

CRAF on sites that prevent RAS binding (25).

AACRJournals.org

Next, we examined the signaling effects of an inhibitor com-
pound whose activity would be predicted to be RAF-dependent,
NSC145366. NSC145366 is a reported allosteric inhibitor of HSP90,
and the RAF kinases require HSP90 activity for proper protein
folding and stability. As shown in Fig. 5C and D, NSC145366
treatment not only inhibited ERK activation in cells expressing
mutant KRAS, it also suppressed pERK levels in the BRAFY®°°F
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Effects of the inhibitor compound ophiobolin A on cell signaling. A, MCF10A cells stably expressing Halo-KRAS®™?Y were treated with the indicated concentration of
ophiobolin A for Thour prior to lysis. Lysates were then examined for pMEK and pERK levels as well as for total MEK, ERK, and Halo-KRAS®™ levels. B, RAS-deficient
MEFs reconstituted with KRAS®®'R or BRAF6°F were treated with the indicated concentration of ophiobolin A for 1 hour prior to lysis. Lysates were then examined
for pERK and total ERK levels. €, KRAS®'?Y-MCF10 A cells (top) or reconstituted KRAS®®™R MEFs (bottom) were treated with the indicated concentration of ophiobolin
A for 1 hour prior to lysis. Lysates were then examined for the phosphorylation of endogenous CRAF on S338 (pS338-CRAF) and for total CRAF levels. Blots are

representative of at least two independent experiments with similar results.

MEFs, consistent with the requirement for HSP90 in BRAF'®**F
function.

Finally, we evaluated a compound identified as an “enhancer” hit,
AG825, which is a reported ATP-competitive tyrosine kinase inhibitor.
As expected for a compound that facilitates RAS/RAF binding,
treatment with AG825 increased RAS-dependent ERK activation in
cells expressing mutant KRAS. However, in MEFs reconstituted with
BRAFV*E, pERK levels were reduced to a level similar to that
observed when cells were treated with the known RAF inhibitor
SB590885 (Fig. 5E and F). In addition, AG825 was found to increase
the detection of heterodimerized CRAF/BRAF complexes in
KRASQC'®_MEFs, consistent with direct, off-target binding to the RAF
kinase domains (Fig. 5G). Taken together, the above findings provide
proof-of-principle that the RAS/RAF NanoBRET assay can, in an
unbiased manner, identify functionally relevant modulators of the
RAS/RAF interaction.

Discussion

Here, we describe the development and application of a screening
platform that utilizes the NanoBRET methodology to detect com-
pounds that can modulate the RAS/RAF interaction in live cells. The
RAS GTPases are prominent drivers of human cancer, and for these
proteins to exert their full oncogenic potential, they must interact with
the RAF kinases to engage the ERK cascade and transmit proliferative
signals. Therefore, the identification of compounds that can inhibit or
disrupt RAS/RAF binding in a live cell environment may reveal new
agents and/or strategies to counteract dysregulated RAS signaling in
tumor cells.

Taking advantage of the NCI’s diverse repertoire of screening
libraries, including those containing small molecule inhibitors, known
drug therapies, and purified natural products, a total of 74,735 pure
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compounds and 207,209 partially purified natural product extracts
were evaluated for their effects on KRAS?®'®/CRAF™" binding.
Through these efforts, both inhibitors and enhancers of this critical
interaction were identified. A subset of the inhibitor hits from the pure
compound libraries were subsequently analyzed by SPR for binding to
active KRAS or the CRAF-RBD. Interestingly, none of the compounds
were found to be direct competitors of the RAS/RAF interaction,
suggesting that the majority of inhibitor hits mediate their effects
through indirect mechanisms. On the basis of the targets and activities
reported for these compounds, the inhibitor hits could be grouped into
several categories, including some that would be predicted to impact
RAS/RAF binding. These groups include modulators of calmodulin
and/or Ca®" signaling, inducers of ROS generation or ER stress,
inhibitors of HSP90 chaperones, compounds that are thiol reactive,
ones that alter plasma membrane function, and some of other/or
unknown functions.

Strikingly, this is the second time that ophiobolin A, a known binder
of calmodulin, has been identified in a screen for inhibitors of mutant
KRAS function. Previously, ophiobolin A was found to disrupt the
calmodulin-supported membrane nanoclustering of KRAS4B%*2Y and
here we find that it is a potent inhibitor of KRAS4B'®/CRAFWT
binding and can suppress KRAS4B-dependent signaling. The inability
to detect binding between ophiobolin A and KRAS or the CRAF RBD is
also consistent with an indirect effect on RAS/RAF binding and
downstream signal transduction. Interestingly, several other calmod-
ulin-binding drugs (calmidazolium chloride, trifluoperazine, gossypol,
and NSC312033) were scored as inhibitors of the KRAS4BOR/
CRAF™T interaction, supporting a role for calmodulin in KRAS4B
function. Moreover, several saponins (including polyphyllin B, ellipto-
side J, ardisiacrispins, cyclaminorin), which can perturb biological
membranes, were also identified as inhibitor hits, likely reflecting the
importance of plasma membrane binding in KRAS signaling.

MOLECULAR CANCER THERAPEUTICS
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Figure 5.

Cell signaling effects of modulators of the RAS/RAF interaction. Analysis of compounds affecting RAS-dependent signaling: A, MCF10A cells stably expressing Halo-
KRAS®?Y were treated with the indicated compounds for 1hour prior to lysis. Treatment with DMSO and the RAF inhibitor SB590885 (1 umol/L, RAF-IN) were used as
controls. Lysates were then examined for pERK levels as well as for total ERK and Halo-KRAS®™?Y levels. B, RAS-deficient MEFs reconstituted with KRAS®®'R or
BRAFY699F were treated with the indicated compounds for 1 hour prior to lysis. Lysates were then examined for pERK and total ERK levels. Analysis of inhibitor
compounds affecting RAF-dependent signaling: KRAS®'2Y-MCF10A (C) cells were treated and analyzed as in A. KRAS®®™R or BRAFV69F MEFs (D) were treated and
analyzed as in B. Effect of the AG825 enhancer compound on cell signaling: KRAS®™?Y-MCF10A (E) cells were treated for Thour with either the RAF inhibitor SB590885
(Tumol/L) or AG825 (10 umol/L) prior to lysis. Lysates were examined for pERK, total ERK, and Halo-KRAS®™" levels. F, KRAS®®'R or BRAFV6°°F MEFs were treated
MEFs were treated as in E, and lysates were examined for pERK and total ERK levels. G, KRAS®®™R-expressing MEFs were also examined for the effect of RAF inhibitor
SB590885 or AG825 treatment on BRAF/CRAF dimer formation. Endogenous CRAF proteins were immunoprecipitated from lysates of cells treated with SB590885
(1umol/L) or AG825 (10 umol/L) for Thour prior to lysis, and the isolated CRAF complexes were probed for the presence of BRAF and CRAF. The total BRAF level in
lysates is also shown. Blots are representative of at least two independent experiments with similar results.

Inhibitor hits that may alter CRAF function include HSP90
inhibitors, compounds that induce ROS generation, as well as
those that are thiol reactive. In particular, the RAF kinases are
HSP90 client proteins and inhibiting the chaperone activity of
HSP90 would be expected to disrupt the folding and functionality
of the RAFs. Consistent with this model, the HSP90 inhibitor

dioxopiperazine family and can form mixed disulfide bonds with
free thiols (chetomin, gliotoxin, scabrosin diacetate), may also act
by targeting zinc-binding proteins. For example, chetomin has been
reported to disrupt the p300-HIF1 interaction by mediating the
ejection of coordinated zinc ions from the CH1 domain of
p300 (27). The RAF kinases also contain a zinc-binding, cyste-

NSC145366 was found not only to reduce ERK activation mediated
by KRAS?®'® in reconstituted RAS-deficient MEFs but also that
induced by BRAFV*F, In addition, gambogic acid, an HSP90
inhibitor that selectively inhibits HSP90P (26), was also identified
in our screen, a finding consistent with the identification of HSP90
peptides in RAF protein complexes by mass spectrometry (7).
Compounds that induce ROS or ER stress may act in a manner
similar to rigosertib and paclitaxel, which engage a stress-induced
phosphoregulatory circuit that results in the hyperphosphorylation
of the RAFs on sites that impair RAS/RAF binding (25). Alterna-
tively, ROS-inducing compounds that are members of the epidithio-

AACRJournals.org

ine-rich domain (CRD) that stabilizes RAS/RAF/membrane inter-
actions and is required to promote pathway activation (28, 29).
Therefore, disrupting the RAF CRD structure could be another
mechanism by which these compounds inhibit RAS/RAF binding.
Indeed, the signaling effects observed for gliotoxin treatment would
be consistent with this mechanism, given that ERK activation
mediated by mutant KRAS would require RAF CRD function, but
not that mediated by BRAFV®F, as BRAFV'’F activity is not
dependent on RAS or membrane binding. Of note, ophiobolin A
is also a thiol-reactive compound and may exert its effects by
altering the functions of both RAS and RAF.
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With regard to the compounds that enhanced the RAS/RAF
interaction, the majority were compounds known to be ATP-
competitive kinase inhibitors, including four that directly target
the RAF kinases and some that have off-target activity toward
RAF (30). In agreement with the report by Jin and colleagues (18),
we find that the NanoBRET assay is a very sensitive method for
assessing the mode of inhibitor binding as the major determinant
for the enhancing effect of these compounds was whether their
binding placed the RAF aiC-helix in the active position to disrupt
RAF autoinhibition, thereby facilitating RAS binding (Supplemen-
tary Fig. $4).

In summary, the RAS/RAF NanoBRET assay has proven to be a very
reproducible and effective assay for detecting agents that can modulate
RAS/RAF binding in live cells. Its successful adaptation for HTS,
further expands the possibility of identifying compounds that may
have therapeutic potential in suppressing dysregulated RAS signaling.
The variety of molecular targets and cellular activities reported for the
inhibitor compounds identified in this screen suggests that many
cellular factors can influence RAS/RAF binding and downstream
signal transduction. Understanding the mechanisms by which these
compounds exert their effects may reveal previously unknown regu-
latory events and pathway cross-talk that impact RAS or RAF function
and may provide novel insights regarding the design of new combi-
natorial therapies with clinical benefit. Finally, the identification of a
large number of pure natural products and active natural product
extracts as inhibitors of the RAS/RAF interaction indicates that further
drug discovery with natural products may be highly fruitful. Moreover,
because polypharmacology is a common feature of natural pro-
ducts (31), compounds affecting multiple targets or pathways may
be particularly advantageous for meaningful suppression of RAS-
driven signaling.
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