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Abstract

Inhibiting the disease progression in KRAS-driven cancers after diagnosis has been a difficult task
for clinicians to manage due to lack of effective intervention/preventive therapies. KRAS-driven
cancers depend on sustained KRAS-signaling. Although developing inhibitors of KRAS-signaling
has proven difficult in past, the quest for identifying newer agents has not stopped. Based on
reports showing potential of terpenoid-chemicals of modulating signaling pathways downstream
of KRAS, we asked if this chemical family has affinity of inhibiting KRAS function. Using crystal
structure as a bait /n silico, we identified 20 terpenoids for their KRAS protein-binding affinity.
We next carried out biological validation of /n silico data by employing /n situ, in vitro, patient-
derived explant ex-vivo and KPC transgenic mouse models. In this report, we provide a
comprehensive analysis of a Lup-20(29)-en-3b-ol (Lupeol) as a KRAS-inhibitor. Using
nucleotide-exchange, ITC, DSF, and immunoprecipitation assays, we show that Lupeol has a
potential to reduce the GDP/GTP exchange of KRAS protein including mutant-KRASC12V,
Lupeol treatment inhibited the KRAS-activation in KRAS-activated cell models (NIH-panel,
colorectal, Lung, & PanlIN) and patient-tumor explants ex-vivo. Lupeol reduced the 3-dimensional
growth of KRAS-activated cells. The pharmacokinetic analysis showed the bioavailability of
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Lupeol after consumption via oral and intraperitoneal routes in animals. Tested under prevention
settings, the Lupeol consumption inhibited the PanIN development in LSL-KRASG12D/Pdx-cre
mice (PDAC progression model). These data suggest that the selected members of triterpene
family (such as Lupeol) could be exploited as clinical agents for preventing the disease
progression in KRAS-driven cancers however warrant further investigation.

Keywords
Colon cancer; Lung cancer; pancreatic cancer; KRASC12D: Transgenic mice

Introduction

RAS proteins are binary molecular switches that cycle between active guanosine
triphosphate (GTP)-bound and inactive guanosine diphosphate (GDP)-bound states and the
reaction is catalyzed by nucleotide exchange factor (GEF).1 KRAS mutations are frequently
found at amino acid positions G12, G13 and Q61 that hamper intrinsic and GAP-mediated
GTPase function.2 This leads to an accumulation of GTP-bound KRAS, the activated form
of protein.2 The KRAS-GTP functions as a nucleotide-dependent switch for growth
signaling pathways.2 According to the National Cancer Institute > 30 % of all human
cancers — including 95 % of pancreatic cancer (PDAC), 45 % of colorectal cancer and 30%
of lung cancer are driven by mutations of the RAS.3 The KRAS-GTP protein mediates its
diverse growth-stimulating function through its direct interaction with effectors including
Raf, PI3K and Ral.4 Although considered as a useful drug target, several attempts have
failed to curb the activity of mutated KRAS.4 Furthermore, attempts to constrain the
downstream-pathways of KRAS showed limited success due to the development of drug-
resistance and complicated feedback mechanisms.5 Previously, the inhibitors of
fernesylation were explored for blocking the function of KRAS protein however due to
redeeming lipidation failed to perform as drugs under clinical settings.6

Plant-derived molecules formed the basis of several clinical anti-cancer drugs.7 These
include Topotecan (similar to camptothecin), Vinca Alkaloid, Etoposide, Teniposide
(Podophyllotoxin), Ingenol Mebutate and Emtansine.7 Previously, we showed that Lupeol
triterpenoid inhibits the growth of KRAS-mutant cancer cell lines whereas sparing wild-type
KRAS expressing cells.8 Based on this information, we asked if activated-KRAS has an
affinity to the triterpene class of chemicals. We hypothesized that identifying novel KRAS-
binding agents followed by validation in relevant biological models could lead to the
development of new drugs or respective synthetic analogues to be used in KRAS-driven
cancer prevention and therapy.

In the current study, we screened a library of triterpenoid class of molecules using an /n
silicoapproach and identified several top-hits which bind to the KRAS protein. We
subsequently investigated triterpene Lup-20(29)-en-3b-ol (Lupeol) for its KRAS blocking
activity using several RAS-activation assays and tested its efficacy in KRAS-driven cancer
cell panels, human PDX ex-vivoand in KC transgenic mice.6
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Materials and Methods

Antibodies

Cell culture

Pancreatic marker Kit (Catalogue #8679; anti-a-amylase, anti-keratin, anti-PLA-2GB), anti-
PERK, anti-phos-AKT, anti-BRAF, anti-Bcl2, anti-Ki67 and anti-p-actin were purchased
from Cell Signaling technology (Danvers, MA) whereas anti-KRAS-GTP antibody was
procured from New East Biosciences (Malvern, PA).

Human normal pancreatic epithelial cell (HPNE) and KRAS-mutant cell (HCT116) were
purchased from ATCC and cultured in RPMI medium. KRAS-activated premalignant
pancreatic cells (PDE-Ras, PDE-st, PDE-KRAS/st) provided by Dr. Paul Campbell (Moffit
Cancer Center, FL) were cultured in DMEM as described.11 The RAS-reagents group at
National Institutes of Health provided the KRAS-active mouse fibroblasts (MEF) cell panel
(KRAS4BG12D, KRAS4BG12V, KRAS4B-WT).

Screening of compounds for KRAS binding

The three-dimensional crystal structure of human KRAS (PDB code: 4EPV) having a
resolution of 1.35 A was analyzed by using Schrodinger-GLIDE docking program.9 Briefly,
water molecules were removed, hydrogen atoms and charges were added using OPLS-2005
force field. Furthermore, loops and missing side chains were built using Prime-3.0 module.
The hydrogen bonding network (Asp, Glu, and His hydroxyl containing residues) with
minim-maxim RMSD of 0.30 A was optimized. LigPrep module 3.1 was used to prepare
chemical-ligands. Using OPLS-2005, the specific chirality/geometry was retained with the
least energy conformations at biological pH 7.4. The ligand/inhibitor binding-site in the
crystal complex was used for Glide docking at standard precision mode. The binding affinity
of ligands with KRAS-protein were calculated using the MM-GBSA continuum-solvent
model. Based on binding-affinity, Lupeol was selected for Induced Fit Docking (IFD) as
discussed previously.9

Isothermal titration calorimetry (ITC)

ITC measurements were performed using Nano ITC-TA Instruments (New Castle, DE,
USA). The recombinant proteins and compounds were prepared in same buffer (50 mM
HEPES pH 6.8, 50 mM KCI, 5 mM MgCl,). A typical titration involved 14 injections of
Lupeol (15 uL aliquots/injection) at 300 sec intervals, into the sample cell (volume ~1.4 mL)
containing KRAS protein. The heat of ligand-dilution in the buffer alone was subtracted
from the titration data. The data were analyzed using Origin®5.0 software.

Differential scanning fluorimetry (DSF)

The KRAS protein samples were added to the thermal shift buffer, fluorescent dye orange
(SYPRO) in water and aliquots were placed in of a 96 well-plate. The plate was centrifuged
at 1500 rpm for 1 min and subsequently loaded into a theramocycler (Applied Biosystems
7500) to perform a melt curve experiment. The temperature was set to escalate on a
continuous mode from 25-90°C The binding affinity of ligands against the human KRAS at
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a rate of 1.0 °C/s. The florescence was read at the excitation and emission wavelengths of
580+10 and 623+14, respectively.10

GTP/KRAS nucleotide association and exchange assays

The association of mant-GTP with recombinant KRAS protein was observed by
fluorescence measurement over time on a BioteK fluorescence spectrometer (excitation 360
nm, emission 440 nm). Lupeol at the indicated amounts was incubated with 1 uM
recombinant-KRAS protein and 200 uM mant-GTP in buffer (25 mM Tris (pH 7.5), 50 mM
NaCl, and 1 mM DTT) at 25 °C. After 2.0 h of incubation, MgCl; (final concentration 10
uM) was added. The protein was passed through NAP-5 column to remove free nucleotide.
KRAS and mant-GTP alone were the positive control for the association, and the
competition with 200-fold excess unlabeled GTP served as the negative control. The half-
lives were determined using Prism software (single-exponential decay fit).

KRAS activation assay

GTP-bound KRAS levels were measured using a Raf-RAS-binding pull-down assay kit as
per vendors protocol (Millipore, Mountain View, CA).11

Cell viability

The effect of Lupeol (5-30 uM) on the growth of normal cells (HPNE), KRAS activated-
tumor cell lines (Ras/st PDE, Ras PDE, Kpp2, HCT-116) and KRAS-MEF panel
(KRAS4BG12D, KRAS4BG12V, KRAS4BWT) was determined by MTT assay as
described.12

[3H] thymidine uptake, prostatospheroids proliferation, apoptosis, immunoblotting,
immunoprecipitation, immunohistochemical (IHC) and immunofluorescence analysis

All tests were performed as per our published method.12. All jn vitro experiments used 48h
Lupeol treatment (20 uM) except for prostatospheroids formation which used 12 days
treatment protocol.

Lupeol pharmacokinetics in mice

Female C57BL/6 mice (8-weeks old) were used for pharmacokinetics studies. Blood
samples from the mandibular vein were collected in lithium-heparin coated tubes (at 0, 0.25,
0.5, 1, 2,4, 6,12, and 24 h) after a single-dose administration of Lupeol (200 mg/kg) by oral
or intraperitoneal routes. The samples were prepared as described in Supplementary data.
The quantitative analysis of Lupeol in plasma samples was performed on a TSQ Quantum
Ultra Mass Spectrometer (MS) coupled with a Waters Nano-Acquity capillary UPLC.
Lanosterol was used as an internal control. The detailed MS/UPLC method for Lupeol is
provided in Supplementary data. The PK parameters (Tmax, AUCins, AUC|ast) Were
determined by using WinNonlin Version 5.3 from Pharsight (Mountain View, CA).

KRASG12D/Pdx-cre mgoyse model and Lupeol diet-supplementation

We generated KRASCL2D/Pdx-cre mice which develop pancreatic intraepithelial neoplasia
(PanIN). The breeding pair of animals was procured from the National Institutes of Health.
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The conditional mice were obtained by cross breeding of LsL-KRAS G12D and Pdx-Cre
animals as per the method reported by Bardeesy et a/and Hingorani ef a/13-14 The
genotyping condition is provided in the supplementary data 1. A high-grade purified Lupeol-
supplemented diet was prepared in the form of easy-to chew tablets (5 mg Lupeol/tablet;
non-flavored; 1-tablet weight =3g) (Bio-Serve Inc., Flemington, NJ). The female
KRASG12Drere mice were fed with Lupeol-supplemented diet (200 mg/kg). We provided
one-tablet per 20 g mouse and adjusted the number of tablets to the weight of mice to
maintain the final dose (200 mg/kg). The non-flavored placebo tablets constitute of protein
21.3%, fat 4.3%, fiber 4.0%, ash 7.8%, moisture <10%, carbohydrate 54.0% and total
calories of 3.39 kcal/gm. Food intake and body weight were measured regularly. The
animals were euthanized as per IACUC guidelines and the entire pancreas was harvested for
biochemical and immunohistochemical analyses.

For the grading of PanIN stage, we conducted the hematoxylin and eosin (H&E) staining.
PanIN lesions were classified according to clinical-histopathologic criteria including total
number of ductal lesions and their grade as recommended elsewhere.14

Patient tumor explants

The pancreatic tumors of patients (non-identifiable) were provided by the Cooperative
Human Tissue Network (CHTN-East branch, Nashville) in accordance with IRB regulations.
The tissues in culture media were received by the host laboratory within 12 h post-surgery.
Briefly, tumors from two patients (n=2) were dissected under sterile conditions minced into
1mm3 pieces and placed (3 pieces per well) on pre-soaked, 1 cm3 dental sponges (Novartis
Animal Health, Greensboro, NC) in a 12-well plate. After 12 h, the explants were treated
with control (DMSO, 0.05%) or Lupeol (20 uM; for 10-days) were refreshed every 48 h.
Explants were harvested and underwent H&E staining and IHC for morphology and KRAS-
markers.

Statistical analyses

Results

Student’s t test for independent analysis was applied to evaluate differences between the
treated and untreated cells with respect to the expression of various proteins. ANOVA was
used to study the significance between control and treated mice. A p-value of < 0.05 was
considered statistically significant.

Identifying KRAS-binding molecules

With a general-cutoff at —30.0 Kcal/mol energy, we shortlisted 21 molecules based on their
binding potential to KRAS (Figure 1). Using high-stringency, the top molecules were further
selected at a cut-off value of © —45.0 Kcal/mol binding energy on the basis of which we
identified Lupeol (-51.02 Kcal/mol), Cholanthrene (-50.97 Kcal/mol), Citronellol (-49.39
Kcal/mol), Arnidiol (-49.03 Kcal/mol), Geranylacetone (-48.87 Kcal/mol),
Dehydroeburicoic acid (-47.74 Kcal/mol) and Celastrol (-46.49 Kcal/mol) (Figure 1).
Lupeol (Lup-20(29)-en-3b-ol) is reported to be safe for consumption in animals. In the next
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series of in situ, in vitroand /n vivo studies, we focused our attention on efficiency of Lupeol
as a KRAS-inhibitor.

Lupeol inhibits nucleotide association to KRAS protein

Molecular analysis of KRAS crystal structure (without a bound ligand) (PDB code: 4EPR)
showed that Tyr-71 makes hydrogen bond interactions with Asp-54 and Arg-41 (Figure 2A).
This hydrogen bonding network (crucial for KRAS activity) is disrupted upon ligand
binding at a site situated between Switch | and Switch 11 regions (PDB code: 4EPV). The
successful IFD execution of Lupeol with human KRAS generated multiple docking poses.
The best pose chosen for further analysis exhibited multiple interactions with residues
surrounding the hydrophobic pocket (Figure 2Ai). Further, Lupeol formed a hydrogen bond
interaction with each of the residues Asp-54 and Leu-6 of KRAS (Figure 2Aii). In addition
to hydrogen bond interactions, hydrophobic interactions were also observed. Total number
of amino acid residues of KRAS that are involved in interactions with Lupeol are also
presented (Figure 2Aiii). The Glide score, and binding affinity values (MM-GBSA values)
calculated for Lupeol are —5.57 Kcal/mol and —92.93 Kcal/mol respectively. Furthermore,
we found similarity in the binding pattern of Lupeol in the IFD KRAS-Lupeol docked
complex with KRAS crystal co-complex structure (PDB code: 4EPV).

Lupeol-KRAS protein binding measured by ITC

We performed ITC to investigate the interactions between KRAS protein and Lupeol
because ITC is the most powerful technique used to measure the energetics of drug-target
interactions.15 The initial injection of Lupeol into solution resulted in the binding of Lupeol
to KRAS protein and generation of maximal heat associated with the total enthalpy (4) of
the interaction (Figure 2B). With subsequent injections, the amount of KRAS available for
binding decreased which was indicated by the reduction of associated heat of interaction
(Figure 2B). The heat of individual injections were integrated with respect to time and
plotted against molar ratio of Lupeol (Figure 2B). When the resultant titration curve was
fitted using one-site binding model, it yielded an association constant of 330 nm and
enthalpy change (AH) of —10 Kcal mole™! for a binding stoichiometry of 7= 1. The entropy
(AS) calculated were 52 jmole-1K-1 as shown in the inset of the (Figure 2B).

Lupeol interaction with KRAS and KRASC12V protein measured by DFS

The DSF is a method for measuring thermal stability that relies on a dye that becomes
fluorescent when in contact with hydrophobic residues as proteins unfold upon heating.16
We used DSF technique to measure binding of Lupeol to KRAS or mutant-KRAS protein.
Recombinant wild-type KRAS or mutant KRAS-G12V proteins were loaded with either GDP
and incubated with Lupeol. Samples were incubated (at increasing temperatures) in the
presence of a fluorescent dye that binds to hydrophobic surfaces exposed during thermal
denaturation. We observed that Lupeol increases the amplitude of the thermal denaturation
curve of wild-type KRAS and KRAS-C12V (loaded with GDP) suggesting binding of Lupeol
to both wt-KRAS and KRAS-G12V protein (Figure 2Ci—ii). These data suggest that Lupeol
interacts both with GDP-bound KRAS protein and might be blocking the formation of GTP-
bound state by interfering with GDP-GTP exchange mechanism.
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Effect of Lupeol on nucleotide exchange at KRAS protein

We performed florescence-based KRAS nucleotide exchange assay. As demonstrated by an
increase in fluorescence, the addition of the fluorescent-GTP analog, mant-GTP (2'-/3"-O-
(N’-methylanthraniloyl) guanosine-5" O-triphosphate) exhibited an association with wild-
type KRAS in a time-dependent fashion (Figure 2Di). We noted that addition of Lupeol (to
KRAS/mant-GTP solution) caused an inhibition of mant-GTP association to KRAS protein
(Figure 2Di). These data confirms that Lupeol blocks the GTP-GDP exchange at KRAS
protein. The KRAS protein incubated with mant-GTP and excess unlabeled GTP (which
completely blocked the mant-GTP association) served as the negative control (Figure 2Dii).

Lupeol inhibits the growth of KRAS-activated 2-dimensional and 3-dimensional models

To determine the effect of Lupeol on the KRAS-activated monolayer or 2-dimensional (2D)
cell cultures, we selected human pancreatic ductal-epithelial (PDE-KRAS and PDE-KRAS/
st), mouse lung cancer (Kpp2), human Colon cancer (HCT116), and NCI-KRAS-active
panel of cells. As a control, we used mouse embryonic fibroblast (MEF), and normal
pancreatic (HPNE) cells. KRAS-expressing pancreatic and NCI cell panels were treated with
Lupeol (1-50uM). At 48h post-treatment, cells were measured for growth by employing an
MTT assay. Lupeol treatment inhibited the growth of KRAS-activated pancreatic neoplastic
and NCI-KRAS cells in a dose-dependent manner while sparing normal cells (Figure 3Ai).
Among NCI-KRAS-expressing cells, the prominent effect was observed in RPZ26198-
KRASC12D and RPZ26425-KRAS-C12V cells (Figure 3Ai). An important observation is that
Lupeol inhibited the growth of KRAS-mutant cells (HCT116-KRASC13D, Kpp2-
KRASC12D Rp726198-KRASC12D RPZ26425-KRASC12V) at a lower dose (ICso 15—
20uM) than wild-type KRAS-expressing cells (RPZ25854, RPZ26379; 1Cgq 25-50 uM).
Next, the [3H] thymidine uptake assay of cells showed that single treatment of Lupeol (20
UM) causes a reduction in the rate of proliferation of premalignant (PDE-KRAS and PDE-
KRAS/st) and carcinoma (KPP2; HCT116) cells (Figure 3Aii).

Compared to 2D culture-models, 3-dimensional (3D) models closely mimics the
microenvironment and growth pattern of cells within tumors. For this purpose, we allowed
cells to form spheroids in a 3D Tumor-sphere Medium XF (PromoCell GmbH). After 4-days
of spheroid formation in cells, the cultures were grouped into two: (i) control and (ii)
Lupeol-treated of sub-lethal dose (10 pM). After 10-14 days of therapy, spheroids from
control and the treated group were measured for size (an index of clonal proliferation). The
control KRAS-activated pancreatic and colon cells formed spheroids of larger diameters
(4x105 — 6 x108 um), whereas the Kpp2-spheroids exhibited smaller size (mean 2x108 um).
The long-term Lupeol therapy significantly (p<0.05) decreased the number of spheroid
formations (Figure 3Bi—ii). We speculated that Lupeol-induced inhibition of clonal
proliferation might be driving such clones to commit apoptosis. Next, KRAS/st, HCT116
and KPP2 cells were exposed to sub-lethal dose of Lupeol (10 uM) for 48 h and subjected to
FACS analysis to measure apoptosis. An increase in a number of apoptotic cells was
registered in pancreatic (23.02%), colon (3.6%) and Lung (5.4%) cells (Figure 3C).
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Lupeol decreases active-KRAS protein (GTP-bound) levels in KRAS-activated cells

Mutations in the KRAS gene cause the accumulation of KRAS-GTP (activated form of
KRAS) levels in premalignant and malignant cells.17-20 We asked if Lupeol-induced
inhibition in proliferation is associated to the alterations in active protein (KRAS-GTP)
levels in cells. We measured KRAS-GTP levels in cells treated with Lupeol (10 uM for 24 h)
by using affinity pulldown (RAF/RBD) and KRAS-GTP specific immunoprecipitations
assays. Lupeol treatment caused a reduction in GTP-bound active KRAS protein levels in
pancreatic, colon and lung cancer cells (Figure 3Di—iii). Lupeol treatment did not cause any
effect on total KRAS protein levels in cancer cells (Figure 3Di-iii) or normal cells (data not
shown). These data validate the inhibitory potential of Lupeol as a KRAS-inhibitor in
solution and in biological models.

Effect of Lupeol on KRAS-downstream pathways in KRAS-activated cells

Activation of KRAS triggers a cascade of molecular pathways, the majority of which are
associated with the proliferation and therapy-resistance.3 The KRAS-induced pro-
proliferative signal is relayed by Raf/Mek/Erk, PI3K/Pdk1/Akt and the Ral-guanine
pathways in neoplastic cells.21-22 We next determined effect of Lupeol-treatment on the
KRAS-downstream targets in cells by employing immunaoblot assay. Lupeol treatment
caused a marked reduction in phosphorylated-AKT and Bcl2 proteins in cells (Figure 3E).
These data are significant because activated-Akt is promotes tumor progression whereas
Bcl2-overexpression confers resistance to tumor cells.23 Whereas Lupeol caused a decrease
in the phosphorylated-ERK levels in lung and colon cancer cells, an inverse case was
observed in PDAC cells (Figure 3E). This data is consistent with studies which reported
phosphorylation of ERK as a KRAS-independent event in PDAC models.24 Brandt et a/
showed cell type-dependent differential activation of ERK by oncogenic KRAS.25 Taken
together, the data generated from /n silico, in solution and cell-based biological assays firmly
suggest the potential of Lupeol-triterpene as a strong KRAS-inhibitor.

Pharmacokinetics profile of Lupeol in vivo

For quantification of Lupeol in mice plasma for /in vivo pharmacokinetics, a sensitive and
specific method with LC/MS/MS was developed as described under material and methods.
The mean plasma concentration of Lupeol versus time was measured in the blood of mice
collected at different time-points following a single-dose (200 mg/kg) of oral and
intraperitoneal administration of Lupeol in two-independent experiments. The summarized
pharmacokinetic parameters of Lupeol are presented in inset tables in Figures 4Ai—ii. Mice
achieved a maximum plasma concentration of 16.79 uM and 51.44 uM at 2h for oral and
intraperitoneal administration, respectively. The half-life (T/,) of Lupeol was recorded as
12.49 h and 11.15 h following oral and intraperitoneal administration, respectively (Figure
4Ai-ii). The area under the curve from 0-inf (AUC,f) was estimated using a linear
trapezoidal rule and equal to 266.79 uM and 549.14 uM for oral and intraperitoneal
administrations, respectively (Figure 4Ai-ii).
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Lupeol feeding inhibits PanIN development in KRASG12D /Pdx-cre mijce

The development of PDAC starts from transformation of normal epithelium to carcinoma via
a series of histologically well-defined precursor lesion formations termed as PanIN lesions.
The activated-KRAS oncogene is a driver for the PanIN formation and multiple pathways
are required for the progression of disease to carcinoma.14 Because Lupeol caused a
significant inhibition in KRAS-activity in PDE-KRAS and PDE-KRAS-st /n vitro models
which mimics PanlIN, we asked if similar effect could be achieved on PanIN development
under Jn vivo conditions. We selected conditional KRASG12D/Pax-cre transgenic model which
exhibits the progression of PanIN stages, ranging from low-grade PanINs (1A and 1B) to
high-grade PanINs (PanIN-2 and PanIN-3).13-14 We evaluated pancreatic tissues from
PdxCre and KRASC12D/Pax-cre mice for KRAS-activity by using the KRAS-GTP-specific
immunoblot assay. Consistent with expression of the KRASG12D allele, the pancreatic
tissues of KRASGL2D/Pax-cre mice exhibited increased levels of KRAS-GTP levels (Figure
4B).

At 4t week post-birth, mice were genotyped for KRAS mutation. The KRASGL2D/Pax-cre
mice are reported to develop PanIN or early stage PDAC between 24-28 weeks of age.14
The KRASG12D/Pax-cre mice were divided into two groups: (1) Control group (fed with
regular diet), and (ii) prevention group (fed with Lupeol-supplemented diet; 200mg/kg
weight). After genotyping, we started Lupeol-feeding in mice till an age of 28 weeks (using
a piggy-banking protocol). At this point, mice were sacrificed and viscera harvested for
histopathological.

Histopathological analysis of pancreatic tissues showed different stages of mPanIN
(mPanIN-1, mPanIN-2, and mPanIN-3) in control KRASCIZD/Pax-cre mice (Figure 4Ci-ii).
Notably, Lupeol feeding in KRASCI2D/Pdx-cre mice for 24 weeks showed significant
(p<0.05) inhibition of mPanIN-1, mPanIN-2, and mPanIN-3 lesion development (Figure
4Cii). The histopathological analysis of the pancreatic tissue in Lupeol-fed mice showed
normal area (or isolated acinar-to-ductal metaplasia). Metaplastic acinar-to-ductal metaplasia
cells make luminal structures. Some metaplastic cells were noted to contain eosinophilic
cytoplasmic granules (Figure 4Cii). PanIN-1A marked with a brown arrow are flat epithelial
lesions composed of tall columnar cells with basally located nuclei and abundant
supranuclear mucin. Most of the nuclei are small and round to oval in shape (Figure 4Cii).
PanIN-2 shown with a yellow arrow as in Figure 4Cii are mucinous epithelial lesions, either
flat or papillary and cytological, these lesions are having some nuclear abnormalities
including loss of polarity, nuclear crowding, enlarged nuclei, pseudo-stratification and
hyperchromatism. Occasionally we found PanIN-3 lesion as shown in Figure 4Cii with blue
arrow. These lesions are usually papillary or micropapillary. The quantification of PanIN
lesions (on histopathological basis) showed that KRASGI2D/Pax-cre mice develop mPanIN-1,
(30%), mPanIN-2 (15%), and mPanIN-3 (5%) in control group (Figure 4Ciii). On the
contrary, Lupeol-fed KRASC12D/Pdx-cre mice developed mPanIN1 and mPanIN2 in 10% and
5% animals, respectively (Figure 4Ciii). It is noteworthy that none of the Lupeol-fed mice
exhibited mPanIN-3 lesions. Furthermore, 10% of pancreatic ducts in the control animals
appeared normal, whereas 20% of pancreatic ducts were classified normal in the Lupeol-fed
animals (Figure 4Ciii).
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The epithelial-mesenchymal transition (EMT) is critical in the development of epithelial
malignancies and accelerated by chronic inflammation in KRASGI2D/Pdx-cre mice. 26 The
important molecular changes related to EMT are the loss of E-cadherin and gain of
vimentin.26 Recent studies showed KRAS-mutation and E-Cadherin inactivation in KRAS-
induced malignancies.27 We observed a marked loss of E-Cadherin and gain of vimentin
protein expression in pancreatic tissues of 28-week KRASCIZD/Pdx-cre mice (Figure 4D). We
observed increased E-cadherin and decreased vimentin levels in the pancreatic tissues of
Lupeol-fed KRASGIZD/Pdx-cre mice (Figure 4D). Long-term Lupeol feeding did not cause
any toxicity in mice. Control and Lupeol-fed mice showed similar weight gain as a function
of age (Figure 4E).

Effect of Lupeol on the KRAS-downstream pathways in KRASG12D/Pdx-cre mjce

We determined the effect of Lupeol-feeding on KRAS-GTP levels in KRASG12D/Pdx-cre
mice using protein extracts of pancreatic tissues and employing the BRAF-RBD affinity
pull-down assay. Lupeol-feeding was observed to reduce the KRAS-GTP protein levels in
pancreatic tissues of KRASCIZD/Pax-cre mice (Figure 5Ai). We next validated the affinity-
pull down data by conducting an immunoprecipitation assay of pancreatic-cell lysates by
using anti-BRAF and anti-GTP-KRAS antibodies. As compared to control group, the
Lupeol-fed mice showed reduced interaction of KRAS-GTP protein to BRAF protein
pancreatic tissues (Figure 5Aii). These data strongly suggest that Lupeol has the potential of
decreasing active KRAS (KRAS-GTP) levels under /n vivo conditions.

We next determined the inhibitory effects of Lupeol on downstream targets of KRAS
signaling in pancreatic tissue of KRASCLZD/Pax-cre mice by employing the
immunofluorescence-microscopy technique. The Lupeol-fed KRASGLZD/Pax-cre groyp
exhibited reduced levels of phospho-ERKY/2, phospho-AKT, cyclin D1 and Bcl-2 proteins in
pancreatic tissues than in control group (Figure 5B). Notably control mice exhibited
enrichment of cyclin D1 in the nucleus, whereas Lupeol-fed mice exhibited decreased
nuclear accumulation of cyclin D1. These data strengthens the notion that Lupeol is a strong
KRAS-signaling inhibitor validated /in7 vitro as well as in vivo.

Testing efficacy of Lupeol in patient-derived pancreatic explants ex vivo

After successful validation under /in vitro and preclinical mouse models, our data strengthens
the argument that Lupeol as a KRAS inhibitor warrants a testing in translational settings
resembling close to the clinical condition. Patient tumor-derived xenografts or explants
(PDX) resemble the disease very similar to the clinical condition and retain associated
stromal components that play roles in the therapeutic sensitivities.28. Next, we utilized
patient pancreatic tumors, cultured ex vivo (explants) to directly monitor the efficacy of
Lupeol therapy. Pancreatic explants were treated with Lupeol (30 pM) for 10 days and
subsequently analyzed for active KRAS protein and surrogate biomarkers of growth by
using immunofluorescence-microscopy. When compared to control, the Lupeol-treated
tumor-explants exhibited significantly (p<0.05) reduced KRAS-GTP protein levels (Figure
5Ci). Immunofluorescence analysis showed that tumor-explants treated with Lupeol exhibit

pictographs and respective histogram, Lupeol treatment significantly reduced the KI-67 -
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positive (proliferation index) cells in tumor-explants (Figure 5Civ). To summarize, these
data show that Lupeol is a strong and non-toxic KRAS-inhibitor with a translational
potential to prevent and treat KRAS-driven malignancies.

Discussion

Mutations of RAS are associated with initiation, maintenance and poor prognosis of several
types of cancers.29-32 The major stumbling block in the management of KRAS-driven
cancers is the non-responsiveness to conventional therapies.32 This makes the development
of anti-RAS therapies as a major health priority. KRAS protein functions as a molecular
switch cycling between ON and OFF state to affect the intracellular signaling.30 Whereas
the ON switch to the active state is promoted by guanine nucleotide exchange factors
(GEFs), the OFF state is regulated by GTPase-activating proteins (GAPs).33 Oncogenic
alleles of KRAS lose the capability of GAP-induced GTP hydrolysis resulting in increased
GTP-bound KRAS protein levels which in turn trigger the pro-growth signaling pathways.30
According to Waters and Der et a/, the adenosine triphosphate (ATP)-competitive inhibitors
or small molecule GTP antagonists should provide a straightforward strategy to target
mutant KRAS.31 However, with milli-molar GTP cellular concentrations and complex
topography of RAS protein, competitive inhibitors of GTP faced enormous challenges and
were deemed non-feasible.5, 14, 34. The alternative strategies to target KRAS pathway have
been explored. These include inhibitors of (i) fernesyl transferase (FTIs) and (ii) KRAS
processing enzymes, however these approaches failed in KRAS-mutant cancers.35-36.
Other strategies include disruption of active state conformations of Switch-I (aa 30-38) and
Switch-I1 (aa 59-76) regions that target (i) GEF interaction (ii) nucleotide-binding site and
(iii) adjacent shallow surface pockets under the Switch Il loop.15, 32, 37 Recently Janes et
al showed a similar attempt for ARS-1620 compound as a KRAS activity disruptor between
Switches | and 11.38 Ganguly er a/ showed that SCH54292 and its water-soluble cognate
bind to a region in between switch Il and helix 4 of RAS-GDP.39 Andrographilides were
shown to binding between Switch | and Il of RAS protein however this chemical family
binds to several proteins at different regions and is not specific to KRAS protein.40
Unfortunately several attempts to target unknown binding pockets on RAS protein resulted
in dismal performance under /n vitro and in vivo conditions.33 In this context this study is
significant study as it investigated a series of small chemicals which showed high-affinity of
binding to KRAS crustal structure and identified one terpenoid (Lupeol) that has potential to
bind between Switch I and Il regions of KRAS-protein. By employing different
experimental platforms ranging from /n situto in vivo models, this chemical (Lupeol) was
comprehensively validated as a KRAS-inhibitor. Sun et al reported that Tyr-71 is required to
makes hydrogen bond interactions with Asp-54 and Arg-41 in the binding pocket of KRAS
protein, in its Apo-state.41-43 We speculate that interaction of Lupeol in the binding pocket
leads to conformational change of KRAS due to flipping away of Tyr-71 (thus leading to the
disruption in the interaction between Tyr-71, Asp-54 and Arg-41 in Apo-KRAS). It is
possible that due to disruption of Tyr-71 interactions by Lupeol, the orientation of Met-67
also flipped away.

The biggest concern for previously reported KRAS-inhibitors was their failure in
physiological availability and systemic toxicity. However, this study confirms the safety,
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bioavailability and pharmacokinetic profile of Lupeol under physiological conditions.
Previously several studies were performed to identify inhibitor GDP-GTP exchange as
potential KRAS-inhibitors however majority of them were cell-specific and did not perform
well as Pan-inhibitor of KRAS activity.33 This study validated the KRAS-inhibitor function
of Lupeol in multiple human and murine KRAS-driven cancer models including PDAC,
Colon and lung cancer suggesting utility of this small molecule as a future broad therapy for
various KRAS-driven malignancies.

The concern regarding specificity of KRAS-inhibitors has proven to be detrimental in
progress of such preclinical agents to clinical level.43 The high-affinity claim of Lupeol for
activated-KRAS is strengthened on the basis of (i) the data from NIH-KRAS cell array
(mutant KRAS or wild-type KRAS), (ii) PDE-KRAS-st cells and (iii) previous report where
AsPC1 cells (mutant KRAS) responded more to Lupeol than BXPC3 (wild-type KRAS).44
This notion is supported by animal studies data showing a marked effect on KRAS-GTP
levels in the pancreatic tissues of KRASGLZD/Pax-cre mice by long-term Lupeol-
consumption. The translational significance of data from KRASGI2D/Pdx-cre mice s
strengthened by similar findings in patient tumor explants. Because Lupeol did not exhibit
toxicity under /n vivo conditions, therefore we foresee this inhibitor and its analogues as a
safer future therapy for treating KRAS-driven cancers in humans.
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Figure 1: Screening of compounds for KRAS binding efficiency.
Figure 1 shows surface representations of Apo-KRAS (PDB# 4EPR) binding with small

molecules as assessed by using a Glide software. Each surface representation is appended
with PubChem ID and binding energy is represented in Kcal/mol.
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Figure 2: Effect of Lupeol on nucleotide binding and nucleotide exchange on KRAS.

(Ai) surface representation of residue interactions of Apo-KRAS (PDB code: 4EPR) (Aii)
surface representation of KRAS-Lupeol docked complex ribbon representation of KRAS-
Lupeol docked complex (Aiii) Ligand interaction diagram depicting KRAS amino acid
residues involved in interaction with Lupeol. (B) Thermograms and binding isotherms show
the interaction of Lupeol with recombinant KRAS protein (in terms of Enthalpy and Kd) as
assessed by isothermal titration calorimetry (ITC). The top portion of each panel shows
baseline corrected thermograms. The bottom portion shows the corresponding binding
isotherms generated using nonlinear binding models. (Ci-ii) line graphs show the differential
scanning fluorimetry (DSF) measurements for recombinant KRAS and KRAS G12V |oaded
with GDP or GTP and Lupeol. (Di) The histogram shows the dose-dependent decrease in
fluorescence intensity in presence of unlabeled GTP (yellow and purple bar). (Dii) line
graphs shows effect of Lupeol on the association of mant-GTP with KRAS protein as
assessed by fluorimetry. Data are representative of two biological replicates.
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Figure 3: Effect of Lupeol on growth proliferation, apoptosis, 3-dimensional spheroids, KRAS-
GTP and KRAS downstream tar gets.

(Ai) Shows growth of normal, KRAS activated pancreatic cells representing PanIN and MEF
having KRAS-G12D mutation. (Aiii) Histogram shows the rate of proliferation
(3H[thymidine-uptake) of human pancreatic (KRAS-%t), human colon (HTC116) and murine
lung (KPP2). (Bi) microphotographs show the effect of Lupeol on prostatospheroids
formation of KRAS-activated cells. (Bi-ii) Bar graphs show quantification spheroids in
terms of volume and dimeter. (C) FACS analysis image shows the effect of Lupeol on
Apoptosis in cells. (Di) immunoblot image shows KRAS-GTP level in pancreatic KRASS
GTP levels in colon and lung cells by KRAS-GTP-specific immunoprecipitation assays. (E)
immunoblot image shows the KRAS-downstream targets in KRAS-activated cells.
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Figure 4: Lupeol inhibits development of PanIN in KRASC12D/pdxCre tr ansgenic mice.
(Ai-ii) Graphs show 24 h pharmacokinetic profile of Lupeol in mice following 200 mg/kg

oral and intraperitoneal administration. Inset in Figures Ai-ii shows pharmacokinetic profile
(Cmax = Maximum plasma concentration; Tmax = Time to maximum concentration;
AUC, 4t = Area under the curve from time 0 to 24 hrs. AUCjns = Area under the curve from
time 0 to infinity). (B) immunoblot image shows the pancreatic KRAS-GTP levels in Pdx¢®
and KRASG12D/Pdx-cre mice (Ci) Picto-micrographs show the pancreatic morphology in
control and Lupeol-fed KRASG12D/pdxcre mice. (Cii) Representative H&E-stained images
of pancreatic acinar-to-ductal metaplasia from a placebo and Lupeol-fed KRASG12D/Pdx-cre
mice at 8 months of age. (Ciii) Histogram shows the quantification of mPanIN 1A mPanIN
2A and mPanIN 3 lesions in KRASC12D/pdxCcre control and Lupeol-fed mice (D) Pictures
show the EMT phenotype markers E-cadherin (epithelial) and vimentin (mesenchymal) in
pancreatic tissues of control and Lupeol-fed mice. (F) Histogram shows the effect of Lupeol
treatment on the body weight in mice.
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Figure5. Lupeol reduces KRAS-GTP in KRAS®12D/pdxC'€ mice and patient tumor explants ex-

Vivo.

(Ai) Immunoblot image shows KRAS-GTP levels in pancreatic tissues KRASG12D/Pdx-cre
mice as assessed of GST-Raf-RBD pull-down assay. (Aii) Immunoblot image shows KRAS-
GTP levels in pancreatic tissues of control and Lupeol-fed mice by using BRAF-specific
immunoprecipitation. (B) Immunofluorescence-microscopy images and respective
histograms show the KRAS-GTP level and KRAS-downstream targets in control and
Lupeol-fed mice. (C) Immunofluorescence-microscopy images and respective histograms
show the (Ci-vi) KRAS-GTP level and KRAS-downstream targets (Cvii-viii) proliferation
marker Ki67 staining in control and Lupeol-treated human pancreatic tumors (explant/PDX)

ex vivo.
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