
ARTICLE

Pan-KRAS inhibitors suppress proliferation through feedback
regulation in pancreatic ductal adenocarcinoma
Cheng-xiang Wang1, Ting-ting Wang2, Kun-dong Zhang3, Ming-yu Li1, Qian-cheng Shen2, Shao-yong Lu1,2 and Jian Zhang1,2,4

Pancreatic ductal adenocarcinoma (PDAC) is currently one of the most lethal cancers worldwide. Several basic studies have
confirmed that Kirsten rat sarcoma virus (KRAS) is a key driver gene for the occurrence of PDAC, and KRASmutations have also been
found in most patients in clinical studies. In this study, two pan-KRAS inhibitors, BI-2852 and BAY-293, were chosen as chemical
probes to investigate their antitumor potency in PDAC. Their inhibitory effects on KRAS activation were validated in vitro and their
antiproliferative potency in PDAC cell lines were profiled, with half-maximal inhibitory concentration (IC50) values of approximately
1 μM, demonstrating the therapeutic potential of pan-KRAS inhibitors in the treatment of PDAC. However, feedback regulation in
the KRAS pathway weakened inhibitor activity, which was observed by a 50 times difference in BAY-293 from in vitro activity.
Furthermore, pan-KRAS inhibitors effectively inhibited cell proliferation in 3D organoids cultured from PDAC patient samples;
however, there were some variations between individuals. These results provide a sufficient theoretical foundation for KRAS as a
clinical therapeutic target and for the application of pan-KRAS inhibitors in the treatment of PDAC, with important scientific
significance in translational medicine.
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INTRODUCTION
Pancreatic cancer (PC) is a heavy disease burden worldwide [1, 2].
In 2021 [3], PC was the fourth leading cause of cancer-related
deaths. The 5-year survival rate for PC is 10%, which is the lowest
among all cancer types [3]. Pancreatic ductal adenocarcinoma
(PDAC) is the most malignant type of PC. Most patients with
pancreatic cancer are diagnosed at an advanced stage, which
greatly limits the possibility of surgical treatment [4]. Chemother-
apy and radiotherapy are currently the major clinical treatment
options of PDAC [5]. Gemcitabine is the first-line drug against
PDAC; however, resistance develops within weeks of chemother-
apy initiation [6, 7]. Therefore, there is an urgent need to develop
new therapies to treat PDAC. Many basic studies have found that
Kirsten rat sarcoma virus (KRAS) is a key driver gene for the
occurrence of PDAC [8], and KRASmutations have also been found
in most patients in clinical studies [9, 10]. Furthermore, mutant
KRAS is strongly associated with invasion and poor prognosis of
PDAC [11, 12].
KRAS is a member of the rat sarcoma virus (RAS) family, which

includes KRAS, neuroblastoma RAS (NRAS), and Harvey RAS (HRAS).
KRAS oncoprotein is a small guanosine triphosphatase (GTPase)
that regulates signaling pathways as a molecular switch cycling
between an active guanosine triphosphate (GTP)-bound state and
an inactive guanosine diphosphate (GDP)-bound state [13, 14].
KRAS is activated by guanine nucleotide exchange factors (GEFs)

and interacts with effector proteins to activate downstream
signaling pathways, thus regulating cell growth, survival, and
proliferation. GTPase-activated proteins (GAPs) promote GTP
hydrolysis of KRAS and return KRAS to an inactive state [15–17].
Oncogenic KRAS mutations frequently occur in codons 12, 13, and
61, which disrupt GAP-mediated GTP hydrolysis, keeping KRAS in
its active state that persists to activate downstream signaling
pathways [18, 19]. KRAS is a tumor driver gene in many cancers,
including PDAC, colorectal cancer (CRC), and lung adenocarci-
noma (LUAD), a subtype of non-small cell lung cancer (NSCLC)
[20]. Activating KRASmutations are found in approximately 90% of
PDAC patients, supporting that they are key targets for PDAC
treatment [21].
Although targeting KRAS has great benefits, it is difficult to

specifically target. Recently, AMG 510, a covalent KRAS G12C
inhibitor, was approved by the FDA for the treatment of NSCLC
harboring the KRASG12C mutation [22]. Thus, targeting the KRAS
mutation allele is an efficient and promising therapeutic strategy
for KRAS-driven tumors. However, there are more prevalent KRAS
mutation alleles in PDAC, including G12D, G12V, and G12R, which
lack the targeted compounds. It is challenging to develop specific
compounds that target each KRAS mutation allele. PDAC is a
complex and multi-gene mutational cancer with obvious tumor
heterogeneity [23]. Pan-KRAS inhibitors may serve as a promising
treatment for PDAC, targeting all types of KRAS mutations without
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any KRAS mutation allele enrichment after treatment. In 2019, two
pan-KRAS inhibitors, BI-2852 [24] and BAY-293 [25], were reported
to inhibit the activation of KRAS by SOS1 and the proliferation of
lung cancer cells.
The present study focused on two pan-KRAS inhibitors, BI-2852

and BAY-293, as pharmacological tools to investigate whether
targeting KRAS had anti-PDAC activity. It was found that BI-2852
and BAY-293 effectively inhibited the proliferation of PDAC cell
lines by blocking KRAS activation and downregulating the
phosphorylation of downstream effectors. However, there was
feedback regulation that impaired the activity of compounds in
cancer cells, which was further shown by Western blotting and
RNA sequencing (RNA-Seq). Furthermore, BAY-293 induced
apoptosis in MIA PaCa-2 cells, but not in PANC-1 cells. BAY-293
showed promising therapeutic potential in patient-derived
organoids with individual patient variations. Collectively, the data
obtained in this study provide evidence that pan-KRAS inhibitors
may be a viable therapeutic strategy for PDAC.

MATERIALS AND METHODS
PDAC patient samples
Eleven PDAC patient samples were collected from 11 patients
undergoing surgery at the Shanghai General Hospital Department
of General Surgery, Shanghai Jiao Tong University. This study was
approved by the Ethics Committee of Shanghai General Hospital,
Shanghai Jiao Tong University. Informed written consent was
obtained from all patients.

Chemical reagents
BI-2852 and BAY-293 were purchased from CSNpharm (Arlington
Heights, USA), dissolved in 100% dimethyl sulfoxide (DMSO) to a
stock concentration of 100mM, and stored at −20 °C.

Construction of plasmids
The pET42a-KRAS4B (1-169) plasmid was a gift from Vadim
Gaponenk with an N-terminal 6x histidine tag to facilitate protein
purification [26]. The SOS1 (564-1049) gene was synthesized by
Tsingke Biological Technology (Beijing, China) and cloned into the
pET28a vector using NdeI and BamHI restriction sites, an
N-terminal 6x histidine tag was added to ease protein purification.
Point mutations (G12C, G12D, and G12V) were introduced into the
plasmid encoding KRAS4B (1-169) using the Mut Express II Fast
Mutagenesis Kit V2 (Vazyme Biotech Co. Ltd., Nanjing, Jiangsu,
China). Successful introduction of mutations was verified through
DNA sequencing (Personalbio, Shanghai, China).

Expression and purification of proteins
The plasmid was transformed into Escherichia coli Rosetta (DE3)
cells (Weidi, Shanghai, China) for protein purification. Cells were
induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) (Sigma-Aldrich, St. Louis, USA) at 18 °C. KRAS protein was
first purified using a nickel column (GE healthcare, Little Chalfont,
UK) in lysis buffer (50 mM HEPES, pH 7.4, 500mM NaCl, 2 mM
MgCl2, and 20mM imidazole), and 1mM dithiothreitol (DTT)
(Sigma-Aldrich, St. Louis, USA) and protein inhibitor cocktail
(ApexBio, Houston, USA) was added before French Press. Gel
filtration chromatography was performed using a Superdex 75
column 10/300 GL (GE healthcare, Little Chalfont, UK) with buffer
(50 mM Tris-citrate, pH 6.5; 50 mM NaCl; 5 mM MgCl2; and 0.01 mM
guanosine diphosphate [Sigma-Aldrich, St. Louis, USA] and 1mM
DTT). The mutated forms of KRAS protein were purified
analogously. The SOS1 protein was purified using a nickel column
(GE Healthcare, Little Chalfont, UK) in lysis buffer (25 mM Tris-HCl,
pH 7.5; 500 mM NaCl; and 20mM imidazole) and a protein
inhibitor cocktail was added before French Press, eluted with
25mM Tris-HCl, pH 7.5; 500mM NaCl; and 250 mM imidazole. The

SOS1 protein was then exchanged with storage buffer (25 mM
Tris-HCl, pH 7.5; 50 mM NaCl; and 1mM DTT).

Nucleotide exchange assay
KRAS protein was loaded with 20-fold fluorescent nucleotide analog
N-methylanthraniloyl (MANT)-GDP (Invitrogen, Carlsbad, USA) in
buffer containing 20mM Tris-HCl, pH 7.5; 50mM NaCl; 0.5mM
MgCl2; 5mM EDTA; and 1mM DTT for 90min at 20 °C to avoid light,
as described previously [27]. Nucleotide loading was quenched by
adding 10mM MgCl2 for 30min at 20 °C. Free nucleotides were
removed using a PD miniTrap column (GE Healthcare, Little Chalfont,
UK), which was pre-equilibrated with reaction buffer (40mM HEPES-
KOH, pH 7.5; 10mM MgCl2; and 1mM DTT). The nucleotide
exchange assay medium contained 40mM HEPES-KOH, pH 7.5;
10mM MgCl2; 1mM DTT; 1 μM KRASMANT-GDP; 325 nM SOS1; 200 μM
guanosine triphosphate (GTP) (Sigma-Aldrich, St. Louis, USA); and
DMSO or compounds. Fluorescence was monitored using a Synergy
Neo multimode microplate reader (Biotek, Winooski, USA), with
excitation at λ= 360 nm and emission at λ= 440 nm every 1min for
30min at room temperature. The half-life inhibitory concentration
(IC50) values were calculated by fitting the data points with the dose-
response function in GraphPad Prism version 7.0 (La Jolla, CA, USA).

Cell culture
All cancer cell lines (PDAC, NSCLC, and CRC) were obtained from
the Stem Cell Bank of the Chinese Academy of Sciences. The Colo
320DM, Colo 201, Colo 205, AsPC-1, NCI-H460, DLD-1, HCT-15,
HCT-8, BxPC-3, NCI-H358, NCI-H23, NCI-H1792, NCI-H1299, NCI-
H1650, PC-9, HCC827, NCI-H520, and NCI-H292 cell lines were
maintained in Roswell Park Memorial Institute (RPMI)-1640
medium supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco, Grand Island, USA). HCT 116, HT-29, and Calu-1 cell lines
were maintained in McCoy’s 5 A medium supplemented with 10%
(v/v) FBS (Gibco, Grand Island, NY, USA). SW480, SW 1990, SW620,
SW1417, and SW48 cell lines were maintained in L-15 medium
supplemented with 10% (v/v) FBS (Gibco, Grand Island, USA). The
RKO, LS 174 T, PANC-1, and MIA PaCa-2 cell lines were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% (v/v) FBS (Gibco, Grand Island, USA). LoVo and A549 cell lines
were maintained in F-12K medium supplemented with 10% (v/v)
FBS (Gibco, Grand Island, USA). All cell lines were cultured
according to the standard instructions provided by the American
Type Culture Collection (ATCC). The cell lines were authenticated
using short tandem repeat profiling.

Cell viability assay
In 3D spheroid culture, cells were seeded into ultra-low attach-
ment 96-well plates (Corning #7007, Corning, USA) at a density of
1,500 cells per well and allowed to recover overnight in the culture
medium. BI-2852 or BAY-293 were added at increasing concentra-
tions, and DMSO treatment was used as a positive control. After
6 days of treatment, the number of living cells was measured by
the addition of alamarBlue (Invitrogen, Carlsbad, USA). The relative
viability of each group was presented as the percentage change
relative to the positive control group and then fit to log (inhibitor)
vs. normalized response curves using GraphPad Prism version 7.0
(La Jolla, USA).
For the patient-derived organoid (PDO) cell viability assay, 8 μL

of Matrigel (Corning #354230, Corning, USA) was dispensed into
384-well plates. Cells were digested with TrypLE (Gibco, Grand
Island, USA) and seeded into pre-coated 384-well plates, with
2%–5% Matrigel/grow media (15–20,000 organoids/mL) as pre-
viously described [28]. BAY-293 cells were added on the day after
seeding. Cell viability was analyzed using alamarBlue after 6 days
of incubation. The relative viability of each group was presented
as the percentage change relative to the positive control
(DMSO) group.
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CFSE cell proliferation assay
Cells were seeded in six-well plates and allowed to attach
overnight in DMEM containing 2% or 10% FBS. The CFSE reagent
was dissolved in DMSO to a 5mM storage concentration, and the
CFSE stock solution was diluted in pre-warmed (37 °C) phosphate-
buffered saline (PBS) to a working concentration of 5 μM. The
culture medium was removed from the cells and replaced with
working solution. The cells were then incubated for 20 min at 37 °
C. The working solution was removed, and the cells were washed
twice with culture medium containing 1% bovine serum albumin
(BSA) and replaced with fresh, pre-warmed culture medium. The
cells were incubated for 30min at 37 °C to allow CFSE to undergo
acetate hydrolysis. The control group was digested with trypsin
and analyzed by flow cytometry and FlowJo software (Version 10;
TreeStar, USA) after incubation, whereas the other groups were
treated with DMSO or BAY-293 and analyzed after 4 days (MIA
PaCa-2) or 5 days (PANC-1). Data were acquired using CytoFLEX S
(Beckman Coulter, Brea, CA, USA).

Immunoblotting
Cells (2 × 105–3 × 105) were seeded in six-well plates and allowed
to attach overnight. The cells were treated with DMSO or BAY-293.
Cells were harvested at 1, 3, 6, 24, 48, and 72 h and lysed using
RIPA lysis buffer (High) (EpiZyme, Shanghai, China). After BCA
protein quantification (EpiZyme, Shanghai, China), the samples
were added to 5 × SDS loading buffer and loaded into 4%–20%
SurePAGE™ gels (Genscript, Jiangsu, China). The sample was
transferred to 0.22 μm PVDF membranes (Millipore, Billerica, USA),
blocked with 5% BSA in 1 × TBST for 1 h at room temperature,
followed by incubation with specific primary antibodies overnight
at 4 °C, and then with HRP-conjugated anti-rabbit immunoglobulin
(Ig)G (#LF102, EpiZyme, Shanghai, China) or anti-mouse IgG
(#LF101, EpiZyme, Shanghai, China) for 1 h at room temperature.
Immunoreactive bands were visualized with a Biomolecular
Imager (GE Healthcare, Little Chalfont, UK) using an ECL kit
(EpiZyme, Shanghai, China).

RNA extraction and RNA-Seq analysis
Total RNA was extracted from MIA PaCa-2 and PANC-1 cells using
TRIzol reagent (Beyotime, Shanghai, China), according to the
manufacturer’s instructions. Total RNA was sent to Tiangen
(Beijing, China) for RNA sequencing using an Illumina Novaseq-
6000 (Illumina, San Diego, USA). RNA-seq analysis was performed
using the OmicShare tool, a free online platform for data analysis
(https://www.omicshare.com/tools).

Cell apoptosis analysis
Cells (1 × 105) were seeded into six-well plates and allowed to
attach overnight. The cells were treated with DMSO or BAY-293.
After 48 h of treatment, cells were harvested using trypsin (0.25%)
without EDTA (Gibco, Grand Island, NY, USA), followed by staining
with Annexin V-APC and propidium iodide (PI) (eBiosciences, San
Diego, CA, USA) according to the manufacturer’s instructions.
Samples were analyzed using flow cytometry and FlowJo software.

Patient-derived organoids culture
Patient tissue samples were minced and digested with collage-
nase II (5 mg/mL; Gibco, Grand Island, USA) in HBSS (Gibco, Grand
Island, USA) at 37 °C for 2 h. Cells were harvested by passing
through 100 μm sterile cell strainer (Miltenyi, Bergisch Gladbach,
Germany) and centrifuged at 300 × g for 7 min. The primary cells
were embedded in GFR Matrigel and cultured in PDAC complete
medium (Advanced DMEM/F12 medium [Gibco, Grand Island,
USA] supplemented with HEPES [1×, Gibco, Grand Island, USA],
Glutamax [1×, Gibco, Grand Island, USA], B27 [1×, Gibco, Grand
Island, USA], Primocin [1×, InvivoGen, San Diego, USA], N-acetyl-L-
cysteine [1 mM, Sigma-Aldrich, St. Louis, USA], Wnt3a-conditioned
medium [50% v/v], RSPO1-conditioned medium [10% v/v],

Noggin-conditioned medium [10% v/v], epidermal growth factor
[EGF, 50 ng/mL, Peprotech, Rocky Hill, USA], Gastrin [10 nM,
CSNpharm, Arlington Heights, USA], fibroblast growth factor 10
[FGF10, 100 ng/mL, Preprotech, Rocky Hill, USA], Nicotinamide [10
mM, Sigma-Aldrich, St. Louis, USA], and A83-01 [0.5 mM,
CSNpharm, Arlington Heights, USA]) [29].

Histological and immunohistochemical (IHC) analyses
Patient tissue samples and PDOs were fixed in 4% paraformalde-
hyde at 4 °C, embedded in paraffin, and sectioned using a semi-
automated rotary microtome (Leica, Wetzlar, Germany). Sections
were subjected to H&E and immunohistochemical staining using
standard protocols. The anti-Ki-67 (1:300 dilution, ab15580,
Abcam, Cambridge, MA, USA), anti-CK19 (1:300 dilution, 4558 T,
CST, Danvers, MA, USA), and anti-SOX9 (1:600 dilution, 82630 T,
CST) primary antibodies were used for immunohistochemical
staining. Images were captured using a Pannoramic DESK P-MIDI
slide scanner (3D HISTECH, Hungary).

DNA extraction and KRAS genotype identification of patient
samples
The DNA of the patient samples was extracted using a DNA
extraction kit (AmoyDX, Fujian, China), according to the manu-
facturer’s instructions. Identification was performed using a
human KRAS gene mutation detection kit (AmoyDX, Fujian, China)
according to the manufacturer’s instructions on Mx3000P real-
time PCR equipment (Agilent Technologies, Santa Clara, CA, USA).

Statistical analysis
All data were analyzed using Microsoft Office Excel 2016 and
GraphPad Prism Version 7.0, and are shown as the mean ± SD
error of independent biological experiments, unless stated
otherwise. Statistical analysis was performed using two-tailed
Student’s t-test or analysis of variance (ANOVA), unless stated
otherwise. Statistical significance was set at P < 0.05 at groups
(*P < 0.05, **P < 0.01, and ***P < 0.001). All investigators were
blinded to each experiment.

RESULTS
BI-2852 and BAY-293 inhibited the activation of KRAS mediated by
SOS1
KRAS is a small GTPase cycle between a GTP-bound active state
and GDP-bound inactive state [16]. Interrupting the activation of
KRAS mediated by GEFs blocks downstream signaling pathways,
resulting in the suppression of cancer cell proliferation [30, 31]. BI-
2853 and BAY-293 have been reported to serve as pan-KRAS
inhibitors disrupting the interaction between KRAS and SOS1, the
key GEF for KRAS [24, 25]. These two pan-KRAS inhibitors were
used as pharmacological probes to investigate the potential
therapeutic effects of targeting KRAS in the treatment of PDAC.
The chemical structures of the two compounds are shown in
Fig. 1a. Nucleotide exchange assays were performed to validate
the in vitro activities of BI-2852 and BAY-293. The IC50 value of BI-
2852 was 7.54 ± 1.35 μM, whereas BAY-293 showed better results,
with an IC50 value of 85.08 ± 4.32 nM (Fig. 1b). Several KRAS variant
recombinant proteins were purified to evaluate the selectivity of
these two compounds. Nucleotide exchange assays were per-
formed, and no obvious selectivity among KRAS variants were
found, except KRAS G12C with a small selectivity window
(approximately 5-fold) (Fig. 1c, Supplementary Table S1). These
data suggest that BI-2852 and BAY-293 may serve as pan-KRAS
inhibitors to block KRAS activation in vitro.

BI-2852 and BAY-293 inhibited proliferation of KRAS-driven cancer
cells
To investigate the proliferative effects of pan-KRAS inhibitors in
KRAS-driven cancer cells, a cell viability assay was performed. A
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CFSE cell proliferation assay was firm performed to determine the
percentage of FBS used in cellular assays for cell culture and to
monitor cell growth in 2D adherent monolayers. The results
showed that BAY-293 significantly inhibited PDAC cell growth only
at the highest concentration under normal serum conditions
(Fig. 2a, b). Furthermore, compared to normal serum conditions,
there was an increase in drug sensitivity when cells were cultured
in low serum conditions. Therefore, 2% FBS was chosen as the
culture condition for the subsequent cellular assay.
KRAS mutations drive tumorigenesis and development of many

cancers. Three types of cancer were selected, namely NSCLC, CRC,
and PDAC, to perform alamarBlue cell proliferation assays.
Targeting KRAS G12C was proven to be an efficient therapeutic
strategy for NSCLC, and AMG 510 was approved by the FDA in
2021 to treat NSCLC patients with the KRASG12C mutation [22].
According to basic research on KRAS, differential drug sensitivity
for targeting KRAS has been confirmed when examined under 2D
adherent monolayer versus 3D spheroid culture conditions
[32–34]. To assess the potency of pan-KRAS inhibitors in PDAC,
NSCLC was used as the first disease model. The 12 different NSCLC
cell lines were divided into two groups, KRAS WT and KRAS mutant
groups, 3D cultured under low serum conditions, and treated with
increasing concentrations of BI-2852 or BAY-293 for 6 d. BI-2852

and BAY-293 significantly reduced the growth of various NSCLC
cell lines in a dose-dependent manner (Fig. 3a). The IC50 values of
BI-2852 in NSCLC cell lines ranged from 4.63 to over 100 μM,
whereas BAY-293 showed better efficiency with IC50 values
ranging from 1.29 to 17.84 μM (Supplementary Table S2). There
was no obvious difference in drug sensitivity between the KRAS
WT and KRAS mutant groups for NSCLC.
CRC is a KRAS-driven cancer with poor prognosis [35]. To assess

the potency of pan-KRAS inhibitors in PDAC, CRC was used as a
second disease model, with 15 different CRC cell lines cultured
and treated as described previously. The two pan-KRAS inhibitors
inhibited the cell proliferation of multiple CRC cell lines; the IC50
values of BI-2852 ranged from 19.21 to over 100 μM, whereas IC50
values of BAY-293 ranged from 1.15 to 5.26 μM (Fig. 3b,
Supplementary Table S3). There was no obvious difference in
drug sensitivity between the KRAS WT and KRAS mutant groups
for CRC.
In contrast to NSCLC and CRC, PDAC had a higher frequency of

mutations. Therefore, only one KRAS WT PDAC cell line, BxPC-3,
was used. Pan-KRAS inhibitors were profiled for their antiproli-
ferative activity in five PDAC cell lines. BI-2852 showed weak
growth inhibitory effect on PDAC cell lines, with IC50 values
ranging from 18.83 to over 100 μM, whereas BAY-293 exhibited

Fig. 1 BI-2852 and BAY-293 inhibited the activation of Kirsten rat sarcoma virus (KRAS) mediated by SOS1. a Chemical structures of BI-
2852 (top) and BAY-293 (bottom). b Concentration-dependent inhibitory effects of BI-2852 (up) and BAY-293 (down) on the activation of
KRASWT mediated by SOS1, assessed using nucleotide exchange assay. Data are shown as mean ± SD from three independent experiments.
c Concentration-dependent inhibition effects of BI-2852 (left) and BAY-293 (right) on the activation of KRAS variants mediated by SOS1,
assessed by nucleotide exchange assay. Data are shown as mean ± SD from two or three independent experiments. The color key for the KRAS
variant is shown.
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complete growth suppression of KRAS mutant PDAC cell line, with
IC50 values ranging from 0.95 to 6.64 μM and a small selectivity
window in the KRAS alle (Fig. 3c, Supplementary Table S4). This
result indicates that the pan-KRAS inhibitor BAY-293 may have a
better therapeutic effect in PDAC than in NSCLC and CRC. In
addition, approximately 90% of patients with PDAC carry at least
one type of KRAS mutation allele, which makes pan-KRAS
inhibitors more efficient in the treatment of PDAC. The BAY-293
showed lowest IC50 value in PDAC cell lines, with a small
selectivity window between KRAS WT and mutant cell lines, and
was effective in all PDAC cell lines.
Due to the limited potency of BI-2852, BAY-293 was chosen as a

pharmacological probe to further study the therapeutic potential
of pan-KRAS inhibitors in PDAC. These data indicated that BAY-293
inhibited cell growth in both 2D and 3D culture conditions but

culturing in 3D conditions increased drug sensitivity, whereas low
serum conditions may improve the antiproliferation effect.

BAY-293 regulated KRAS signaling pathway
The KRAS pathway is one of the most important signaling
pathways controlling cell growth, proliferation, and survival in
PDAC [8, 36–38]. To determine the effect of pan-KRAS inhibitors
on PDAC, the PANC-1 (p.G12D) PDAC cell line was assessed
following a 72-h treatment period with BAY-293. BAY-293
inhibited extracellular signal-regulated kinase (ERK) phosphoryla-
tion after 3 h of treatment. (Fig. 4a). A rebound of protein
expression and phosphorylation levels in the KRAS signaling
pathway was observed at 48 h (pERK) and 72 h (phosphorylated
protein kinase B [pAKT]). Next, 24 h, the effective time point, was
chosen as the treatment time for BAY-293 at gradient doses.

Fig. 2 BAY-293 slightly inhibited proliferation of Kirsten rat sarcoma virus (KRAS)-driven cancer cells in 2D culture. a MIA PaCa-2 cells
were labeled with 5 μM and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 2% (left) or 10% fetal bovine serum
(FBS) (right) and treated with dimethyl sulfoxide (DMSO) or BAY-293 for 4 day. The red peak represents cells analyzed immediately after
labeling, the dark green peak represents cells treated with 5 μM BAY-293, the light green peak represents cells treated with 2.5 μM BAY-293,
the orange peak represents cells treated with 1.25 μM BAY-293, and the blue peak represents cells treated with DMSO. b PANC-1 cells labeled
with 5 μM were cultured in DMEM medium supplemented with 2% (left) or 10% FBS (right) and treated with DMSO or BAY-293 for 5 day. The
red peak represents cells analyzed immediately after labeling, the dark green peak represents cells treated with 10 μM BAY-293, the light green
peak represents cells treated with 5 μM BAY-293, the orange peak represents cells treated with 2.5 μM BAY-293, and the blue peak represents
cells treated with DMSO.
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Consistent with the result of the 72 h treatment, BAY-293 reduced
the phosphorylation of ERK, AKT, and S6 in a dose-dependent
manner (Fig. 4b). However, a reverse trend was observed in
another PDAC cell line, MIA PaCa-2 (p.G12C). BAY-293 promoted
the phosphorylation of ERK and AKT in a dose-dependent manner
in MIA PaCa-2 (Fig. 4c). We speculated that there were some
feedback regulations determining cell fate, which was previously
reported for SOS1 modulator compounds [39]. Interestingly, we

observed an increased expression of cleaved poly (ADP-ribose)
polymerase (PARP) (a marker of cell apoptosis) in MIA PaCa-2 cells
treated with BAY-293. This implies that BAY-293 may inhibit PDAC
proliferation through feedback regulation.

BAY-293 induced feedback regulation in PDAC
Based on the differences between PANC-1 and MIA PaCa-2 cells,
RNA-seq analysis of the total RNA extracted from PANC-1 and MIA
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PaCa-2 cells treated with DMSO or BAY-293 was performed to
explore the pharmacological mechanism of pan-KRAS inhibitors.
To address this, we compared the differentially expressed genes
(DEGs) between the two cell lines. There were 51 genes that varied
in both PDAC cell lines, with 111 genes expressed differently in
PANC-1 alone, whereas 1364 differential genes were only
observed in MIA PaCa-2, in which components of the KRAS

si-
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ay

showed unexpectedly increased phosphorylation levels (Fig. 5a).
The top differentially expressed genes are marked in Fig. 5b,
including which included PER1, CDKN1C, GADD45B, DUSP2, TXNIP,
ZFP36, DRD4, BBC3, RIN1, FGFR3, RGS14, MKI67, and PPP1R10
related to KRAS signaling and apoptosis. Meanwhile, the top
40 significantly differentially expressed genes were clustered and
are displayed in Fig. 5c, related to several cellular processes,

Fig. 4 BAY-293 regulated Kirsten rat sarcoma virus (KRAS) signaling pathway. aWestern blot analysis of KRAS signaling pathway targets in
PANC-1 cells treated from 1 h to 72 h with BAY-293 at 2.5 μmol/L. HSP90 was used as a loading control. b Western blot analyses of KRAS
signaling pathway targets in PANC-1 cells treated for 24 h with BAY-293 over a 5-point dose response. HSP90 was used as a loading control.
c Western blot analyses of KRAS signaling pathway targets in MIA PaCa-2 cells treated for 24 h with BAY-293 over a 4-point dose response.
HSP90 was used as a loading control.

Fig. 3 BI-2852 and BAY-293 inhibited proliferation of Kirsten rat sarcoma virus (KRAS)-driven cancer cells. a Dose response of the viability
of various KRAS WT or KRAS mutant non-small cell lung cancer)NSCLC) cell lines exposed to BI-2852 and BAY-293 cultured in 3D spheroids and
low serum conditions for 6 days, and cell viability was determined using alamarBlue. The cell viability of the drug-treated groups was
normalized to that of the corresponding positive control dimethyl sulfoxide (DMSO)-treated groups. The points indicate the mean ± s.e.m of
three independent experiments. The symbol key for the NSCLC cell lines is shown. b Dose response of the viability of various KRASWTor KRAS
mutant colorectal cancer (CRC) cell lines exposed to BI-2852 and BAY-293 cultured in 3D spheroids and low serum conditions for 6 days, and
cell viability was determined using alamarBlue. The cell viability of the drug-treated groups was normalized to that of the corresponding
positive control DMSO-treated groups. The points indicate the mean ± s.e.m. of three independent experiments. The symbol key for the CRC
cell lines is shown. c Dose response of the viability of various KRAS WT or KRAS mutant pancreatic ductal adenocarcinoma (PDAC) cell lines
exposed to BI-2852 and BAY-293 cultured in 3D spheroids and low serum conditions for 6 days, and cell viability was determined using
alamarBlue. The cell viability of the drug-treated groups was normalized to that of the corresponding positive control DMSO-treated groups.
The points indicate the mean ± s.e.m. of three independent experiments. The symbol key for the PDAC cell lines is shown.
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Fig. 5 BAY-293 induced feedback regulations in pancreatic ductal adenocarcinoma (PDAC). a Venn diagram illustrating the overlap of
differentially expressed genes (DEGs) between PANC-1 cells treated with 5 μM BAY-293 versus dimethyl sulfoxide (DMSO) and MIA PaCa-2 cells
treated with 2.5 μM BAY-293 versus DMSO with FDR < 0.05. b Volcano plots displaying differentially expressed genes in MIA PaCa-2 cells 48 h
after treatment with DMSO or 2.5 μM BAY-293. Significance is denoted in the legend (FDR < 0.01). c Hierarchical clustering of the top 40
differentially regulated genes (FDR < 0.05) following treatment with BAY-293 (2.5 μM) or DMSO for 48 h. Two independent biological replicates
per group. d The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis performed on MIA PaCa-2 cells treated with
BAY-293 (2.5 μM). Top 20 KEGG enrichment pathways. e GSEA plots showing representative gene set enrichment analyses (nominal P < 0.01)
following BAY-293 treatment.
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including cell growth and apoptosis. Enrichment analysis of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
showed that BAY-293 broadly affected multiple pathways, such as
the mitogen activated protein kinase (MAPK) signaling pathway
and apoptosis, which provided further insight into the molecular
mechanism pertinent to its antitumor activity (Fig. 5d). Gene
ontology (GO) enrichment analysis suggested that BAY-293
regulates numerous molecular functions linked to Ras GTP
binding, GTPase activity, and MAP kinase tyrosine/serine/threo-
nine phosphatase activity (Supplementary Fig. S1). To further
investigate the regulatory effect of BAY-293 on Ras-related genes
and pathways, gene set enrichment analysis (GSEA)was performed
and it was found that BAY-293 significantly induced the
expression of MAPK signaling and Ras signaling pathway gene
sets in MIA PaCa-2, which proved feedback regulation in this PDAC
cell line (Fig. 5e). Collectively, these gene expression analyses
revealed the regulatory effect of BAY-293 in PDAC, further
supporting the notion that BAY-293 functions via complex
feedback regulation.

BAY-293 promoted PDAC cell apoptosis
Immunoblotting and RNA-seq results revealed that pan-KRAS
inhibitors may inhibit cell proliferation by promoting apoptosis.
Therefore, flow cytometry was used to monitor apoptosis after
BAY-293 treatment. Based on the immunoblotting results for
PANC-1, cleaved PARP showed the highest expression level after

48 h of treatment. PDAC cells were exposed to BAY-293 for 48 h,
followed by an Annexin V/PI double staining assay using flow
cytometry. The results showed that treatment with BAY-293 for 48
h significantly promoted apoptosis in MIA PaCa-2 cells but not in
PANC-1 cells (Figs. 6a, b).

BAY-293 inhibited cell growth of PDAC patient-derived organoids
BAY-293 showed broad and robust antiproliferation effects in
PDAC in the cell-based assays of this study, but its poor
bioavailability limits its usage in vivo [25, 40]. Recently, organoids
have been considered as physiologically relevant in vitro models
for cancer research and drug screening, with high establishing
efficiency and patient-personalized genetic characteristics [41].
Therefore, PDOs were chosen as the disease model to mirror
responses in vivo to evaluate the antitumor activity in PDAC of
BAY-293. Eleven primary tumor samples were obtained from
pancreatic tumor surgical resections to establish PDAC organoid
cultures, and 10 organoids of which 11 samples were established.
The first PDAC0 sample that failed to generate an organoid culture
was digested for a long time, resulting in insufficient living cells for
organoid formation. Organoid culture PDAC1 (derived from
Shanghai General Hospital pancreatic ductal adenocarcinoma
patient #1) was imaged every 2 d, which showed dynamic
organoid behaviors with cell growth and death (Fig. 7a).
Simultaneously, we captured pictures of the wilder view with a
4× objective of the PDO culture every day and monitored cell

Fig. 6 BAY-293 promoted pancreatic ductal adenocarcinoma (PDAC) cell apoptosis. a MIA PaCa-2 cells were cultured in 2% fetal bovine
serum (FBS) and exposed to BAY-293 (0, 2.5, and 5 μM) for 48 h, and Annexin V-APC/propidium iodide (PI) staining analysis was conducted to
evaluate the percentage of apoptotic cells using flow cytometry. b PANC-1 cells were cultured in 2% FBS and exposed to BAY-293 (0, 5, and
10 μM) for 48 h, and Annexin V-APC/PI staining analysis was conducted to evaluate the percentage of apoptotic cells using flow cytometry.
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Fig. 7 Modeling human pancreatic ductal adenocarcinoma (PDAC) with patient-derived organoids. a Time-lapse imaging sequence of the
PADC#1 organoids. Representative images (20× objective magnification) are shown. Scale bars, 100 µm. b Microscopy and hematoxylin and
eosin (H&E) staining images of PDAC #1, #2, and #3. Representative images (microscopy image, ×10 magnification; H&E staining images, 40×
objective magnification) are shown. Scale bars, 100 µm. c H&E and immunohistochemistry images of Ki-67, CK19, and SOX9 staining in tumor
organoids and matched primary tumors. Representative images (Tissue, 20× objective magnification; Organoids, 30× objective magnification)
are shown. Scale bars, 50 µm.
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growth using a cell viability assay (Supplementary Fig. S2a). Next,
we analyzed the histoarchitecture of tumor organoids after
12 days of culture, and all three organoids showed clear and
similar morphological structures on hematoxylin-eosin (H&E)
staining (Fig. 7b). We next analyzed the histoarchitecture,
biomarkers, and proliferation status of both patient tissue and
PDO culture, which showed high similarities in morphological
structure and tumor progression (Fig. 7c). Thus, these results
revealed that our PDOs conserved the histological organization
and tumor progression characteristics observed in PDAC patients’
primary tissue and might serve as an ideal in vitro disease

model for drug sensitivity testing of compounds with limited
bioavailability.
PDOs derived from ten independent patient tumors (PDAC1 to

PDAC10) were further analyzed. All cultures were treated with
DMSO or BAY-293 for 6 d. BAY-293 treatment effectively inhibited
the proliferation of PDOs at a dose of 10 μM, indicating potential
in vivo antitumor activity, although there were significant drug
sensitivity differences among PDOs (Fig. 8a). According to the
KRAS genotype identification of patient samples, PDO with
KRASG13D genotype might have lower sensitivity towards pan-
KRAS inhibitor BAY-293, consistent with the cell viability results in

Fig. 8 BAY-293 inhibited cell growth of pancreatic ductal adenocarcinoma (PDAC) patient-derived organoids. a Cell viability assay results
of PDAC organoid cultures treated with dimethyl sulfoxide (DMSO), 2.5 µM BAY-293, or 10 µM BAY-293 for 6 days. The results were normalized
to those of DMSO-treated organoids. The color key for drug concentration is shown. b Representative images (10× objective magnification) of
PDAC organoid cultures treated with DMSO, 2.5 µM BAY-293, or 10 µM BAY-293 for 6 days. c Immunohistochemistry image (15× objective
magnification) of Ki-67 staining in PDAC organoid cultures treated with DMSO or 2.5 µM BAY-293. Scale bars, 100 µm.
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cancer cell lines (Fig. 3a, b, and Supplementary Tables S5, S6). The
antiproliferation results could also be directly observed using
microscopy (Fig. 8b). IHC staining showed that PDO regression
was associated with reduced Ki67 levels in PDOs after BAY-293
treatment (Fig. 8c). Together, these data indicate the therapeutic
potential of BAY-293 for PDAC treatment.

DISCUSSION
PDAC is the deadliest cancer type worldwide without an effective
therapeutic strategy [4]. KRAS is the most frequently mutated gene
in PDAC, with gain-of-function alterations driving tumorigenesis
and development [42]. Therefore, targeting KRAS is a promising
therapeutic strategy for PADC [43–50]. However, due to universal
tumor heterogeneity in PDAC, pan-KRAS inhibitors may serve as
an optimum solution [21]. Thus, there is generally more than one
KRAS mutant genotype in PDAC tumors. Two pan-KRAS inhibitors
were reported in 2019, BI-2852 [24] and BAY-293 [25], and they
were used as pharmacological probes to investigate the applica-
tion benefit of targeting KRAS and the therapeutic effect of pan-
KRAS inhibitors in PDAC.
This work demonstrated that BI-2852 and BAY-293 inhibited

KRAS activation by SOS1 in vitro, with slight selectivity among
oncogenic KRAS mutants. Meanwhile, BAY-293 limited the growth
of PDAC cell lines, showing effective antiproliferative activity with
sub-micromolar IC50 values in 3D spheroid culture conditions with
a small selectivity window. Interestingly, feedback regulation in
PDAC weakened the antitumor activity of BAY-293, resulting in a
50 times differences from the in vitro study, which was confirmed
using immunoblotting and RNA-seq analyses. PDAC PDOs were
used as a disease model and the therapeutic potential of BAY-293
in PADC treatment was profiled. Collectively, pan-KRAS inhibitors
showed effective antitumor activity in PDAC; however, the
emergence of feedback regulation impaired drug sensitivity.
Consistent with previous results [33, 51], differences between

2D monolayer and 3D spheroid cultures were revealed. Pan-KRAS
inhibitors were more effective under 3D culture conditions. Low
serum conditions that reduce GTP concentration in the cytoplasm
and cause a decrease in GTP-loaded KRAS may increase the drug
sensitivity of PDAC cells to pan-KRAS inhibitors, which block the
activation of KRAS. In addition, feedback regulation plays an
important role in the molecular mechanisms of action of pan-KRAS
inhibitors. According to the reported KRAS regulators, feedback
regulation can reverse the activation effect of SOS1 and KRAS
activators, resulting in the inhibition of cell growth in cancer cells
[52, 53]. Our immunoblotting and RNA-Seq analyses provide
evidence of feedback regulation and direction of investigation.
Furthermore, it was found that apoptosis mediated the antitumor
activity in MIA PaCa-2, whereas it was not clear in PANC-1 even
though the IC50 values of these two cell lines were similar. Based
on the RNA-Seq analysis, lysosomes, ferroptosis, and autophagy
may be involved in cell fate determination in PANC-1; however,
the exact antiproliferation mechanism and molecular interaction
remain unclear.
Recently, more pan-KRAS inhibitors have been reported [54–56]

and allosteric regulation provides another direction for drugging
KRAS [57–63]. BI-3406 is the front page of drug discovery research,
with higher efficiency and selectivity than BAY-293. Based on the
antitumor activity of BAY-293 in PDAC, BI-3406 is a promising pan-
KRAS inhibitor that may be used as a future clinical therapeutic
strategy for patients with PDAC.
Collectively, this study demonstrated that the two pan-KRAS

inhibitors, BI-2852 and BAY-293, robustly inhibited the interaction
between KRAS and SOS1, showing effective in vitro antitumor
potency in PDAC, with feedback regulation involved in the
mechanism of drug action. The drug development potential of
pan-KRAS inhibitors for PDAC was verified in this work. These
results provide a sufficient theoretical basis for KRAS as a clinical

therapeutic target and for the application of KRAS inhibitors in the
treatment of PDAC, which has important scientific significance in
translational medicine.
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