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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for approximately 90% of malignancies of
pancreatic origin [1]. The PDAC is originated within the part of the pancreatic cells that
produce digestive enzymes, and then multiply out of control and form mass [2]. PDAC is
conservatively estimated that in 2020, there were 446,000 newly diagnosed PDAC patients
and 419,000 deaths worldwide [3]. Currently, PDAC remains one of the most aggressive human
cancer types and is currently the fourth leading cause of cancer-related death in both men and
women [4]. Without treatment, the median survival time of patients with metastatic
pancreatic cancer is only 3 months and the overall 5-year relative survival rate for PDAC is only
10% [5-9]. Risk factors for PDAC include age, gender, area, blood group, diabetes, obesity,
pancreatitis, smoking, etc. (Figure 1). [3, 10-17].

Figure 1

Medical Factors:

General Factors:

* 40 ~ 60 Years

< 40 Years

Female

Blood Group O
Developing Country

* <4 Years Type |l Diabetes

Dietary Factors:

I R

* High Vegetables
- High Fruits

Lifestyle Factors: ! ,
+ High Fibers

+ Light Smoking
+ High BMI

+ Normal/Low BMI

Other Factors:

Figure 1: List of high (orange), moderate (yellow) and low (green) risk factors for PDAC.

1.1 Genetic Aberrations of PDAC

Genetic factor is an important risk factor for PDAC, about 5% - 10% of pancreatic cancers have
a familial genetic background, and family history greatly increases the risk of first-degree
relatives [18]. According to a prospective study, first-degree relatives of people with familial
pancreatic cancer have a nine-fold higher risk of developing PDAC than the general population
[19]. In addition, some germline or somatic mutations also contribute to the development of
PDAC, the proto-oncogene KRAS and the tumor suppressor gene cyclin dependent kinase
inhibitor 2A (CDKN2A) are present in more than 90% of PDAC [20-26]. Another tumor
suppressor gene, tumor protein p53 (TP53), was also found to be mutated in about 70% of
PDAC [27]. Furthermore, mutational inactivation of mothers against decapentaplegic homolog
4 (SMAD4) occurs in approximately 55% of PDAC [28]. As sequencing technology improved,
more genetic mutations were identified, and whole-exome sequencing (WES) of PDAC
revealed an average of 48 non-synonymous somatic mutations per tumor [20]. Twelve core
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pathways (such as KRAS signaling, DNA damage control, and cell adhesion) are altered in most
PDAC [20]. Moreover, 16 significantly mutated genes in PDAC were identified, in addition to
the known KRAS, TP53, CDKN2A, SMAD4, MLL3, TGFBR2, ARID1A, and SF3B1, newly found
genes to be related to chromatin modification (EPC1 and ARID2), DNA damage repair (ATM)
and other mechanisms (ZIM2, MAP2K4, NALNC, SLC16A4, MAGEAG6) [22].

Genetic changes not only exist widely in PDAC, but even participate in the whole process of
transformation from acinar cells to PDAC. The acinar cells of the pancreas are highly plastic,
and this plasticity is considered to be a mechanism for maintaining pancreatic homeostasis
and regeneration [29]. When stimulated by risk factors, acinar cells transdifferentiate into a
more epithelial (duct-like) phenotype, and the process is called acinar-ductal metaplasia [30].
During metaplasia, acinar cells acquire stem-like features that make them more susceptible to
proto-oncogenes, and ultimately transform into pancreatic intraepithelial neoplasia (PanIN), a
transformation that is often considered the first step in PDAC progression [31]. According to
the degree of dysplasia, PanIN is divided into 4 grades, namely PanIN-1A, PanIN-1B, PanIN-2,
and PanIN-3 [32]. The genetic background of mutations in each of the different grades of the
transformation of these acinar cells into adenocarcinoma cells also varied. Thanks to the rapid
development of sequencing technology, a gene mutation evolution model from early PanIN to
PDAC has been established (Figure 2) [33-35]. Thanks to the rapid development of sequencing
technology, a gene mutation evolution model from early PanIN, which is often considered the
first step in PDAC progression, to PDAC has been established (Figure 2) [33-35]. KRAS mutation
was detected in 96.4% of pancreatic intraepithelial neoplasia (PanIN)-1a/b specimens,
whereas normal pancreatic duct tissue did not contain this mutation. Moreover, the
proportion of KRAS mutant cells in PanIN gradually increased with the grade [36]. In addition,
guanine nucleotide binding protein, alpha stimulating complex locus (GNAS) mutations also
frequently appear in early PanIN, and appear earlier than KRAS mutations. At the same time,
GNAS mutations are also more often found in KRAS wild-type PanIN, suggesting that GNAS

Figure 2

Mutation of KRAS/IGNAS
Overexpression of HER2/neu
Inactivation of CDKN2A
Inactivation of TP53/SMAD4/BRCA2

Figure 2: Gene mutation evolution model from acinar cells to PDAC.

mutations and KRAS mutations can also drive abnormal cell proliferation [31, 33]. Another
gene that acts in the absence of KRAS mutations is human epidermal growth factor receptor
2 (HER2/neu). But unlike GNAS, which is often mutated, HER2/neu is often overexpressed in
PanIN-1a/b [35]. Inactivation of the tumor suppressor gene CDKN2A appears to occur later,
usually in late stage of PanIN-1b, throughout PanIN-2 and very early PanIN-3. Moreover,
CDKN2A inactivation is often associated with severe cytological and structural atypia in ductal
lesions [37, 38]. The subsequent stage is the inactivation of tumor suppressor genes TP53,
SMAD4 and breast cancer gene 2 (BRCA2) [37, 39-41]. The inactivation of these tumor
suppressor genes is usually observed almost only in ductal lesions with obvious cytological and
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structural, atypia (PanIN-3), or in the carcinomas in situ [35, 42, 43].

In addition, genetic background is also a major factor affecting the prognosis of PDAC. A study
of the Cancer Genome Atlas (TCGA) database showed that a total of 1523 genes were
associated with PDAC prognosis, of which 668 genes were associated with poor prognosis and
another 855 genes were associated with favorable prognosis [44].

1.2 Kinases, Inhibitors and PDAC

Amplifications, deletions, translocations, inversions, frameshifts, and substitutions of genes
can be identified in approximately 97% of PDAC patients [45-48]. These mutated genes in turn
affect the function of proteins that lead to uncontrolled proliferation, motility and adhesion of
cells, protection against apoptosis, autophagy, DNA repair problems, microsatellite instability
and other processes that contribute to the development of PDAC [49]. The use of inhibitors
targeting key kinases has been considered as a treatment option due to the development of
small molecule inhibitors, but is not currently part of conventional chemotherapy regimens.
In this section, several key kinases and their inhibitors involved in this doctoral study are
presented, as well as their studies in PDAC.

1.2.1 Casein Kinase Il (CK2)

Casein kinase Il (CK2) consists of two catalytic subunits (a and a’) and a regulatory B subunit,
which typically assembles into tetrameric complexes with two catalytic and two regulatory
subunits, it was first discovered in 1954 by Burnett and Kennedy [50]. CK2 are present in many
cellular structures, including the nucleus, cytoplasm, plasma membrane, mitochondria,
smooth endoplasmic reticulum, and Golgi apparatus [51-54]. CK2 is a highly conserved
serine/threonine kinase, which is constitutively active and ubiquitously expressed in
mammalian cells. CK2 has a wide range of candidate physiological targets and is involved in a
series of complex cellular functions [55]. For example, CK2 activates protein kinase B (AKT) by
direct phosphorylating AKT1 at Ser129 in the junction region or indirectly promotes increased
AKT activity by inactivating PTEN [56-58]. The activated PI3K/AKT pathway further influences
proliferation and survival [59]. In addition, CK2 upregulates JAK/STAT signaling pathway by
activating JAK and RAS/MEK/ERK signaling pathway by activating ERK, providing cancer cells
with survival advantage and proliferative capacity [60, 61]. Furthermore, CK2 is able to
cooperate with MKK4/INK pathway and promote the survival of PDAC cells [62]. The
downregulation of CK2 via RNA interference enhances chemosensitivity to gemcitabine in
PDAC cell lines [62, 63]. In vitro and in vivo experiments revealed anti-tumor activity of
Silmitasertib, a CK2 inhibitor, in BxPc-3 cells [64]. CK2 specific-inhibitors also induce apoptosis
of MIA PACA-2 and Dan-G cell lines [65]. However, in these experiments, different cell lines
showed different responses to CK2 inhibitors. Therefore, studying the influence of genetic
background on the efficacy of Silmitasertib is of considerable interest. In addition, although
Silmitasertib has entered multiple clinical trials, target therapy for pancreatic cancer have not
been reported [66].



1.2.2 Cyclin-Dependent Protein Kinase (CDK)

Cyclin-dependent protein kinases (CDKs) are a family of kinases containing a serine/threonine-
specific catalytic core that cooperate with regulatory subunits of cyclins as critical regulators
of cell cycle progression. The activity of CDKs is regulated by two families of inhibitors: INK4
family (INK4A, INK4B, INKAC, and INK4D) and the Cip and Kip family (p21, p27, and p57) [67].
The dysregulation of the cell cycle is the fundamental process of cancer growth and spread
[67]. Within the CDK family, CDK1 and CDK2 regulate cell cycle progression by contributing to
the phosphorylation and inactivation of the retinoblastoma (Rb) tumor suppressor gene
product throughout late G1, S, and G2-M phases [68]. Another family member, CDK9, is
involved in the regulation of RNA polymerase Il and the control of cellular transcription [69].
CDKS5 has been well characterized for its role in the central nervous system rather than the cell
cycle [70]. In addition, studies have shown that CDK1 and CDK9 are also involved in the DNA
damage repair process [71, 72]. Several CDK family members are highly expressed in different
cancer types including PDAC [73]. Moreover, some studies indicated that CDKs play critical
roles in cancer proliferation, migration, invasion, and metastasis [74, 75]. In addition, inhibition
or knockdown of CDKs demonstrated satisfactory inhibition of cancer cells. Inhibition of CDK1,
CDK2 and CDK9 caused cell cycle arrest [76, 77]. Activated CDKs induce resistance to cisplatin
in cervical cancer and are involved in radiation resistance in lung cancer. In PDAC cell lines,
inhibition of CDKs kinase activity significantly decreased the migration and invasion of cancer
cells in vitro [74]. In addition, CDK5 inhibition promotes the chemosensitivity of PDAC cell lines
to gemcitabine [74]. Combination of CDKs and AKT inhibitor showed dramatically blocked
PDAC tumor growth and metastasis in animal models [75]. Moreover, based on the significant
effects of CDKs inhibitors, several inhibitors Alcociclib (Flavopiridol), Dinaciclib, Ribociclib, and
AT7519 have entered clinical trials against PDAC [73, 78, 79].Although the inhibition of CDKs
has been shown to inhibit the viability of PDAC cell lines, the effect is highly variable depending
on different cell lines and CDKs inhibitors. So far, the reasons for these differences are still not
fully understood [80].

1.2.3 Phosphoinositide 3-Kinase (PI13K)

Phosphoinositide 3-kinase (PI3K) is a family of plasma membrane-associated lipid kinases,
composed of three subunits: the p85 regulatory subunit, the p55 regulatory subunit, and the
p110 catalytic subunit [81]. According to the different structures and functions, PI3Ks are
divided into class |, class Il and class Il [82]. Class | PI3Ks are often closely associated with
human cancers [83]. The PI3Ks involved in multiple cellular functions such as cell growth,
proliferation, differentiation and intracellular trafficking [83]. PI3Ks can be activated by a
variety of extracellular stimuli, such as growth factors, cytokines, and hormones, which
subsequently result in phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to
phosphatidylinositol 3,4,5-bisphosphate (PIP3) [84, 85]. This in turn activates downstream
kinases and affects cellular function. Dysregulation of the PI3K pathway, including loss or
inactivation of the tumor suppressor PTEN, mutation or amplification of PI3K, and activation
of tyrosine kinase growth factor receptors or oncogenes upstream of PI3K, often leads to
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tumor transformation [86-88]. In PDAC, approximately 50% of the patients present increased
activation of PI3K signaling, and this increase is often associated with poor tumor prognosis
[89-91]. In particular, previous study revealed that detection of PIK3CA mutation status
predicts improved drug response in a mouse model of PDAC [89]. A number of studies have
shown that whether used alone or in combination, inhibition PI3Ks achieved promising effects
in the PDAC treatment [92]. PX-866, which is a pan-PI3K inhibitor displayed good anti-tumor
activity against PDAC cell line BxPC-3 in vivo model [93]. However, inhibition of the PI3K
signaling pathway alone often leads to compensatory activation of the MAPK/MEK pathway,
leading to inhibitor resistance [94]. In particular, the KRAS mutation, which is identified in 90%
of PDAC patients, can activate the MAPK/MEK pathway, which may be the reason why PX-886
has only slight efficacy against KRAS-mutated PANC-1 and MIA PACA-2 cells [93]. Therefore,
most PI3K inhibitors are often used in combination with other drugs or inhibitors in clinical
trials to eliminate the resistance caused by single application [66].

1.2.4 Protein Kinase B (AKT)

Another key protein in the PI3K signaling pathway is protein kinase B (AKT). AKT is a
serine/threonine kinase that mediates various biological functions [95]. There are three AKT
isoforms in humans: AKT1, AKT2, and AKT3, which share a common structure and similar
activation mechanisms [96]. AKT1 is primarily involved in the regulation of cell growth and
division, AKT2 plays an important role in cellular energy and metabolism, and AKT3 is the least
studied AKT isoform that has been found to be critical for brain development and viability of
malignant glioma cells [97, 98]. The main factor for AKT activation is the binding of ligand to
cell membrane receptor, these ligands include growth factors such as IGF-1 and PDGF,
cytokines, hormones and mitogens [99, 100]. When PI3K is activated upon binding of growth
factors to receptor tyrosine kinases (RTKs), PIP2 is converted to PIP3, phosphoinositide-
dependent kinase 1 (PDK1) and AKT are recruited to the membrane and lead to downstream
signaling through activation of AKT. Afterwards, it affects cell proliferation or survival through
several downstream signaling pathways, such as activation of the nuclear factor kappa-light
chain enhancer pathway of the activated B cell (NF-kB) pathway, inhibition of the p53 pathway
[101]. Furthermore, AKT exerts its effects on cell cycle progression by phosphorylating and
inhibiting the CDK inhibitors p21 and p27 [102]. Thus, AKT directly involved in cell quiescence,
proliferation, malignancy and longevity. In PDAC, overexpression of AKT were observed in 30%
- 40% of the patients, activated AKT (p-AKT) expression determined by immunohistochemistry
is a new prognostic indicator [90, 103]. In particular, AKT2, an isoform of AKTs, whose
overexpression not only represents a biological indicator of PDAC aggression, but also plays a
critical role in the inhibitor resistance of PDAC [104]. Inhibition of AKT can also induce
autophagy and caspase-mediated apoptosis [105]. Therefore, inhibition of AKT is a possible
molecular target for the treatment of PDAC [90]. Currently, a variety of inhibitors against AKT
have been developed and they are classified as ATP-competitive (e.g., AZD5363), allosteric
(e.g., MK-2206) and AKT protein substrate binding site inhibitors (e.g., Perifosine) [92]. Among
them, many have shown highly effective antitumor effects in the preclinical trials of PDAC.
Moreover, the inhibitors for AKT have currently entered Phase | and Il clinical trials for PDAC,
and have achieved good efficacy [66].



1.2.5 Kirsten Rat Sarcoma Virus (KRAS)

Rat sarcoma (RAS) gene family, including Kirsten RAS (KRAS), Harvey RAS (HRAS), and
neuroblastoma RAS (NRAS), often mutated in cancer [106]. Among them, KRAS is the most
frequently mutated oncogene in PDAC, oncogenic KRAS mutations can be detected in
approximately 92% of the PDAC genomes [20]. Point mutations in codon 12 are the most
common mutations and are found in the majority of PDAC cases [24]. These mutations
included 45% of G12D mutations, 35% of G12V mutations, 17% of G12R mutations, and a small
number of G12A and G12C mutations [107]. As well as less common non-codon 12 mutations
such as G13, Q61, K117, and A146 mutations. Activating KRAS mutations are considered a
major driver of PDAC [24]. KRAS point mutations downregulate the GTPase activity of RAS and
prevent GTPase from promoting the conversion of GTP to GDP, leading to permanent binding
and activation of downstream signaling pathways such as PI3K/AKT/mTOR pathway or
RAF/MEK/ERK pathway, which in turn leads to the initiation and development of PDAC [108].
Moreover, KRAS cooperate with other common oncogenes, such as TP53, CDKN2A, BRCA3,
SMAD4, etc., to cause the initiation and development of PDAC [109-113]. Among these
oncogenes or tumor suppressor genes, KRAS mutations were found in the earliest stages of
PDAC development (PanIN-1), indication that it is the most important for tumorigenesis, while
other genes are required for tumor progression [31]. KRAS mutation not only causes the
initiation and development of PDAC, it also affects the treatment effect and long-term survival
of patients [114-116]. KRAS is involved in the regulation of the tumor microenvironment and
the recruitment of tumor-promoting cells leading to tumor invasion and metastasis [117, 118].
KRAS mutations are associated with low immune cell infiltration in PDAC, which correlates
with poorer prognosis[119]. Therefore, a growing number of studies consider KRAS as a target
for the treatment of PDAC. In a mouse model study, mice were injected with KRAS knockout
PDAC cells and KRAS G12C PDAC cells. The KRAS knockout group rejected cells or grew tumors
only after a longer latency period and were highly infiltrated by B and T lymphocytes, whereas
cells in KRAS G12C group grew rapid and lack of B and T cell infiltration, which suggested a
direct role for KRAS activation in the microenvironment that promotes immune evasion [120].
Immediately, a series of inhibitors targeting KRAS specific- or multiple- mutations were
developed, such as Sotorasib (targeting KRAS G12C mutation), KX-58 (targeting KRAS G12D
mutation) and BI-3406 (targeting KRAS G12, G13 mutations), etc. Moreover, good efficacy has
been achieved in pre-clinical trials targeting PDAC [121-125]. In the CodebreaK100 clinical trial,
38 KRAS G12C-mutated PDAC patients were treated with Sotorasib, 21.1% (8/38) of the
patients achieved partial response and 84.2% (32/38) of the patients had disease control [126].
Although studies on the inhibition of KRAS have achieved encouraging results, there are still
limitations existing, especially for PDAC. At present, majority of the studies still focus on non-
small cell lung cancer (NSCLS), while little attention has been paid to PDAC. In clinical trials
targeting KRAS mutation inhibitors, PDAC patients are rarely enrolled. Therefore, therapies
targeting KRAS mutations still require further studies.



1.3  Genetic Background and Outcomes of PDAC

Risk classification and medication guidance based on the genetic background are frequently
used in clinical practice, and this strategy is frequently used in leukemia, NSCLC, ovarian cancer,
and breast cancer etc. [127-130]. However, in pancreatic cancer, current common risk
classification is based on tumor location, size, and metastasis, often ignoring the influence of
genetic background on the tumor [131]. At present, an increasing number of the studies have
revealed that changes in genetic background have important implications for the treatment
response and prognosis of pancreatic cancer patients. The squamous subtype of PDAC rich in
TP53 mutations often shows a poor prognosis, but cell lines of this subtype are more sensitive
to gemcitabine treatment [132]. In addition, the PDAC with higher KRAS mRNA expression was
more sensitive to the epidermal growth factor receptor (EGFR) inhibitor Erlotinib [132]. In
another retrospective study, patients with BRCA1 or BRCA2-related PDAC showed an
improvement in median overall survival with platinum-based therapy compared with non-
platinum-based therapy [133]. The COMPASS study also demonstrated that advanced PDAC
with different genetic backgrounds responded differently to chemotherapy [134]. Thus,
genetic background is an important factor affecting chemotherapy, targeted therapy, and
treatment response of PDAC. At the same time, studies have found that receiving precision
treatment based on gene sequencing makes patients survive longer than those who received
unmatched therapy [135]. Although surgery is currently still the main treatment for PDAC and
the risk classification is mainly based on surgery-related indicators, with the development of
drug therapy, it is increasingly important to understand the relationship between genetic
background and therapy response.



2 Aim of the Study

Small molecular inhibitors play a critical role in the targeted therapy of PDAC, but have not yet
become a routine regimen for clinical treatment of PDAC. Key proteins such as CK2, CDK, PI3K,
AKT and KRAS are often considered as promising target molecules for therapeutic intervention
strategies due to their important roles in the occurrence, development and prognosis of PDAC.
The aim of this doctoral thesis was to explore the different effects of the above-mentioned key
protein inhibitors on various PDAC cell lines, and to explore the effect of aberrations in the
target genes of the inhibitors on the efficacy of the corresponding inhibitors by applying
whole-exome sequencing (WES) and RNA sequencing (RNA-seq).

In addition, due to the high aberration rate of TP53 in PDAC and its impact on the treatment
and prognosis of PDAC patients a further purpose of this doctoral study was to explore the
relationship between TP53 status and the efficacy of small molecular inhibitors.
Furthermore, because of the central role that combination therapy plays in reducing drug side
effects and avoiding drug resistance, etc. The goal of this study is also to explore the efficacy
of KRAS-based inhibitors and combinations of KRAS-related pathway inhibitors in PDAC cell
lines with different KRAS mutations. In addition, the aim also includes exploring the anti-tumor
mechanism of these combinations in PDAC cell lines, in order to provide basic data for future
in vivo testing and clinical evaluation.



3 Materials and Methods

Detailed information on the methodological process can be found in the attached three
original publications. The most important methods for the work are briefly summarized in this
part.

3.1 Characterization of Single Inhibitor-Induced Effects

3.1.1 Small Molecule Inhibitors

Kinase inhibitors, Silmitasertib (CK2 inhibitor), Dinaciclib (CDK1/2/5/9 inhibitor), Buparlisib
(Pan-PI3K inhibitor), and MK-2206 (AKT1/2/3 inhibitor) were purchased from Selleck
Chemicals. According to the manufacturer’s instructions, all inhibitors were separately
dissolved in dimethyl sulfoxide (DMSO) as a stock solution at a final concentration of 10 mM.
The stock solutions were stored at -80°C and diluted into corresponding working
concentrations before each experiment.

3.1.2 Cell Lines and Inhibitory Experiments

Ten PDAC cell lines AsPc-1, BxPc-3, Capan-1, Colo357, Panc-1, PaTu8902, PaTu8988T,
PaTu8988S, SU.86.86, and T3M4 were used in single inhibitory experiments (Table 1). AsPc-1,
BxPc-3, Colo357, Panc-1, SU.86.86, and T3M4 were cultured in RPMI1640 medium
supplemented with 10% heat-inactivated fetal calf serum (FCS) and 1% Penicillin-Streptomycin
(P/S) solution. PaTu8902, PaTu8988T, PaTu8988S were cultured in DMEM/F12 medium
supplemented with 10% heated-inactivated FCS and 1% P/S solution. Capan-1 was cultured in
RPMI1640 medium supplemented with 15% heat-inactivated FCS and 1% P/S solution. After
verifying that all cell lines were not contaminated by mycoplasma, these PDAC cell lines were
maintained in a 5% CO, humidified atmosphere at 37°C.

For all assays, the PDAC cell lines were seeded at a density of 3.3 x 10* cells per milliliter in 6-
well plate, 24-well plate and 96-well plate. After 24 hours, the supernatant was discarded and
media containing increasing concentrations of Silmitasertib (1 uM - 10 uM), Dinaciclib (0.001
UM — 1 uM), MK-2206 (1 uM - 10 uM), and Buparlisib (0.5 uM - 10 uM) or vehicle substance
(DMSO, as control) were added to the corresponding PDAC cell lines. The treated cells were
incubated for up to 72 hours at 37°C with 5% CO,. At the indicated time points, cell
proliferation, metabolic activities, cell biomass and apoptosis/necrosis were evaluated in at
least three biologically independent replicates.



Table 1: PDAC cell lines

AsPc-1 BxPc-3 Capan-1 Colo357 Panc-1 PaTu8902 PaTu8988S PaTu8988T SU.86.86 T3M4
Speci Homo Homo Homo Homo Homo Homo Homo Homo Homo Homo
ecies
P sapiens sapiens sapiens sapiens sapiens sapiens sapiens sapiens sapiens sapiens
PDAC
PDAC, PDAC
. PDAC (metastatic PDAC .
. (metastatic ) ) . (metastatic
Disease . PDAC (metastatic PDAC site: PDAC PDAC PDAC (metastatic
site: o . o o site: lymph
. site: liver) epithelioid site: liver)
ascites) ) node)
carcinoma)
Gender f f m f m f f f f m
Age 62 61 40 77 56 44 64 64 57 64
Doubling 38-40 48-60 50-100 25-40 40-60 22-30
. 21 hours 42 hours 48 hours 31 hours
time hours hours hours hours hours hours
Chr. 55 55 58 55 59 91 71 68 55 55
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3.1.3 Cell Viability Assays

Cell proliferation was evaluated by absolute cell counting and trypan blue staining. After
inhibitor exposure in 24-well plate, the cells were harvested and washed by phosphate-
buffered saline (PBS). Following the cells were stained with trypan blue, the number of viable
cells were determined by counting with a hemocytometer. Proliferation was expressed as the
percentage of viable cells treated with the inhibitor compared to 100% DMSO control.
Metabolic activity was tested by Water Soluble Tetrazolium - 1 (WST-1). After exposure to the
corresponding inhibitor, the cells were incubated with 15 uL WST-1 for up to 2 hours in 96-well
plates. Absorbances at 450 nm and the reference wavelength 620 nm were measured by
Promega GloMax®-Multi Microplate Multimode Reader. The metabolic activity was calculated
as recommended by the manufacturer. Metabolic activity is expressed as a per-centage of the
inhibitor-treated group to vehicle-treated controls (control=100%).

Biomass quantification was carried out by Crystal Violet (CV) staining. After exposure to the
corresponding inhibitor in 96-well plates, the cells were washed once with PBS and stained
with 50 pL 0.2 % CV solution on a shaker at room temperature for 10 minutes. Following the
plates were washed twice with PBS. To elute bound CV, 100 uL 1% sodium dodecyl sulfate (SDS)
was added to each well and incubated on a shaker at room temperature for 10 minutes. Finally,
absorbances at 570 nm and reference wavelength at 620 nm were measured by Promega
GloMax®-Multi Microplate Multimode Reader. For back-ground normalization, the absorbance
of each group subtracted the absorbance of pure culture media. The amount of CV directly
correlates to the cell biomass. The result is expressed as a percentage of the inhibitor-treated
group to vehicle-treated controls (control=100%).

3.1.4 Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by YO-PRO-1 and Propidium iodide (PI) double staining
by flow cytometry. After exposure to the corresponding inhibitor, supernatants were collected
and cells were harvested and washed twice with cold PBS. Following, cells were resuspended
in 200 pL YO-PRO-1 (final concentration: 0.2 uM) solution. After incubating at room
temperature for 20 minutes in the dark, cells were washed twice in cold PBS and resuspended
in 400 uL cold PBS. Then cells were stained with PI (final concentration: 20 pg/ml) straightway
before measurement. Unstained and single-stained cells were used as controls and measured
in every single experiment. YO-PRO-17/PI" cells are considered to be viable cells, YO-PRO-1*/PI"
cells are considered to be apoptotic cells, and PI* cells are considered to be necrotic cells. Flow
cytometry measurement was performed on FACSVerse, and all data were analyzed by BD
FlowlJo software.

3.1.5 Next Generation Sequencing

For WES, barcoded sequencing libraries were generated after enrichment with the SureSelect
Human All Exon kit, pooled and sequenced on a HiSeq4000 instrument using 150 paired-end
protocol to yield at least 20x coverage for >98% of the target region and an overall average
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depth of coverage above 100x. An in-house bioinformatics pipeline, including read alignment
to human genome reference hgl9, variant calling (single nucleotide substitutions and small
deletions/insertions), and variant annotation with publicly available database was used.

For RNA-seq, barcoded sequencing libraries were prepared with the TruSeq Stranded mRNA
kit, pooled and sequenced on a NextSeq 500 System using the 75bp paired-end protocol. At
least 30 million reads were obtained for each sample. The reads were aligned to reference
genome GRCh37/Release38 with STAR V.2.7.6a using the two-pass mode [136]. Transcript
abundance, transcript per million (TPM) estimates were calculated by counting the reads using
featureCounts/subread V.2.0.1 [137].

3.1.6 Identification of IC50

IC50 values were calculated based on cell proliferation, metabolic activity, and biomass after
72 hours of inhibitor exposure. GraphPad Prism Version 8.0.2 (GraphPad Software Inc., San
Diego, California, USA) was used to evaluate IC50. Briefly, after transforming concentrations
and normalizing the results of the three vitality assays, nonlinear regression model (dose-
response-inhibition vs. normalized response - variable slope) was used to evaluate the 1C50
values. Calculate the IC50 corresponding to the three vitality assays, and apply these results
to the response-based clustering analysis in order to evaluate the sensitivity of cell lines to
inhibitors.

3.1.7 Response-Based Clustering Strategy

The cell sensitivity grouping is performed by the k-means++ clustering method based on an
unsupervised machine learning algorithm. Briefly, after performing viability assays on all ten
PDAC cell lines, we obtained the IC50 values. Then, these IC50 results were applied to the Sci-
kit learn package using Python programming language to predict optimal clusters. The
Silhouette score is used to detect the clustering density and the separation between clusters
[138]. Set the ten cell lines to be divided into several clusters, and the cluster grouping iterated
a maximum of 100 times to correct the wrong grouping. Finally, ten cell lines were divided into
different clusters and identified as high, moderate, and low sensitivity groups based on their
biological characteristics.

3.2 Characterization of Combined Inhibitor-Induced Effects

3.2.1 Small Molecule Inhibitors

Kinase inhibitors, BI-3406 (SOS1::KRAS inhibitor) was purchased from Chemietek. Sotorasib
(KRAS G12C inhibitor), Buparlisib (pan-PI3K inhibitor), and Trametinib (MEK1/2 inhibitor) were
purchased from Selleck Chemicals. According to the manufacturer’s instructions, all inhibitors
were separately dissolved in DMSO as a stock solution at a final concentration of 10mM. The
stock solutions were stored at -80° C and diluted into corresponding working concentrations

before each experiment.
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3.2.2 Cell Lines and Inhibitory Experiments

PDAC cell lines AsPc-1, BxPc-3, Capan-1, and MIA PaCa-2 were used in combined inhibitory
experiments. The culture methods of AsPc-1, BxPc-3, and Capan-1 have been described in
section 3.1.2. MIA PaCa-2 was cultured in DMEM medium supplemented with 10% heated-
inactivated FCS and 1% P/S solution.

BI-3406 or Sotorasib in combination with Buparlisib and Trametinib were used for combination
therapy. Detailed combination therapies and corresponding concentrations of inhibitors can
be found in the detailed information in the cited references and accompanying original
publications.

3.2.3 Cell Viability Assays

Cell proliferation and biomass quantification have been described in section 3.1.3.

3.2.4 Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by Annexin V FITC and Pl double staining by flow
cytometry. After 72 hours exposure to the vehicle control, single and combined inhibitors, cells
were harvested and washed twice with cold PBS. After washing step, the cell pellet was
resuspended in 100 pL Annexin V binding buffer (1x), and incubated with 5 pL of Annexin V
FITC for 15 minutes at room temperature in the dark. Then cells were stained with PI (final
concentration: 20 pg/ml) straightway before measurement. Unstained and single-stained cells
are used to determine the negative and positive boundaries and measured in each experiment.
Annexin V'/PI cells are considered to be viable cells, Annexin V*/PI" cells are considered to be
early apoptotic cells, and Annexin V*/PI* cells are considered to be late apoptotic/necrotic cells.
The method of flow cytometry measurement and data analysis have been described above.
Examination of PDAC cell lines morphology changes were carried out by pappenheim staining.
After 72 hours exposure to vehicle control, single inhibitor or combined inhibitor, supernatants
were collected and cells were harvested. After counting cells, resuspended cell pellet and
adjusted the cell density of the control group and each experimental group to 5 x 10*
cells/200 pL. Then 200 pL of cell suspension was fixed on a glass slide using Shandon Cytospin
3 centrifuge, and two cell slides were made for each group. After 24 hours air-drying, the slides
were stained with May-Griinwald solution for 6 minutes, washed with phosphate buffer
solution (pH=7.2) three times for 1 minute, then stained with Giemsa solution (1:10) for 20
minutes, and washed with phosphate buffer solution three times for 1 minute again. After the
slides were air-dried for 24 hours, the morphology of cells was examined and visualized with
Evos XL Core Imaging System, magnified 100 times. Each experiment was repeated 3 times to
eliminate random errors.

3.2.5 Evaluation of Synergistic Effects Using the Bliss Independent Model

The interaction among inhibitors were evaluated by the Bliss independent model. The
13



interaction of the inhibitor combination is determined by the difference between the observed
(Ep) and predicted (Ep) inhibition of the combination therapy.
In double inhibitors application, Ep was calculated with following equation:
Ep =E4+Ep —E4 X Ejg,

where E; and E, are the relative inhibition of single-inhibitor A and B.
In triple inhibitors application, Ep was calculated with following equation:

Ep=E,+Eg+E;—EsXEg —EyXE;—Eg XE;—E4 X Eg XEg,
where E4, Ep,and E. are the relative inhibition of single-inhibitor A, B and C.
Eo > Ep indicated synergistic effect, Eo = Ep indicated additional effect, E, < Ep
indicated antagonistic effect. Bliss values for inhibitors combinations were calculated based on
the results of proliferation and cell biomass of PDAC cell lines [139].

3.2.6 RNA Sequencing and DEG Analysis

1 pg of total RNA was used as input for an mRNA enrichment using poly-T oligo coated
magnetic beads, and was chemically fragmented under elevated temperature. The fragmented
RNA was then reverse-transcribed into the first- and second-strand cDNA using random
hexamers and Superscript Il reverse transcriptase. Double-stranded cDNA fragments were
ligated with TruSeq RNA adapters with a unique DNA sequencing index and PCR-amplified.
cDNA library concentration was quantified using a Qubit dsDNA HS Assay kit and normalized
to 2 nM before multiplexing. The DNA libraries were sequenced at a final concentration of 13
pM for 125 bp single-end reads using the high-output mode on the HiSeq2500. The raw fastq
reads were quality-checked using FastQC (version 0.11.5) and pre-processed by filtering out
low quality reads with a mean Q-score <20 and trimming adapter-like sequences using
TrimGalore version 0.6.5. High-quality reads were aligned to the reference genome GRCh38
(Ensembl release 106) using HISAT2 version 2.2 [140-142]. Uniquely mapped reads to each
gene were extracted from the HISAT2 mapping results using HTSeq version 0.8.0 [143].

The resulting RNA-seq gene count data were further analyzed for DEGs using edgeR package.
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were
applied for the functional annotation and pathway analysis using the Gene Set Enrichment
Analysis (GSEA) [144, 145]. A list including all sequenced genes was used as background.

3.3  Statistical Analysis

Each experiment was performed in at least three biologically independent experiments.
Results of proliferation, metabolic activity, biomass quantification, and apoptosis/necrosis
analysis were expressed as mean + standard deviation (SD). Statistical significance was
determined by one-way ANOVA (After proving the data within each group conformed to the
Gaussian distribution) or Kruskal-Wallis-Test (The data within each group conformed to the
non-Gaussian distribution) and displayed as *: p < 0.033, **: p < 0.002, ***: p < 0.001 versus
the control group.
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4 Results

The detailed results of the doctoral study are in the accompanying three original publications
(in the appendix).

The key results are summarized below. In addition to the figures in the text, further figures can
be found in the appendix (Section 8.2)
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4.1 Work |

Inhibitory Response to CK Il Inhibitor Silmitasertib and CDKs Inhibitor Dinaciclib Is Related
to Genetic Differences in Pancreatic Ductal Adenocarcinoma Cell Lines

Ma, Y.; Sender, S.; Sekora, A.; Kong, W.; Bauer, P.; Ameziane, N.; Krake, S.; Radefeldt, M.; Al-Ali,

R.; Weiss, F.U.; Lerch, M.M.; Parveen, A.; Zechner, D.; Junghanss, C.; Murua Escobar, H.

Int. J. Mol. Sci. 2022, 23, 4409. https://doi.org/10.3390/ijms23084409

Impact Factor 2022: 5.924

Own contribution to the work specified here:

+  Drafting of the manuscript

+  Editing the revision of the manuscript after peer review

¢ Involvement in study planning

¢ Carrying out majority of in vitro work (Cell viability determinations,
apoptosis/necrosis measurement using flow cytometry, involvement in DNA and
RNA extraction, gene variant and expression analysis, comprehensive analysis of
genetic changes and cell response)

+ Data evaluation, analysis, interpretation and graphical representations of all results

4.1.1 Effects of Silmitasertib and Dinaciclib on Cell Viability

The inhibitory effects of the CK2 inhibitor Silmitasertib and the CDKs inhibitor Dinaciclib were
demonstrated in PDAC cell lines (Publication 1). However, in inducing cell death, Silmitasertib
only increased the percentage of cell deaths in two out of ten PDAC cell lines, while Dinaciclib
increased the percentage of cell deaths in 9 of 10 PDAC cell lines in all tested concentrations
(Appendix 8.2.1).

Furthermore, based on the IC50 results, the k-means++ clustering method was applied to
separate the 10 cell lines into 3 different sensitive groups. For Silmitasertib, ten PDAC cell lines
were classified into low (PaTu8988S, Panc-1, PaTu8988T, PaTu8902, and Colo357), moderate
(Capan-1, T3M4, and SU.86.86), and high (AsPc-1 and BxPc-3) sensitive group (Figure 3a). For
Dinaciclib, ten PDAC cell lines were classified into low (Panc-1 and SU.86.86), moderate (BxPc-
3, Capan-1 and PaTu8988S), and high (AsPc-1, Colo357, PaTu8902, PaTu8988T, and T3M4)
sensitive group (Figure 3b).
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Figure 3: Silmitasertib (a) and Dinaciclib (b) target gene expression and sensitivity classification
based on cell line biological response. According to the results of the cell viability assays, the
10 PDAC cell lines were classified into high, medium and low sensitivity groups using the k-
means++ method. As well as KRAS (c) and TP53 (d) gene variants, expression levels and allele
frequencies.

4.1.2 Expression and Genetic Variants of Silmitasertib and Dinaciclib Target Genes

Although multiple variants of inhibitor target genes were identified in PDAC cell lines, none of
the identified variants as potentially affecting the protein coding sequence in a form leading
to aberrant protein function. In addition, RNA-seq results demonstrated that all inhibitor
target genes had higher expression than non-neoplastic pancreatic tissue (as control) (Figure
3a, 3b).

4.1.3 KRAS and TP53 Gene Variants and the Relationship with Inhibitors Efficacy

Three missense KRAS variants were identified in nine of ten PDAC cell lines, KRAS c.35G>A
(AsPc-1, Colo357, Panc-1, and SU.86.86), KRAS c.35G>T (Capan-1, PaTu8902, PaTu8988S, and
PaTu8988T), and KRAS ¢.183A>C (T3M4). The expression level of KRAS in all PDAC cell lines
(including wt cell line BxPc-3) were higher compared to non-neoplastic pancreas tissue. A
comprehensive analysis of the cell viability and KRAS status, revealed that PDAC cell lines
carrying the KRAS variants appeared to be less sensitive to Silmitasertib, the highly sensitive
group contained only wild-type and one KRAS mutant cell line, while the rest of the KRAS
mutant carrying cell lines were all classified into the moderate or low sensitivity group. In
addition, KRAS c.35G point mutations have no major influence on the inhibitory effect of
Dinaciclib, since cell lines containing the same KRAS c.35G mutation were classified into each
of the three sensitivity groups, while wild-type (BxPc-3) is in the moderate sensitivity group.
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Interestingly, the sensitivity of the KRAS c.183A>C mutant cell line (T3M4) is higher than BxPc-3.
KRAS gene expression and VAF did not affect the efficacy of the two inhibitors (Figure 3c).
Eight TP53 variants were identified in all PDAC cell lines. Frameshift variants, TP53 c.403delT
and TP53 c.267delC, were identified in AsPc-1 and Colo357, respectively. Missense variants,
TP53 c.476C>T and TP53 c.818G>A, were identified in Capan-1 and Panc-1, respectively.
Missense variants including TP53 ¢.733G>A and TP53 c.1079G>T were both identified in
SU.86.86. TP53 c.659A>G was identified in BxPC-3 and T3M4. TP53 c.844C>T was identified in
PaTu8902, PaTu8988S, and PaTu8988T. The expressions of TP53 with frameshift variants were
lower than that of missense variants and control. A comprehensive analysis of cell viability and
TP53 status demonstrated that the two cell lines carrying frameshift variants (Colo357 and
AsPc-1) were in the Dinaciclib highly sensitive group, while cell lines carrying point mutations
were distributed in the three sensitive groups. However, this effect was not observed when
treating the cells with Silmitasertib. In addition, cell lines carrying TP53 c.844C>T, TP53
¢.818G>A, and TP53 c.267delC variants were in the low sensitivity group. SU.86.86, which carry
two TP53 point mutations demonstrated no significant difference in sensitivity to Silmitasertib
and Dinaciclib compared with other cell lines only carrying one variant. TP53 gene expression
and VAF did not affect the efficacy of the two inhibitors (Figure 3d).
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The Inhibitory Response to PI3K/AKT Pathway Inhibitors MK-2206 and Buparlisib Is Related
to Genetic Differences in Pancreatic Ductal Adenocarcinoma Cell Lines
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Radefeldt, M.; Weiss, F.U.; Lerch, M.M.; Parveen, A.; Zechner, D.; Junghanss, C.; Murua

Escobar, H.

Int. J. Mol. Sci. 2022, 23, 4295. https://doi.org/10.3390/ijms23084295

Impact Factor 2022: 5.924

Own contribution to the work specified here:

+  Drafting of the manuscript

+ Editing the revision of the manuscript after peer review

¢ Involvement in study planning

¢ Carrying out majority of in vitro work (Cell viability determinations,
apoptosis/necrosis measurement using flow cytometry, involvement in DNA and
RNA extraction, gene variant and expression analysis, comprehensive analysis of
genetic changes and cell response)

+ Data evaluation, analysis, interpretation and graphical representations of all results

4.2.1 Effects of MK-2206 and Buparlisib on Cell Viability

The inhibitory effects of the AKTs inhibitor MK-2206 and the pan-PI13K inhibitor Buparlisib were
demonstrated in PDAC cell lines (Appendix 8.2.2). However, in inducing cell death, MK-2206
only increased the percentage of cell deaths in three out of ten PDAC cell lines, while Buparlisib
increased the percentage of cell deaths in all PDAC cell lines (Appendix 8.2.2).

Furthermore, based on the IC50 results, the k-means++ clustering method was applied to
separate the ten cell lines into 3 different sensitive groups. For MK-2206, ten PDAC cell lines
were classified into low (Colo357 and SU.86.86), moderate (PaTu8988T, PaTu8902, Panc-1,
Capan-1, AsPc-1, and T3M4), and high (PaTu8988S and BxPc-3) sensitivity group (Figure 4a).
For Buparlisib, ten PDAC cell lines were classified into low (Panc-1 and SU.86.86), moderate
(AsPc-1, Capan-1, PaTu8902, and PaTu8988S), and high (BxPc-3, Colo357, PaTu8988T, and
T3MA4) sensitivity group (Figure 4b).

4.2.2 Expression and Genetic Variants of MK-2206 and Buparlisib Target Genes

A total of nine MK-2206 target gene variants and seventeen Buparlisib target gene variants
were identified in all ten PDAC cell lines. However, only two variants were confirmed to
influence on primary structure of the respective proteins. The two variants, variant type and
cell lines are PIK3CG c.2480C>G missense variant in Capan-1 and a PIK3CA ¢.1143C>G splice
region variant in Colo357, respectively. Moreover, these two mutations were associated with
increased expression level of the corresponding genes (Appendix 8.2.2).
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4.2.3 KRAS and TP53 Gene Variants and the Relationship with Inhibitors Efficacy

The sequencing results of KRAS and TP53 have been described in section 4.1.3.

A comprehensive analysis of the sensitivity and the KRAS status of all cell lines revealed that
KRAS variants alone have no major influence on the inhibitory effect of Buparlisib, since cell
lines harboring a KRAS mutation were classified into all sensitivity groups. Moreover, the four
cell lines in the highly sensitive group contained all three KRAS mutant and wild-type cell lines.
For MK-2206, the results were different. The highly sensitive group contained only wild-type
and one KRAS mutant cell line, while the rest of the KRAS-mutant-carrying cell lines were
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Figure 4: MK-2206 (a) and Buparlisib (b) target gene expression and sensitivity classification
based on cell line biological response. According to the results of the cell viability assays, the
10 PDAC cell lines were classified into high, medium and low sensitivity groups using the k-
means++ method. As well as KRAS (c) and TP53 (d) gene variants, expression levels and allele
frequencies.
distributed in the moderate or low sensitivity groups, indicating that PDAC cell lines carrying
the KRAS variant were less sensitive to MK-2206. KRAS gene expression and VAF did not affect
the efficacy of the two inhibitors (Figure 4c).
A comprehensive analysis of the sensitivity to both inhibitors and the TP53 status of all cell
lines revealed no obvious relationship between the status of this tumor suppressor gene and
the efficacy of the inhibitors. Interestingly, SU.86.86, which carries two missense variants in
TP53, was classified in the low-response group for both inhibitors. Further, TP53 gene
expression and VAF did not affect the efficacy of the two inhibitors (Figure 4d).
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4.3.1 Effects of KRAS Inhibitors Single Application on PDAC Cell Lines

Compared with the DMSO control group, the SOS1::KRAS inhibitor BI-3406 demonstrated a
weak inhibitory effect on PDAC cell lines carrying KRAS G12V (Capan-1 and PaTu8902). In
addition, the inhibitory effect of BI-3406 on the cell proliferation and biomass of the KRAS
wild-type cell line BxPc-3 is similar to that of KRAS G12V cell lines. Although BI-3406
demonstrated a relatively increased inhibitory effect on the cell lines carrying the other three
KRAS mutations (AsPc-1 and Colo357, KRAS G12D; MIA PaCa-2, KRAS G12C; T3M4, KRAS Q61H),
this effect is still weak (Figure 5a and Appendix 8.4.1).

The KRAS G12C inhibitor Sotorasib demonstrated the strongest inhibitory effect on MIA PaCa-
2, which carry KRAS G12C variant. However, it has almost no inhibitory effect on the KRAS
Q61H cell line T3M4. In addition, Sotorasib displayed similar inhibitory effects on wild-type
and KRAS G12V cell lines. However, the inhibitory effects of Sotorasib on AsPc-1 and Colo357,
which carry KRAS G12D varaint, are quite different, cell proliferation decreased by 50.14% and
37.22%, and biomass decreased by 41.94% and 27.30%, respectively (Figure 5b and Appendix
8.4.1).

4.3.2 Effects of KRAS Inhibitor Combined with PI3K and MEK1/2 Inhibitors on PDAC Cell Lines

In BI-3406-based combination inhibition, cell proliferation and biomass were significantly
reduced in both double-inhibitor and triple-inhibitor combinations compared to the DMSO
control group. Furthermore, Bliss-independent models demonstrated that BI-3406-based
double or triple combined inhibition exhibited synergistic efficacy in all four PDAC cell lines
(Figure 5c and Appendix 8.4.1).
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Whereas, in Sortorasib-based combination inhibition, significant reductions in cell
proliferation and biomass were also observed in both double-inhibitor and triple-inhibitor
combinations when compared with the DMSO control group. However, the Bliss-independent
model demonstrated that the synergistic effect of the double and triple inhibitor combinations
could be observed only in MIA PaCa-2. In the non-KRAS G12C mutant cell lines, only additive
effects were observed with the Sotorasib-based combination (Figure 5d and Appendix 8.4.1).
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Figure 5: Proliferation changes of PDAC cell lines after exposure to different concentrations of
BI-3406 (a) and Sotorasib (b). As well as proliferation and biomass changes of PDAC after
exposure to DMSO control and BI-3406 (c) or Sotorasib (d) based triple inhibitor combination.
Significance of a treatment effect compared to the DMSO control was determined by one-way
ANOVA and displayed as ***: P<0.001 (n = 3).

4.3.3 RNA-seq Revealed the Inhibitory Mechanism of the Two Inhibitor-Combinations

GO term function revealed that in the PDAC cell lines, DEGs were involved in regulating
immune system, cell adhesion, cell migration, localization, locomotion, and response to
stimulus in biological process, cell membrane and extracellular functions in cellular
components, as well as cytokine binding in molecular functions. KEGG pathway enrichment
analysis identified 8 overlapping pathways, which were involved in tumor, signal transduction,
immune regulation and other functions. Moreover, RAS signaling was observed to be affected
in AsPc-1, BxPc-3 and MIA PaCa-2, but not in Capan-1. (Appendix 8.4.1).

Comprehensive analysis of the GO term of MIA PaCa-2 in both inhibitor combinations
Comparing the GO terms and KEGG pathway enrichment analysis of MIA PaCa-2 in the two
inhibitor combinations did not reveal major differences. Both inhibitor combinations were
involved in similar cellular functions. KEGG pathway analysis revealed that both inhibitor
combinations were involved in immune regulation, signal transduction (especially PI3K/AKT,
TNF, and JAK-STAT signaling pathways), metabolic activity and cancer pathways. The BI-3406
combination additionally participated in the MAPK pathway, however, this effect was not
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observed in the Sotorasib combination (Appendix 8.4.1).
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5 Discussion

Despite innovative therapeutic strategies, the current treatment of PDAC remains a major
challenge [10]. In addition to standard surgery or chemotherapy, targeted and combination
therapy approaches using small-molecule inhibitors have emerged as a treatment option for
PDAC, but they are not yet widely used in clinical practice [146]. Due to the widespread
existence of gene mutations such as KRAS, TP53, SMAD4 in PDAC, these gene mutations also
significantly affect the treatment effect and prognosis of patients [20, 27, 28]. Therefore,
preclinical studies are urgently needed to elucidate the relationship between genetic
background and inhibitor susceptibility to support further studies.

In PDAC, protein such as CK2, CDKs, AKTs, PI3Ks and KRAS affect tumor cell initiation, survival,
metastasis, and drug resistance through different mechanisms. Furthermore, inhibiting or
blocking these proteins plays a significant role in the treatment of PDAC. Therefore, targeting
these proteins as therapeutic targets for PDAC and investigating the relationship between their
efficacy and PDAC gene background will help to enhance our knowledge of PDAC and guide
further research. In addition, through these studies, suitable inhibitor combinations are able
to be selected for combined inhibition, and further explore the mechanism of combined
inhibition.

5.1 Inhibition of CK2 Exhibits Antitumor Effect in PDAC Cell Lines, the Inhibitory Response is

Related to Genetic Background

The current study demonstrated that the expression levels of Silmitasertib target genes
(CSNK2A1, CSNK2A2, and CSNK2B) in all of the tested PDAC cell lines were higher than in non-
neoplastic pancreatic tissue. This result suggests that these cell lines could be sensitive to
Silmitasertib. Indeed, the inhibition of CK2 by Silmitasertib significantly affected cell
proliferation of all cell lines except Panc-1, and significantly reduced the cell biomass in all
PDAC cell lines. In addition, no correlation was seen when comparing the expression of CK2
genes in high-, moderate-, and low-sensitive cell lines. These results indicate that the genes
directly targeted by Silmitasertib are not directly affected by aberrations modulating the
observed antitumor effects of Silmitasertib on CK2. CK2 gene aberrations were detected in 2.9%
(34/1228: CSNK2A1, 1%, CSNK2A2, 0.3%, CDNK2B, 1.6%) of PDAC patients, and only 0.2%
(3/1228) involved protein structural changes, while the majority involved gene amplification
[147]. Therefore, our study provides some reference value for the strategy of Silmitasertib in
the treatment of PDAC.

PDAC patients with KRAS or TP53 mutations had a poor prognosis [148-150], we also sought
to explore whether these two genes are associated with inhibitor sensitivity.

Three different amino acid substitution variants of KRAS including KRAS G12D (c.35G>A), KRAS
G12V (c.35G>T), and KRAS Q61H (c.183A>C) were identified in nine of ten PDAC cell lines. A
comprehensive analysis of Silmitasertib efficacy and KRAS status suggests that carrying the
KRAS variants reduced the PDAC sensitivity to Silmitasertib. Since AKT is an important effector
kinase of CK2, inhibition of CK2 causes a reduced activation of AKT, whereas mutant KRAS
directly activates the PI3K/AKT pathway [56, 108]. This antagonism results in reduced
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sensitivity of KRAS-mutated cell lines to Silmitasertib. Overall, blocking CDKs with Dinaciclib in
monotherapy may be beneficial to patients with the specific KRAS ¢.183A>C mutation,
whereas Silmitasertib monotherapy in patients with KRAS point mutations may not be a good
option.

All tested PDAC cell lines contained at least one TP53 variant that causes amino acids to change.
RNA-seq data revealed that the fs mutation was associated with low expression of TP53.
Furthermore, studies have demonstrated that frameshift variants lead to a strong disruption
of TP53 function and that low TP53 mRNA expression is associated with poor prognosis in
patients with PDAC [149, 150]. A comprehensive analysis of TP53 and cell response revealed
that cell lines carrying specific TP53 variants (c.267delC, c.818G>A, and ¢.844C>T) were less
sensitive to Silmitasertib. These cell lines were all in the low (PaTu8988S, Panc-1, PaTu8988T,
Pa-Tu8902, and Colo357) sensitivity group. It was reported that knockdown of CK2 causes the
enhanced transactivation of p53, thereby increasing apoptosis [151]. However, due to the
inactivation caused by mutations in TP53, inhibition of CK2 did not transactivate these proteins.
This may be the reason for the reduced efficacy of Silmitasertib in cell lines with specific
mutations in TP53. In addition, the expression level of TP53 cannot fully explain the observed
responses of all cell lines to Silmitasertib. These results suggest that TP53 variants are
indicators of PDAC responses to Silmitasertib inhibition, whereas TP53 expression levels are
not. Moreover, the results of the PDAC inhibitory assays indicate that patients with TP53
mutations may benefit from a potential application of Silmitasertib.

In conclusion, the current study revealed the sensitivities of the PDAC cell lines when treated
with Silmitasertib. Either the expression level of the inhibitor target genes or gene variants
could not affect the sensitivity to Silmitasertib. The KRAS variants may reduce the sensitivity
of PDAC cell lines to Silmitasertib. Specific TP53 variants including c.267delC, c.818G>A, and
¢.844C>T, reduced the sensitivity of Silmitasertib to the PDAC cell lines. Thus, Silmitasertib
displayed partially in vitro efficacy on PDAC cell lines, and further experiments are still needed
to verify the in vivo efficacy and the effects of the target genes and hotspot genes on the
efficacy of Silmitasertib.

5.2 Inhibition of CDK1/2/5/9 Exhibit Cytotoxic Effects on PDAC Cell Lines and the Cell

Response is Associated with Genetic Background

Inhibition of CDK1/2/5/9 by Dinaciclib dramatically reduced cell proliferation, metabolic
activities, and biomass in PDAC cell lines and this significant effect could be observed at
nanomolar concentrations. RNA-Seq results demonstrated that expressions of CDK1/2/5/9
were higher than the control in all tested PDAC cell lines, indicating the overexpression of
CDK1/2/5/9 in PDAC cell lines. Moreover, as the experimental results suggest that Dinaciclib
inhibited cell viability at very low concentrations, the overexpression of target genes appeared
to not affect the efficacy of dinaciclib in inhibiting the viability of PDAC cells. Therefore,
Dinaciclib is an excellent candidate for PDACs with high expression of CDK1/2/5/9; on the other
hand, due to the lack of data on the individuals with low CDK1/2/5/9 expression, experiments
are still needed to verify the feasibility of using Dinaciclib as a therapeutic candidate. Moreover,
Dinaciclib target gene aberrations were present in 4.3% (46/1228: CDK1, 0.3%, CDK2, 1.1%,
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CDK5, 2%, CDK9, 1%) of PDAC patients, and only 0.5% (6/1228) involved protein structural
changes, while majority involved gene amplification [147]. Therefore, Dinaciclib appears to be
a promising treatment option for the current PDAC patient with CDK abnormalities.
Significant differences in sensitivity to Dinaciclib could not be observed between cell lines
harboring the KRAS c.35G point mutation and wild-type cell lines, indicating the inhibitory
effect of Dinaciclib is not affected by the KRAS ¢.35G point mutation. Interestingly, T3M4 cells,
which carry a KRAS c.183A>C variant are more sensitive to Dinaciclib than wild-type BxPc-3
cells, suggesting that Dinaciclib may improve the efficacy of patients with specific KRAS
¢.183A>C mutation, but due to the limited number of cell lines, further experiments are still
needed to verify the relationship between this KRAS mutation and the efficacy of Dinaciclib.
A comprehensive analysis of TP53 and cell response revealed that AsPc-1 and Colo357, which
carry the frameshift variant, are both in the Dinaciclib high sensitivity group. This result
suggested that Dinaciclib may be able to improve the prognosis of the TP53 frameshift variants.
While previous studies have shown that carriers of TP53 frameshift variants often have a very
poor prognosis, the current results suggest that patients with TP53 mutations, especially
frameshift mutations, may benefit from the potential use of Dinaciclib [150, 152]. However,
the expression level of TP53 cannot fully explain the observed responses of all cell lines to
Dinaciclib. These results indicate that TP53 variants are an indicator of PDAC cells sensitivity
to Dinaciclib, while the expression level of TP53 is not.

Altogether, this study revealed the distinct sensitivities of the PDAC cell lines when treated
with Dinaciclib. The high expression level of the inhibitor target genes could not affect the
sensitivity of PDAC cells to Dinaciclib. The KRAS variants have no effect on the sensitivity of
PDAC cell lines to Dinaciclib. Cell lines carrying TP53 frameshift variants are highly sensitive to
Dinaciclib compared to cell lines carrying TP53 point mutations. Dinaciclib displayed excellent
in vitro efficacy on PDAC cell lines, and further experiments are needed to verify the efficacy
in vivo and clinical trials.

5.3 Inhibition of AKT1/2/3 Exhibits Inhibitory Effect on PDAC Cell Lines and the Cell Response

is Associated with Genetic Background

This study confirmed that MK-2206 inhibited cell proliferation, metabolic activity, and biomass
in a dose-dependent manner. However, the effects of apoptosis/necrosis induction were not
distinct, and the percentage of dead cells was less than 20% at all tested concentrations in all
cell lines. These results indicate that the efficacy of MK-2206 at inhibiting PDAC cell lines is not
mainly caused by the induction of apoptosis/necrosis. In addition, we did not find any amino
acid substitution of AKTs in tested PDAC cell lines. At the same time, transcriptomic analysis
did not support the hypothesis that the expression level of AKTs affects the efficacy of MK-
2206. However, AKT2 expression seems to affect the efficacy of Buparlisib. Moreover,
according to cBioPortal, although AKT2 aberration occurred in only 3.99% (49/1228) of
patients with PDAC, in 87.76% (43/49) of them, the overexpression of the genetic modulation
of AKT2 was observed [147]. An analysis of the functional relationship between AKT2
aberrations and Buparlisib efficacy remains to be completed.

Our experiments have also revealed that the anti-proliferative and cytotoxic effects of MK-
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2206 are similar to, but nevertheless differ from, the observed metabolic effects, especially in
Panc-1, PaTu8902, and PaTu8988T. It has been reported that some inhibitors induce cellular
stress that alters cellular metabolic activity, and we observed similar properties with MK-
2206[153, 154]. This result suggests that conclusions based on metabolic activity assays, such
as WST-1 assays or CCK8 assays, need to be validated with other assays when MK-2206 is used.
A comprehensive analysis of MK-2206 and KRAS status demonstrated that carrying the KRAS
variant appeared to cause a decrease in the sensitivity of PDAC cell lines to this inhibitor.
Consistent with these data, one study demonstrated that, in cell lines of colorectal cancer, lung
cancer, breast cancer, and melanoma, KRAS mutations were associated with significant
resistance to AKT1/2 inhibition, this resistance is achieved through the activation of MEK/ERK
by KRAS, which bypasses PI3K/AKT and directly activates eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) [155]. Therefore, it might be important to consider KRAS status
before treating patients with PDAC with MK-2206.

A comprehensive comparison of the sensitivity to MK-2206 and the expression level of TP53
showed that there was no obvious relationship between the two. However, SU.86.86, which
carries two TP53 missense variants, was classified to the hyposensitivity group, suggesting that
two TP53 missense variants are associated with reduced efficacy of AKT inhibitor. It was
previously reported that advanced PDAC harboring a double mutation in TP53 had an
extremely poor response to epidermal growth factor receptor (EGFR)-inhibitor Erlotinib [156].
Our study indicated that TP53 double mutation also reduces the efficacy of MK-2206.
Therefore, when multiple TP53 mutations are identified in PDAC patients, switching inhibitors
or multi-inhibitor combinations should be considered.

In conclusion, the present study revealed antitumor effects against PDAC cell lines when
inhibiting AKTs. KRAS point mutations (c.35C > T, c.35C > A, and c.183A > C) appear to be
related to the level of sensitivity to MK-2206. In addition, carrying two TP53 missense variants
appears to be associated with reduced sensitivity to MK-2206. Thus, our study suggests that
inhibiting AKTs by MK-2206 is an optional strategy for the treatment of patients with PDAC but
that it is still necessary to choose inhibitors based on genetic background.

5.4 Inhibition of PI3Ks Exhibit Distinct Antitumor Effect on PDAC Cell Lines and the Cell

Response is Associated with Genetic Background

Our study demonstrated that the proliferation, metabolic activity, and cell biomass of all PDAC
cell lines decreased in a dose-dependent manner after Buparlisib exposure. It has been
reported that Buparlisib is a potent and highly specific oral pan-class | PI3K inhibitor in low
concentrations [157]. Moreover, although at high concentrations (>5 uM), it may cause cell
death by binding to tubulin, thereby inhibiting tubulin polymerization, in this study, significant
inhibition mainly occurred below the concentration of 1 uM [158]. In addition, the IC50s of all
cell viability assays were below 5 uM. These results suggest that Buparlisib can exert cytotoxic
effects in PDAC cell lines by inhibiting PI3Ks.

A comprehensive analysis of WES and RNA-seq transcriptome analysis revealed that the
PIK3CG ¢.2480C > G variant was correlated with gene overexpression in the corresponding cell
line, whereas PIK3CA ¢.1143C > G was associated with a corresponding decrease in gene
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expression in tumor cell lines, but at a level still higher than non-neoplastic controls. However,
the sensitivity grouping demonstrated that the cell lines carrying these two gene aberrations
did not display a specific response to the inhibitory effect of Buparlisib. Interestingly, two cell
lines with high AKT2 expression, Panc-1 and SU.86.86, have low sensitivity to Buparlisib. As
reported, not only does the overexpression of AKT2 represent a biological indicator of PDAC
aggressiveness, but also AKT2 plays a critical role in the inhibitor resistance of PDAC [90, 104,
159]. Our data indicate that high expression of AKT2 is related to reducing the efficacy of
Buparlisib. However, further functional experiments are still needed to verify the relationship
between high AKT2 expression and Buparlisib resistance.

The Buparlisib sensitivity groups and KRAS variants or expression level did not demonstrate
any relationship. This is obvious, especially in the high sensitivity group, which included not
only cell lines carrying KRAS variants but also a wild-type KRAS. These results suggest that the
KRAS status alone does not influence the sensitivity to Buparlisib in PDAC cell lines.

We further analyzed the response of cell lines carrying PI3K and KRAS double mutations and a
KRAS single mutation to Buparlisib. In four cell lines carrying the KRAS ¢.35G > A mutation
(AsPc-1, Colo357, Panc-1, and SU.86.86), we identified that Colo357 also carries the PIK3CA
¢.1143C > G variant. Interestingly, Colo357 was highly sensitive to Buparlisib, while the other
three cell lines were less sensitive. This might indicate that there are unknown interactions
between the PIK3CA ¢.1143C > G variant and the KRAS ¢.35G > A variant. This PIK3CA variant
could reduce the negative effects of KRAS on the sensitivity to Buparlisib. However, we did not
observe any interaction when analyzing another PI3K mutation (PIK3CG c.2480C > G) in cell
lines bearing the KRAS ¢35G > T variant (Capan-1, PaTu8902, PaTu8988S, and PaTu8988T)
when using either inhibitor.

In our study, a comprehensive analysis of the cell viability assays and the number of TP53
variants revealed that SU.86.86 is in the low-sensitivity group when treated with Buparlisib,
suggesting that two TP53 mutations are related to reducing the efficacy of PI3K inhibition by
Buparlisib. Therefore, when multiple TP53 mutations are identified in PDAC patients, the
combination of inhibitors and drugs should be considered.

Altogether, the present study revealed distinct antitumor effects against PDAC cell lines when
inhibiting the PI3K by Buparlisib. Exploring the inhibitor response and the corresponding target
gene aberrations shows that neither PIK3CA nor PIK3CG aberration alone affect the inhibitor
response of PDAC cell lines to Buparlisib. Moreover, in the relationship between the observed
inhibitor response and aberrations of KRAS and TP53, KRAS point mutations (c.35C> T, c.35C >
A, and c.183A > C) alone are not able to determine the level of sensitivity to Buparlisib. Cell
line carrying a specific PIK3CA variant is associated with enhanced Buparlisib inhibition in
KRAS-mutated cell lines. In addition, carrying two TP53 missense variants appears to be related
to reduced sensitivity to Buparlisib. Thus, our study suggests that inhibiting PI3K by Buparlisib
is an optional strategy for the treatment of patients with PDAC but still need to choose
inhibitors based on genetic background.
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5.5  Efficacy and Mechanism of KRAS inhibitors Alone or in Combination with Downstream

Inhibitors in PDAC Cell Lines

KRAS mutations are the most common mutations in PDAC patients and are characterized by
poor prognosis and resistance to general therapy [25, 114]. In our study, Sotorasib targeting
the KRAS G12C mutation exhibited the expected inhibitory efficacy in MIA Paca-2 and already
significantly inhibited cell proliferation and biomass at very low concentrations (0.005 uM).
Meanwhile, Sotorasib at the concentration of 10 uM also demonstrated partial inhibition of
other tested PDAC cell lines except T3M4 (KRAS Q61H). The cell proliferation and biomass
decreased by 32% - 50% and 24% - 41%, respectively. However, in T3M4, little inhibition of cell
proliferation and biomass was observed at all concentrations tested. This may be due to the
fact that the Q61H mutation has the lowest intrinsic GTPase activity and requires less upstream
signaling to maintain in a GTP-bound status [160]. The results of this study demonstrate that
Sotorasib has inhibitory effects on KRAS G12D, G12V and wild-type PDAC cell lines at a
concentration of 10 uM, a plasma concentration achievable in clinical trials [121]. It has been
reported that Sotorasib only targets KRAS G12C, and all current clinical trials are also targeting
KRAS G12C-mutated tumors, including PDAC, but since Sotorasib has inhibitory effect on cells
with other KRAS G12 mutation at high concentrations, this suggests that Sotorasib may have
the potential to target proteins other than KRAS G12C. Since the mutations of PDAC are mainly
KRAS G12D (45%) and KRAS G12V (35%), this result is more meaningful for the treatment of
PDAC [105].

As for the multi-KRAS mutation inhibitor BI-3406, our results were comparable to those
previously reported in 2D cultures [125]. The biological responses of cell lines carrying the
KRAS G12V mutation (Capan-1 and PaTu8902) were similar to the wild-type cell line BxPc-3,
with only about 15% decrease at 10 uM. Although BI-3406 has previously been reported to
achieve good inhibitory effects on KRAS G12V-mutated NSCLC cell lines, this antitumor effect
appears to be poor for PDAC cell lines [125]. In cell lines harboring KRAS G12C and G12D
mutations, the 10 uM concentration inhibited cell proliferation and biomass by more than 30%.
Although BI-3406 as a single inhibitor showed little inhibitory effect on PDAC cell lines, it
demonstrated a dramatically synergistic effect in combined inhibition with downstream
pathway inhibitors, especially the MEK1/2 inhibitor Trametinib. The combination of BI-3406
and Trametinib demonstrated synergistic effect in both KRAS-mutated and wild-type PDAC cell
lines. This is probably because BI-3406 combined with Trametinib can block the negative
feedback regulatory mechanism by reducing phospho (p)-MEK and p-ERK levels, resulting in a
strong synergistic effect [125]. Since this regulatory mechanism exists both in KRAS-mutated
and wild-type cell lines, therefore, this double-inhibitor combination was also effective against
BxPc-3. For the combination of BI-3406 and Buparlisib, although the Bliss independent model
assessment indicated a synergistic effect in this combination, the comparison with the single-
application efficacy of Buparlisib found that this combination was only significantly different
in MIA PaCa-2, while significant differences were not observed in the other cell lines. This
suggests that the combination of BI-3406 with Buparlisib demonstrated only additive effects
in AsPc-1, BxPc-3 and Capan-1. Since Buparlisib does not reduce p-MEK and p-ERK levels, it is
highly likely fails to activate the negative feedback loop, resulting in little synergistic effect
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[125]. Moreover, the triple inhibitor combination of BI-3406 also demonstrated significant
synergistic effect, and the inhibitory efficacy was increased compared with the double
inhibitor combination. These results suggested that the BI-3406-based inhibitor combination
is a potential therapeutic approach for KRAS G12 mutant or wild-type PDAC.

The double-inhibitor combination based on Sotorasib also displayed synergistic effect, but only
in MIA PaCa-2. Since RAS directly forms a complex with PI3K to further activate the PI3K
signaling pathway, inhibition of these two proteins greatly reduces the activation of this
pathway and might explain the synergistic effect of these two inhibitors [161-164]. Additive
effects were observed in AsPc-1, BxPc-3 and Capan-1, indicating that the unknown target
protein of Sotorasib in non-KRAS G12C mutant cells does not overlap with the
RAS/RAF/MEK/ERK pathway or the PI3K/AKT pathway. Furthermore, in MIA PaCa-2, when
compared with the BI-3406-based combination, the inhibitory effect of Sotorasib and
Trametinib was weak. This possibly because RAS directly forms a complex with PI3K to further
activate the PI3K signaling pathway, direct inhibition of the two proteins greatly reduces the
activation of the PI3K protein and increase the synergistic effect of two inhibitors. In addition,
the triple inhibitor combination based on Sotorasib displayed synergistic effect only in MIA
PaCa-2, further explaining that the unknown target protein of Sotorasib does not interact with
the RAS downstream pathway. These results suggest that Sotorasib-based inhibitor
combinations are only suitable for the treatment of KRAS G12C-mutated PDAC.

The BI-3406 triple inhibitor combination modulated immunity, cell adhesion and migration,
and targeted cancer pathways in all four cell lines. This indicates that this inhibitor combination
can directly influence the pathophysiology of tumor cells, but might also indirectly inhibit the
growth of PDAC cells by modulating the immune system as well as cell-to-cell interactions.
Furthermore, we observed that in all four cell lines both triple inhibitor combinations
regulated DEGs, which are involved in response to hypoxia. These genes (ALDOA, IL6, IL6R, EGF,
VEFG, PDK-1, ENO1, etc.) were all associated to the hypoxia inducible factor-1 (HIF-1) pathway,
suggesting that both combinations can act on the HIF-1 pathway. Several studies have shown
that HIF-1 is associated with tumor growth in a variety of cancers including PDAC [165].
Inhibition of MTOR block the translation of HIF-1 mRNA, and inhibition of ERK can also lead to
inhibition of HIF-1 [166, 167]. The combination of the two inhibitors in this experiment
affected both mTOR and ERK, leading to changes in the downstream HIF-1 pathway, which
seems to be another mechanism of this inhibitor combination.

Altogether, our current study demonstrates the antiproliferative effects of KRAS inhibitors
alone or in combination with downstream inhibitors in PDAC cell lines in vitro. Moreover, the
dose of each inhibitor was greatly reduced when used in combination, thereby reducing the
side effects of the inhibitor. The KRAS::SOS1 inhibitor BI-3406 was able to enhance the anti-
proliferative effect of downstream inhibitors in KRAS wild-type, KRAS G12C and KRAS G12D
mutant cell lines, but not for KRAS G12V mutant cell lines. The KRAS G12C inhibitor Sotorasib
mainly enhanced the anti-proliferative effect of downstream inhibitors in KRAS G12C mutant
cell lines.

5.6 Summary

In conclusion, this study confirmed the antitumor potential of inhibiting CK2, CDKs, PI3K, AKT
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and KRAS in different PDAC cell lines. The target gene of Silmitasertib (CSNK2A1, CSNK2A2,
and CSNK2B) and Dinaciclib (CDK1, CDK2, CDK5, and CDK9) did not affect drug sensitivity in
terms of aberrations and expression levels, while aberrations or expression levels of MK-220
target genes (AKT1, AKT2, and AKT3), Buparlisib target genes (PIK3CA, PIK3CB, PIK3CG, and
PIK3CD) and PDAC hotspot genes (KRAS and TP53) were associated with differences in
inhibitor sensitivity. Both KRAS inhibitors and KRAS inhibitor-based combinations showed
antitumor potential in different PDAC cell lines, but the synergistic potential was not the same
due to the different mechanisms of inhibition. At the same time, the synergistic potential of
these inhibitor combinations varied for different KRAS mutant cell lines. Our current study
demonstrates the antitumor properties of these novel specific pathway inhibitors in PDAC cell
lines and the influence of some univariate genetic background differences on the efficacy of
these inhibitors has also been initially proposed.
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6 Conclusion and Outlook

Currently, PDAC remains a huge burden worldwide with an unsatisfying survival rate, especially
for patients with advanced disease. Although the use of novel inhibitors has significantly
improved patients’ survival, there are still differences in inhibitor sensitivity due to the
influence of different genetic backgrounds. Therefore, individualized selection of treatment
regimens based on a patient's genetic background has become a research hotspot. This study
focused on the sensitivity of PDAC cell lines of different genetic backgrounds to several novel
pathway inhibitors. Furthermore, the effects of the aberrations of the target genes of these
inhibitors and the common hot spot gene aberrations of PDAC on the efficacy of these
inhibitors were comprehensively analyzed, and the background genes that had potential
impact on the therapeutic effect were evaluated to provide the basis for clinical personalized
treatment.

The antitumor potential of the novel inhibitors was confirmed on different PDAC cell lines.
Furthermore, cells were grouped for sensitivity based on the results of these cell viability
assays. Combined with the sequencing results of WES and RNA-seq, the effect of univariate
genetic variation on drug sensitivity was preliminarily analyzed. Our study revealed that
aberrations or expression levels of AKT1, AKT2, AKT3, PIK3CA, PIK3CB, PIK3CG, PIK3CD, KRAS,
and TP53 genes were associated with differences in inhibitor sensitivity. The CSNK2A1,
CSNK2A2, CSNK2B, CDK1, CDK2, CDK5, and CDK9 genes did not affect the inhibitor sensitivity
in terms of their aberrations and expression levels. However, due to the interaction between
different genetic aberrations, effects on downstream signaling, and dysregulation of
expression, they can also have a major impact on drug sensitivity. We will focus on analyzing
the effects of multivariate genetic variation on drug sensitivity in future studies.

Due to the important role of KRAS in PDAC. We also analyzed the antitumor and synergistic
potential of KRAS inhibitors combined with downstream pathway inhibitors in PDAC cell lines.
Both combinations based on different KRAS inhibitors showed antitumor potential in different
PDAC cell lines, however, the synergistic potential of BI-3406 and Sotorasib was not the same
due to the difference in the mechanism of inhibition by BI-3406 and Sotorasib. At the same
time, the synergistic potential of these drug combinations is also different for different KRAS
mutant cell lines. The underlying mechanisms leading to these differences are currently being
analyzed.

In conclusion, our current study demonstrates the antitumor properties of these novel specific
pathway inhibitors in PDAC cell lines. At the same time, the effect of some univariate genetic
background differences on the efficacy of these inhibitors was also tentatively proposed. It
provides good support for follow-up studies and clinical research.
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Appendix

8.1

Abbreviation
4E-BP1
AKT, AKT
BRCA2
CA19-9
CDK
CDKN2A
CEA

CK2

cv

DEG
DMSO
DRB
EGFR
ERK

FCS

GDP
GNAS
GO

GSEA
GTP
HER2/neu
IC50

JAK

JNK
KEGG
KRAS, KRAS
MAPK
MEK
MKK4
mTOR
NF-xB
NSCLC
P/S
PanIN
PBS
PDAC
PDK1

PI

PI3K

Abbreviations

Meaning

Eukaryotic Translation Initiation Factor 4E-Binding Protein 1
Protein Kinase B

Breast Cancer Gene 2

Carbohydrate Antigen 19-9

Cyclin-Dependent Protein Kinase

Cyclin Dependent Kinase Inhibitor 2A
Carcinoembryonic Antigen

Casein Kinase Il

Crystal Violet

Differentially Expressed Gene

Dimethyl Sulfoxide
5,6-Dichloro-1-R-D-Ribofuranosylbenzimidazole
Epidermal Growth Factor Receptor
Extracellular-Signal Regulated Kinase

Fetal Calf Serum

Guanosine Diphosphate

Guanine Nucleotide Binding Protein, Alpha Stimulating Complex Locus
Gene Ontology

Gene Set Enrichment Analysis

Guanosine Triphosphate

Human Epidermal Growth Factor Receptor 2
Half-Maximal Inhibitory Concentration

Janus Kinase

C-Jun N-terminal Kinase

Kyoto Encyclopedia of Genes and Genomes
Kirsten Rat Sarcoma Virus

Mitogen-Activated Protein Kinase
Mitogen-Activated Protein Kinase Kinase
Mitogen-Activated Protein Kinase Kinase 4
Mammalian Target of Rapamycin

Nuclear Factor Kappa-Light Chain Enhancer Pathway of the Activated B Cell
Non-Small Cell Lung Cancer
Penicillin-Streptomycin

Pancreatic Intraepithelial Neoplasia
Phosphate-Buffered Saline

Pancreatic Ductal Adenocarcinoma
Phosphoinositide-Dependent Kinase 1
Propidium lodide

Phosphoinositide 3-Kinase
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PIP2 Phosphatidylinositol 4,5-Bisphosphate

PIP3 Phosphatidylinositol 3,4,5-Bisphosphate

Rb Retinoblastoma

RNA-seq RNA Sequencing

SD Standard Deviation

SDS Sodium Dodecyl Sulfate

SMAD4 Mothers Against Decapentaplegic Homolog 4
SOS1 Son of Sevenless Homolog 1

STAT Signal Transducer and Activator of Transcription
TP53 Tumor Protein P53

WES Whole-Exome Sequencing

WST-1 Water Soluble Tetrazolium - 1
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Abstract: Casein kinase II (CK2) and cyclin-dependent kinases (CDKs) frequently interact within mul-
tiple pathways in pancreatic ductal adenocarcinoma (PDAC). Application of CK2- and CDK-inhibitors
have been considered as a therapeutic option, but are currently not part of routine chemotherapy
regimens. We investigated ten PDAC cell lines exposed to increasing concentrations of silmitasertib
and dinaciclib. Cell proliferation, metabolic activity, biomass, and apoptosis /necrosis were evaluated,
and bioinformatic clustering was used to classify cell lines into sensitive groups based on their re-
sponse to inhibitors. Furthermore, whole exome sequencing (WES) and RNA sequencing (RNA-Seq)
was conducted to assess recurrent mutations and the expression profile of inhibitor targets and genes
frequently mutated in PDAC, respectively. Dinaciclib and silmitasertib demonstrated pronounced
and limited cell line specific effects in cell death induction, respectively. WES revealed no genomic
variants causing changes in the primary structure of the corresponding inhibitor target proteins.
RNA-Seq demonstrated that the expression of all inhibitor target genes was higher in the PDAC
cell lines compared to non-neoplastic pancreatic tissue. The observed differences in PDAC cell line
sensitivity to silmitasertib or dinaciclib did not depend on target gene expression or the identified
gene variants. For the PDAC hotspot genes kirsten rat sarcoma virus (KRAS) and tumor protein p53
(TP53), three and eight variants were identified, respectively. In conclusion, both inhibitors demon-
strated in vitro efficacy on the PDAC cell lines. However, aberrations and expression of inhibitor
target genes did not appear to affect the efficacy of the corresponding inhibitors. In addition, specific
aberrations in TP53 and KRAS affected the efficacy of both inhibitors.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most common malignancies
and ranks fourth among all cancer-related deaths in both men and women [1]. Due to the
lack of effective therapy, tumor metastasis, and chemo resistance, the prognosis of PDAC
is poor [2-5]. Furthermore, the “cure rate” for PDAC is only 9%, and without treatment,
the median survival of patients with metastatic disease is only three months [6]. Although
extensive research has been carried out in recent years, there were only slight improvements
to disease prognosis, median survival is still less than 12 months, and recently, the overall
5-year survival rate only increased to 10% [1].

Casein kinase II (CK2) is a highly conserved serine/threonine kinase, which is con-
stitutively active and ubiquitously expressed in mammalian cells. CK2 has a wide range
of candidate physiological targets and is involved in a series of complex cellular func-
tions [7]. For example, CK2 activates protein kinase B (AKT) by direct phosphorylation
or indirect regulation [8]. The activated phosphoinositide 3-kinase (PI3K)/AKT pathway
influences proliferation and survival [9]. In addition, CK2 upregulates the JAK/STAT and
RAS/MEK/ERK signaling pathways and provides survival advantage and proliferative
capacity to cancer cells [10,11]. Furthermore, CK2 is able to cooperate with the MKK4 /JNK
pathway and promotes the survival of PDAC cells [12]. The downregulation of CK2 via
RNA interference enhances chemosensitivity to gemcitabine in PDAC cell lines [12-14].
Both cell assays and animal models revealed the anti-tumor activity of silmitasertib, a CK2
inhibitor, in BxPc-3 cells [15]. Other CK2 specific-inhibitors also induce the apoptosis of the
MIA Paca-2 and Dan-G cell lines [14]. However, in these experiments, different cell lines
showed different responses to CK2 inhibitors. Therefore, studying the influence of genetic
background on the efficacy of silmitasertib is of considerable interest. In addition, although
silmitasertib has entered multiple clinical trials, clinical trials related to pancreatic cancer
have not been reported [16].

CK2 is not the only protein kinase that plays a critical role in PDAC. Cyclin-dependent
protein kinases (CDKs) are critical regulators of cell cycle progression. This dysregulation
of the cell cycle is the fundamental process of cancer growth and spread [17]. Within
the CDK family, CDK1 and CDK?2 regulate cell cycle progression by contributing to the
phosphorylation and inactivation of the retinoblastoma (Rb) tumor suppressor gene product
throughout late G1, S, and G2-M phases [18]. Another family member, CDKO9, is involved
in the regulation of RNA polymerase II and the control of cellular transcription [19]. CDK5
has been well characterized for its role in the central nervous system rather than the cell
cycle [20]. Several CDK family members are highly expressed in different cancer types
including PDACs [21]. Moreover, some studies have indicated that CDKs play critical
roles in cancer proliferation, migration, invasion, and metastasis [22,23]. In addition,
inhibition or knockdown of CDKs demonstrated satisfactory inhibition of cancer cells.
Inhibition of CDK1, CDK2, and CDK9 caused cell cycle arrest [24-26]. Activated CDKs
induce resistance to cisplatin in cervical cancer and are involved in radiation resistance in
lung cancer [27,28]. In PDAC cell lines, inhibition of CDKs’ kinase activity significantly
decreased the migration and invasion of cancer cells in vitro [22]. In addition, CDK5
inhibition promotes the chemosensitivity of PDAC cell lines to gemcitabine in vivo [22]. A
combination of CDKs and AKT inhibitors has been shown to dramatically block PDAC
tumor growth and metastasis in vivo [23]. Although the inhibition of CDKs by dinaciclib
has been shown to inhibit the viability of PDAC in both cellular and animal models, the
observed effect is highly variable, depending on different cell lines and CDK inhibitors,
respectively. So far, the reasons for these differences are still not fully understood [23,29,30].
However, based on the significant effects of CDK inhibitors, several inhibitors alcociclib
(flavopiridol), dinaciclib, ibociclib, and AT7519 have entered several clinical trials against
PDAC [21,31,32].

Different genetic aberrations affecting direct drug target genes, downstream pathways,
or key oncogenic regulators also have an impact on drug efficacy. KRAS and TP53 are
two of the hotspot genes frequently mutated in PDAC. It has been reported that KRAS
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and TP53 mutations can be found in approximately 92% and 70% of PDAC patients,
respectively [33,34]. Moreover, patients with KRAS mutations showed a bad response
to first-line gemcitabine-based therapy and represented a poor prognosis [35]. PDAC
patients with regular TP53 expression were reported to show a significant improvement in
progression-free survival when compared to complete loss. Interestingly, cases showing
as many as two TP53 somatic variants are reported to have a better prognosis than when
compared to cases exceeding accumulation of more than three somatic variants [36,37].
Therefore, due to the impact of KRAS and TP53 on the prognosis and drug efficacy of
PDAC, we explored the influence of the somatic variants of these two genes on the response
of PDAC cell lines to CK2 and CDK inhibitors.

Akin to the above-mentioned studies, several other publications have demonstrated
the influence of CK2 and CDKs on the pathophysiology of PDAC. However, for these drug
target genes, it is still poorly understood if and which somatic variants affect sensitivity
to the respective inhibitors [14,23]. In general, CK2 and CDK gene expression does not
vary significantly in most mammalian tissues and species [38]. We therefore investigated
the effects of the CK2 inhibitor (silmitasertib) and CDK1/2/5/9 inhibitor (dinaciclib) in
ten PDAC cell lines (AsPc-1, BxPc-3, Capan-1, Panc-1, PaTu8902, PaTu8988T, PaTu8988S,
SU.86.86, T3M4, and Colo357). In order to evaluate gene expression and gene variants in
these cell lines, whole transcriptome and whole exome sequencing (WES) were performed
with the aim to explore the relationship between the sensitivity of these inhibitors and the
gene expression of inhibitor targets and mutations in KRAS oncogene and TP53 tumor
suppressor genes.

2. Results
2.1. Effects of Silmitasertib and Dinaciclib on Cell Proliferation, Biomass, and Metabolic Activity

The CK2 inhibitor silmitasertib significantly inhibited cell proliferation of PDAC cell
lines starting from 1 uM for the most sensitive cell line BxPc-3. Meanwhile, significant
inhibition of biomass was observed with silmitasertib in all cell lines tested, with AsPc-1
and BxPc-3 significantly inhibited from 1 uM. Moreovet, silmitasertib significantly reduced
the metabolic activity of cells, with the majority of PDAC cell lines (eight out of ten)
initiated significant reductions at 5 uM (Supplementary Figure S1 and Table S1). The
ICsp values for proliferation and biomass showed a range from 2.131 uM to 16.20 uM for
proliferation and a matching range from 1.691 uM to 14.32 uM for biomass (Figure 1a,
Supplementary Figure S2 and Table S2).
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Figure 1. ICs) values when assessing proliferation and cell biomass after 72 h to silmitasertib exposure
in ten PDAC cell lines (a) as well as the classification of these cell lines by k-means++ (unsupervised
machine learning algorithm) to a low (red), moderate (green), and high (blue) sensitivity group (b).

ICsg values of cell proliferation and biomass were applied in the following bioinfor-
matic clustering (k-means++ clustering method, Materials and Methods 4.10) for sensitivity
classification of cell lines. Ten PDAC cell lines were separated into three groups with low
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(PaTu8988S, Panc-1, PaTu8988T, PaTu8902, and Colo357), moderate (Capan-1, T3M4, and
SU.86.86), and high sensitivity (AsPc-1 and BxPc-3) (Figure 1b and Supplementary Figure S2).

The CDK1/2/5/9 inhibitor dinaciclib significantly inhibits the cell proliferation,
metabolic activities, and biomass of all PDAC cell lines starting from the lowest
tested concentration (0.001 pM), but responses varied between cell lines
(Supplementary Figure S3 and Table S3). At the lowest tested concentration, Colo357,
PaTu8988T, and T3M4 observed significant inhibition in cell proliferation assays; Colo357,
PaTu8988S, and T3M4 observed significant inhibition in metabolic activity assays; and
Capan-1, Colo357, and PaTu8988T observed significant inhibition in biomass assays. The
ICs0 values ranged from 0.001253 puM to 0.01111 uM (proliferation) and 0.002146 uM to
0.01390 uM (biomass) (Figure 2a, Supplementary Figure S4 and Table S4).
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Figure 2. IC5) values when assessing proliferation and cell biomass after 72 h dinaciclib exposure in
ten PDAC cell lines (a) as well as the classification of these cell lines by k-means++ (unsupervised
machine learning algorithm) to a low (red), moderate (green), and high (blue) sensitivity group (b).

IC5¢ values of cell proliferation and biomass were applied in bicinformatics clustering
(k-means++ clustering method, Materials and Methods 4.10) for sensitivity classification
of the cell lines. Ten PDAC cell lines were separated into three groups with low (Panc-1
and SU.86.86), moderate (BxPc-3, Capan-1 and PaTu8988S), and high (AsPc-1, Colo357,
PaTu8902, PaTu8988T, and T3M4) sensitivity (Figure 2b and Supplementary Figure 54).
Both herein used compounds were reported to be well tolerated in vivo [15,39]. The ranges
of inhibitor concentrations were below the maximum plasma concentration.

2.2. Silmitasertib and Dinaciclib Induced Cell Deaths in PDAC Cell Lines

Silmitasertib only increased the percentage of cell deaths in two out of ten PDAC cell
lines after 72 h. Significant increases in apoptotic/necrotic cells were only observed in AsPc-
1 and T3M4 at a concentration of 10 uM (Supplementary Figures S5 and S7 and Table S5).
The percentages of apoptotic/necrotic cells in AsPc-1 and T3M4 at 10 uM were 23.13% and
29.33%, respectively. However, significant increases in apoptotic/necrotic cells were not
observed in other PDAC cell lines. At the same time, we observed that silmitasertib even
significantly reduced cell death in Colo357 when compared to the DMSO control, but due
to the low percentages of cell death; this reduction is more like a mathematical artifact.

Dinaciclib strongly induced apoptosis/necrosis in nine of ten PDAC cell lines in a
dose-dependent manner. Only the apoptotic/necrotic induction of PaTu8988T was not
significant at the tested concentrations (0.003 uM, 0.005 uM, 0.006 uM, and 0.01 pM).
Significant increases in apoptotic/necrotic cells were observed starting at a concentration
of 0.0075 uM (Supplementary Figures 56 and S8 and Table S6). Interestingly, in comparison
to the DMSO control, decreasing percentages of apoptotic/necrotic cells were observed in
PaTu8988S at all tested concentrations (0.005 uM, 0.0075 uM, 0.01 uM, and 0.05 uM).
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2.3. Expression and Genetic Variants of Silmitasertib or Dinaciclib Target Genes

The expression of target genes for each inhibitor (for silmitasertib: CSNK2A1, CSNK2A2,
and CSNK2B; for dinaciclib: CDK1, CDK2, CDK5, and CDK9) was evaluated in all cell lines
by RNA-Seq. The expression level was estimated as Log, (transcripts per kilobase million
(TPM) + 1) and compared to the expression data of non-neoplastic pancreatic tissue, which
was chosen as a control. All target genes were expressed higher in the PDAC cell lines than
in normal pancreatic tissue. The inhibitor target gene expression in PDAC compared with
the control are as follows (PDAC Minimum-Maximum vs. control): CSNK2A1 (5.83-7.69
vs. 3.63), CSNK2A2 (5.41-6.47 vs. 4.43), CSNK2B (6.53-7.52 vs. 6.00), CDK1 (5.73-8.51 vs.
0.41), CDK2 (4.37-6.95 vs. 2.83), CDK5 (3.51-5.32 vs. 1.98), and CDK9 (4.57-6.63 vs. 4.50)
(Figure 3a,b and Supplementary Table S7).

The target genes for silmitasertib (CSNK2A1, CSNK2A2, CSNK2B) and dinaciclib
(CDK1, CDK2, CDK5, CDK9) were selected to analyze transcript variants by WES.
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Figure 3. Gene expression levels of inhibitor target genes in the cell lines and control. The different
sensitivity to silmitasertib (a) and dinaciclib (b) is indicated for each cell line. Gene expression levels
are displayed as Log2 (TPM+1).

Focusing on silmitasertib target genes, initially, a total of twenty-four variants includ-
ing fourteen CSNK2A1 variants, eight CSNK2A2 variants, and two CSNK2B variants were
identified in ten PDAC cell lines in all types of variants (Supplementary Table S8). The
initial twenty-four candidate variants were identified in eight cell lines: no variants were
identified in Colo357 and SU.86.86; one variant was identified in AsPc-1 and PaTu8902;
two variants were identified in Capan-1 and PaTu8988S; three variants were identified in
Panc-1; and five variants were identified in BxPc-3, PaTu8988T, and T3M4. Variant filtering
according to the Method 4.8 classified none of the identified variants as potentially affecting
the protein coding sequence, and as such, presumably leading to aberrant protein function.

When focusing on dinaciclib target genes, a total of fifteen variants including nine
CDK1 variants, four CDK2 variants, one CDK5, and one CDK9 variant were identified
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in ten PDAC cell lines (Supplementary Table S9). The initial fifteen candidate variants
were identified in eight cell lines: no variants were identified in AsPc-1 and Colo357;
one variant was identified in Capan-1, PaTu8902, PaTu8988T, PaTu8988S, and SU.86.86;
two variants were identified in BxPc-3 and Panc-1; and six variants were identified in
Colo357. Variant filtering according to Method 4.8 classified none of the identified variants
as potentially affecting the protein coding sequence in such, presumably leading to aberrant
protein function.

2.4. KRAS and TP53 Gene Variants Were Observed in PDAC Cell Lines
2.4.1. KRAS Variants and Expression in PDAC Cell Lines

WES identified KRAS variants in nine of the ten tested PDAC cell lines (Figure 4 and
Supplementary Table S10). Three different KRAS variants were identified, KRAS ¢.35G>A
(p-Gly12Asp), KRAS ¢.35G>T (p.Gly12Val), and KRAS ¢.183A>C (p.GIn61His), all of them
were missense variants. KRAS ¢.35G>A were observed in AsPc-1 (variant allele frequency
(VAF): 100), Colo357 (VAF: 23.8), Panc-1 (VAF: 62.1), and SU.86.86 (VAF: 83.7). KRAS
¢.35G>T were identified in Capan-1 (VAF: 97.1), PaTu8902 (VAF: 100), PaTu8988S (VAF:
96.9), and PaTu8988T (VAF: 98). KRAS ¢.183A>C was identified in T3M4 (VAF: 32.6).
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V. Missense variant: chr 17, 7578454-7578454; c.476C>T; Sample with variant: Capan-1.

V. Missense variant: chr 17, 7577094-7577094; c.844C>T; Sample with variant: PaTu8902,
PaTu8988S, PaTu8988T

VI. Missense variant: chr 17, 7573948-7573948; ¢.1079G>T; Sample with variant: SU.86.86.

VII.  Missense variant: chr 17, 7577548-7577548; ¢.733G>A; Sample with variant: SU.86.86.

VIII.  Frameshift variant: chr 17, 7579419-7579424; ¢.267delC; Sample with variant: Colo357.

Figure 4. Gene maps indicating the variant sites of KRAS and TP53 in different PDAC cell lines.
GRCh37: Genome Reference Consortium Human Build 37, Chr: chromosome.

The expressions of KRAS in all PDAC cell lines were higher than those compared to
non-neoplastic pancreas tissue (4.16-7.09 vs. 2.14) (Figure 5 and Supplementary Table 512).
Both the lowest and highest KRAS expressions were observed in the KRAS ¢.35G>A variant,
which were identified in Colo357 (4.61) and SU.86.86 (7.09), respectively. The expressions
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of all KRAS ¢.35G>T variants, which were identified in Capan-1, PaTu8988S, PaTu8988T,
and PaTu8902 were similar to wild type BxPc-3 (4.40, 4.65, 4.46, 4.51 vs. 4.53, respectively),
the expression of KRAS ¢.183A>C in T3M4 and KRAS ¢.35G>A in AsPc-1, and Panc-1 and
SU.86.86 were higher than wild type BxPc-3 (4.79-7.09 vs. 4.53).
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Figure 5. Gene expression of KRAS in ten PDAC cell lines and the control. The sensitivity to
silmitasertib (a) and dinaciclib (b) as well as the variants of KRAS are indicated for each cell lines.
Gene expression levels are displayed as Log, (TPM+1).

2.4.2. KRAS and Inhibitor Response

A comprehensive analysis of the cell viability assays and KRAS status revealed that
PDAC cell lines carrying the KRAS variant appeared to be less sensitive to silmitasertib
and the high sensitive group contained only the wild-type and one KRAS mutant cell line,
while the rest of the KRAS mutant carrying cell lines were all classified into the moderate or
low sensitivity groups (Figure 5a). In addition, KRAS ¢.35G single nucleotide variants had
no major influence on the inhibitory effect of dinaciclib, since cell lines containing the same
KRAS ¢.35G position variant (KRAS ¢.35G>A, KRAS ¢.35G>T) were classified into each
of the three sensitivity groups, while wild-type (BxPc-3) was in the moderate sensitivity
group. Interestingly, the sensitivity of the KRAS ¢.183A>C mutant cell line (T3M4) was
higher than BxPc-3 (Figure 5b). KRAS gene expression and VAF did not affect the efficacy
of the two inhibitors (Figure 5).

2.4.3. TP53 Variants and Expression in PDAC Cell Lines

Two different types of variants including frameshift (fs) variant and missense variant
of TP53 were identified in the PDAC cell lines (Figure 4 and Supplementary Table S11). Fs
variants, TP53 c¢.403delT (p.Cys135fs) and TP53 c.267delC (p.Ser90fs), were identified in
AsPc-1 (variant allele frequency (VAF): 96.4) and Colo357 (VAF: 100), respectively. Missense
variants, TP53 ¢.476C>T (p.Alal59Val) and TP53 ¢.818G>A (p.Arg273His), were identified
in Capan-1 (VAF: 100) and Panc-1 (VAF: 98.8), respectively. Double missense mutation
including TP53 ¢.733G>A (p.Gly245Ser) and TP53 ¢.1079G>T (p.Gly360Val) were identified
in SU.86.86 (VAF: 100, 100, respectively). TP53 c.659A>G (p.Tyr220Cys) was identified in
BXxPC-3 (VAF: 99) and T3M4 (VAF: 100). TP53 c.844C>T (p.Arg282Trp) was identified in
PaTu8902 (VAF: 100), PaTu8988S (VAF: 100), and PaTu8988T (VAF: 100). The expressions of
TP53 with frameshift variants were lower than that of the missense variants (1.24-2.13 vs.
4.39-5.42) and control (2.83) (Figure 6 and Supplementary Table S13).

2.4.4. TP53 and Inhibitor Response

A comprehensive analysis of cell viability assays and TP53 status demonstrated that
the two cell lines carrying fs variants (Colo357 and AsPc-1) were in the dinaciclib high
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sensitive group, while cell lines carrying point mutations were distributed in the three
sensitivity groups (Figure 6b). However, this effect was not observed when treating the
cells with silmitasertib (Figure 6a). In addition, cell lines carrying TP53 ¢.844C>T, TP53
¢.818G>A, and TP53 c.267delC variants were in the low sensitivity group. SU.86.86, which
carries two TP53 missense variants, demonstrated no significant difference in sensitivity to
silmitasertib and dinaciclib compared with other cell lines only carrying one variant. TP53
gene expression and VAF did not affect the efficacy of the two inhibitors (Figure 6).
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Figure 6. Gene expression of TP53 in ten PDAC cell lines and the control. The sensitivity to
silmitasertib (a) and dinaciclib (b) as well as the variants of TP53 are indicated for each cell lines.
Gene expression levels are displayed as Log, (TPM+1). Missense variants were associated with gene
higher expression while frameshift variants were related to low gene expression.

3. Discussion

This study demonstrated that the expression levels of silmitasertib target genes
(CSNK2A1, CSNK2A2, and CSNK2B) in all of the tested PDAC cell lines were higher
than in non-neoplastic pancreatic tissue. This result suggests that these cell lines could
be sensitive to silmitasertib. Indeed, the inhibition of CK2 by silmitasertib significantly
affected cell proliferation of all cell lines except Panc-1, and significantly reduced the cell
biomass in all PDAC cell lines. However, silmitasertib did not perform well in reducing
the metabolic activity of the PDAC cell lines, and the effects of silmitasertib in induc-
ing apoptosis were also very weak, with significant effects only observed in AsPc-1 and
T3M4, which indicates that silmitasertib may inhibit the proliferation of PDAC cells by
inducing cell-cycle arrest or cell autophagy rather than apoptosis [40]. Moreover, the cell
responses to silmitasertib presented an obvious difference among PDAC cell lines. PDAC
cell lines including PaTu8988T, Panc-1, PaTu8902, Colo357, and PaTu8988S represented
low responses to silmitasertib inhibition. Although twenty-four variants of CK2 genes
in PDAC cell lines were identified, after the filtering step, all variants were excluded for
further analysis. In addition, no correlation was seen when comparing the expression of
CK2 genes in high-, moderate-, and low-sensitive cell lines. These results indicate that the
genes directly targeted by silmitasertib are not directly affected by aberrations modulating
the observed antitumor effects of silmitasertib on CK2.

Inhibition of CDKs by dinaciclib dramatically reduced cell proliferation, metabolic
activities, and biomass in PDAC cell lines and this significant effect could be observed at
nanomolar concentrations. These results are similar to previous reports that suggested that
dinaciclib could be a candidate for novel treatment options in PDAC [23,41]. Furthermore,
compared with the DMSO control group, dinaciclib was able to increase the percentage
of apoptotic/necrotic cells in PDAC cell lines except in PaTu8988S. This suggests that in
addition to inducing apoptosis, dinaciclib may inhibit cell proliferation by other mecha-
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nisms, but further experiments are still needed for this to be proven [42]. RNA-Seq results
demonstrated that expressions of CDK1/2/5/9 were higher than the control in all tested
PDAC cell lines, indicating overexpression of CDK1/2/5/9 in PDAC cell lines. Moreover, as
the experimental results suggest that dinaciclib inhibited cell viability at very low concen-
trations, the overexpression of target genes appeared to not affect the efficacy of dinaciclib
in inhibiting the viability of PDAC cells. Therefore, dinaciclib is an excellent candidate for
PDACs with high expression of CDK1/2/5/9; on the other hand, due to the lack of data on
the individuals with low CDK1/2/5/9 expression, experiments are still needed to verify the
feasibility of using dinaciclib as a therapeutic candidate.

CK2 gene aberrations were detected in 2.9% (34/1228: CSNK2A1, 1%, CSNK2A2, 0.3%,
CDNK2B, 1.6%) of PDAC patients, and only 0.2% (3/1228) involved protein structural
changes, while the majority involved gene amplification [43]. Similar to silmitasertib target
genes, dinaciclib target gene aberrations were present in 4.3% (46/1228: CDK1, 0.3%, CDK2,
1.1%, CDKS5, 2%, CDK9, 1%) of PDAC patients, and only 0.5% (6/1228) involved protein
structural changes, while the majority involved gene amplification [43]. Therefore, our
study provides some reference value for the strategy of silmitasertib and dinaciclib in the
treatment of PDAC.

We identified three different amino acid substitution variants of KRAS in nine of ten
PDAC cell lines including KRAS p.Gly12Asp (¢.35G>A), KRAS p.Gly12Val (c.35G>T), and
KRAS p.GIn61His (c.183A>C). It was reported that patients with KRAS mutations showed
a weak response to first-line gemcitabine-based therapy and had a poor prognosis [35]. In
our study, significant differences in sensitivity to dinaciclib could not be observed between
cell lines harboring the KRAS ¢.35G point mutation and wild-type cell lines, suggesting the
inhibitory effect of dinaciclib is not affected by the KRAS ¢.35G point mutation. Interestingly,
T3M4 cells, which carry a KRAS ¢.183A>C variant are more sensitive to dinaciclib than
wild-type BxPc-3 cells, suggesting that dinaciclib may improve the efficacy of patients
with specific KRAS c.183A>C mutation, but due to the limited number of cell lines, further
experiments are still needed to verify the relationship between this KRAS mutation and
the efficacy of dinaciclib. However, a comprehensive analysis of silmitasertib efficacy and
KRAS mutations suggests that carrying the KRAS variants reduced the PDAC sensitivity to
silmitasertib. Since AKT is an important effector kinase of CK2, inhibition of CK2 causes
a reduced activation of AKT, whereas mutant KRAS directly activates the PI3K/AKT
pathway [8,44]. This antagonism results in reduced sensitivity of KRAS-mutated cell lines
to ssilmitasertib. Overall, blocking CDKs with dinaciclib in monotherapy may be beneficial
to patients with the specific KRAS ¢.183A>C mutation, whereas silmitasertib monotherapy
in patients with KRAS point mutations may not be a good option.

We identified that all tested PDAC cell lines contained at least one TP53 mutation that
causes amino acids to change. Our sequencing data revealed that the expression of TP53
with fs mutations were lower than those of TP53 with point mutations. Fs variants resulted
in a strong disruption of TP53 function, and low TP53 mRNA expression was associated
with a poor prognosis in PDAC patients [45,46]. On the other hand, the expressions of all
missense variants of TP53 in PDAC cell lines was higher than in the control, and it has been
reported that some specific point mutations inactivate TP53 (p.Argl75, p.Gly245, p. Arg248,
p-Arg249, p.Arg273, and p.Arg282) and confer an advantage in tumor growth [47,48].
The same mechanism possibly also exists in the TP53 p.Alal59Val, p.Tyr220Cys, and
p-Gly360Val variants, which demonstrated similar expression properties. In addition,
combined with the results of the PDAC inhibitory assays, cell lines carrying specific TP53
variants (c.267delC, c¢.818G>A, and ¢.844C>T) were less sensitive to silmitasertib. These cell
lines were all in the low (PaTu8988S, Panc-1, PaTu8988T, PaTu8902, and Colo357) sensitivity
group. Knockdown of CK2 causes the enhanced transactivation of p53, thereby increasing
apoptosis [49]. However, due to the inactivation caused by mutations in TP53, inhibition of
CK2 did not transactivate these proteins. This may be the reason for the reduced efficacy
of silmitasertib in cell lines with specific mutations in TP53. AsPc-1 and Colo357, which
carry the fs variant, are both in the dinaciclib high sensitivity group, suggesting that
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dinaciclib may be able to improve the poor prognosis of the TP53 fs mutation. However,
the expression level of TP53 cannot fully explain the observed responses of all cell lines to
silmitasertib or dinaciclib. These results indicate that TP53 variants are an indicator of an
inhibitory response, while the expression level of TP53 is not. Furthermore, the results of
the PDAC inhibitory assays indicate that patients with TP53 mutations may benefit from a
potential application of dinaciclib and silmitasertib.

Our study focused on univariate genetic variants and did not evaluate the potential
effect of complex variant landscapes. Thus, our conclusions are limited to direct genetic
variants observed in the respective target genes of the evaluated inhibitors. Interactions be-
tween different gene aberrations, influence on downstream signaling as well as expression
deregulations can also have significant influence. Accordingly, a bioinformatical complex
analysis allowing drug target, target downstream signaling as well as bioinformatical mod-
eling is needed. Furthermore, the complex validation of predicted mechanistic targets on
cell biological level should be performed in the future to further evaluate factors influencing
drug response.

4. Materials and Methods
4.1. Kinase Inhibitors

Kinase inhibitors, silmitasertib (CK2 inhibitor) and dinaciclib (CDK1/2/5/9 inhibitor)
were purchased from Selleck Chemicals (Absource Diagnostics GmbH, Munich, Germany).
According to the manufacturer’s instructions, silmitasertib and dinaciclib were sepa-
rately dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich Chemie GmbH, Steinheim,
Germany) as a stock solution at a final concentration of 10 mM. The stock solutions
were stored at —80 °C and diluted into corresponding working concentrations before
each experiment.

4.2. Cell Lines and Cell Culture

PDAC cell lines AsPc-1, BxPc-3, Capan-1, Colo357, Panc-1, PaTu8902, PaTu8988T,
PaTu8988S, SU.86.86, and T3M4 were kindly provided by the University of Greifswald.
AsPc-1, BxPc-3, Colo357, Panc-1, SU.86.86, and T3M4 were cultured in RPMI1640 medium
(PAN-Biotech, Aidenbach, Germany) supplemented with 10% heat-inactivated fetal calf
serum (FCS) (PAN-Biotech) and 1% penicillin-streptomycin solution (10,000 U/mL Peni-
cillin, 10 mg/mL Streptomycin) (PAN-Biotech). PaTu8902, PaTu8988T, PaTu8988S were
cultured in DMEM/F12 medium (PAN-Biotech) supplemented with 10% heated-inactivated
FCS and 1% penicillin-streptomycin solution. Capan-1 was cultured in RPMI1640 medium
supplemented with 15% heat-inactivated FCS and 1% penicillin-streptomycin solution.
After verifying that all cell lines were not contaminated by mycoplasma, these PDAC cell
lines were maintained in a 5% CO, incubator at 37 °C with a humidified atmosphere.

For all assays, the PDAC cell lines were seeded at the density of 3.3 x 10* cells per
milliliter in a 6-well plate (totally 4.5 mL per well), 24-well plate (totally 1.5 mL per well),
or 96-well plate (totally 150 uL per well). For viability assays, after 24 h, the supernatant
was discarded and media containing increasing concentrations (range from 1-10 uM for
silmitasertib and 0.001-1 uM for dinaciclib) of inhibitors or vehicle (DMSQO, as the control)
were added to the corresponding PDAC cell lines. For the apoptosis/necrosis analysis,
the inhibitor concentrations were selected according to the results of the cell viability
assays. The inhibitor concentrations were adjusted according to the response observed in
the viability assays for further analysis of the induced apoptotic and necrotic events. The
treated cells were incubated for 72 h at 37 °C with 5% CO,. At the indicated time points,
cell proliferation, metabolic activity, cell biomass, or apoptosis/necrosis was evaluated in
at least three biologically independent replicates.
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4.3. Cell Viability Assays
4.3.1. Proliferation

Cell proliferation was evaluated by absolute counting and Trypan blue (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) staining. After drug exposure in 24-well plates, the
cells were harvested and washed by 1x PBS (PAN-Biotech). Following the cells being
stained with Trypan blue, the number of viable cells was determined by counting with a
hemocytometer. Proliferation was expressed as a percentage of viable cells treated with the
inhibitor to the vehicle-treated control (control = 100%).

4.3.2. Metabolic Activity

Metabolic activity was tested by using the Water Soluble Tetrazolium—1 (WST-1) assay
(TaKaRa Bio Inc., Kusatsu, Japan). After exposure to the corresponding inhibitor, the cells
were incubated with 15 uL. WST-1 for 2 h in 96-well plates. Absorbances at 450 nm and the
reference wavelength of 620 nm were measured by Promega GloMax®-Multi Microplate
Multimode Reader (Promega, Madison, WI, USA) and the metabolic activity was calculated
as recommended by the manufacturer. Metabolic activity was expressed as a percentage of
the inhibitor-treated group to the vehicle-treated controls (control = 100%).

4.3.3. Biomass Quantification

Biomass quantification was carried out by Crystal Violet (CV) (Sigma-Aldrich Chemie
GmbH) staining. After exposure to the corresponding inhibitors in 96-well plates, the
cells were washed once with PBS and stained with 50 pL 0.2% CV solution on a shaker
at room temperature for 10 min. Following this, the plates were washed twice with PBS.
To elute bound CV, 100 pL 1% sodium dodecyl sulfate (SDS) (SERVA Electrophoresis
GmbH, Heidelberg, Germany) was added to each well and incubated on a shaker at
room temperature for 10 min. Finally, absorbances at 570 nm and reference wavelength
at 620 nm were measured by a Promega GloMax®-Multi Microplate Multimode Reader
for background normalization. CV cell biomass estimation result was expressed as a
percentage of the inhibitor-treated group to vehicle-treated controls (control = 100%).

4.4. Identification of IC5

IC5p values were calculated based on cell proliferation, metabolic activity, and biomass
after 72 h of inhibitor exposure. GraphPad Prism Version 8.0.2 (GraphPad Software Inc.,
San Diego, CA, USA) was used to evaluate ICs. Briefly, after transforming concentrations
and normalizing the results of the three vitality assays, nonlinear regression model (dose-
response-inhibition vs. normalized response—variable slope) was used to evaluate the ICs
values. Calculate the IC5( corresponding to the three vitality assays, and apply these results
to the response-based clustering analysis in order to evaluate the sensitivity of cell lines
to inhibitors.

4.5. Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by YO-PRO-1 (Invitrogen, Darmstadt, Germany)
and propidium iodide (PI) (Sigma-Aldrich Chemie GmbH) double staining by flow cytom-
etry. After exposure to the corresponding inhibitor, supernatants were collected and cells
were harvested and washed twice with cold PBS. Following this, cells were resuspended in
200 puL YO-PRO-1 (final concentration: 0.2 uM) solution. After incubating at room tempera-
ture for 20 min in the dark, cells were washed twice in cold PBS and resuspended in 400 uL
cold PBS. Then, cells were stained with PI (final concentration: 20 pug/mL) straightway
before measurement. Unstained and single-stained cells were used as controls and mea-
sured in every single experiment. YO-PRO-17/PI™ cells are considered to be viable cells,
YO-PRO-1*/PI™ cells are considered to be apoptotic cells, and PI* cells are considered
to be necrotic cells. Flow cytometry measurement was performed on FACSverse (Becton,
Dickinson and Company (BD), Heidelberg, Germany) and all data were analyzed by BD
Flow]o software (BD).
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4.6. Nucleic Acid Extraction

Genomic DNA was extracted by the NucleoSpin® Tissue Kit (MACHEREY-NAGEL
GmbH, Dueren, Germany) according to the manufacturers’ instructions. In brief, 5 x 10° cells
were harvested from each continuous cultural cell line and washed twice with cold sterile
PBS. Cell pellets were lysed, then the lysis that contained genomic DNA were extracted
and purified by a silica membrane of the NucleoSpin column. Finally, genomic DNA was
eluted by 30 uL of nuclease-free water.

Total RNAs were extracted by miRNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacturers’ instructions. In brief, 5 x 10° cells were harvested from
each continuous cultural cell line and washed twice with cold sterile PBS. Cell pellets
were resuspended in 700 uL QIAzol Lysis Reagent (QIAGEN GmbH), then the aqueous
phase that contained the total RNA of the lysed cells were extracted and purified by a
silica membrane of RNeasy Mini spin columns. Finally, total RNA was eluted by 30 uL of
nuclease-free water.

After extraction, nucleic acid concentrations as well as OD 260,/280 and OD 260/230 ratios
were measured with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

4.7. Whole Exome Sequencing

Barcoded sequencing libraries were generated after enrichment with the SureSelect
Human All Exon Kit (Agilent, Santa Clara, CA, USA), pooled and sequenced on a HiSeq4000
(Illumina Inc., San Diego, CA, USA) instrument using 150 paired-end protocol to yield
at least 20x coverage for >98% of the target region and an overall average depth of
coverage above 100x. An in-house bioinformatics pipeline including read alignment to
human genome reference hg 19, variant calling (single nucleotide substitutions and small
deletions/insertions), and variant annotation with publicly available data based was used.

4.8. Variant Calling Filtering Strategy

After WES, the sequencing data from ten PDAC cell lines were obtained and filtered in
order to select variants with the expected highest impact on gene function. Briefly, variants
were filtered based on quality (qual), VAF, depth of coverage (DP), and variant type. In
order to exclude false positive variants, only variants with qual > 100, VAF > 20, and DP > 9
were included in our analysis. Germline mutations were excluded through a comparison
with the COSMIC and dbSNP databases. Then, variant types were excluded that were not
able to cause amino acid substitution, RNA structure change, or base insertions/deletions
(indels). These variant types include synonymous variants, intronic variants, upstream
or downstream variants, 3 prime or 5 prime UTR variants. After this filtering procedure,
missense variants, splice region variants, inframe indels, frameshift variants, gene fusion,
start/stop gain, or lost were kept for further analysis (Figure 7).

> Gene_Fusion

}7 >{ Missense_Variant
Further Analysis
Lo/ Inframe_indel
Silmitasertib/Dinaciclib Variant Classification ‘ _.[ bl s
Target Genes Based On Types »| Spiice_Region_Variant
CSNK2A1, CSNK2A2, I —————
‘ ~—ﬂ Start/Stop_Gain/Lost_Variant

AsPc-1
BxPc-3
Capan-1
Colo357
Panc-1
SU.86.86
PaTu8988S
PaTu8988T
PaTu8902
T3M4

CSNK2B, CDK1, CDK2,
CDK5, CDK9

PDAC Samples

Germline

Qual>100 —’{ Synonymous_Variant
VAF>20
DP>9 Intron_Variant

+{ Up_/Down_Stream_Variant
Filter Out
—-{ 3_/5_Prime_UTR_Variant

Figure 7. Filtering strategy of inhibitor target genes.
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4.9. Gene Expression Analyses

Barcoded sequencing libraries were prepared with the TruSeq Stranded mRNA Kit
(Ilumina), pooled, and sequenced on a NextSeq 500 System (Illumina) using the 75 bp
paired-end protocol. At least 30 million reads were obtained for each sample. The reads
were aligned to reference genome GRCh37 /Release 38 with STAR V.2.7.6a using the two-
pass mode [50]. Transcript abundance estimates were calculated by counting the reads
using featureCounts/subread V.2.0.1 [51].

The expression data of non-neoplastic pancreatic tissue from The Genotype-Tissue
Expression (GTEx) and The Cancer Genome Atlas Program (TCGA) were chosen as the con-
trol. Non-inhibitor target genes were analyzed to exclude the tumor-induced upregulation
of all genes.

4.10. Response-Based Clustering Strategy

The cell sensitivity grouping was performed by the k-means++ clustering method
based on an unsupervised machine learning algorithm. Briefly, after performing viability
assays on all ten PDAC cell lines, we obtained the ICsy values of cell proliferation and
biomass. Then, these IC5( results were applied to the Sci-kit learn package using Python
programming language to predict optimal clusters. The Silhouette score was used to detect
the clustering density and the separation between clusters [52]. Ten cell lines were set
to be divided into several clusters, and the cluster grouping was iterated a maximum of
100 times to test for the robustness of the classification. Finally, the ten cell lines were
divided into different clusters, and identified as high, moderate, and low sensitivity groups
based on their biological characteristics.

4.11. Statistical Analyses

Data were replicated with at least three biologically independent experiments. Results
of proliferation, metabolic activity, biomass quantification, and apoptosis/necrosis analysis
were expressed as mean + standard deviation (SD). Statistical significance was determined
by one-way ANOVA (after proving the data within each group conformed to the Gaussian
distribution) or Kruskal-Wallis test (the data within each group conformed to non-Gaussian
distribution) and displayed as * p < 0.033, ** p < 0.002, *** p < 0.001 versus the control group.

5. Conclusions

Our present study revealed distinct sensitivities of the PDAC cell lines when treated
with dinaciclib or silmitasertib. Neither the expression level of the inhibitor target genes
nor gene variants could affect the differences in the observed sensitivity to these drugs. For
PDAC hotspot genes, the KRAS variants may reduce the sensitivity of PDAC cell lines to
silmitasertib. Specific TP53 variants including ¢.267delC, ¢.818G>A, and ¢.844C>T, reduced
the sensitivity of silmitasertib to the PDAC cell lines. Interestingly, cell lines carrying TP53
frameshift variants are highly sensitive to dinaciclib compared to cell lines carrying TP53
point mutations. Thus, both inhibitors displayed excellent in vitro efficacy on PDAC cell
lines, and further experiments are still needed to verify the in vivo efficacy and the effects
of the target genes and hotspot genes on the efficacy of the inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ijms23084409/s1.
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Abstract: The aberrant activation of the phosphoinositide 3-kinase (PI3K)/ protein kinase B (AKT)
pathway is common in pancreatic ductal adenocarcinomas (PDAC). The application of inhibitors against
PI3K and AKT has been considered as a therapeutic option. We investigated PDAC cell lines exposed to
increasing concentrations of MK-2206 (an AKT1/2/3 inhibitor) and Buparlisib (a pan-PI3K inhibitor).
Cell proliferation, metabolic activity, biomass, and apoptosis/necrosis were evaluated. Further, whole-
exome sequencing (WES) and RNA sequencing (RNA-seq) were performed to analyze the recurrent
aberrations and expression profiles of the inhibitor target genes and the genes frequently mutated
in PDAC (Kirsten rat sarcoma virus (KRAS), Tumor protein p53 (TP53)). MK-2206 and Buparlisib
demonstrated pronounced cytotoxic effects and limited cell-line-specific effects in cell death induction.
WES revealed two sequence variants within the direct target genes (PIK3CA ¢.1143C > G in Colo357
and PIK3CD ¢.2480C > G in Capan-1), but a direct link to the Buparlisib response was not observed.
RNA-seq demonstrated that the expression level of the inhibitor target genes did not affect the efficacy of
the corresponding inhibitors. Moreover, increased resistance to MK-2206 was observed in the analyzed
cell lines carrying a KRAS variant. Further, increased resistance to both inhibitors was observed in
SU.86.86 carrying two TP53 missense variants. Additionally, the presence of the PIK3CA ¢.1143C > G in
KRAS-variant-carrying cell lines was observed to correlate with increased sensitivity to Buparlisib. In
conclusion, the present study reveals the distinct antitumor effects of PI3K/AKT pathway inhibitors
against PDAC cell lines. Aberrations in specific target genes, as well as KRAS and TP53, individually or
together, affect the efficacy of the two PI3K/AKT pathway inhibitors.

Keywords: PI3K/AKT pathway; pancreatic ductal adenocarcinoma; KRAS; TP53
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive human
cancer types and is currently the fourth leading cause of cancer-related deaths in both men
and women [1]. Due to the difficulty of early diagnosis, the lack of effective treatments,
the prevalence of tumor metastasis and relapse, and chemoresistance, the cure rate for
pancreatic cancer is only 9% [2]. Furthermore, PDAC is expected to become the third most
fatal cancer within decades [3]. Without treatment, the median survival time of patients
with metastatic pancreatic cancer is only 3 months [2,4-7]. Although extensive research
has been carried out in recent years, there have been only slight improvements in disease
prognosis; the median survival is still less than 12 months, and the overall 5-year survival
rate recently increased to only 10% [1].

The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway is an intracel-
lular signaling pathway important in regulating the cell cycle. PI3Ks have been reported to
be involved in several cell functions, such as cell growth, proliferation, differentiation and
intracellular trafficking, which in turn contribute to cancer development [8]. Additionally,
studies indicate that PI3Ks play important roles in cancer metastasis in several types of
cancers, including colon cancers, breast cancers, and pancreatic cancers [9-11]. PI3Ks can
be activated by growth factor stimulation, which results in the activation of AKTs. The acti-
vated AKTs affect cellular proliferation or survival through several downstream signaling
pathways, such as activating the pathway for the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB), or suppressing the p53 pathway [12]. Therefore, the PI3K/AKT
pathway is directly related to cellular quiescence, proliferation, malignancy, and longevity.
The activation of the PI3K/AKT pathway is implicated in human cancer and is perhaps
the most commonly activated signaling pathway [13]. It is estimated that 60% of all PDAC
patients have deregulation of the PI3K/AKT signaling pathway [14]. Increased activation
of the PI3K/AKT pathway has been noted in more than 40% of PDAC cases and has been
associated with a poorer prognosis [15,16]. Furthermore, several studies indicate that
the PI3K/AKT pathway contributed to the chemoresistance of cancer cells by activating
NF-«B [17,18].

Since the PI3K/AKT pathway plays a critical role in the development and prognosis
of PDAC, inhibiting the activation of the PI3K/AKT pathway has become a focus for
PDAC therapy. Furthermore, the inhibition of the PI3K/AKT pathway also enhances
the chemosensitivity of PDAC cell lines in vitro and in vivo [19]. Key proteins such as
PI3Ks and AKTs are considered therapeutic targets. A number of studies have shown that,
whether used alone or in combination, PI3K and AKT inhibitors are reported to achieve
promising effects in PDAC treatment [14]. Thle et al. reported that the pan-PI3K inhibitor
PX-866 displayed good antitumor activity against Kirsten rat sarcoma virus (KRAS) wild-
type PDAC cell line BxPC-3 in vivo model, while PX-866 showed a slight effect against
KRAS mutant PDAC cell lines Panc-1 and MIA Paca-2 [20]. Another study reported that the
use of the AKT1/2/3 inhibitor GSK690693 to inhibit AKTs has also observed satisfactory
anti-proliferative effects in PDAC cell lines [21]. Therefore, several PI3K inhibitors (e.g., the
pan-PI3K inhibitors XL147, PX-866, Buparlisib, and GDC-0941, as well as the PI3K5-specific
inhibitor CAL101) and AKT inhibitors (e.g., the ATP-competitive AKT inhibitor AZD5363
and the Allosteric AKT inhibitor MK-2206) have entered clinical trials, and some of them
have achieved an acceptable response [22-24].

Due to the promising results shown by PI3K/AKT inhibition in PDAC experiments
and clinical trials, we investigated the cytostatic/cytotoxic- and apoptosis/necrosis-inducing
effects of the AKT1/2/3 inhibitor (MK-2206) and the pan-PI3K inhibitor (Buparlisib) in
ten PDAC cell lines (AsPc-1, BxPc-3, Capan-1, Panc-1, PaTu8902, PaTu8988T, PaTu8988S,
SU.86.86, T3M4, and Colo357). In addition, all cell lines were characterized by whole-exome
sequencing (WES) and RNA-seq transcriptome analysis. KRAS and TP53 are the two most
important and most frequently mutated genes among all PDAC hotspot genes, and the
mutation rates in PDAC are approximately 92% and 70%, respectively [25,26]. Both of
them are not only involved in the tumorigenesis and development of PDAC but also play
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an important role in tumor resistance and relapse [25,27]. Moreover, KRAS and TP53 also
interact to increase the malignancy of tumors, including immune evasion, which results
in poor patient prognosis [28]. Here, we explore how these genes affect the response of
PDAC cell lines to PI3K/AKT inhibitors. Further, we integrated these genetic data and the
inhibitor response to explore their relationship.

2. Results
2.1. Analysis of the Cytotoxic Effects of MK-2206 and Buparlisib in PDAC Cell Lines

When treating the PDAC cell lines with the AKT1/2/3 inhibitor MK-2206 for 72 h,
the cell proliferation and biomass of PDAC were significantly inhibited, starting at a
concentration of 1 uM (Supplementary Figure S1 and Supplementary Table S1). However,
the inhibition of cell metabolic activities was less pronounced than the inhibition of cell
proliferation and biomass. The half-maximum inhibitory concentration (IC50) values
ranged from 2.943 uM to 7.508 uM (proliferation), 7.233 uM to 12.15 uM (metabolic activity),
and 2.024 uM to 7.340 uM (biomass) (Figures 1 and S2 and Supplementary Table S2).
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Figure 1. IC50 values when assessing proliferation, metabolic activity, and cell biomass after 72 h
MK-2206 exposure in ten PDAC cell lines, as well as the classification of these cell lines by k-means++
(unsupervised machine learning algorithm) into low (red), moderate (green), and high (blue) groups.

These IC50 values were clustered by unsupervised machine learning into three sensitivity
groups: low (Colo357 and SU.86.86), moderate (PaTu8988T, PaTu8902, Panc-1, Capan-1, AsPc-1,
and T3M4), and high (PaTu8988S and BxPc-3) sensitivity groups (Figures 1 and S2).

When treating the cell lines with the Pan-PI3K inhibitor Buparlisib for 72 h, it signifi-
cantly inhibited cell proliferation, metabolic activity, and cell biomass at a concentration of
0.5 uM (Supplementary Figure S3 and Supplementary Table S3). In the three viability assays,
Buparlisib demonstrated a similarly efficient inhibition of cell proliferation and metabolic
activity. The IC50 values ranged from 0.4741 uM to 2.469 uM (proliferation), 0.7471 uM to
4.098 uM (metabolic activity), and 0.5916 uM to 2.419 uM (biomass) (Figures 2 and S4 and
Supplementary Table 54).

Based on the same method described above, ten PDAC cell lines were separated into three
groups: low (Panc-1 and SU.86.86), moderate (AsPc-1, Capan-1, PaTu8902, and PaTu8988S),
and high (BxPc-3, Colo357, PaTu8988T, and T3M4) sensitivity groups (Figures 2 and S4).
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Figure 2. IC50 values when assessing proliferation, metabolic activity, and cell biomass after 72 h Buparlisib
exposure in ten PDAC cell lines, as well as the classification of these cell lines by k-means++ (unsupervised
machine learning algorithm) into low (red), moderate (green), and high sensitivity (blue) groups.

2.2. Analysis of MK-2206 and Buparlisib in Inducing Apoptosis/Necrosis of PDAC Cell Lines

MK-2206 induced a significant increase in cell death only in AsPc-1 (10 uM), BxPc-3
(1 uM), and Colo357 (10 uM). In addition, in all cell lines, even in AsPc-1, BxPc-3, and
Colo357, the observed percentage of dead cells was less than 20% at all tested concentrations
(Supplementary Figure S5 and Supplementary Table S5). Compared to the DMSO control
group, the percentages of dead cells were decreased in all exposure groups of PaTu8988S.

Buparlisib induced apoptosis/necrosis in all tested PDAC cell lines. Compared with
the DMSO control group, a significant induction effect was observed, starting at 1 pM.
When Buparlisib concentrations reached 5 uM, more than 50% of AsPc-1, BxPc-3, and T3M4
cells were dead. However, although we observed a significant induction of cell death in
Panc-1, SU.86.86, and PaTu8988T, the percentage of apoptotic/necrotic cells was still less
than 20% even at the highest tested concentration (10 uM) (Supplementary Figure S6 and
Supplementary Table S6).

2.3. Gene Expression and Genetic Variants of MK-2206 or Buparlisib Target Genes

The transcriptional activity of the target genes for each inhibitor (for MK-2206: AKT1,
AKT2, AKTS3; for Buparlisib: PIK3CA, PIK3CB, PIK3CG, PIK3CD) was evaluated in all cell lines
by RNA-seq. The expression level was displayed as Log, (TPM + 1) (Figure 3). Specifically,
AKT2, AKT3, PIK3CG, and PIK3CD demonstrated a lower expression than non-neoplastic
control (Supplementary Table S7). These low-expressed genes and cell lines were as fol-
lows (expression minimum-maximum vs. control): AKT2 in AsPc-1, PaTu8988S, PaTu8988T,
PaTu8902, and T3M4 (4.32-4.91 vs. 5.13); AKT3 in AsPC-1 and PaTu8988S (0.00-0.07 vs. 1.52);
PIK3CG in AsPc-1, Colo357, Panc-1, PaTu8988T, PaTu8988S, PaTu8902, and T3M4 (0.00-0.10
vs. 0.12); and PIK3CD in AsPc-1, Colo357, and PaTu8988S (0.24-0.89 vs. 1.08). In addition,
the expression of these target genes was higher in other PDAC cell lines than in the control.
In particular, the expression of AKT1 (6.66-8.96 vs. 5.13), PIK3CA (3.68—4.97 vs. 1.52), and
PIK3CB (3.73-6.00 vs. 3.10) was higher than the control in all cell lines.
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Figure 3. Gene expression levels of inhibitor target genes in cell lines and control. The different
sensitivities to MK-2206 (a) and Buparlisib (b) are indicated for each cell line. Gene expression levels
are displayed as Logy (TPM + 1). Control: non-neoplastic pancreatic tissue. Gene expression in
normal pancreatic tissue comes from GTEx and TCGA databases.

The identical target genes for MK-2206 (AKT1, AKT2, AKT3) and Buparlisib (PIK3CA,
PIK3CB, PIK3CG, PIK3CD) were selected to analyze transcript variants by WES.

When focusing on MK-2206 target genes, initially a total of nine variants, including
four AKT1 variants, two AKT2 variants, and three AKT3 variants, were identified in ten
PDAC cell lines (Supplementary Table S8). Of these nine variants, one was identified in
BxPc-3, Panc-1, PaTu8988T, and PaTu8902; two were identified in SU.86.86; and three were
identified in PaTu8988S. Variant filtering according to Method 4.8 classified none of the
identified variants as potentially affecting the protein-coding sequence leading to aberrant
protein function.

When focusing on Buparlisib target genes, a total of 17 variants, including six PIK3CA
variants, eight PIK3CB variants, one PIK3CG variant, and two PIK3CD variants, were
identified (Supplementary Table S9). Of these seventeen variants, one was identified in
Panc-1, PaTu8988T, PaTu8902, SU.86.86, and T3M4; two were identified in AsPc-1 and
Capan-1; and eight were identified in Colo357. Variant filtering according to Method 4.8
classified that the missense variant PIK3CG ¢.2480C > G in Capan-1 and the splice region
variant and synonymous variant PIK3CA ¢.1143C > G in Colo357 influenced the primary
structure of the respective proteins; therefore, they were classified for further analysis
(Figure 4a,b).
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Figure 4. Gene maps indicating the variant positions of PIK3CG (a), PIK3CA (b), KRAS (c), and
TP53 (d) in different PDAC cell lines. GRCh37: Genome Reference Consortium Human Build 37,
Chr: chromosome.

2.4. KRAS and TP53 Gene Variants Were Observed in PDAC Cell Lines
2.4.1. KRAS Variants and Expression in PDAC Cell Lines

WES demonstrated KRAS variants in nine of the ten tested PDAC cell lines (Figure 4c,
Supplementary Table S10). Three different KRAS variants were identified, and all of
them were missense variants. KRAS ¢.35G > A (p.Glyl2Asp) was identified in AsPc-1
(Variant allele frequency (VAF): 100), Colo357 (VAF: 23.8), Panc-1 (VAF: 62.1), and SU.86.86
(VAF: 83.7). KRAS ¢.35G > T (p.Gly12Val) was identified in Capan-1 (VAF: 97.1), PaTu8902
(VAF: 100), PaTu8988S (VAF: 96.9), and PaTu8988T (VAF: 98). KRAS c.183A > C (p.GIn61His)
was identified in T3M4 (VAF: 32.6).

The expression of KRAS in all PDAC cell lines was higher than in the control (4.16-7.09
vs. 2.14) (Figure 5a,b). Both the lowest and highest KRAS expressions were observed in the
KRAS ¢.35G > A variant; they were identified in Colo357 (4.61) and SU.86.86 (7.09), respectively.
The expression of all KRAS ¢.35G > T mutations, which were identified in Capan-1, PaTu8988S,
PaTu8988T, and PaTu8902, was similar to wild type BxPc-3 (4.40, 4.65, 446, 451 vs. 4.53,
respectively), and the expressions of KRAS c183A > C in T3M4 and KRAS ¢.35G > A in AsPc-1,
Panc-1, and SU.86.86 were higher than wild type BxPc-3 (4.79-7.09 vs. 4.53).
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Figure 5. Gene expression of KRAS in ten PDAC cell lines and the control. The sensitivity to MK-2206 (a),
Bupearlisib (b), and the variants of KRAS are indicated for each cell line. Gene expressions are displayed as
Logy (TPM + 1). Compared with the control group, expression levels of KRAS were increased in all cell lines.

2.4.2. KRAS and Inhibitor Response

A comprehensive comparison of the sensitivity and the KRAS status of all cell lines revealed
that KRAS variants alone have no major influence on the inhibitory effect of Buparlisib, since cell
lines harboring a KRAS mutation were classified into all sensitivity groups (Figure 5b). Moreover,
the four cell lines in the highly sensitive group contained all three KRAS mutant and wild-type
cell lines. For MK-2206, the results were different. The highly sensitive group contained only
wild-type and one KRAS mutant cell line, while the rest of the KRAS-mutant-carrying cell lines
were distributed in the moderate or low sensitivity groups, indicating that PDAC cell lines
carrying the KRAS variant were less sensitive to MK-2206 (Figure 5a). KRAS gene expression
and VAF did not affect the efficacy of the two inhibitors.

2.4.3. TP53 Variants and Expression in PDAC Cell Lines

Two different types of variants, including frameshift (fs) variants and missense variants
of TP53, were identified in the PDAC cell lines (Figure 4d, Supplementary Table S11). The
fs variants TP53 ¢.403delT (p.Cys135fs) and TP53 c.267delC (p.Ser90fs) were identified in
AsPc-1 (VAF: 96.4) and Colo357 (VAF: 100), respectively. The missense variants TP53 ¢.476C
>T (p.Alal59Val) and TP53 ¢.818G > A (p.Arg273His) were identified in Capan-1 (VAF: 100)
and Panc-1 (VAF: 98.8), respectively. Double missense mutations, including TP53 ¢.733G >
A (p.Gly245Ser) and TP53 ¢.1079G > T (p.Gly360Val), were identified in SU.86.86 (VAF: 100,
100, respectively). TP53 c.659A > G (p.Tyr220Cys) was identified in BxPC-3 (VAF: 99) and
T3M4 (VAF: 100). TP53 c.844C > T (p.Arg282Trp) was identified in PaTu8902 (VAF: 100),
PaTu8988S (VAF: 100), and PaTu8988T (VAF: 100).

The expression levels of TP53 with fs variants were lower than that of missense
variants (1.24-2.13 vs. 4.39-5.42) and normal controls (2.83) (Figure 6a,b).
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Figure 6. Gene expression of TP53 in ten PDAC cell lines and the control. The sensitivity to MK-2206 (a),
Buparlisib (b), and the variants of TP53 are indicated for each cell line. Gene expressions are displayed as
Logy (TPM + 1). Missense variants were related to overexpression, while frameshift variants were related
to the inhibition of gene expression.
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2.4.4. TP53 and Inhibitor Response

A comprehensive comparison of the sensitivity to both inhibitors and the TP53 status
of all cell lines revealed no obvious relationship between the status of this tumor suppressor
gene and the efficacy of the inhibitors. Interestingly, SU.86.86, which carries two missense
variants in TP53, was classified in the low-response group for both inhibitors (Figure 6a,b).
Further, TP53 gene expression and VAF did not affect the efficacy of the two inhibitors.

3. Discussion

Our study demonstrated that the proliferation, metabolic activity, and cell biomass of
all PDAC cell lines decreased in a dose-dependent manner after Buparlisib exposure.
It is reported that Buparlisib is a potent and highly specific oral pan-class I PI3K in-
hibitor in low concentrations: the IC50s of Buparlisib inhibit p110c/ /6 /v with values of
52 nM /166 nM /116 nM/262 nM in cell-free assays, respectively [29]. In addition, at high
concentrations (>5 uM), it might cause cell death by binding to tubulin, thus inhibiting
tubulin polymerization [30]. However, in our study, significant inhibition mostly occurred
at a concentration of 1 pM. In addition, the IC50 values of all cell viability assays were
below 5 uM. These results suggest that Buparlisib can exert cytotoxic effects in PDAC cell
lines by inhibiting PI3Ks. Furthermore, a comprehensive analysis of WES and RNA-seq
transcriptome analysis revealed that the PIK3CG ¢.2480C > G variant was correlated with
gene overexpression in the corresponding cell line, whereas PIK3CA ¢.1143C > G was asso-
ciated with a corresponding decrease in gene expression in tumor cell lines, but at a level
still higher than non-neoplastic controls (Figure 3b). However, the sensitivity grouping
demonstrated that the cell lines carrying these two gene aberrations did not display a
specific response to the inhibitory effect of Buparlisib. Therefore, these results suggest
that the presence of mutations in these two genes alone does not affect the inhibitory
effect of Buparlisib.

This study also confirmed that MK-2206 inhibited cell proliferation, metabolic activity,
and biomass in a dose-dependent manner. However, the effects of apoptosis/necrosis
induction were not distinct, and the percentage of dead cells was less than 20% at all
tested concentrations in all cell lines. These results indicate that the efficacy of MK-2206
at inhibiting PDAC cell lines is not mainly caused by the induction of apoptosis/necrosis.
Moreover, our experiments have also revealed that the anti-proliferative and cytotoxic
effects of MK-2206 are similar to, but nevertheless differ from, the observed metabolic
effects, especially in Panc-1, PaTu8902, and PaTu8988T. It has been reported that some
inhibitors induce cellular stress that alters cellular metabolic activity, and we observed
similar properties with MK-2206 [31,32]. This result suggests that conclusions based on
metabolic activity assays (e.g., WST-1, CCKS, etc.) need to be validated with other assays
when MK-2206 is used. In addition, we did not find any amino acid substitution of AKT's
in PDAC. At the same time, transcriptomic analysis did not support the hypothesis that the
expression level of AKTs affects the efficacy of MK-2206. However, AKT2 expression seems
to affect the efficacy of Buparlisib. Two cell lines with high AKT2 expression, Panc-1 and
Su.86.86, have low sensitivity to Buparlisib. As reported, not only does the overexpression
of AKT?2 represent a biological indicator of PDAC aggressiveness, but also AKT2 plays
a critical role in the inhibitor resistance of PDAC [16,33,34]. Our data indicate that high
expression of AKT2 is related to reducing the efficacy of Buparlisib. However, further
functional experiments are still needed to verify the relationship between high AKT2
expression and Buparlisib resistance. Moreover, according to cBioPortal, although AKT2
aberration occurred in only 3.99% (49/1228) of patients with PDAC, in 87.76% (43/49) of
them, the overexpression of the genetic modulation of AKT2 was observed [35]. An analysis
of the functional relationship between AKT2 aberrations and Buparlisib efficacy remains to
be completed.

We identified three different amino acid substitution variants of KRAS in nine of
ten PDAC cell lines, including KRAS p.12Gly > Asp (c.35G > A), KRAS p.12Gly > Val
(c.35G > T), and KRAS p.GIn61His (c.183A > C). In addition, it has been reported that
KRAS mutations can be found in approximately 92% of pancreatic cancers, and patients
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with KRAS mutations showed a bad response to first-line gemcitabine-based therapy and
presented a poor prognosis [36,37]. However, relevant studies on KRAS variants and
PDAC cell lines and on patients’ responses to PI3K/AKT pathway inhibitors are currently
lacking. A comprehensive analysis of the Buparlisib sensitivity groups and KRAS variants
did not demonstrate any relationship. This is obvious, especially in the high sensitivity
group, which included not only cell lines carrying KRAS variants but also a wild-type
KRAS. These results suggest that the KRAS status alone does not influence the sensitivity
to Buparlisib in PDAC cell lines. On the other hand, analysis of MK-2206 demonstrated
that carrying the KRAS variant appeared to cause a decrease in the sensitivity of PDAC
cell lines to this inhibitor. Consistent with these data, one study demonstrated that, in cell
lines of colorectal cancer, lung cancet, breast cancer, and melanoma, KRAS mutations were
associated with significant resistance to AKT1/2 inhibition [38]. This resistance is achieved
through the activation of MEK/ERK by KRAS, which bypasses PI3K/AKT and directly
activates 4E-BP1 [38]. The present study suggests that this mechanism also exists in PDAC
cell lines. Therefore, it might be important to consider KRAS status before using MK-2206
to treat patients with PDAC.

We identified two PI3K variants (PIK3CA ¢.1143C > G and PIK3CG ¢.2480C > G) in
PDAC cell lines. We further analyzed the response of cell lines carrying PI3K and KRAS
double mutations and a KRAS single mutation to Buparlisib. In four cell lines carrying
the KRAS ¢.35G > A mutation (AsPc-1, Colo357, Panc-1, and SU.86.86), we identified that
Colo357 also carries the PIK3CA ¢.1143C > G variant. Interestingly, Colo357 was highly
sensitive to Buparlisib, while the other three cell lines were less sensitive. This might
indicate that there are unknown interactions between the PIK3CA ¢.1143C > G variant and
the KRAS ¢.35G > A variant. This PIK3CA variant could reduce the negative effects of
KRAS on the sensitivity to Buparlisib. However, we did not observe any interaction when
analyzing another PI3K mutation (PIK3CG ¢.2480C > G) in cell lines bearing the KRAS ¢35G
> T variant (Capan-1, PaTu8902, PaTu8988S, and PaTu8988T) when using either inhibitor.
However, cBioPortal demonstrated that only 2.5% (31/1228) of patients with PDAC harbor
PIK3CA and KRAS double aberrations, and 1.95% (24/1228) of patients harbor PIK3CG and
KRAS double aberrations [35]. Moreover, no patients were found to carry the same specific
PIK3CA and KRAS mutation in the cell line. For patients with the same gene aberration,
further experiments are still needed to verify the efficacy of the inhibitor.

We also identified that in the tested ten PDAC cell lines, all carry only one TP53 variant
that can cause amino acid or RNA structure changes, except SU.86.86, which carries two
TP53 variants. It has been reported that patients with advanced PDAC who have two
TP53 mutations and who were treated with the EGFR-inhibitor Erlotinib demonstrated
rapid disease progression, which suggests that multiple TP53 mutations reduce the efficacy
of specific inhibitors against PDAC [39]. In our study, a comprehensive analysis of the
cell viability assays and the number of TP53 variants revealed that SU.86.86 is in the low-
sensitivity group when testing both inhibitors, suggesting that two TP53 mutations are
related to reducing the efficacy of PI3K/AKT pathway inhibitors (Figure 6). Therefore,
when multiple TP53 mutations are identified, the combination of inhibitors and drugs
should be considered.

4. Materials and Methods
4.1. Kinase Inhibitors

The kinase inhibitors Buparlisib (Pan-PI3K inhibitor) and MK-2206 (AKT1/2/3 in-
hibitor) were purchased from Selleck Chemicals (Absource Diagnostics GmbH, Munich,
Germany). According to the manufacturer’s instructions, Buparlisib and MK-2206 were
separately dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany) as a stock solution at a final concentration of 10 mM. The stock solutions
were stored at —80 °C and diluted into corresponding working concentrations before
each experiment.
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4.2. Cell Lines and Cell Culture

PDAC cell lines AsPc-1, BxPc-3, Capan-1, Colo357, Panc-1, PaTu8902, PaTu8988T,
PaTu8988S, SU.86.86, and T3M4 were kindly provided by the University of Greifswald.
AsPc-1, BxPc-3, Colo357, Panc-1, SU.86.86, and T3M4 were cultured in RPMI1640 medium
(PAN-Biotech, Aidenbach, Germany) supplemented with 10% heat-inactivated fetal calf
serum (FCS) (PAN-Biotech, Aidenbach, Germany) and 1% Penicillin-Streptomycin (P/S)
solution (10,000 U/mL Penicillin, 10 mg/mL Streptomycin) (PAN-Biotech, Aidenbach,
Germany). PaTu8902, PaTu8988T, and PaTu8988S were cultured in DMEM/F12 medium
(PAN-Biotech, Aidenbach, Germany) supplemented with 10% heated-inactivated FCS
and 1% P/S solution. Capan-1 was cultured in RPMI1640 medium supplemented with
15% heat-inactivated FCS and 1% P/S solution. After verifying that all cell lines were
not contaminated by mycoplasma, these PDAC cell lines were maintained in a 5% CO»
humidified atmosphere incubator at 37 °C.

For all assays, the PDAC cell lines were seeded at a density of 3.3 x 10 cells per milliliter
in 6-well plates (totaling 4.5 mL per well), 24-well plates (totaling 1.5 mL per well), and
96-well plates (totaling 150 uL per well). After 24 h, the supernatant was discarded, and media
containing increasing concentrations (range from 1 uM-10 uM for MK-2206 and
0.5 uM-10 uM for Buparlisib) of the inhibitors or vehicle (DMSO, as control) were added
to the corresponding PDAC cell lines. The treated cells were incubated for up to 72 h at 37 °C
with 5% CO,. At the indicated time points, cell proliferation, metabolic activities, cell biomass,
and apoptosis/necrosis were evaluated in at least three biologically independent replicates.

4.3. Cell Viability Assays
4.3.1. Proliferation

Cell proliferation was evaluated by absolute cell counting and trypan blue (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) staining. After inhibitor exposure in
24-well plates, the cells were harvested and washed with 1x PBS (PAN-Biotech, Aidenbach,
Germany). In the following step, the cells were stained with trypan blue, and the numbers
of viable cells were determined by counting with a hemocytometer. Proliferation was
expressed as the percentage of viable cells treated with the inhibitor compared to the 100%
DMSO control.

4.3.2. Metabolic Activity

Metabolic activity was tested by Water Soluble Tetrazolium—1 (WST-1) (TaKaRa
Bio Inc., Kusatsu, Japan). After exposure to the corresponding inhibitor, the cells were
incubated with 15 uL. WST-1 for up to 2 h in 96-well plates. Absorbances at 450 nm and the
reference wavelength of 620 nm were measured by Promega GloMax®-Multi Microplate
Multimode Reader (Promega, Madison, WI, USA). The metabolic activity was calculated as
recommended by the manufacturer. Metabolic activity is expressed as a percentage of the
inhibitor-treated group compared to vehicle-treated controls (control = 100%).

4.3.3. Biomass Quantification

Biomass quantification was carried out by Crystal Violet (CV) (Sigma-Aldrich GmbH,
Steinheim, Germany) staining. After exposure to the corresponding inhibitor in 96-well
plates, the cells were washed once with PBS and stained with 50 uL of 0.2% CV solution on
a shaker at room temperature for 10 min. Thereafter, the plates were washed twice with
PBS. To elute bound CV, 100 pL 1% sodium dodecyl sulfate (SDS) (SERVA Electrophoresis
GmbH, Heidelberg, Germany) was added to each well and incubated on a shaker at
room temperature for 10 min. Finally, absorbances at 570 nm and a reference wavelength
at 620 nm were measured by Promega GloMax®-Multi Microplate Multimode Reader.
For background normalization, the absorbance of each group was subtracted from the
absorbance of pure culture media. The amount of CV directly correlates to the cell biomass.
The result is expressed as a percentage of the inhibitor-treated group compared to vehicle-
treated controls (control = 100%).
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4.4. Identification of IC50

IC50 values were calculated independently based on cell proliferation, metabolic activ-
ity, or biomass after 72 h of inhibitor exposure. GraphPad Prism Version 8.0.2 (GraphPad
Software Inc., San Diego, CA, USA) was used to evaluate IC50. Briefly, after transform-
ing concentrations and normalizing the results for the three vitality assays, a nonlinear
regression model (dose-response-inhibition vs. normalized response—variable slope) was
used to evaluate the IC50 values. We calculated the IC50 corresponding to the three vitality
assays and applied these results to a response-based clustering analysis in order to evaluate
the sensitivity of the cell lines to inhibitors.

4.5. Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by YO-PRO-1 (Invitrogen, Darmstadt, Ger-
many) and Propidium iodide (PI) (Sigma-Aldrich GmbH, Steinheim, Germany) double
staining by flow cytometry. After exposure to the corresponding inhibitor, supernatants
were collected, and cells were harvested and washed twice with cold PBS. Following that,
cells were resuspended in 200 uL. YO-PRO-1 (final concentration: 0.2 uM) solution. After
incubating at room temperature for 20 min in the dark, cells were washed twice in cold PBS
and resuspended in 400 uL cold PBS. Cells were then stained with PI (final concentration:
100 pg/mL) immediately before measurement. Unstained and single-stained cells were
used as controls and measured in every single experiment. YO-PRO-17/PI™ cells are
considered viable cells, YO-PRO-1*/PI™ cells are considered apoptotic cells, and PI* cells
are considered necrotic cells. Flow cytometry measurements were performed on FACSVerse
(Becton, Dickinson and Company, Heidelberg, Germany), and data were analyzed by BD
Flow]Jo software (Becton, Dickinson and Company, Heidelberg, Germany).

4.6. Nucleic Acid Extraction

Genomic DNA was extracted by NucleoSpin® Tissue Kit (MACHEREY-NAGEL
GmbH, Dueren, Germany) according to the manufacturers’ instructions. In brief,
5 x 10° cells were harvested from each continuous cultural cell line and washed twice with
cold sterile PBS. Cell pellets were lysed, and then the lysis that contained genomic DNA
was extracted and purified by a silica membrane of NucleoSpin column. Lastly, genomic
DNA was eluted with 30 uM of nuclease-free water.

Total RNAs were extracted by miRNeasy Mini Kit (QITAGEN GmbH, Hilden, Germany)
according to the manufacturers’ instructions. In brief, 5 x 10° cells were harvested from
each continuous cultural cell line and washed twice with cold sterile PBS. Cell pellets were
resuspended in 700 uL QIAzol Lysis Reagent (QIAGEN GmbH, Hilden, Germany), and
then the aqueous phase that contains the total RNA of the lysed cells was extracted and
purified by a silica membrane of RNeasy Mini spin columns. Finally, total RNA was eluted
in 30 pL of nuclease-free water.

After extraction, nucleic acid concentrations, as well as OD260/280 and OD260/230
ratios, were measured with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

4.7. Whole-Exome Sequencing

Barcoded sequencing libraries were generated after enrichment with the SureSelect
Human All Exon kit (Agilent, Santa Clara, CA, USA), pooled and sequenced on a HiSeq4000
(Ilumina Inc., San Diego, CA, USA) instrument using a 150 paired-end protocol to yield at
least 20x coverage for >98% of the target region and an overall average depth of coverage
above 100 x. An in-house bioinformatics pipeline was used, including read alignment to
human genome reference hg 19, variant calling (single nucleotide substitutions and small
deletions/insertions), and variant annotation with publicly available databases.
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4.8. Variant Calling Filtering Strategy

After WES, the sequencing data from ten PDAC cell lines were obtained and filtered in
order to select variants with the expected highest impact on gene function. Briefly, variants
were filtered based on quality (qual), variant allele frequency (VAF), depth of coverage
(DP), and variant type. In order to exclude false positive variants, only variants with qual
> 100, VAF > 20, and DP > 9 were included in our analysis. Germline mutations were
excluded by comparison with COSMIC and dbSNP databases. Then, variant types were
excluded if they were unable to cause amino acid substitution, RNA structure change, or
base insertions /deletions (indels). These variant types include synonymous variants, intron
variants, upstream or downstream variants, and 3 prime or 5 prime untranslated region
(UTR) variants. After this filtering procedure, missense variants, splice region variants,
inframe indels, frameshift variants, gene fusion, and start/stop gain or lost were chosen for
further analysis (Figure 7).

»{ Gene_Fusion
L]
¥ Missense_Variant
————————————— |, Further Analysis
T . 1 Inframe_Indel
MK-2206/Buparlisib Target Variant Classification
WES Gq&cs i i Based On Types ol sl on_ Variant
» AKT1,AKT2,AKT3,PIK3CA, ——————— W
PIK3CB,PIK3CG,PIK3CD L—» surtStop_Gain/Lost_Variant
T
Germline
Qual>100 T Synonymous_Variant
VAF>20 —
DP>9 F—% Intron Variant
| E— 0 Filter Out

v (% Up_/Down_Stream_Variant
Filter Out -

3 /5_Prime_UTR_Variant

Figure 7. Filtering strategy of MK-2206 and Buparlisib target genes.

4.9. Gene Expression Analyses

Barcoded sequencing libraries were prepared with the TruSeq Stranded mRNA kit
(Illumina Inc., San Diego, CA, USA), pooled and sequenced on a NextSeq 500 System
(INIumina Inc., San Diego, CA, USA) using the 75 bp paired-end protocol. At least 30
million reads were obtained for each sample. The reads were aligned to reference genome
GRCh37/Release 38 with STAR V.2.7.6a using the two-pass mode [40]. Transcript abun-
dance and transcript per million estimates were calculated by counting the reads using
featureCounts/subread V.2.0.1 [41].

The expression data of non-neoplastic pancreatic tissue from The Genotype-Tissue
Expression (GTEx) and the Cancer Genome Atlas Program (TCGA) were chosen as controls.

4.10. Response-Based Clustering Strategy

The classification of cell lines into distinct sensitivity levels was performed by k-
means++ clustering based on an unsupervised machine learning algorithm [42]. Briefly,
cell proliferation, metabolic activity, and biomass were analyzed after treating the cells
with various inhibitor concentrations and calculating the IC50 values. Then, all IC50
values were collected and applied to the Sci-kit learn package using the Python program-
ming language to predict optimal clusters. The Silhouette score was used to detect the
clustering density and the separation between the clusters. Ten cell lines were set to
be divided into several clusters, and the cluster grouping was iterated a maximum of
100 times to test for the robustness of the classification. Finally, the ten cell lines were
divided into different clusters identified as high, moderate, and low sensitivity groups
based on their biological characteristics.
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4.11. Statistical Analyses

Data have been replicated with at least three biologically independent experiments.
GraphPad Prism Version 8.0.2 was used for statistical analysis. The results of proliferation,
metabolic activity, biomass quantification, and apoptosis/necrosis analysis were expressed
as mean =+ standard deviation (SD). Statistical significance was determined by one-way
ANOVA (after proving that the data within each group conformed to the Gaussian dis-
tribution) or the Kruskal-Willas-Test (for the data within each group that conformed to a
non-Gaussian distribution) and displayed as *: p < 0.033, **: p < 0.002, ***: p < 0.001 versus
the control group.

5. Conclusions

Our present study reveals distinct antitumor effects against PDAC cell lines when
inhibiting the PI3K/AKT pathway. Exploring the inhibitor response and the correspond-
ing target gene aberrations shows that neither PIK3CA nor PIK3CG aberration alone
affect the inhibitor response of PDAC cell lines to Buparlisib or MK-2206. Moreover,
in the relationship between the observed inhibitor response and aberrations of KRAS
and TP53, KRAS point mutations (¢.35C > T, ¢.35C > A, and c.183A > C) alone are not
able to determine the level of sensitivity to Buparlisib, but they do appear to be related
to the level of sensitivity to MK-2206. Cell line carrying a specific PIK3CA variant is
associated with enhanced Buparlisib inhibition in KRAS-mutated cell lines. In addition,
carrying two TP53 missense variants appears to be associated with reduced sensitivity
to PI3K/AKT pathway inhibitors. Thus, our study suggests that blocking the PI3K/AKT
pathway is an optional strategy for the treatment of patients with PDAC but that it is
still necessary to choose inhibitors based on genetic background.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
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Simple Summary: Small molecule inhibitors and targeted therapy are considered to have significant
potential for pancreatic ductal adenocarcinoma therapies. Preclinical studies of novel inhibitors
and inhibitor combinations can elucidate their acting mechanisms and provide valuable data for
in vivo research and clinical trials. We explored the antitumor efficacy of KRAS inhibitors BI-3406
and sotorasib alone or in combination with the downstream inhibitors trametinib and buparlisib
in PDAC cell lines, characterized by different KRAS mutational statuses. The two KRAS inhibitors
demonstrated different anti-tumor efficacy and displayed synergistic or additive effects, when
combined with downstream pathway inhibitors. These data emphasized the importance of KRAS as
a therapeutic target for PDAC and indicate two distinct mechanisms of KRAS inhibition and their
interactions with downstream pathway inhibitors.

Abstract: Kirsten rat sarcoma virus (KRAS) mutations are widespread in pancreatic ductal adenocarci-
noma (PDAC) and contribute significantly to tumor initiation, progression, tumor relapse/resistance,
and prognosis of patients. Although inhibitors against KRAS mutations have been developed, this
therapeutic approach is not routinely used in PDAC patients. We investigated the anti-tumor efficacy
of two KRAS inhibitors BI-3406 (KRAS::SOS1 inhibitor) and sotorasib (KRAS G12C inhibitor) alone
or in combination with MEK1/2 inhibitor trametinib and/or PI3K inhibitor buparlisib in seven
PDAC cell lines. Whole transcriptomic analysis of combined inhibition and control groups were
comparatively analyzed to explore the corresponding mechanisms of inhibitor combination. Both
KRAS inhibitors and corresponding combinations exhibited cytotoxicity against specific PDAC cell
lines. BI-3406 enhance the efficacy of trametinib and buparlisib in BXPC-3, ASPC-1 and MIA PACA-2,
but not in CAPAN-1, while sotorasib enhances the efficacy of trametinib and buparlisib only in MIA
PACA-2. The whole transcriptomic analysis demonstrates that the two triple-inhibitor combinations
exert antitumor effects by affecting related cell functions, such as affecting the immune system, cell
adhesion, cell migration, and cytokine binding. As well as directly involved in RAF/MEK/ERK path-
way and PI3K/AKT pathway affect cell survival. Our current study confirmed inhibition of KRAS
and its downstream pathways as a potential novel therapy for PDAC and provides fundamental data
for in vivo evaluations.

Keywords: pancreatic ductal adenocarcinoma; KRAS; kinase inhibitors; gene expression
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1. Introduction

Kirsten rat sarcoma viral oncogene homolog (KRAS) is one of the most frequently
mutated oncogenes in human pancreatic ductal adenocarcinoma (PDAC); oncogenic KRAS
mutations can be detected in approximately 92% of the PDAC genomes [1-6]. The KRAS
gene encodes the protein KRAS, which is a guanosine triphosphatase (GTPase), and regu-
lates signal transduction by cycling between active guanosine triphosphate (GTP) bound
and inactive guanosine diphosphate (GDP) bound statuses [7]. KRAS point mutations
downregulate the GTPase activity of RAS and prevent the GTPase from promoting the
conversion of GTP to GDP. The status of permanent GTP-binding activates downstream
signaling pathways, such as the PI3K/AKT pathway or RAF/MEK/ERK pathway, which
in turn leads to the initiation and development of PDAC [8]. Moreover, KRAS cooperates
with other common oncogenes, such as TP53, CDKN2A, BRCA3, SMAD4, etc., to cause the
initiation and development of PDAC [9-13].

KRAS mutations not only cause the initiation and development of PDAC, but they
also affect the efficacy of treatment routines and the long-term survival of patients. A
considerable number of studies have revealed that KRAS mutations lead to a poor prognosis
for patients, regardless of whether they undergo surgery [14]. At the same time, a study
pointed out that KRAS activation plays an important role in the resistance to gemcitabine
treatment and relapse after treatment [15]. Another study reported that specific KRAS
mutation subtypes (G12V, G12D, and G12A) shortened the median overall survival of
PDAC patients [16].

Due to the important role of KRAS in PDAC, a growing number of studies consider
KRAS as a target for the treatment of PDAC. Sotorasib is the first small molecule inhibitor
against KRAS G12C mutations and was approved by the FDA for the treatment of non-
small cell lung cancer (NSCLC) in 2021. Studies have reported that it can effectively
inhibit various cell lines that carry KRAS G12C mutations, including PDAC cell lines [17].
According to the recently disclosed CodeBreaK 100 clinical trial results, sotorasib displayed
good efficacy in the treatment of advanced KRAS G12C-mutated PDAC, with 8 of the
38 patients having a partial response and 32 of 38 patients displaying disease control. The
side effects of sotorasib are described as mild, as only a few patients were affected by
grade 3 diarrhea, fatigue, and abdominal pain; no grade 4 side effects were observed in the
patients [18]. Currently (2022), there are 18 clinical trials targeting KRAS by sotorasib in
progress [19]. However, almost all the clinical trials target NSCLC and colorectal cancer and
only a very small number of PDAC patients are enrolled. In addition, other reported KRAS
G12C inhibitors (adagrasib, JNJ-74699157, and LY3499446) have also achieved distinct
effects in cell experiments, and corresponding clinical trials are also ongoing [20,21]. At
the same time, inhibitors that directly target other KRAS mutations (e.g., KS-58 targeting
KRAS G12D) are under development.

Although the KRAS G12C inhibitors achieved satisfactory effects on its corresponding
mutation, KRAS G12C mutations accounted for only 1.42% of all KRAS mutated PDAC
patients. The specific inhibitors for KRAS G12D and G12V mutations, which currently
represent the majority (40.45% and 32.14%, respectively), are still under development
and have not yet entered any clinical trials [22]. Therefore, how to target other types of
KRAS mutations is also an urgent problem to be solved. It is well known that there are
dynamic positive feedback and negative feedback regulation loops in the RAS signaling
pathway. A key role in this feedback regulation is the guanine exchange factor son of
sevenless 1 (SOS1) [23]. In unstimulated cells, SOS1 hyperphosphorylation caused by
mitogen-activated protein kinase (MAPK) activation catalyzes the activation of RAS. At
the same time, SOS1 hyperphosphorylation in stimulated cells will cause it to separate
from cytosolic glutathione reductase (GRC2) and cause RAS inactivation [23,24]. Moreover,
down-regulation or loss of SOS1 lead to a decrease in the survival rate of tumor cells
carrying KRAS mutations [25]. Based on these studies, Hoffman et al. developed an
inhibitor BI-3406 that can block the interaction between SOS1 and KRAS. It can effectively
inhibit a variety of KRAS mutant tumor cell lines in vivo and in vitro, including KRAS
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G12C/V/S/A, and G13D, and also achieved excellent efficacy in the PDAC cell line
MIA PACA-2. Moreover, the experimental animals displayed good tolerance to BI-3406
treatment [26]. Therefore, BI 1701963, another inhibitor closely related to BI-3406, has
entered phase I clinical trials.

Although studies on the inhibition of KRAS have achieved encouraging results, there
are still limitations that exist, especially for PDAC. At present, most studies still focus on
NSCLS, while little attention has been paid to PDAC. There are also few studies that investi-
gate the combined application of multiple inhibitors. In the existing studies on PDAC, only
the MIA PACA-2 cell line was investigated. As a result, we were unable to evaluate the
efficacy of these KRAS inhibitors on PDAC cells carrying other KRAS mutations. Therefore,
we studied the efficacy of multiple KRAS mutation inhibitor BI-3406 and specific KRAS
mutation inhibitor sotorasib in different KRAS mutations and wild-type KRAS PDAC cell
lines. At the same time, we explored the efficacy of KRAS inhibitors and their downstream
pathways (PI3K/AKT/mTOR pathway and RAF/MEK/ERK pathway) inhibitors in com-
bination. RNA sequencing was performed after the combined application to explore the
mechanism of the influence of the multi-inhibitor combination on the pathway.

2. Materials and Methods
2.1. Kinase Inhibitors

BI-3406 (KRAS:SOS1 inhibitor) was purchased from Chemietek (Chemietek, Indi-
anapolis, IN, USA), sotorasib (KRAS G12C inhibitor), buparlisib (pan-PI3K inhibitor), and
trametinib (MEK1/2 inhibitor) were purchased from Selleck Chemicals (Absource Diagnos-
tics GmbH, Munich, Germany). According to the manufacturer’s instructions, all inhibitors
were separately dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich Chemie GmbH,
Steinheim, Germany) as a stock solution, at a final concentration of 10 mM. The stock
solutions were stored at —80 °C and diluted into corresponding working concentrations
before each experiment.

2.2. Cell Lines and Cell Culture

PDAC cell lines ASPC-1, BXPC-3, CAPAN-1, COLO357, PATU8902, and T3M4 were
kindly provided by the University Medicine Greifswald and MIA PACA-2 was kindly
provided by Prof. Robert Jaster from Rostock University Medical Center. ASPC-1, BXPC-3,
COLO357, and T3M4 were cultured in RPMI1640 medium (PAN-Biotech, Aidenbach, Ger-
many), supplemented with 10% heat-inactivated fetal calf serum (FCS) (PAN-Biotech) and
1% penicillin-streptomycin solution (P/S) (10,000 U/mL penicillin, 10 mg/mL strepto-
mycin) (PAN-Biotech). CAPAN-1 was cultured in RPMI1640 medium, supplemented with
15% heat-inactivated FCS and 1% P/S solution. MIA PACA-2 was cultured in DMEM
medium (PAN-Biotech), supplemented with 1% heated-inactivated FCS and 1% P/S solu-
tion. PATU8902 was cultured in DMEM/F12 medium (PAN-Biotech), supplemented with
10% heated-inactivated FCS and 1% P/S solution. After verifying that all cell lines were
not contaminated by mycoplasma, these PDAC cell lines were maintained in a 5% CO,
incubator with a humidified atmosphere at 37 °C.

2.3. Inhibitor Application Experiments

For the single inhibitor application experiments, the PDAC cell lines were seeded at a
density of 3.3 x 10* cells per milliliter in a 24-well plate (in total, 1.5 mL per well, for cell
proliferation assay) or a 96-well plate (in total, 150 uL per well, for biomass quantification
assay). After 24 h, the supernatant was discarded and media containing increasing concen-
trations (range from 0.1 to 10 uM for BI-3406, 0.001 to 10 uM for sotorasib) of inhibitors or
vehicle (DMSO, as control) were added to the corresponding PDAC cell lines.

The results of single inhibitor application and related experiments were comprehen-
sively analyzed, and specific PDAC cell lines and inhibitor concentrations were selected for
further combined application experiments and the concentrations are listed in Table 1 (the re-
sults of the buparlisib inhibition assay are detailed in a previously published paper, and the
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results of the trametinib inhibition assay are detailed in the Supplementary Table S14) [27].
Inhibitor concentrations are displayed in Table 1. The PDAC cell lines were seeded in 6-well
plates (for RNA isolation), 24-well plates (for proliferation assay, morphological examina-
tion, and apoptosis/necrosis analysis), or 96-well plates (for biomass quantification assay).
After 24 h, the supernatant was discarded and media containing different combinations of
inhibitors were added to the corresponding PDAC cell lines.

Table 1. Inhibitor concentrations used for combined application.

Cell Lines BI-3406 Sotorasib Trametinib Buparlisib
ASPC-1 4 uM 4 uM 0.001 uM 0.3 uM
BXPC-3 4 M 4 uM 0.001 uM 1uM

CAPAN-1 4 uM 4 uM 0.005 uM 0.3 uM

MIA PACA-2 4 uM 0.005 uM 0.0025 uM 0.6 uM

The treated cells were incubated for 72 h at 37 °C with 5% CO,. At the indicated time
points, all cell experiments evaluated at least three biologically independent replicates.

2.4. Cell Viability Assays
2.4.1. Proliferation

Proliferation was evaluated by absolute counting, which was determined by trypan
blue (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) staining. After inhibitor expo-
sure in 24-well plates, the cells were harvested and washed with 1x PBS (PAN-Biotech).
Following the cells being stained with trypan blue, the number of viable cells was deter-
mined by counting with a hemocytometer. Proliferation was expressed as a percentage of
viable cells treated with the inhibitor to the vehicle-treated control (control = 100%).

2.4.2. Biomass Quantification

Biomass quantification was carried out by crystal violet (CV) staining. After exposure
to the corresponding inhibitors, cells in 96-well plates were washed once with PBS and
stained with 50 uL 0.2% CV solution on a shaker at room temperature for 10 min. Thereafter,
the plates were washed twice with PBS. To elute bound CV, 100 pL 1% sodium dodecyl
sulfate (SDS) was added to each well and incubated on a shaker at room temperature for
10 min. Finally, absorbances at a measuring wavelength of 570 nm and at the reference
wavelength of 620 nm were measured by a Promega GloMax®-Multi Microplate Multimode
Reader. The absorbance value of the reference wavelength was subtracted from that of the
corresponding measuring wavelength. The value of cells exposed to the vehicle was used
as a control and the value of culture media was used as the background. The background
value was subtracted from the control and experimental values. The amount of CV directly
correlates to cell biomass. The result is expressed as a percentage of the inhibitor-treated
group to vehicle-treated controls (control = 100%).

2.5. Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by Annexin V FITC (Becton, Dickinson and
Company, Heidelberg, Germany) and propidium iodide (PI) (Sigma-Aldrich Chemie
GmbH) double staining by flow cytometry. After exposure to the vehicle control, and
both single and combined inhibitors, cells were harvested and washed twice with cold PBS.
After the washing step, the cell pellet was resuspended in 100 L Annexin V binding buffer
(1x) (Becton, Dickinson and Company), and incubated with 5 pL of Annexin V FITC for 15
min at room temperature in the dark. Then, cells were stained with PI (final concentration:
20 pg/mL) straightway before measurement. Unstained and single-stained cells were
used to determine the negative and positive boundaries and measured in each experiment.
Annexin V™ /PI~ cells were considered to be viable cells, Annexin V*/PI~ cells were
considered to be early apoptotic cells, and Annexin V*/PI* cells were considered to be late
apoptotic/necrotic cells. Flow cytometry measurement was performed on FACSVerse™
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(Becton, Dickinson and Company) and all data were analyzed by BD Flow]Jo™ software
(Becton, Dickinson and Company).

2.6. Evaluation of Combined Inhibitor Application

The interaction among the inhibitors was evaluated by the Bliss independent model.
The interaction of the inhibitor combination was determined by the difference between the
observed (Ep) and predicted (Ep) inhibition of the combination therapy.

In double inhibitor application, Ep was calculated with the following equation:

EP=EA+EB—EA><EB,

where E4 and Ejp are the relative inhibition of single-inhibitors A and B.
In triple inhibitor application, Ep was calculated with the following equation:

Ep=Es+Egp+Ec—Ep XEg—Eg XEc—Eg XEc—Ep X Eg X Eg,

where E4, Ep, and Ec are the relative inhibition of single-inhibitors A, B, and C.

Eo > Ep indicated a synergistic effect, Eo = Ep indicated an additional effect; Eo < Ep
indicated an antagonistic effect. Bliss values for inhibitor combinations were calculated
based on the results of proliferation and cell biomass of PDAC cell lines [28].

2.7. Examination of Cell Morphology Changes

Examination of PDAC cell line morphology changes was carried out by Pappenheim
staining. After 72 h of exposure to the vehicle control, single inhibitor, or combined
inhibitor, supernatants were collected and cells were harvested. After counting the cells,
we resuspended the cell pellet and adjusted the cell density of the control group and each
experimental group to 5 x 10% cells/200 pL. Then, 200 uL of the cell suspension was fixed
on a glass slide using Shandon Cytospin 3 centrifuge (Shandon, Frankfurt/Main, Germany),
and two cell slides were made for each group. After 24 h of air-drying, the slides were
stained with May-Griinwald solution (Merck, Darmstadt, Germany) for 6 min, washed
with phosphate buffer solution (pH = 7.2) (Merck) three times for 1 min, then stained with
Giemsa solution (1:10) (Merck) for 20 min, and washed with phosphate buffer solution
three times for 1 min again. After the slides were air-dried for 24 h, the morphology of
cells was examined and visualized with Evos XL Core Imaging System (Life Technologies,
Darmstadt, Germany), magnified 100 times. Each experiment was repeated 3 times to
eliminate random errors.

2.8. RNA Extraction

Total RNAs were extracted using the miRNeasy Mini Kit (QIAGEN GmbH, Hilden,
Germany) according to the manufacturer’s instructions. For each cell line, only the RNA
of the DMSO control group and the triple inhibitor application group were extracted. In
brief, at least 5 x 10° cells were harvested and washed twice with cold sterile PBS. Cell
pellets were resuspended in 700 uL QIAzol Lysis Reagent (QIAGEN GmbH), then the
aqueous phase that contains the total RNA of the lysed cells was extracted and purified by
a silica membrane of RNeasy Mini spin columns. At last, total RNA was eluted by 30 uL of
RNAse-free water.

After extraction, RNA concentrations, as well as OD 260/280 and OD 260/230 ratios,
were measured with the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).
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2.9. RNA Sequencing Analysis

The RNA quality was assessed using the Agilent RNA 6000 Nano Kit (Agilent Tech-
nologies Inc., Waldbronn, Germany) on the 2100 Bioanalyzer system (Agilent Technologies
Inc.). Only samples with an RNA integrity number (RIN) >8 were proceeded to DNA
library preparation using the Illumina Stranded mRNA Sample Preparation Kit (Illumina
Inc., San Diego, CA, USA). Briefly, 800 ng of total RNA was enriched for mRNA via poly-T
oligo-coated magnetic beads, and chemically fragmented under elevated temperature. The
RNA fragments were then reverse-transcribed into the first- and second-strand cDNA using
random hexamers. Double-stranded cDNA fragments were ligated with anchor primers
and PCR-amplified for 10 rounds, using 10bp unique dual index primers (UDIs). The qual-
ity of the libraries was evaluated for fragment length distribution on the Agilent DNA-1000
Chip (Agilent Technologies Inc.). The library concentration was quantified using a Qubit
dsDNA HS Assay kit (Life Technologies), normalized to 2 nM and equally pooled. The
multiplexing library pool was sequenced for 2 x 101 bp paired-end reads at a final loading
concentration of 750 pM on the NextSeq 2000 system and P3 Flow Cell at the sequencing
facility of Research Institute for Farm Animal Biology (FBN), Dummerstorf, Germany.

2.10. Data Pre-Processing and Differentially Expressed Genes (DEGs) Analysis

Sample de-multiplexing and FASTQ generation of raw sequencing reads were con-
ducted using on-board DRAGEN BCL Convert analysis workflow (Illumina). The data
were quality-checked pre- and post-processing using FastQC version 0.11.9 [29]. Data
pre-processing was performed using Trim Galore v.0.6.7 with the following options: -q
20—paired—stringency 3—length 20—illumine [29]. The remaining high quality paired
reads were then aligned to the reference genome, Homo_sapiens.GRCh38 from Ensembl
release 106 using Hisat2 version 2.2.1 [30]. The number of reads uniquely mapped to each
gene was extracted from the HISAT2 mapping results using HTSeq version 2.0.1, with the
following options: -f bam -r name—stranded = reverse -t exon -i gene_id -m union [31].
The resulting gene count data were further analyzed for DEGs using DESeq2 package [32].
DEGs that passed a threshold of | Log, (Fold Change) | > 1 and adjusted p value (padj) < 0.05
were considered analytically valuable and proceeded to Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis.

The GO and KEGG enrichment analysis were applied for the functional annotation and
pathway analysis using the gene set enrichment analysis (GSEA) [33,34]. The functional enrich-
ment analyses of DEGs were explored by R package clusterProfiler4.0 and Pathview [35,36]. GO
and KEGG enrichment analysis with a p-value < 0.05 and g-value < 0.25 were considered
to have a significant impact and were selected for further analysis.

2.11. Statistical Analyses

Each experiment was performed in at least 3 biologically independent repetitions.
Results of proliferation, biomass quantification, and apoptosis/necrosis analysis were
expressed as mean =+ standard deviation (SD). Statistical significance was determined by
one-way ANOVA (after proving the data within each group conformed to the Gaussian
distribution) or Kruskal-Wallis test (the data within each group conformed to the non-
Gaussian distribution) and displayed as follows: *: p < 0.033, **: p < 0.002, ***: p < 0.001
versus the control group.

3. Results
3.1. KRAS Status of the PDAC Cell Lines

The analyzed seven PDAC cell lines were characterized by the following KRAS muta-
tional statuses: one KRAS wild-type cell line (BXPC-3), one KRAS G12C (c.34G>T) cell line
(MIA PACA-2), one KRAS Q61H (c.183A>C) cell line (T3M4), two KRAS G12D (c.35G>A)
cell lines (ASPC-1land COLO357), and two KRAS G12V (c.35G>T) cell lines (CAPAN-1 and
PATUS8902). The information about each cell line includes the chromosomal location (#Chr),
the zygosity (hom: homozygous, het: heterozygous), reference base (Ref), observed base
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(Obs), allele frequency (VAF), base change, and amino acid substitution, which are listed in
Table 2. Thereby, COLO357 and T3M4 represent the only two cell lines characterized by a
heterozygotic KRAS genotype.

Table 2. KRAS status of PDAC cell lines.

Cell Line #Chr  Start End Ref Obs Zygosities VAF  Gene Base Change AA Change
BXPC-3 chrl2 25398284 25398284 G G hom 100 KRAS - -

ASPC-1 chrl2 25398284 25398284 G A hom 100 KRAS NM_033360.2:c.35G>A  G12D
COLO357 chrl2 25398284 25398284 G A het 23.8 KRAS NM_033360.2:c.35G>A G12D
CAPAN-1 chrl2 25398284 25398284 G T hom 97.1 KRAS NM_033360.2:c.35G>T G12V
PATU8902 chrl2 25398284 25398284 G T hom 100 KRAS NM_033360.2:c.35G>T G12V
MIAPACA-2  chrl2 25398285 25398285 G T hom 99.6 KRAS NM_004985.5:c.34G>T G12C

T3M4 chrl2 25380275 25380275 A C het 32.6 KRAS NM_033360.2:c.183A>C Q61H

(@

100+

504

Percentage to 100% Control

Sotorasib - Proliferation

e

3.2. Single Application of KRAS Inhibitors BI-3406 and Sotorasib to PDAC Cell Lines

The KRAS G12C inhibitor sotorasib had almost no inhibitory effect on the KRAS Q61H
cell line T3M4 (Figure 1). At the highest tested concentration of 10 uM, cell proliferation and
biomass were reduced by only 6% and 0%, respectively. In addition, sotorasib displayed
similar inhibitory effects on KRAS wild-type and KRAS G12V cell lines, and the biomass of
cell proliferation decreases ranged from 25% to 38% at the concentration of 10 uM. Notably,
the inhibitory effects of sotorasib on ASPC-1 (VAF: 100) and COLO357 (VAF: 23.8), which
both carry KRAS G12D, are quite different; cell proliferation decreased by 50% and 37%, and
biomass decreased by 41% and 27%, respectively. Sotorasib appears to be more effective
against KRAS G12D mutations with high VAF.

(b)

Sotorasib - Biomass

= ASPC-1
BXPC-3

== CAPAN-1

== COLO357

== MIA PACA-2
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——T3M4
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T
Control 0.05

0.10

T N I e A T L .
4 5 6 7 8 9 10 Control 0.05 0.10 1 2 3 4 5 6 7 8 9 10

Concentration (uM) Concentration (uM)

Figure 1. Proliferation (a) and biomass (b) changes in PDAC cell lines after exposure to different
concentrations of sotorasib.

As expected, sotorasib showed a very strong inhibitory effect on MIA PACA-2, which
carry a KRAS G12C mutation. A significant inhibitory effect can be observed at a concentra-
tion of 0.005 uM, while at 0.05 uM, cell proliferation and biomass were reduced by 69% and
60%, respectively (Figures 1 and S1, Supplementary Table S1).

Compared with the DMSO control group, the KRAS::SOS1 inhibitor BI-3406 demon-
strated a weak inhibitory effect on PDAC cell lines carrying KRAS G12V (CAPAN-1 and
PATU8902). At the highest test concentration of 10 uM, cell proliferation only decreased by
11% and 17%, and the biomass decreased by 12% and 21%, respectively (Supplementary
Table S2). In addition, the inhibitory effect of BI-3406 on the cell proliferation and biomass of
the KRAS wild-type cell line BXPC-3 is similar to the inhibition observed in the KRAS G12V
cell lines. The cell proliferation and biomass of BXPC-3 were reduced by only 15% and
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Percentage to 100% Control

Percentage to 100% Control

27% at the concentration of 10 uM. BI-3406 demonstrated an increased, but still limited,
inhibitory effect on the cell lines carrying the other three KRAS mutations (ASPC-1 and
COLO357, KRAS G12D; MIA PACA-2, KRAS G12C; T3M4, KRAS Q61H). At the highest
tested concentration, cell proliferation and biomass were only reduced between 30 and 50%
(Figures 2 and S2, Supplementary Table S2).

(b)

BI-3406 - Proliferation BI-3406 - Biomass

1004

= ASPC-1
BXPC-3
=== CAPAN-1

== COLO357
=== MIA PACA-2
- PATU8902

- T3M4

L]
Control 1

T
5

] T T T T T r T T T
10 Control 1 5 10

Concentration (uM) Concentration (pM)

Figure 2. Proliferation (a) and biomass (b) changes in PDAC cell lines after exposure to different
concentrations of BI-3406.

3.3. Combined Applications of KRAS, PI3K, and MEK1/2 Inhibitors Enhance Inhibition of PDAC
Cell Lines

For BI-3406 in combination with trametinib and buparlisib, a significant increase in the
inhibition of cell proliferation and biomass was observed when compared with the DMSO
control group, regardless of whether double-inhibitor combinations or triple-inhibitor
combinations were tested (Figure 3 and Supplementary Tables S3 and 54). When comparing
the effect of the triple-inhibitor with the effects of the double-inhibitor, a significantly
increased inhibition in cell proliferation can also be observed in ASPC-1, BXPC-3, and MIA
PACA-2. In CAPAN-], a significant increase was only observed when comparing the triple
therapy with the combination of BI-3406 and buparlisib. As for the other two combinations
(BI-3406 + trametinib, trametinib + buparlisib), no significant increase could be observed.
Moreover, we also observed similar inhibitory effects in the biomass quantification assay.

For the combination of sotorasib with trametinib and buparlisib, significant inhibition
of cell proliferation and biomass was observed in the triple combination compared to the
DMSO control group (Figure 4 and Supplementary Tables S5 and S6). The addition of
sotorasib significantly improved inhibition in ASPC-1 and MIA PACA-2 compared with a
single application of trametinib or buparlisib. In addition, when focusing on the efficacy of
the triple combination (sotorasib + trametinib + buparlisib) versus the double combination

(trametinib + buparlisib), a significant increase in inhibitory effect was only observed in
ASPC-1 and MIA PACA-2.
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Figure 3. Cell proliferation and biomass of ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2
(d) after 72 h BI-3406, trametinib, buparlisib or inhibitor combination exposure, as well as analysis
of synergistic effect using Bliss independent model. Data are presented as mean =+ SD. Significance
of a treatment effect compared to the DMSO control was determined by one-way ANOVA and
displayed as *: p < 0.033, **: p < 0.002, **: p < 0.001 (n > 3). The significance of the treatment effect
for double inhibition compared to triple inhibition was determined by one-way ANOVA and was
shown as # (proliferation), § (biomass): p < 0.033; ##, §§: p < 0.002, ###; §§§: p < 0.001. BI: BI-3406;
T: trametinib; B: buparlisib; NS: not significant; Ep: predicted inhibition by Bliss independent model;
Eo: observed inhibition.
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Figure 4. Cell proliferation and biomass of ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2
(d) after 72 h sotorasib, trametinib, buparlisib or inhibitor combination exposure, as well as analysis
of synergistic effect using Bliss independent model. Data are presented as mean + SD. Significance
of a treatment effect compared to the DMSO control was determined by one-way ANOVA and
displayed as *: p < 0.033, **: p < 0.002, ***: p <0.001 (n > 3). The significance of the treatment effect
for double inhibition compared to triple inhibition was determined by one-way ANOVA and was
shown as # (proliferation), § (biomass): p < 0.033; §§: p < 0.002, ###; §§§: p < 0.001. S: sotorasib;
T: trametinib; B: buparlisib; NS: not significant; Ep: predicted inhibition by Bliss independent model;
Eo: observed inhibition.
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3.4. Bliss Analysis Revealed the Synergistic Effects of Double- and Triple-Application

The Bliss prediction effects were calculated based on the results of proliferation and
biomass inhibition. For the BI-3406-based triple inhibitor combination, the Bliss predicted
that inhibition (Ep) is lower than the observed inhibition results (Ep) in all cell lines
(Figure 3). When focusing on comparing the double combination of trametinib + buparlisib
and the triple combination of BI-3406 + trametinib + buparlisib, ASPC-1, BXPC-3, and
MIA PACA-2 showed significantly higher inhibitory efficacy. However, this significant
improvement did not appear in CAPAN-1, suggesting that BI-3406 was not able to enhance
the inhibitory efficacy of trametinib + buparlisib in CAPAN-1. For the sotorasib-based
triple inhibitor combination, Ep was observed to be lower than Ep in all cell lines. When
focusing on comparing the double combination of trametinib + buparlisib and the triple
combination of sotorasib + trametinib + buparlisib, only MIA PACA-2 demonstrated a
significant improvement in inhibitory efficacy. Furthermore, in the other three cell lines,
the inhibitory effects were not affected by the addition of sotorasib. These data indicated
that the sotorasib-based triple inhibitor combination is synergistic in MIA PACA-2 cells
that express the KRAS G12C mutant (using 0.005 uM sotorasib).

In the BI-3406-based double inhibitor combination, the combination of BI-3406 + trametinib
demonstrated a significantly increased inhibitory effect in all four cell lines (Figure 3).
The differences from Ep and Ep were between 20 and 43% (proliferation) and 23 and
36% (biomass) (Supplementary Table S4). The combination of BI-3406 + buparlisib also
demonstrated a synergistic effect in all four cell lines; the differences between Ep and Ep
were between 3 and 15% (proliferation) and 4 and 16% (biomass) (Supplementary Table S6).
In addition, for sotorasib, either in combination with trametinib or in combination with
buparlisib, synergistic effects were only observed in MIA PACA-2, with differences between
Eo and Ep of 7%, 21% (proliferation) and 8%, 32% (biomass), respectively (Supplementary
Figure S6). In the other cell lines that do not harbor the KRAS G12C variant, the difference
between Ep and Ep was almost 0, suggesting that sotorasib does not act synergistically in
these cell lines when combined with trametinib or buparlisib.

3.5. Combined Application of KRAS, PI3K, and MEK1/2 Inhibitors Induce Apoptosis and Necrosis
of PDAC Cell Lines

Apoptosis/necrosis assays were performed on ASPC-1, BXPC-3, CAPAN-1, and MIA
PACA-2 cells after exposure to BI-3406-based inhibitor combinations and MIA PACA-2
after exposure to sotorasib-based inhibitor combinations. Compared to the DMSO control
group, Annexin V/propidium iodide (PI) double staining revealed a significant increase in
induced apoptosis/necrosis, when using the triple-inhibitor combinations (Supplementary
Figures S3 and S4, Supplementary Table S7). These triple-inhibitor combinations also
significantly increased cell death when compared with all double-inhibitor combinations.
In addition, most of the double-inhibitor combinations caused a significant increase in cell
death when compared to the control group. Only in MIA PACA-2 cells, the combination of
BI-3406 and buparlisib was not able to significantly increase cell death.

Furthermore, the microscopic evaluation at 100 x magnification of Pappenheim stained
samples indicated that the cells clearly demonstrated signs of cell death, including nu-
merous vacuoles in the cytoplasm, splitting or breaking up of the nucleoli (karyorrhexis),
protrusions of the plasma membrane, and apoptotic bodies, as well as morphological
deformation (Figures 5 and S5). These morphological changes were also observed in the
samples that have been exposed to the double inhibitor combinations. However, there was
more evidence after the application of the triple inhibitor combination.

91



Cancers 2022, 14, 4467

12 of 21

(a) ASPC-1

DMSO control

(c) CAPAN-1

Triple Application (BI-3406) DMSO control Triple

(b) BXPC-3

£

Triple Application (BI-3406) DMSO control Triple Application (BI-3406)

(d) MIA PACA-2

Triple Application (Sotorasib)

Figure 5. Morphology changes in ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2 (d)
after DMSO or triple inhibitor combination exposure. Magnification: 100x. 1 membrane bub-
bles, membrane bound apoptotic body, | vacuolization, 1 apoptotic body, | nuclear condensa-
tion/fragmentation; 1 rupture of the plasma membrane.

3.6. Comparative Analysis of Differentially Expressed Genes (DEGs) between BI-3406
Combination-Treated and Non-Exposed PDAC Cell Lines

Differential expression analysis revealed several genes that were differentially reg-
ulated in triple combination-treated cells, when compared with the DMSO control ex-
posed cells. For the combination of BI-3406 with trametinib and buparlisib, 587 DEGs
were identified in ASPC-1 cells, 423 DEGs in BXPC-3 cells, 1191 DEGs in CAPAN-1 cells,
and 1259 DEGs were identified in MIA PACA-2 cells (Supplementary Figures S6 and S7,
Supplementary Table S8). Of these DEGs, only 12 DEGs were shared among all the tested
PDAC cell lines (Figure 6a). In addition, in the top 25 up- and down-regulated genes
identified in the 4 cell lines (Figure 6b), no gene was shared by all cell lines.

(a)

[ ] AsPc1
[ ] CAPAN-1
[ ] MIAPACA-2

[ ]BXPC-3

BI-3406 Combination vs. DMSO
Figure 6. Cont.
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Figure 6. Number and overlap of DEGs in ASPC-1, BXPC-3, CAPAN-1 and MIA PACA-2 cell lines
after exposure to BI-3406 combination (a) and the top 25 up- and down-regulated genes before and
after BI-3406 combination exposure (b).

3.7. Comparative Analysis of DEG Changes Induced by BI-3406 Combination-Treated and
Sotorasib Combination-Treated in MIA PACA-2 Cell Line

For the sotorasib triple combination, only MIA PACA-2 cells were analyzed. Compared
to the DMSO control group, 928 DEGs were identified in MIA PACA-2 (Supplementary
Figure S7, Supplementary Table S9). Comprehensive analysis of DEG changes in MIA
PACA-2 using BI-3406 or sotorasib triple therapy revealed 778 DEGs that were up- or down-
regulated by both inhibitor combinations (Figure 7a). In the top 25 up- and down-regulated
genes, 17 overlapping up-regulated genes and 15 overlapping down-regulated genes were
observed (Figure 7b).
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Figure 7. Number and overlap of DEGs in MIA PACA-2 cell lines after exposure to sotorasib

combination or BI-3406 combination (a) and the top 25 up- and down-regulated genes before and

after inhibitor combination exposure (b).

3.8. Functional and Pathway Enrichment Analysis of DEGs Induced by Combination-Treated
PDAC Cell Lines

In order to assess the effect of inhibitor combinations on PDAC cell lines, GO and
KEGG pathway analysis was performed on all of the DEGs selected in result 3.6 for each
cell line.

For the BI-3406 triple inhibitor combination, GO and KEGG enrichment analysis
demonstrated different results in different PDAC cell lines. The number of GO terms,
including the biological process (BP), the cellular component (CC), and the molecular
function (MF), as well as the number of KEGG pathways caused by BI-3406 triple inhibitor
combination treatment, are displayed in Table 3. Detailed information is displayed in
Supplementary Figures S7-S11 and Supplementary Tables S10 and S11.
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Table 3. GO term and KEGG pathway enrichment analysis of DEGs induced by BI-3406 triple
inhibitor combination treatment.

GO Term
PDAC Cell Line KRAS Mutation X N " KEGG Pathway
Biological Process Cellular Components Molecular Functions
BXPC-3 Wild Type 847 49 96 24
ASPC-1 KRAS G12D 744 80 96 48
CAPAN-1 KRAS G12V 1447 116 168 59
MIA PACA-2 KRAS G12C 1053 76 120 66

Further analysis of the GO term function revealed that in the PDAC cell lines, DEGs
were involved in regulating the immune system, cell adhesion, cell migration, localization,
locomotion, and response to stimulus in biological process, cell membrane, and extracellular
functions in cellular components, as well as cytokine binding in molecular functions. KEGG
pathway enrichment analysis identified nine overlapping pathways, which were involved
in cancer, cellular community, cardiovascular disease, and immune regulation and directly
acting on PI3K/AKT and TNF pathways (Supplementary Table S11). Furthermore, the
expected RAS signaling pathway was not observed to be affected in all of the tested cell
lines. The KEGG pathway results revealed that the RAS pathway was affected in ASPC-1,
BXPC-3, and MIA PACA-2, but not in CAPAN-1.

For the sotorasib combination, 928 DEGs in MIA PACA-2 were involved in 849 BP,
39 CC, and 63 MF; KEGG analysis revealed that DEGs were enriched in 58 pathways,
which are mainly associated with cancer, signal transduction, and the immune system
(Supplementary Figure S12 and Supplement Tables S12 and S13).

Comparing the GO terms and KEGG pathway enrichment analysis of MIA PACA-2
in the two inhibitor combinations did not reveal major differences. The GO term demon-
strated that both inhibitor combinations were involved in similar cellular functions in
MIA PACA-2. KEGG analysis revealed that both inhibitor combinations were involved
in immune regulation, signal transduction (especially PI3K/AKT, TNF, and JAK-STAT
signaling pathways), metabolic activity, and cancer pathways (especially proteoglycans in
cancer). The BI-3406 triple combination additionally participated in the MAPK pathway;
however, this effect was not observed in the sotorasib triple combination (Supplementary
Tables S11 and S13).

4. Discussion

KRAS mutations are the most common mutations in PDAC patients and are charac-
terized by poor prognosis and resistance to general treatment [6,14]. Although a series
of targeted inhibitors have been developed for PDAC, so far, these inhibitors are still not
routinely used in clinical treatment. In our study, sotorasib, which targets the KRAS G12C
mutation, exhibited the expected inhibitory efficacy in MIA PACA-2, and significantly
inhibited cell proliferation and biomass even at very low concentrations (0.005 uM). At the
same time, sotorasib at 10 uM exhibited a partial inhibitory effect on other tested PDAC
cell lines, except for T3M4 (KRAS Q61H). The cell proliferation and biomass decreased
by 32-50% and 24-41%, respectively. However, in T3M4, minimal inhibition of cell pro-
liferation and biomass was observed at all the concentrations tested. This may be due
to the fact that the Q61H mutation has the lowest intrinsic GTPase activity and requires
less upstream signaling to maintain a GTP-bound status [37]. In a previous report, the
maximum plasma concentration of sotorasib was 7.5 ug/mL (13.4 uM) [38]. The results
of this study demonstrated that sotorasib had inhibitory effects on KRAS G12D, G12V,
and wild-type PDAC cell lines at a concentration of 10 uM, which can be achieved in
clinical trials [38]. The incidence of serious adverse reactions at this concentration in clinical
trials is low, suggesting that sotorasib can potentially become an interesting option for the
development of novel approaches for the above-mentioned PDAC types [18,38]. Although
sotorasib is currently only approved for the treatment of KRAS G12C-mutated NSCLC, the
CodeBreaK100 study has confirmed its potential for the treatment of advanced KRAS G12C
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mutated PDAC with low side effects. At the same time, the clinical trials demonstrated
that the maximum plasma concentration is higher than 10 uM [18]. Combined with our
findings, sotorasib may also have inhibitory effects on KRAS G12D and G12V mutated
PDAC in vivo, suggesting that sotorasib may have further potential to treat KRAS wild
type and other KRAS G12-mutated PDACs besides KRAS G12C.

Using the multi-KRAS mutation inhibitor BI-3406, our results were comparable to
those previously reported in 2D cultures [26]. The biological response of cell lines carrying
the KRAS G12V mutation (CAPAN-1 and PATU8902) was similar to that of the wild-type
cell line BXPC-3, showing a decrease of only about 15% at 10 puM. In the cell lines car-
rying KRAS G12C and G12D mutations, the inhibition of cell proliferation and biomass
at 10 uM concentration was higher than 30%, up to 48.18%. In the previously reported
in vivo studies, the BI-3406 single-inhibitor demonstrated a good inhibitory effect on KRAS
G12C-mutated MIA PACA-2 cells, and the tumor volume of the two different doses of the
experimental group was significantly reduced compared with the control group. However,
even at the highest dose, BI-3406 was only able to inhibit tumor growth, but could not
reduce tumor volume below the baseline [26]. It is suggested that a single application of
BI-3406 does not have a strong inhibitory effect on PDAC cell lines both in vivo and in vitro.
Nonetheless, it demonstrated a distinct synergistic effect with downstream pathway in-
hibitors in combination inhibition, especially with the MEK1/2 inhibitor trametinib. The
combination of BI-3406 and trametinib demonstrated a synergistic effect in both KRAS-
mutated and wild-type PDAC cell lines, which is in agreement with previous reports, both
confirming the synergistic effect of BI-3406 and trametinib [26]. This is probably because
BI-3406 combined with trametinib can block the negative feedback regulatory mechanism
by reducing phosphorylated (p)-MEK and p-ERK levels, resulting in a strong synergistic
effect [26]. Since this regulatory mechanism exists both in KRAS-mutated and wild-type
cell lines, this double-inhibitor combination was also effective in the BXPC-3 cells. For
the combination of BI-3406 and buparlisib, a synergistic effect was only observed in MIA
PACA-2. Since buparlisib does not reduce p-MEK and p-ERK levels, it is highly likely that
it fails to activate the negative feedback loop, resulting in a small synergistic effect [26].

The double-inhibitor combination based on sotorasib also displayed a synergistic
effect, but mainly in MIA PACA-2 cells. Since RAS directly forms a complex with PI3K
to further activate the PI3K signaling pathway, inhibition of these two proteins greatly
reduces the activation of this pathway and might explain the synergistic effect of these two
inhibitors [39-42]. Additive effects were observed in ASPC-1, BXPC-3, and CAPAN-1 cells,
indicating that sotorasib might target an unknown target protein at a high concentration
and the inhibition of this target protein does not synergistically interact with inhibitors of
MEK and PI3K.

The efficacy of the triple-inhibitor combination of BI-3406, trametinib, and buparlisib
was significantly stronger than that of the double-inhibitor combination in ASPC-1, BXPC-3,
and MIA PACA-2 cells. However, in CAPAN-1 cells, there was no significant improve-
ment in the triple-inhibitor combination versus the double-inhibitor combination of bu-
parlisib and trametinib. Moreover, the KEGG pathway enrichment analysis revealed that in
CAPAN-1, the RAS pathway was not affected by the triple therapy, while the enrichment
of DEGs in the RAS pathway was observed in the other three cell lines. In addition, a
single application of BI-3406 did not significantly inhibit the proliferation and biomass
of CAPAN-1. Although BI-3406 has previously been reported to achieve good inhibitory
effects on KRAS G12V-mutated NSCLC cell lines, this antitumor effect appears to be poor
for PDAC cell lines [26]. This suggests that in PDAC cell lines, BI-3406 is less able to block
the interaction between KRAS G12V and SOSI, at least not causing changes at the gene
expression level. This may account for the low response of the KRAS G12V cell lines to
BI-3406 and the inability of the BI-3406 to enhance the efficacy of downstream inhibitors in
CAPAN-1. Moreover, the triple inhibitor combination of sotorasib demonstrated only an
additive effect in ASPC-1, BXPC-3 and CAPAN-1, further confirming that the inhibition
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of non-KRAS G12C mutant cell lines by sotorasib is not affected by the changes in the
RAS/RAF/MEK/ERK pathway or PI3K/AKT pathway.

The BI-3406 triple inhibitor combination modulated immunity, cell adhesion, migra-
tion, and targeted cancer pathways in all four cell lines. This indicates that this inhibitor
combination can directly influence the pathophysiology of tumor cells, but might also
indirectly inhibit the growth of PDAC cells by modulating the immune system, as well
as cell-to-cell interactions. Furthermore, we observed that in all four cell lines, both triple
inhibitor combinations regulated DEGs, which are involved in the response to hypoxia.
These genes (ALDOA, IL6, IL6R, EGF, VEFG, PDK-1, ENO], etc.) were all associated with
the hypoxia inducible factor-1 (HIF-1) pathway, suggesting that both combinations can act
on the HIF-1 pathway. Several studies have shown that HIF-1 is associated with tumor
growth in a variety of cancers, including PDAC [43]. Inhibition of mTOR blocks the transla-
tion of HIF-1 mRNA, and inhibition of ERK can also lead to inhibition of HIF-1 [44,45]. The
combination of the two inhibitors in this experiment affected both mTOR and ERK, leading
to changes in the downstream HIF-1 pathway, which seems to be another mechanism of
this inhibitor combination.

Altogether, our current study demonstrates the antiproliferative effects of KRAS
inhibitors alone or in combination with downstream inhibitors in PDAC cell lines in vitro.
Moreover, the dose of each inhibitor was greatly reduced when used in combination,
thereby reducing the side effects of the inhibitor. The KRAS::SOS1 inhibitor BI-3406 was
able to enhance the antiproliferative effect of downstream inhibitors in the KRAS wild-type,
KRAS G12C, and KRAS G12D mutant cell lines, but not for the KRAS G12V mutant cell
lines. The KRAS G12C inhibitor sotorasib mainly enhanced the anti-proliferative effect of
downstream inhibitors in KRAS G12C mutant cell lines.

5. Conclusions

Our current study demonstrates the effects of two KRAS inhibitors, BI-3406 and
sotorasib, as monotherapy for PDAC. This provides evidence for a potential extended
application of sotorasib in non-KRAS G12C mutated PDAC and the application of BI-3406
as a multi-KRAS mutated inhibitor in PDAC. In addition, these two KRAS inhibitors act
synergistically or additively with downstream pathway inhibitors, when reducing cell
proliferation and biomass in PDAC cell lines with different KRAS statuses. The two triple
combinations also demonstrated extraordinary effects in enhancing inhibitor efficacy and
reducing inhibitor dose. These data emphasize the importance of KRAS as a therapeutic
target for PDAC and validate two different mechanisms of KRAS inhibition and its in-
teraction with downstream pathway inhibitors. The current study provides novel ideas
for the drug treatment of PDAC; however, in vivo experiments and clinical trials are still
needed to observe the real efficacy and adverse reactions of these inhibitors and inhibitor
combinations for the treatment of PDAC.
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in PDAC Cell Lines; Figure S3: PDAC Cell Death Induction after 72 Hours BI-3406, Sotorasib,
Trametinib, Buparlisib or Inhibitors Combination Exposure; Figure S4: Apoptosis/necrosis Dot
Plot of PDAC Cell Lines after 72 Hours BI-3406, Trametinib, Buparlisib and Inhibitor Combination
Exposure; Figure S5: Morphology Changes of PDAC Cell Lines after 72 Hours BI-3406, Sotora-
sib, Trametinib, Buparlisib and Inhibitor combination exposure; Figure S6: DEGs after PDAC Cell
Lines Exposed to the Combination of BI-3401, Trametinib and Buparlisib; Figure S7: DEGs af-
ter MIA PACA-2 Exposed to the Combination of BI-3401, Trametinib and Buparlisib or Sotorasib,
Trametinib and Buparlisib; Figure S8: GO and KEGG Enrichment Analysis of ASPC-1 after BI-
3406+Trametinib+Buparlisib Exposure; Figure S9: GO and KEGG Enrichment Analysis of BXPC-3
after BI-3406+Trametinib+Buparlisib Exposure; Figure S10: GO and KEGG Enrichment Analysis of
CAPAN-1 after BI-3406+Trametinib+Buparlisib Exposure; Figure S11: GO and KEGG Enrichment
Analysis of MIA PACA-2 after BI-3406+Trametinib+Buparlisib Exposure; Figure 512: GO and KEGG
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Enrichment Analysis of MIA PACA-2 after Sotorasib + Trametinib + Buparlisib Exposure. Table S1:
Cell Viability Sotorasib; Table S2: Cell Viability BI-3406; Table S3: Combination Inhibition (BI-3406
+ Trametinib + Buparlisib); Table S4: Bliss Independent Model (BI-3406 + Trametinib + Buparlisib);
Table S5: Combination Inhibition (Sotorasib + Trametinib + Buparlisib); Table S6: Bliss Independent
Model (Sotorasib + Trametinib + Buparlisib); Table S7: Combination Cell Death; Table S8: DEGs of
PDAC Cell Lines after Exposure to the Combination of BI-3406, Trametinib and Buparlisib; Table S9:
DEGs of MIA PACA-2 after Exposure to the Combination of Sotorasib, Trametinib and Buparlisib;
Table S10: GO Enrichment Analysis after PDAC Cell Lines Exposure to the Combination of BI-3406,
Trametinib and Buparlisib; Table S11: KEGG Pathway Enrichment Analysis after PDAC Cell Lines
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A Alanine

AKT Protein kinase B

BP Biological process

BRCA3 Breast cancer 3

C Cysteine

CcC Cellular components

CDKN2A  Cyclin dependent kinase inhibitor 2A
Ccv Crystal violet

D Aspartic acid

DEG Differentially expressed gene
DMSO Dimethyl sulfoxide

Eo Observed inhibition

Ep Bliss predicted inhibition

ERK Extracellular signal-regulated kinase
FCs Fetal calf serum

G Glycine
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GDP Guanosine diphosphate

GO Gene Ontology

GRC2 Cytosolic glutathione reductase

GSEA Gene set enrichment analysis

GTP Guanosine triphosphate

H Histidine

HIF-1 Hypoxia inducible factor-1

KEGG Kyoto Encyclopedia of Genes and Genomes

KRAS Kirsten rat sarcoma virus
MEK Mitogen-activated protein kinase kinase
MF Molecular function

mTOR  Mammalian target of rapamycin
NSCLC  Non-small cell lung cancer

P- Phosphorylated-
P/s Penicillin-streptomycin solution
PDAC Pancreatic ductal adenocarcinoma
PI Propidium iodide
PI3K Phosphoinositide 3-kinase
Q Glutamine
RAS Rat sarcoma virus
RIN RNA integrity number
SD Standard deviation
SMAD4 Mothers against decapentaplegic homolog 4
SOS1 Son of sevenless 1
TP53 Tumor protein P53
A% Valine
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