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Abstract

Mutations in the Ras family of small GTPases, particularly KRAS, occur at high frequencies in cancer and represent a major
unmet therapeutic need due to the lack of effective targeted therapies. Past efforts directed at inhibiting the activity of the
Ras oncoprotein have proved difficult. We propose an alternative approach to target Ras by eliminating Ras protein from
cells with pharmacological means. In this study, we developed a cell-based, high-content screening platform to identi
small molecules that could promote the degradation of the KRAS oncoprotein. We generated an EGFP-KRAS®'?
fluorescence reporter system and implemented it for automated screening in 1536-well plates using high-throughput
cellular imaging. We screened a library of clinically relevant compounds at wide dose range and identified Ponatinib and
AMG-47a as two candidate compounds that selectively reduced the levels of EGFP-KRAS®'?Y protein but did not affect EGFP
protein in cells. This proof-of-principle study demonstrates that it is feasible to use a high-throughput screen to identify
compounds that promote the degradation of the Ras oncoprotein as a new approach to target Ras.
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Introduction

Ras is a small GTPase that lies at the heart of numerous cellular
signaling pathways governing growth, survival, and motility [1,2].
Growth factor receptors activate Ras through Ras guanine
nucleotide exchange factors (RasGEFs) that stimulate GTP
loading on Ras. This leads to a conformational change that
exposes the effector binding domain on Ras, which consequently
activates downstream pathways including the MAP kinase
(MAPK) pathway, the PI 3-kinase (PI3K) pathway, the small
GTPases Rho, Rac and Rals, and PLCe. Ras GTPase activating
proteins (RasGAPs) bind to Ras and stimulate its GTP hydrolysis
to return Ras to the inactive, GDP-bound state [2]. In humans
there are three Ras genes: KRAS, HRAS, and NRAS. Oncogenic
mutations in all three Ras family members have been identified in
human cancers. In particular, KRAS is one of the most frequently
mutated oncogenes across cancer types: KRAS mutations occur in
approximately 60-70% of pancreatic cancers, 30% of colorectal
and biliary cancers, and 20% of lung and ovarian cancers [1-3].
The activating mutation in Ras proteins is often a point mutation
in codon 12 or 13 near its GTP binding pocket, which prevents
RasGAP proteins from activating the GTPase activity of Ras.
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Consequently, the mutant Ras protein is stuck in its GTP-bound
state and constitutively signals to its downstream targets, and
drives aberrant cell proliferation and survival [2,4].

Ras mutant cancers present a class of “recalcitrant cancer” with
urgent and unmet therapeutic need due to the large number of
patients afflicted and the lack of effective targeted therapies [3].
Significant efforts have been devoted to targeting the Ras
oncoprotein in the past two decades with only limited success.
Because Ras has picomolar affinity for GTP [6], it is difficult to
target it with GTP-competitive molecules analogous to ATP-
competitive kinase inhibitors. The search for small molecules that
could stimulate G'TP hydrolysis of mutant Ras have also not been
fruitful. Farnesyltransferase inhibitors, which were designed to
block C-terminal farnesylation of Ras proteins and thus their
membrane localization, are ineffective against KRAS because
KRAS can be membrane targeted through geranylgeranylation
[2]. Recent effort to inhibit KRAS localization has shifted towards
inhibiting the farnesyl tail-mediated binding between KRAS and
PDES, which is necessary for the localization of KRAS [7], but the
efficacy of this new approach has yet to be established. Aside from
its guanine nucleotide binding pocket, Ras lacks deep, “drug-
gable” pockets, and its interaction with downstream effectors is
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mediated through relatively flat protein-protein interaction
surfaces. Recent fragment-based compound screens have identi-
fied molecules that can bind to KRAS and inhibit its GTP loading
by the RasGEF protein SOS [8,9]. Small molecules that
covalently interact with the mutant cysteine residue in the
common KRAS®'?® mutant have also been found to disrupt
GTP-binding and impair KRAS-BRAF association [9,10]. It
remains a challenge, however, to evolve these compounds into
high-affinity, cell permeable inhibitors of KRAS.

These previous efforts at targeting the KRAS oncoprotein
focused on inhibiting KRAS function. Instead, we here propose
that an alternative approach is to eliminate KRAS protein from
the cancer cell. Knockdown of KRAS by siRNAs and shRNAs
have shown strong, selective toxicity in KRAS mutant cells, thus
providing genetic validation for this approach [11-13]. Although
siRNAs are being actively explored as a therapeutic modality,
delivering siRNAs effectively to tumors in vivo remains a major
challenge [14]. Degradation of a target protein can also be
facilitated by small molecules and by peptides. One approach is to
use a bivalent molecule designed to bind both the protein target
and a ubiquitin ligase simultaneously, and this tethering is often
sufficient to drive protein degradation [15]. In breast and prostate
cancers, estradiol and dihydroxytestosterone have been coupled to
a peptide ligand for the VHL E3 ligase to drive the degradation of
estrogen receptor-o and androgen receptor, respectively [16]. For
KRAS, it has been shown that the expression of a fusion
polypeptide consisting of the Ras-binding domain of CRAF and
an E3 ligase is sufficient to drive KRAS degradation [17]. There is
also precedence that monovalent small molecules can also trigger
protein degradation. Arsenic trioxide, which is used to treat acute
promyelocytic leukemia, binds directly to the PML-RARa
oncoprotein and promotes its degradation through a SUMO-
mediated pathway [18]. Hsp90 inhibitors indirectly reduce the
levels of oncogenic proteins such as MYC and HER2 that are
client proteins of the Hsp90 chaperone [19,20]. These precedents
indicate that it might be possible to identify small molecules that
can trigger the unfolding and degradation of KRAS protein.

In this study, we developed an image-based high-throughput
screen that can be used to search for small molecules that promote
the loss of the KRAS®'?Y oncoprotein. We demonstrate that our
assay is robust and sensitive, and can be easily automated for
1536-well screens. As a proof of principle, we screened 465
mechanistically well-annotated, clinically relevant compounds and
identified Ponatinib and AMG-47a as candidate molecules that
could potentially impact the stability of the KRAS oncoprotein.

Materials and Methods

Cell culture

293T, Hela, HeLa EGFP-KRAS®'?Y, HeLa EGFP-KRAS™!
and HeLa EGFP cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Lonza, Walkersville, MD) supplement-
ed with 10% heat inactivated fetal bovine serum (Gibco, Life
Technologies, Grand Island, NY) and 100 units/mL penicillin plus
100 ug/ml streptomycin (Lonza, Walkersville, MD). The colorec-
tal cancer cell line SW620 was from Dr. Thomas Ried [21] and
cultured in McCoy’s 5A medium with L-glutamine (Lonza,
Walkersville, MD) supplemented with 10% heat inactivated fetal
bovine serum (Gibco, Life Technologies, Grand Island, NY) and
100 units/mL penicillin plus 100 ug/ml streptomycin (Lonza,
Walkersville, MD). All cells were maintained at 37°C and 5%
COa.
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Plasmid construction and generation of reporter cell lines

EGFP-KRAS'®?Y DNA and EGFP-KRAS™' cDNA were
cloned downstream of the tetracycline response element between
the Age I and Mlu I restriction sites in the pINDUCER-10b
lentiviral vector, a derivative of the pINDUCER-10 vector [22]
with the shRNA cassette removed. The control EGFP vector was
cloned into pInducer-10b in a similar fashion using Age I and Not
I restriction sites. Plasmids were packaged using 2931 cells with
TransI'T-293 Transfection Reagent (Mirus Bio, Madison, WI)
according to the manufacturer’s protocol. Hela cells were
transduced with pInducer EGFP-KRAS®'?Y EGFP-KRASW'
and EGFP viruses at a low MOI in media containing 1 pg/mL
polybrene. Stably transduced cells were seeded as single cells in 96-
well plates and selected with 3 pg/mL puromycin for 3 days.
Individual clones were tested with 100 ng/mlL doxycycline for
protein induction. Clones with high EGFP-KRAS®'?Y EGFP-
KRASYT or EGFP expression were first selected visually using
fluorescence microscopy, and GFP fluorescence levels for the
clones of each type were then determined by flow cytometry. The
HelLa clone with the strongest EGFP-KRAS®'?Y induction was
expanded and used for the compound screen and all follow-up
assays. Both pooled and clonal HeLa EGFP and EGFP-KRAS™T
cells were used for counter-screening in follow-up assays.

Small molecule screen

The NCATS MIPES 3.0 compound library has been described
recently [23]. The high-throughput screen was conducted in clear-
bottom 1536-well plates (Brooks Automation, Inc., Chelmsford,
MA). Twenty-four hours prior to the screen, HeLa EGFP-
KRAS®'?Y cells in log phase were induced with 500 ng/mL
doxycycline. Induced cells were seeded into 1536-well plates at a
density of 90 cells in 4 pl. of media containing 500 ng/mL
doxycycline. Uninduced HeLa EGFP-KRAS'?V cells in doxycy-
cline-free media were plated in each plate as a baseline negative
control. Immediately after plating, a 16-point, two-fold dilution
series of Torin-1 was transferred to the screen plates by robotic pin
transfer (Kalypsys, San Diego, CA). The MIPE 3.0 library was
next pin-transferred into the same plates in 11-point dilution
series. After 48 hours of compound incubation, all plates were
washed three times with DPBS using a Biotek EL.406 Microplate
Washer Dispenser (Biotek, Winooski, VT). Cells were then fixed
with 4% PFA and stained with 1 pg/mL DAPIL

Image acquisition and data analysis

For plate scanning using the Acumen X3 instrument (T'TP
Labtech, Melbourn, UK), DAPI signal was acquired at 405 nm
with a laser power of 6 mW; FITC signal was acquired at 488 nm
with a laser power of 6.5 mW. Objects were thresholded by size
between 1 um and 100 pm, and background signal thresholding
was set to a sensitivity of 2 SDs.

For the IN Cell Analyzer 2000 platform (GE Healthcare Bio-
Sciences, Pittsburgh, PA), each well was imaged at 10x magnifi-
cation with an exposure time of 300 ms for the DAPI channel and
1700 ms for the FITC channel. TIF image files were analyzed
using the IN Cell Analyzer 1000 workstation with a multi-target
analysis protocol. The DAPI fluorescent channel was segmented
using a top-hat algorithm and a minimum object size of 120 pm?
to filter out fluorescent debris and artifacts. The FITC channel was
used to detect EGFP-KRASY'?Y and a multi-scale top-hat
algorithm with a characteristic object area of 1000 um? segmented
whole cell area. Cells were also filtered using a limit on the per cell
gyration radius of 50 um. From the segmented images, total cell
count was calculated per well. EGFP-KRASS!'?Y fluorescence in
both nuclear and cytoplasmic bitmaps and background fluores-
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cence were also calculated as the average per cell in each well.
Average total fluorescence per cell was then calculated by
subtracting background fluorescence from both the nuclear and
cytoplasmic EGFP-KRAS®'?Y fluorescence and then summing
these values. The primary analysis of hits was accomplished by
calculating a z-score for each well based on the mean and standard
deviation of EGFP-KRAS®'?V fluorescence from intra-plate
DMSO control wells (64 per plate). Compounds with lowest z-
scores of less than —5 and a consistent dose-response effect on
EGFP-KRAS®'?Y fluorescence were then manually selected as
primary hits. IC50 values were calculated with Graphpad Prism
6.0 using nonlinear regression on normalized fluorescence values
and log, transformed concentrations.

Flow cytometry

HeLa EGFP-KRAS®!'?Y, EGFP-KRAS™T or EGFP cells were
seeded at a density of 25,000 cells per well in a 24-well plate in
either doxycycline media (500 ng/mL doxycycline in DMEM for
HeLa EGFP-KRAS®'Y and EGFP-KRAS™! cells; 50 ng/mL
doxycycline in DMEM for HeLLa EGFP cells) or media alone
(DMEM). Cells were treated with varying concentrations of AMG-
47a, Ponatinib, and Torin-1. Media and compound were
refreshed after 3 days on cells being treated for 5 days. After
treatment, cells were trypsinized and resuspended in DMEM, and
immediately analyzed using a FACS Calibur instrument (Beckson-
Dickinson). Similar instrument settings were used for all HelLa
EGFP-KRAS®'?Y EGFP-KRASY" and EGFP samples. Fluores-
cence was analyzed as the median signal for each sample and data
was normalized to DMSO controls. All experiments were
performed with at least three independent biological replicates.

Western blot

Cells were lysed directly using Laemmli sample buffer, and
whole cell lysates were denatured at 95°C for 10 minutes and
separated on either Mini-Protean TGX 4-20% gels (Bio-Rad
Laboratories Inc., Hercules, CA) or 10% polyacrylamide gels.
Protein was transferred to nitrocellulose membrane (Bio-Rad), and
blotted with primary antibodies to KRAS (Sigma-Aldrich, clone
4¥3), phospho-ERK (Cell Signaling Technology, #4377), total
ERK (Cell Signaling Technology, #9102), phospho-Akt (Cell
Signaling Technology, #4058), Akt (Cell Signaling Technology,
#9272), EGFP (Santa Cruz Biotechnology, #SC-8354), and
GAPDH (Santa Cruz Biotechnology, #FL-335). Blots were
developed using HRP conjugated anti-rabbit or anti-mouse
secondary antibodies and Luminata Forte substrate (Millipore,
Billerica, MA).

Results

Establishment of reporter cell line expressing inducible
EGFP-KRAS®'?Y

To establish a cell-based reporter for KRAS protein expression
that is independent of promoter activity, we constructed a
pInducer-based lentiviral vector [22] that expresses a fusion
protein consisting of the human KRAS“'?Y mutant protein with
an N-terminal EGFP tag under the control of a doxycycline-
inducible promoter (Figure 1A). We used an inducible system
because chronic over-expression of KRAS®'?Y in most cell lines
appeared to be toxic and was subject to strong negative selection.
We transduced this inducible EGFP-KRAS“'?Y construct into
HeLa cells and selected single cell clones with stable vector
integration. We next used flow cytometry to measure inducible
EGFP-KRASC!ZY expression in these clones, and identified a
HeLa clone with the highest inducible EGIP signal for further
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development of the screen. The EGFP-KRASY'?Y fusion protein
is localized to the plasma membrane (Figure 1B), indicating that
this reporter is processed correctly for membrane targeting. In
western blot, we observed strong, doxycycline-dependent expres-
sion of EGFP-KRAS®'?Y and activation of the MAPK and PISK
pathway as indicated by phosphorylation of ERK and Akt
(Figure 1C). Thus the fusion protein is functionally intact and is
able to activate its cognate downstream effectors. Doxycycline
titration identified a maximal doxycycline dose at 1 pg/mL as
judged by a plateau in EGFP-KRASY'?V signal (Figure 1D). We
chose 500 ng/mL of doxycycline for EGFP-KRAS®'?Y induction
for the screen to obtain high EGFP-KRAS“'?Y expression without
incurring toxicity.

Optimization of high-content screening protocol

We first adapted the EGFP-KRAS®'?Y cell line for high-
throughput screening in 1536-well plate format. The EGFP-
KRAS'?Y reporter level was relatively low in cells even under
optimal induction conditions, thus requiring a sensitive instrument
for detection. In order to maximize EGFP signal collection and
enable data normalization based on cell numbers, cells in 1536-
well plate were fixed, permeabilized and stained with DAPI to
identify their nuclei. We first compared the Acumen X3
microplate cytometer and the IN Cell Aanalyzer 2000 high-
content imaging platform for detecting EGFP signal of induced
and uninduced EGFP-KRAS®'?Y cells in 1536-well plate. The
data from the IN Cell Aanalyzer 2000 yielded a significantly
higher signal-to-background ratio, likely due to its ability to
subtract local background from the fluorescence of delineated cell
objects (Figure 2A). We thus further optimized our screening and
image collection protocols on the IN Cell Aanalyzer 2000 by
reducing the doxycycline-induction time prior to compound
treatment and by acquiring images at 10x magnification. With
this platform, our primary readout is the background-subtracted
average single-cell EGFP signal. We could routinely achieve Z'
factors >0.65 between wells with or without EGFP-KRAS®!?Y
induction (Figure 2A), indicating this assay is appropriate for high-
throughput screening. In addition, because the raw data were
stored as images, our assay has the potential to identify compounds
that disrupt the membrane localization of EGFP-KRAS®'?Y with
the appropriate image analysis.

In the optimized screening protocol (Figure 2B), HeLa EGFP-
KRAS®'?Y cells were pre-treated with 500 ng/mL doxycycline for
24 hours. Cells were then plated in 1536-well plates at 90 cells/
well in doxycycline-containing media, and the small molecule
library was immediately added by pin transfer. Two days after
compound addition, cells were fixed, stained with DAPI, and
imaged. Images were subsequently analyzed with the IN Cell
software.

Screening a clinically active compound library for EGFP-
KRAS"'? destabilizers

Using the optimized screening protocol, we screened the
National Center for Advancing Translational Sciences (NCA'TS)
MIPE 3.0 compound library comprised of 465 highly annotated
small molecules, many of which are either FDA approved or in
clinical development [23]. MIPE 3.0 contains a significant number
of kinase inhibitors and each compound in the library was arrayed
with a full-range, 11 dose-point dilution series to enable
quantitative measurement of dose-dependent activity in the
primary screen.

During assay development we identified Torin-1, an ATP-
competitive inhibitor of mTOR [24], as a potent inhibitor of
EGFP-KRAS®'?Y fluorescence. As mTOR inhibition is known to
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Figure 1. Design and validation of the EGFP-KRAS®"?V reporter cell line. A. The EGFP-KRAS®'?" reporter was expressed under a tetracycline-
inducible promoter. Small molecules that cause the destabilization and/or degradation of EGFP-KRAS®"? can be detected by measuring the changes
in fluorescence signal in the cell. A control reporter expressing only EGFP from the same vector (not illustrated) was also constructed for use in
counter screen. B. Fluorescent microscopy image of Hela cells expressing EGFP-KRAS®'?Y 48 hours after induction with 500 ng/mL doxycycline
indicate that the fusion protein is enriched at the plasma membrane. C. Western blot of whole cell lysates showing the functional activation of ERK 1/
2 and Akt, as measured by their phosphorylation, in HeLa cells following EGFP-KRAS®'?" induction. The induction level of EGFP-KRAS®'?" approached

maximum at 500 ng/mL doxycycline. D. Flow cytometry quantification of dose-response induction of EGFP-KRA

SS'2V in Hela cells 48 hours after

doxycycline. The fluorescence signal of EGFP-KRAS®'?Y approached maximum at 500 ng/mL doxycycline.

doi:10.1371/journal.pone.0103836.g001

reduce overall protein synthesis [24,25], this is likely a non-specific
means to decrease EGFP-KRASY'? levels in cell (see below), but
nevertheless it could serve as a useful control. We screened the
MIPE 3.0 library in duplicate with DMSO as a negative control
and Torin-1 as a positive control. Signal correlation between
duplicate plates was high (Figure 3A). Torin-1 dose curves from
each library plate showed highly reproducible inhibition activity
(Figure 3B), and both the Z' factors (between induced and
uninduced wells) and the 50% maximum inhibition values

(IC50) for Torin-1 were consistent across multiple plates
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(Figure 3C). Thus we concluded that the screen was both robust
and reproducible.

To identify active compounds in the screen, we first normalized
the EGFP signal to intra-plate DMSO control wells. We next
filtered out wells that had fewer than 150 cells in order to exclude
toxic compound concentrations. 150 cells represents approximate-
ly 34% of the average cell number in DMSO-treated wells, and we
noticed that below this threshold the EGFP signals were more
variable (Figure 3D), likely due to the loss of accuracy in the image
analysis software’s ability to measure per-cell fluorescence at very
low cell density. We ranked the remaining wells according to the z-
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Figure 2. Optimization of screen parameters in 1536-well plates. A. Comparison of signal and background from wells containing induced
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content imaging platform (right). Within each platform the data was normalized using the associated software for the calculation of Z’ score. Each
data point represents a single well. B. Optimized workflow for the primary screening and data analysis using the IN Cell Analyzer 2000 platform.

doi:10.1371/journal.pone.0103836.9g002

scores of their fluorescence, with more negative z-scores indicating
greater loss of fluorescence. Hit compounds were chosen based on
having strong maximal inhibition with z-score <—5 at their
highest non-toxic concentration, and having a dose-dependent
effect on the EGFP-KRAS®'?Y signal. As expected, Torin-1
scored very strongly by these criteria (Figure 3B). Including Torin-
1, we identified 18 candidate hit compounds of diverse known
activities, including MEK, BRAF, and a variety of RTK inhibitors
as potential hits (Figure 4A and Figure S3).

Because the MIPE 3.0 library contains multiple inhibitors that
share common protein targets, we could potentially assess whether
the activity of a hit compound was related to its intended target. In
addition to Torin-1, there were 7 other mTOR inhibitors in the
library. Only Torin-1 decreased EGFP-KRAS%'?Y signal whereas
the others did not, despite they all having similar cytotoxic profiles
(Figure S1A). Similarly, among the 6 ABL kinase inhibitors in the
library, only Ponatinib and two other compounds reduced EGFP-
KRASY'?Y signal appreciably (Figure S1B). Thus, it is possible
that the activity of Torin-1 and Ponatinib in this assay could be
due to polypharmacology beyond the inhibition of their cognate
protein targets.

Secondary analysis of hit compounds AMG-47a and

Ponatinib
Two of the strongest hits were Ponatinib, a pan BCR-ABL
kinase inhibitor [26], and AMG-47a, a potential Lck kinase
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inhibitor. In the primary screen these compounds decreased
EGFP-KRAS®'?Y signal by ~40% at 1 uM (Figure 4A). Con-
centrations of AMG-47a above 1 uM increased EGFP-KRAS®'?Y
signal, possibly because of higher concentrations of this compound
lead to more apoptotic cells with higher autofluorescence. We thus
decided to move forward with doses of AMG-47a and Ponatinib at
near the maximally effective concentrations in validation assays.
We first confirmed that these compounds decreased fluorescence
signal in the HeLa EGFP-KRAS®'?Y cells by flow cytometry. A
48-hour treatment of cells by AMG-47a and Ponatinib led to a
30-40% decrease in EGFP signal in these cells (Figure 4B &
Figure S2A); treating cells for 3 and 5 days yielded similar results
(Figure S2B & S2C). To test for the selectivity of these compounds,
we generated Helia cells expressing EGFP from the same
inducible vector as controls and used these cells in a counter-
screen. We reasoned that the HeLLa EGFP cells would be sensitive
to compounds that show non-specific inhibitory activities against
the doxycycline-inducible promoter, against general RNA tran-
scription and protein translation, or against the fluorescence or
stability of EGFP. Using flow cytometry, we observed that Torin-1
indeed decreased the fluorescence signal in the HeLa EGFP cells,
likely through its inhibition of general protein translation. On the
other hand, Ponatinib and AMG-47a did not affect EGFP levels in
these cells (Figure 4C & Figure S2). We further assessed the effect
of Ponatinib, AMG-47a, and Torin-1 on the fluorescence of HelLa
cells expressing EGFP-KRASY" and found that they also

August 2014 | Volume 9 | Issue 8 | 103836



HTS Assay for KRAS Destabilizer Molecules

>
w

2000 - 120 1
s o100 11
T 1500 1 g 8y
§ 8 80 1 i : i se
1000 - T % T
2 5 Ll
® & a0 1 9=, I
= om
8 500 | & #eg®
= w J
S 20
a R2=0.76
0 T T T ) 0 T : : T )
0 500 1000 1500 2000 9 8 7 6 5 4
Duplicate-1 EGFP signal (a.u.) [Torin-1] logM
C Torin-1 D ® Library
Plate Z'factor IC,, (NM) 10000 150 Ice"S ® Uninduced
el ©DMSO
1A 0.74 151 e ® Torin-1
1B 0.79 152 ; 1000
2A 0.76 150 E
2B 0.76 155 B 100
o
3A 0.76 145 &
w
3B 0.71 135 10
4A 0.77 139
4B 0.73 164 1

Sample ID
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doi:10.1371/journal.pone.0103836.g003

decreased EGFP-KRAS™T signal (Figure 4D). Thus these com-  molecules that affect the stability of the KRAS oncoprotein. We
pounds do not appear to discriminate between mutant and WT screened a library of clinically relevant compounds and identified
KRAS proteins. 18 candidates that diminished the EGFP-KRAS®'?Y fluorescence

Lastly, we tested the loss of EGFP-KRAS®'?Y proteins directly signal by up to 50% at doses that are not overtly cytotoxic. Among
by western blot. As a positive control, we transfected a KRAS these are the mTOR kinase inhibitor Torin-1, the ABL kinase
$iRNA into HeLa EGFP-KRAS®!?V cells and observed a dose- inhibitor Ponatinib and the Lck kinase inhibitor AMG-47a. Torin-

dependent reduction in EGFP-KRAS®!?Y protein levels. Both 1 has the strongest activity in the library, but its action is non-
AMG-47a and Ponatinib had a modest effect on EGFP- selective as it also reduced the fluorescence signal of cells
KRAS®'?Y protein levels after 3 days (Figure 5A). In the primary expressing only EGFP. The ability of Torin-1 to block overall
screen, the loss of EGFP-KRAS®!?Y signal plateaued at ~50% for protein translation could be a partial explanation. However, we
AMG-47a and ~55% for Ponatinib, though we were only able to noted that none of the seven other mTOR‘inhibitors in the library
consistently detect a 20-30% reduction in western blot protein were effective at reducing EGFP-KRAS"Y fluorescence, despite
levels. Although this decrease was small, both compounds had no having similar cytotoxicity profiles. Ponatinib, one of the strong
effect on the levels of the control EGFP protein (Figure 5B). hits in the screen, has been primarily described as an inhibitor of

Together these results support the notion that AMG-47a and BCR-ABL kinase [26]. The screen identified two other BCR-ABL
Ponatinib selectively affect the levels of EGFP-KRASC!2Y protein inhibitors — Nilotinib and DCC-2036 — as hits, though three other
in the cell. ABL inhibitors in the library did not display any activity. Thus it is
unlikely that the inhibition of ABL alone can account for the loss
of EGFP-KRAS®'?Y in Ponatinib-treated cells. The polypharma-
cology of Torin-1 and Ponatinib could therefore be useful in re-

In this study we developed a high-throughput cell-based assay purposing them as starting scaffolds for new pharmacological
that uses an inducible EGFP-KRAS®'?Y reporter to identify small properties. While there is no obvious connection between kinase

Discussion
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Figure 4. Validation of hit compounds by flow cytometry. A. Mean EGFP-KRAS®'?" signal and cell count from wells treated with Torin-1, AMG-
47a and Ponatinib from the primary screen. B-D Flow cytometry quantification of Hela cells expressing either EGFP-KRAS®'?Y (B), EGFP (C) or EGFP-
KRASWT after 48 hours exposure to compounds. (*p<<0.05 and **p<<0.001, two-tailed Student’s t-test. Error bars represent SEM of at least three

independent experiments).
doi:10.1371/journal.pone.0103836.g004

inhibition and KRAS oncoprotein levels, staurosporines, which
binds to the ATP-binding pockets of many kinases, have been
shown to relocalize KRAS%'?Y (o cellular endosomes and drive its
proteasome-independent degradation [27]. Though none of the
staurosporine analogues in the MIPE 3.0 library showed activity in
our screen, it is possible that the short assay duration of 48 hours
in our primary screen precluded us from detecting the activity of
these compounds.

The composition of the MIPE 3.0 library was enriched for
clinically relevant oncology drugs that are either FDA approved or
in clinical trials, many of which are ATP-competitive kinase
inhibitors. We do not expect this small library to contain molecules
that potently drive EGFP-KRAS®'?Y degradation. The activity of
Ponatinib, AMG-47a and other hits was accordingly modest in the
primary screen. Measurement of fluorescence signal, both on the
IN Cell platform and by FACS, indicates that Ponatinib and

A

AMG-47a compounds reduced EGFP-KRAS'?Y level by ~40%
consistently without affecting the levels of EGFP, although this
difference was more modest when measured by western blot,
which was less sensitive and less quantitative. In SW620 colorectal
cancer cells which express endogenous mutant KRAS, Ponatinib
and AMG-47a were highly toxic at concentrations required to
observe loss of EGFP-KRAS®'?Y in HeLa cells (>1 uM), thus we
were unable to test whether these compounds also affect the levels
of endogenous KRAS oncoprotein. Further screening of a larger
library with more diverse chemical structures would be necessary
to identify compounds with better activity profiles.

Because Ras proteins are relatively stable and no specific
ubiquitin ligases have been attributed to the degradation of Ras,
the mechanism of its turnover is not well understood [28,29]. Ras
rapidly undergoes large structural oscillations between the active
and inactive conformations [30], thus its folding is highly dynamic
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Figure 5. Validation of hit compounds by western blot. A. Levels of EGFP-KRAS®'?Y protein in Hela cells treated with a KRAS siRNA (siKRAS),
AMG-47a and Ponatinib were probed with KRAS antibody in whole cell lysates. Numbers below the blot indicated relative protein levels. The siKRAS
treated samples were normalized to siNEG control, and the compound treated samples were normalized to DMSO control. B. Levels of EGFP protein
in Hela cells treated with AMG-47a, Ponatinib and Torin-1 were probed with EGFP antibody in whole cell lysates. Numbers below the blot indicate
relative protein levels normalized to DMSO control.

doi:10.1371/journal.pone.0103836.9g005
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and there might be opportunities for small molecules to bind to
Ras and trigger its unfolding or mis-folding, which in turn could
lead to its degradation by the cellular protein quality control
pathway [31]. Our screen thus serves as a proof-of-principle to
demonstrate the feasibility of using an EGFP-KRAS®'?Y reporter
assay in a high-throughput format to identify small molecules that
could drive Ras degradation. In addition, this assay could
potentially enable the identification of compounds that disrupt
the membrane localization of full-length KRAS protein when cells
are imaged at sufficiently high resolutions [32,33]. For proteins
such as Ras — in which the total protein level and its subcellular
localization both affect signaling output and cellular phenotype —
this assay could be a valuable approach to high-throughput
screening.

Supporting Information

Figure S1 Comparison of small molecules with similar
mode of action in the screen. A. Dose-dependent effects of 8
mTOR inhibitors on EGFP-KRAS“'?Y signal and cell number in
the primary screen. Only Torin-1 had a significant effect on
EGFP-KRAS®'?Y signal. B. Dose-dependent effects of 6 ABL
kinase inhibitors on EGFP-KRAS®'? signal and cell number in
the primary screen. Only Ponatinib, Nilotinib and DCC-2036 had
a significant effect on EGFP-KRAS®'?Y signal.

(TIF)
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Figure $2 Effect of hit compounds on EGFP-KRAS®'?Y
and EGFP fluorescence signal. A. Fluorescent and phase
contrast microscopy images of HeLa cells expressing either EGFP-
KRAS®'?Y or EGFP with or without compound treatment for
48 hours. B. & C. Flow cytometry quantification of Hela cells
expressing either EGFP-KRAS®'?Y (top) or EGFP control
(bottom) after either 3 days (B) or 5 days (C) of exposure to
compounds. (*p<<0.05 and **p<<0.001, two-tailed Student’s t-test.
Error bars represent SEM of three independent experiments).
(TTF)

Figure S3 Additional hit compounds from the primary
screen. Mean EGFP-KRASY'? signal and cell count from wells
treated with compounds at indicated concentrations are shown.
Reported primary target for each compound is given below its
name.

(TTEF)
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