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Ras proteins are small GTPases which regulate cellular proliferation, differentiation, and apoptosis.
Constitutively active mutant Ras are expressed in ~15-20% human cancers, and K-Ras mutations account for
~85% of all Ras mutations. Despite the significance of Ras proteins in refractory cancers, there is no anti-Ras
drug available in clinic. Since K-Ras must interact with the plasma membrane (PM) for biological activity,
inhibition of the K-Ras/PM interaction is a tractable approach to block oncogenic K-Ras activity. Here, we
discovered chalcones 1 and 8 exhibit anti-K-Ras activity, and show that the compounds mislocalize K-Ras from
the PM and block oncogenic K-Ras signal output. Also, 1 inhibits the growth of K-Ras-driven human cancer cells.
Our data suggest that 1 could be a promising starting point for developing anti-K-Ras cancer drug.

Ras proteins are small, membrane-bound GTPases that oscillate
between active GTP-bound and inactive GDP-bound states through in-
teraction with guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs), respectively." Ras proteins stimulate mul-
tiple downstream effectors which regulate cell proliferation, differ-
entiation, survival and apoptosis.” Four Ras isoforms, K-Ras4A and K-
Ras4B (both encoded by KRAS), as well as H-Ras and N-Ras are ubi-
quitously expressed in mammalian cells and must interact primarily
with the inner leaflet of the plasma membrane (PM) for conducting
signal transduction.” For this requisite stable PM interaction, Ras un-
dergoes a series of posttranslational modification at the C-terminal
CAAX motif (where C = Cys, A = aliphatic amino acids, and X = Met
or Ser). First, the Cys is farnesylated by a cytosolic farnesyltransferase,
which allows Ras to bind to the cytosolic leaflet of the ER. RCE1 (Ras
converting CAAX endopeptidase 1) then cleaves the AAX tripeptide,
followed by the methylation of the now C-terminal farnesylated Cys by
ICMT (isoprenylcysteine carboxyl methyltransferase).®> N-, H-, and K-
Ras4A (the alternative splicing variant of K-Ras) are further modified
with addition of palmitic acids on one or two other Cys near the
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farnesylated Cys, allowing Ras to interact with the PM. For K-Ras4B
(hereafter referred to as K-Ras), a polybasic domain made of six lysine
residues near the farnesylated Cys allows K-Ras to interact with anionic
phospholipids in the PM through electrostatic interaction.®”

Constitutively active mutant Ras are found in ~15-20% of all
human cancers.® Of those, oncogenic mutant K-Ras is expressed in
~98% of pancreatic, 45% of colorectal, and 30% of all lung cancers, but
as of yet there are no anti-K-Ras therapies available in clinic.”'° One
approach for blocking oncogenic K-Ras activity is to dissociate K-Ras
from the PM, since K-Ras must interact primarily with the PM.%~!
Removal of oncogenic K-Ras from the PM inhibits the growth of K-Ras-
driven cancer cells in vitro and in vivo.'*** Therefore, disrupting K-Ras/
PM interaction is a tractable target for blocking oncogenic K-Ras ac-
tivity.

Recently, we performed a cell-based high content screening to
identify novel compounds capable of dissociating K-Ras from the PM.
Identification and characterization of such compounds will provide
deeper insights into K-Ras trafficking to and interaction with the PM,
which might offer a starting point for the development of novel anti-K-
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Ras cancer therapies. Given the historical and ongoing challenges as-
sociated with anti-K-Ras drug discovery efforts, it is not surprising that
there has been a strong reliance on the examination of large compound
libraries. From a practical standpoint, hits obtained from such re-
positories might include a number of unrelated chemical classes, or
complex core structures which may present no obvious starting-off
point for library expansion by rational drug design. Moreover, since the
target responsible for inducing disruption of K-Ras PM localization is
largely unknown, molecules of so-called privileged classes warrant at-
tention as they afford the advantages of impacting a number of po-
tentially relevant biological pathways along with the expected benefit
of high hit rate per library size.'*>'®

Thus, in lieu of such large exploratory compound libraries, it was
reasoned that if an easily synthesized, structurally simple privileged
scaffold were to be employed, upon identification of a putative phar-
macophore on either ring, rapid diversification and structure activity
relationships (SAR) might be easily developed about that core structure.
The chalcone privileged scaffold (1,3-diaryl-2-propen-1-one),'” con-
sisting of two aromatic rings A and B linked by a conjugated carbonyl
system, served as an excellent starting point, allowing for a highly-
optimizable class of compounds that boasts facile synthesis and a wide
range of biological activities. Design considerations involved in the
selection of a small exploratory panel for this study centered on the
inclusion of functionalities shown to be of importance to the anticancer
properties of chalcones, broadly defined.'® Of these, the trimethox-
yphenyl motif is probably the most common pharmacophore in-
vestigated for anticancer properties, with the 3’,4’,5’-pattern on ring A
notably associated with cytotoxic/antiproliferative effects arising from
tubulin interaction.’®?° So as to minimize any possible confounds at-
tributable to this mechanism of action in this initial screening set, it was
decided to focus upon chalcones featuring the inverse substitution
pattern, e.g., 3,4,5-trimethoxy on ring B (Table 1).

Though generally less studied and regarded as having less cytotoxic
potential when positioned on the B-ring,?' we were intrigued by the
report that the 4’-nitro-3,4,5-trimethoxyphenyl derivative 1** exhibited
anti-inflammatory, antioxidant and anticancer cancer properties.>> The
nontoxic nature of this substrate, in addition to its multitarget potential,
provided the impetus for the development of this initial flight of chal-
cones for the mislocalization of K-Ras. Moreover, to eliminate any
conjecture that the strongly electron-withdrawing (EW) 4’-nitro group
might be bio-reductively converted to the corresponding electron-do-
nating (ED) 4’-amino derivative 2 under the screening conditions, this

Table 1
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analogue was also included.”**° To complete this library based upon
the 3,4,5-trimethoxy pattern on ring B, most of the remaining com-
pounds in this study included functionalities running the gamut of EW
(-F, -Br) to ED (-OCHj, -N(CHs),).!%?%27-28 Notable exceptions entail
the 2-azachalcone derivative 3,2° which was included due to the elec-
tron deficient nature of the pyridine ring as well as to identify any ef-
fects which might be attributable to metal binding by chelation to the
proximate ring nitrogen and carbonyl group of the 2-pyridyl ketone.
Additionally, as many of the biological effects of chalcones have been
ascribed to the Michael-acceptor properties of the a,B-unsaturated
carbonyl system linking the two aromatic rings, the 2,6-difluoro moi-
eties of compounds 4 and 10 were designed for the putative enhanced
acceptor abilities due to orthogonality induced by such bis-ortho sub-
stituents.”® Finally, although not strictly axiomatic, it has often been
noticed that so-called “reverse chalcones” wherein the carbonyl and
ethylene groups are interchanged, display similar biological activities
as the original. Thus, the 3,4’,5’-ring A analog of compound 1 (com-
pound 9)'° was included, especially as this substrate was apparently
devoid of tubulin binding effects.>’

Chalcones 1-10 were prepared by base-catalyzed Claisen-Schmidt
condensation utilizing commercially available benzaldehydes and aryl
methyl ketones with ethanol as the solvent and aqueous NaOH (10%) as
the base (Scheme 1). Characterization of compounds were accom-
plished by GC/MS and 'H and '3C NMR analysis with acceptable pu-
rities > 96%. The conjugated carbonyl system of chalcones was verified
to be the trans-isomers in all cases by 'H NMR wherein two doublets
with coupling constants from 15.5 to 16.1 Hz were observed. Melting
points and NMR spectra of known compounds were compared to those
previously published in literature; however, due to questionable NMR
data existing in some previous publications, all characterization data
and full spectra are provided in the Supplementary Data. To the best of
our knowledge, this is the first time chalcones 4 and 10 have been re-
ported in literature, and their identities were verified by high-resolution
mass spectrometry.

To examine the effect of chalcone compounds on K-Ras interaction
with the PM, we performed quantitative confocal microscopy. Madin-
Darby kidney (MDCK) cells stably co-expressing green fluorescent
protein (GFP)-tagged oncogenic mutant K-Ras (K-RasG12V) and
mCherry-CAAX, a generic endomembrane marker’*>® were treated
with different concentrations of chalcone compounds for 48 h, and cells
were fixed and imaged by a confocal microscope. To quantitate the
extent of K-RasG12V dissociation from the PM, we used Manders

The ICsp and E,,,x values of chalcones synthesized from Scheme 1 for K-Ras dissociation from the PM.

Compound X R; Ro ICs0 (UM) S.E.M. Emax S.E.M.
1 C—H 4’-NO, 3,4,5-OCH3 7.01 0.92 0.57 0.04
2 C-H 4’-NH, 3,4,5-OCH3 9.17 3.12 0.54 0.03
3 N H 3,4,5-OCHj3 52.97 2.96 0.45 0.02
4 C-H 2/,6"-F, 3,4,5-OCHj3 8.20 1.80 0.45 0.03
5 C-H 4-F 3,4,5-OCHj3 15.90 8.23 0.39 0.02
6 C-H 4'-Br 3,4,5-OCHj3 24.64 2.39 0.47 0.02
7 C-H 4-OCHj3 3,4,5-OCH3 8.29 2.19 0.45 0.05
8 C-H 4’-N(CHj)» 3,4,5-OCH3 7.42 0.53 0.58 0.03
9 C-H 3,4/,5-OCHj3 4-NO, 8.20 2.87 0.46 0.02
10 C-H 3,4/,5-OCHj3 2,6-F; 7.49 2.69 0.45 0.01

ICs: 50% inhibitory concentration for K-RasG12V PM dissociation.
Emax: Maximal effects elicited by the compounds.
S.E.M.: Standard error of mean from three independent experiments.
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Fig. 1. 1 and 8 are most potent and effective at dissociating K-Ras from the PM. MDCK cells stably co-expressing GFP-K-RasG12V or -H-RasG12V with mCherry-CAAX
were treated with chalcone compounds for 48 h. Cells were fixed with 4% paraformaldehyde (PFA) and imaged by confocal microscopy. (A and B) Representative
images are shown after treatment with 50 uM of 1 or 8. GFP-RasG12V dissociated from the PM is indicated by arrowheads. Values in merged panels represent the
fraction of mCherry-CAAX co-localized with GFP-RasG12V calculated by Manders coefficient. (C and D) ICso of 1 and 8 for K-RasG12V and H-RasG12V were

estimated from the dose-response plots from three independent experiments.

coefficient, which calculates the fraction of mCherry-CAAX colocalizing
with GFP-K-RasG12V. The greater the value of the Manders coefficient,
the more extensive the displacement of K-RasG12V from the PM.>***
The potency (ICso) and efficacy (Enmax) of each compound were further
derived from the Manders coefficient values. Our data show that
compounds 1 and 8 are most potent and effective at dissociating K-Ras
from the PM, indicated by the lowest IC5o with the highest E ., values,
respectively (Table 1 and Fig. 1A and B). These data suggest that 3,4,5-
trimethoxy moiety on the B ring of chalcones might represent a possible
pharmacophore for K-Ras PM mislocalization. Though further work
remains to establish a reliable SAR, it is interesting to note that the
trends observed roughly parallel those reported in the publication that
inspired the choice of the prototype compound 1.?* For instance, while
the most active analogue in both instances possess an EW 4’-nitro
substituent, the next most active entity had a strongly ED substituent at
that site (e.g., dimethylamino derivative 8 here but -OCH; in the
Bandgar publication).?* The lower activity of the 4-amino analogue 2
relative to 1 suggests that the biological activity of the 4’-nitro deri-
vative is not an artifact due to adventitious reduction under the con-
ditions of the assay. In the case of halogens at the C4’-position, a slight
size effect is noticeable in both cases in that the smaller fluoro sub-
stituent is more active than the corresponding bromo atom in this
study, whereas in the earlier publication a chloro group was found
superior to a bromo atom.>* These comparisons are not meant to imply
any similarity in mechanism of action or cancer type, but merely to note
possible trends in the anticancer properties of 3,4,5-trimethoxyphenyl
chalcones.

To examine the effect of substrates 1 and 8 on the PM interaction of
other Ras isoforms, MDCK cells stably co-expressing GFP-tagged onco-
genic mutant H-Ras (H-RasG12V) and mCherry-CAAX were treated
with 1 or 8 for 48 h, and cells were fixed and imaged using a confocal
microscope. Our data show that 1 and 8 did not mislocalize H-RasG12V
from the PM, suggesting the effects of these compounds are K-Ras-
specific (Fig. 1C and D).

Since dissociation of Ras from the PM blocks Ras signal transduc-
tion,>>>° we further examined the effect of 1 on oncogenic Ras signal
output. MDCK cells stably expressing GFP-K-RasG12V or -H-RasG12V
were treated with 1 for 48 h, and cell lysates were immunoblotted with
anti-phospho-ERK and Akt (Ser473) antibodies. The levels of phos-
phorylated ERK and Akt are measured to study Ras activity since active
Ras induces phosphorylation of ERK and Akt.? Our data show that 1
significantly reduced the phosphorylation of ERK and Akt in K-
RasG12V-expressing cells, but not in H-RasGl2V-expressing cells
(Fig. 2A-D). Together with confocal microscopy data, our data suggest
that 1 selectively dissociates the PM interaction and signal transduction
of oncogenic mutant K-Ras.

To further characterize the effect of 1 on oncogenic K-Ras signaling,
we performed cell proliferation assay on human pancreatic ductal
adenocarcinoma (PDAC) and non-small cell lung cancer (NSCLC) cells
harboring oncogenic mutant K-Ras. For control cells, we used human
cancer cells expressing wild-type (WT) K-Ras (BxPC3 for PDAC, and
H1299, H1975 and H522 for NSCLC). Our data show that 1 sig-
nificantly inhibited the growth of PDAC cells expressing oncogenic K-
Ras (Fig. 2F and H). For NSCLC cells, 1 had a greater inhibitory activity
on H441 and H358 cells over cells expressing WT K-Ras (Fig. 2E and G).
A549 however, showed no growth inhibition, albeit it expressed on-
cogenic mutant K-Ras. The growth of cancer cells expressing WT K-Ras
was not inhibited by 1 (Fig. 2E-H). Previous studies reported that
growth of H441 and H358, but not A549 cells, and PDAC cells har-
boring oncogenic mutant K-Ras tested in our experiment is highly de-
pendent on oncogenic K-Ras activity, a phenomenon called K-Ras ad-
diction.?”-*® Taken together, our data suggest that 1 inhibits growth of
K-Ras-addicted human cancer cells.

Protein kinase C (PKC) can phosphorylate K-Ras at Ser181, and the
phosphorylated K-Ras is redistributed from the PM to other cellular
membranes.>® To examine whether 1 dissociates K-Ras from the PM
through activating PKC, we measured the level of phosphorylated
myristoylated alanine-rich C-kinase substrate (MARCKS), a PKC
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Fig. 2. Compound 1 inhibits oncogenic K-Ras signaling and growth of K-Ras-driven cancers. MDCK cells stably expressing GFP-K-RasG12V or -H-RasG12V were
treated with 1 for 48 h, and cell lysates were immunoblotted with anti-ppERK or -pAkt (S473) antibodies. (A and B) Representative blots from three independent
experiments are shown. Total ERK and Akt were used as loading controls. (C and D) The graphs show the means + S.E.M. from three independent experiments.
Significant differences between control (DMSO-treated) cells and 1-treated cells were assessed using a one-way ANOVA test (* p < 0.05; N.S. - not significant). A
panel of pancreatic ductal adenocarcinoma (PDAC) (E) and non-small cell lung cancer cells (NSCLC) (F) were plated on a 96-well plate and treated with various
concentrations of 1 for 4 days. Complete growth medium with the drug was replaced every 24 h. Cell proliferation was analyzed using CyQuant proliferation assay
kit. The graph shows the mean cell proliferation + S.E.M. from three independent experiments relative to that for the control cells (DMSO-treated). Cell lines
expressing oncogenic mutant K-Ras or wild-type K-Ras are shown in red and black, respectively. (G and H) The graphs represent the mean cell proliferation + S.E.M.
relative to that for the control cells (DMSO-treated) after treatment with 50 uM for 4 days. Open and closed bars represent cancer cells expressing wild-type K-Ras and
oncogenic K-Ras, respectively. Significant differences between 1-treated and control cells were assessed using Mann-Whitney U test (* p < 0.05, ** p < 0.001, N.S.
- not significant).

A. H358 B. MDCK GFP-K-RasG12V Fig. 3.1 dissociates K-Ras from the PM through

PKC-mediated K-Ras phosphorylation. H358, a

1 (UM) 0 1 5 10 25 0 1 5 10 25 NSCLC cell line (A) or MDCK cells stably expressing
GFP-K-RasG12V (B) were treated with various con-

p-MARCKS [R—— ~ — ——— - centrations of 1 for 48 h, and cell lysates were im-

blotted f hosphorylated MARCKS -
100 189 192 257 265 100 131 1.76 2.85 280  mancks) and quniied (meas & SEM)

£039+£029+0.38+030£069 +0.13%059+0.27 +0.39 £0.56  Representative blots from three independent ox.

periments are shown. An GAPDH blots were used as

GAPDH — T e D — — — loading controls. (C) MDCK cells co-expressing GFP-
K-RasG12V S181A and mCherry-CAAX were treated

C with 50 uM 1 for 48 h and images by confocal mi-
0 “M 50 “M croscopy. Representative images of GFP-K-RasG12V

S181A from three independent experiments are
shown. Inserted values represent the fraction of
mCherry-CAAX co-localized with GFP-K-RasG12V
S181A calculated by Manders coefficient.

GFP-|
K-RasG12V

substrate. A NSCLC cell line, H358, of which growth was highly sen- dependent manner (Fig. 3). To further validate our data, we mutated K-
sitive to 1 (Fig. 2F and H) or MDCK cells stably expressing GFP-K- Ras Ser181 residue to Ala (K-RasG12V S181A), which is insensitive to
RasG12V were treated with various concentrations of 1 and phos- PKC-mediated phosphorylation, and examined the effect of 1 in the PM
phorylated MARCKS, an indicator of PKC activity was measured. Our localization of K-RasG12V S181A. Our data show that K-RasG12V
data show that 1 increases MARCKS phosphorylation in a dose- S181A is not dissociated from the PM after 1 treatment, suggesting 1
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dissociates K-Ras from the PM through phosphorylating Ser181 residue.
Taken together, our data suggest that 1 dissociates oncogenic K-Ras
from the PM by PKC-mediated phosphorylation at Ser181. This in turn,
results in inhibition of oncogenic K-Ras activity and the growth of K-
Ras-addicted human cancer cells.

KRAS is one of the top ten genes mutated in human cancers har-
boring loss-of-function mutations for seven of the PKC isozymes,*°
suggesting that PKC may suppress oncogenic K-Ras signaling such that
loss of PKC would be required for K-Ras to exert its full oncogenic
potential.*® PKC isozymes comprise three classes: conventional (a, B,
v), novel (8, €, n, 0), and atypical (¢, 1). Several studies have reported
that loss of PKC3 is found in cancers harboring oncogenic K-Ras. PKC8
protein levels are lower in endometrial cancer cells harboring onco-
genic K-Ras than that of WT K-Ras.*! Also, total PKC activity is sig-
nificantly lower in human colorectal cancers compared to normal mu-
cosa because of decreased PKCP and PKCS.*> Moreover, approximately
40% of PKCS loss-of-function mutations found in a large panel of
human cancers are in pancreatic cancers,’® and patients with lung
adenocarcinomas harboring oncogenic mutant K-Ras show an increased
overall survival rate when they also have higher PKCS mRNA levels.**
These studies suggest that PKC8 may have an anti-cancer activity in
cancers expressing oncogenic mutant K-Ras. Taking these studies to-
gether with our data, we propose that 1 has anti-K-Ras activity through
stimulating PKCS. The exact molecular mechanism of 1-mediated PKC§
stimulation needs to be further elucidated.

A previous study demonstrated the effect of chalcones on cancer cell
lines harboring oncogenic K-Ras, where a class of indolyl-tetralone
chalcones induced apoptosis of A549 by cell cycle blockage.** Although
the two sets of compounds are not strictly comparable, it is interesting
to note that a chalcone with the 3,4,5-trimethoxy motif on ring B lacked
any inhibition in that study. Here, we show that compound 1 inhibits
the growth of K-Ras-addicted human cancers, but not A549, which does
require oncogenic mutant K-Ras activity for its growth.>” Taken to-
gether, we propose that unlike the indolyl-tetralone chalcones, our
compounds are specifically targeting oncogenic K-Ras, and that the
mechanism of cell death induced by indolyl-tetralone chalcones is likely
independent of K-Ras inhibition. Therefore, we can conclude that
chalcones with the 3,4,5-trimethoxy moiety are a novel class of com-
pounds for oncogenic mutant K-Ras.

In summary, we identified that chalcone-based compounds 1 and 8
selectively dissociate oncogenic K-Ras from the PM through PKC-
mediated phosphorylation. Upon further investigation, we determined
1 capable of inhibiting oncogenic K-Ras signal output, as well as se-
lectively inhibiting the growth of K-Ras-addicted cancers. Our data
suggest that 1 could be a great starting point to develop anti-K-Ras
therapies. Future work will include thoroughly exploring the efficacy of
the trimethoxy pharmacophore towards the association of oncogenic K-
Ras and the PM in greater detail.
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