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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 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 [18]. Another family member, CDK9, 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 µM 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 µM. Moreover, silmitasertib significantly reduced
the metabolic activity of cells, with the majority of PDAC cell lines (eight out of ten)
initiated significant reductions at 5 µM (Supplementary Figure S1 and Table S1). The
IC50 values for proliferation and biomass showed a range from 2.131 µM to 16.20 µM for
proliferation and a matching range from 1.691 µM to 14.32 µM for biomass (Figure 1a,
Supplementary Figure S2 and Table S2).
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(unsupervised machine learning algorithm) to a low (red), moderate (green), and high (blue) 
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Figure 1. IC50 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).

IC50 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 µM), 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
IC50 values ranged from 0.001253 µM to 0.01111 µM (proliferation) and 0.002146 µM to
0.01390 µM (biomass) (Figure 2a, Supplementary Figure S4 and Table S4).
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Figure 2. IC50 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).

IC50 values of cell proliferation and biomass were applied in bioinformatics 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 S4).
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 µM (Supplementary Figures S5 and S7 and Table S5).
The percentages of apoptotic/necrotic cells in AsPc-1 and T3M4 at 10 µM 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 µM, 0.005 µM, 0.006 µM, and 0.01 µM).
Significant increases in apoptotic/necrotic cells were observed starting at a concentration
of 0.0075 µM (Supplementary Figures S6 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 µM, 0.0075 µM, 0.01 µM, and 0.05 µM).
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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 Log2 (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.

1 
 

  

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 c.35G>A
(p.Gly12Asp), KRAS c.35G>T (p.Gly12Val), and KRAS c.183A>C (p.Gln61His), all of them
were missense variants. KRAS c.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
c.35G>T were identified in Capan-1 (VAF: 97.1), PaTu8902 (VAF: 100), PaTu8988S (VAF:
96.9), and PaTu8988T (VAF: 98). KRAS c.183A>C was identified in T3M4 (VAF: 32.6). 

2 

 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 S12).
Both the lowest and highest KRAS expressions were observed in the KRAS c.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 c.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 c.183A>C in T3M4 and KRAS c.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).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 17 
 

 

S12). Both the lowest and highest KRAS expressions were observed in the KRAS c.35G>A 
variant, which were identified in Colo357 (4.61) and SU.86.86 (7.09), respectively. The ex-
pressions of all KRAS c.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 c.183A>C in T3M4 and KRAS c.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). 

 
Figure 5. Gene expression of KRAS in ten PDAC cell lines and the control. The sensitivity to sil-
mitasertib (a) and dinaciclib (b) as well as the variants of KRAS are indicated for each cell lines. Gene 
expression levels are displayed as Log2 (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 c.35G single nucleotide variants 
had no major influence on the inhibitory effect of dinaciclib, since cell lines containing the 
same KRAS c.35G position variant (KRAS c.35G>A, KRAS c.35G>T) were classified into 
each of the three sensitivity groups, while wild-type (BxPc-3) was in the moderate sensi-
tivity group. Interestingly, the sensitivity of the KRAS c.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. Mis-
sense variants, TP53 c.476C>T (p.Ala159Val) and TP53 c.818G>A (p.Arg273His), were 
identified in Capan-1 (VAF: 100) and Panc-1 (VAF: 98.8), respectively. Double missense 
mutation including TP53 c.733G>A (p.Gly245Ser) and TP53 c.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 expressions of TP53 with frameshift variants were lower than that of the missense 

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 Log2 (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 c.35G single nucleotide variants had
no major influence on the inhibitory effect of dinaciclib, since cell lines containing the same
KRAS c.35G position variant (KRAS c.35G>A, KRAS c.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 c.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 c.476C>T (p.Ala159Val) and TP53 c.818G>A (p.Arg273His), were identified
in Capan-1 (VAF: 100) and Panc-1 (VAF: 98.8), respectively. Double missense mutation
including TP53 c.733G>A (p.Gly245Ser) and TP53 c.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 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 c.844C>T, TP53
c.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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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%, CDK5, 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 (c.35G>A), KRAS p.Gly12Val (c.35G>T), and
KRAS p.Gln61His (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 c.35G point mutation and wild-type cell lines, suggesting the
inhibitory effect of dinaciclib is not affected by the KRAS c.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 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 c.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.Arg175, 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.Ala159Val, 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 c.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% CO2 incubator at 37 ◦C with a humidified atmosphere.

For all assays, the PDAC cell lines were seeded at the density of 3.3 × 104 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 µL per well). For viability assays, after 24 h, the supernatant
was discarded and media containing increasing concentrations (range from 1–10 µM for
silmitasertib and 0.001–1 µM for dinaciclib) of inhibitors or vehicle (DMSO, 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% CO2. 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 1× 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 µL 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 µL 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 µL 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 IC50

IC50 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 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 IC50
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.

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 µL YO-PRO-1 (final concentration: 0.2 µM) solution. After incubating at room tempera-
ture for 20 min in the dark, cells were washed twice in cold PBS and resuspended in 400 µL
cold PBS. Then, cells were stained with PI (final concentration: 20 µg/mL) straightway
before measurement. Unstained and single-stained cells were used as controls and mea-
sured in every single experiment. YO-PRO-1−/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
FlowJo 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 × 106 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 µL of nuclease-free water.

Total RNAs were extracted by miRNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacturers’ instructions. In brief, 5 × 106 cells were harvested from
each continuous cultural cell line and washed twice with cold sterile PBS. Cell pellets
were resuspended in 700 µL 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 µL 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 20× coverage for >98% of the target region and an overall average depth of
coverage above 100×. 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).
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4.9. Gene Expression Analyses

Barcoded sequencing libraries were prepared with the TruSeq Stranded mRNA Kit
(Illumina), 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 IC50 values of cell proliferation and
biomass. Then, these IC50 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 c.267delC, c.818G>A, and c.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.
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AKT, AKT Protein kinase B
Ala Alanine
Arg Arginine
Asp Aspartate
CDK, CDK Cyclin-dependent kinase
CK2, CSNK2 Casein kinase II
CV Crystal violet
Cys Cysteine
DMSO Dimethyl sulfoxide
DP Depth of coverage
DRB 5,6-Dichloro-1-ß-D-ribofuranosylbenzimidazole
ERK Extracellular regulated kinase
FCS Fetal calf serum
Fs Frameshift
Gln Glutamine
Gly Glycine
GTEx The genotype-tissue expression
His Histidine
IC50 Half maximal inhibitory concentration
Indel Insertion/deletion
JAK Janus kinase
JNK C-Jun N-terminal kinase
KRAS, KRAS Kirsten’s rat sarcoma viral oncogene homolog
MEK Mitogen-activated protein kinase kinase
MKK4 Dual-specificity mitogen-activated protein kinase kinase 4
OD Optical density
PBS Phosphate buffer saline
PDAC Pancreatic ductal adenocarcinoma
PI Propidium iodide
PI3K Phosphoinositide 3-kinase
PIP3 Phosphatidylinositol 3,4,5-trisphosphate
PTEN Phosphatase and tensin homolog
qual Variant confidence
Rb Retinoblastoma
RNA-seq RNA sequencing
Ser Serine
STAT Signal transducer and activator of transcription
TCGA The Cancer Genome Atlas Program
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Thr Threonine
P53, TP53 Tumor protein p53
TPM Transcripts per kilobase million
UTR Untranslated region
VAF Variant allele frequency
Val Valine
WES Whole exome sequencing
WST-1 Water soluble tetrazolium-1

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
2. Klompmaker, S.; de Rooij, T.; Korteweg, J.J.; van Dieren, S.; van Lienden, K.P.; van Gulik, T.M.; Busch, O.R.; Besselink, M.G.

Systematic review of outcomes after distal pancreatectomy with coeliac axis resection for locally advanced pancreatic cancer. Br. J.
Surg. 2016, 103, 941–949. [CrossRef] [PubMed]

3. Kyriazanos, I.D.; Tsoukalos, G.G.; Papageorgiou, G.; Verigos, K.E.; Miliadis, L.; Stoidis, C.N. Local recurrence of pancreatic cancer
after primary surgical intervention: How to deal with this devastating scenario? Surg. Oncol. 2011, 20, e133–e142. [CrossRef]
[PubMed]

4. Xu, X.D.; Zhao, Y.; Zhang, M.; He, R.Z.; Shi, X.H.; Guo, X.J.; Shi, C.J.; Peng, F.; Wang, M.; Shen, M.; et al. Inhibition of Autophagy
by Deguelin Sensitizes Pancreatic Cancer Cells to Doxorubicin. Int. J. Mol. Sci. 2017, 18, 370. [CrossRef]

5. Lovecek, M.; Skalicky, P.; Chudacek, J.; Szkorupa, M.; Svebisova, H.; Lemstrova, R.; Ehrmann, J.; Melichar, B.; Yogeswara, T.;
Klos, D.; et al. Different clinical presentations of metachronous pulmonary metastases after resection of pancreatic ductal
adenocarcinoma: Retrospective study and review of the literature. World J. Gastroenterol. 2017, 23, 6420–6428. [CrossRef]
[PubMed]

6. Tempero, M.A. NCCN Guidelines Updates: Pancreatic Cancer. J. Natl. Compr. Cancer Netw. 2019, 17, 603–605. [CrossRef]
7. Litchfield, D.W. Protein kinase CK2: Structure, regulation and role in cellular decisions of life and death. Biochem. J. 2003,

369, 1–15. [CrossRef]
8. Ruzzene, M.; Bertacchini, J.; Toker, A.; Marmiroli, S. Cross-talk between the CK2 and AKT signaling pathways in cancer. Adv. Biol.

Regul. 2017, 64, 1–8. [CrossRef]
9. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
10. Zheng, Y.; Qin, H.; Frank, S.J.; Deng, L.; Litchfield, D.W.; Tefferi, A.; Pardanani, A.; Lin, F.T.; Li, J.; Sha, B.; et al. A CK2-dependent

mechanism for activation of the JAK-STAT signaling pathway. Blood 2011, 118, 156–166. [CrossRef]
11. Schevzov, G.; Kee, A.J.; Wang, B.; Sequeira, V.B.; Hook, J.; Coombes, J.D.; Lucas, C.A.; Stehn, J.R.; Musgrove, E.A.; Cretu, A.; et al.

Regulation of cell proliferation by ERK and signal-dependent nuclear translocation of ERK is dependent on Tm5NM1-containing
actin filaments. Mol. Biol. Cell 2015, 26, 2475–2490. [CrossRef] [PubMed]

12. Kreutzer, J.N.; Ruzzene, M.; Guerra, B. Enhancing chemosensitivity to gemcitabine via RNA interference targeting the catalytic
subunits of protein kinase CK2 in human pancreatic cancer cells. BMC Cancer 2010, 10, 440. [CrossRef] [PubMed]

13. Giroux, V.; Iovanna, J.; Dagorn, J.C. Probing the human kinome for kinases involved in pancreatic cancer cell survival and
gemcitabine resistance. FASEB J. 2006, 20, 1982–1991. [CrossRef] [PubMed]

14. Hamacher, R.; Saur, D.; Fritsch, R.; Reichert, M.; Schmid, R.M.; Schneider, G. Casein kinase II inhibition induces apoptosis in
pancreatic cancer cells. Oncol. Rep. 2007, 18, 695–701. [CrossRef] [PubMed]

15. Siddiqui-Jain, A.; Drygin, D.; Streiner, N.; Chua, P.; Pierre, F.; O’Brien, S.E.; Bliesath, J.; Omori, M.; Huser, N.; Ho, C.; et al.
CX-4945, an orally bioavailable selective inhibitor of protein kinase CK2, inhibits prosurvival and angiogenic signaling and
exhibits antitumor efficacy. Cancer Res. 2010, 70, 10288–10298. [CrossRef]

16. Clinicaltrials. Available online: https://www.clinicaltrials.gov/ (accessed on 1 October 2021).
17. Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer 2009, 9, 153–166. [CrossRef]
18. Hunter, T.; Pines, J. Cyclins and cancer. II: Cyclin D and CDK inhibitors come of age. Cell 1994, 79, 573–582. [CrossRef]
19. Bregman, D.B.; Pestell, R.G.; Kidd, V.J. Cell cycle regulation and RNA polymerase II. Front. Biosci. 2000, 5, D244–D257. [CrossRef]
20. Sharma, S.; Sicinski, P. A kinase of many talents: Non-neuronal functions of CDK5 in development and disease. Open Biol. 2020,

10, 190287. [CrossRef]
21. Roskoski, R., Jr. Cyclin-dependent protein kinase inhibitors including palbociclib as anticancer drugs. Pharmacol. Res. 2016,

107, 249–275. [CrossRef]
22. Eggers, J.P.; Grandgenett, P.M.; Collisson, E.C.; Lewallen, M.E.; Tremayne, J.; Singh, P.K.; Swanson, B.J.; Andersen, J.M.;

Caffrey, T.C.; High, R.R.; et al. Cyclin-dependent kinase 5 is amplified and overexpressed in pancreatic cancer and activated by
mutant K-Ras. Clin. Cancer Res. 2011, 17, 6140–6150. [CrossRef] [PubMed]

23. Feldmann, G.; Mishra, A.; Bisht, S.; Karikari, C.; Garrido-Laguna, I.; Rasheed, Z.; Ottenhof, N.A.; Dadon, T.; Alvarez, H.;
Fendrich, V.; et al. Cyclin-dependent kinase inhibitor Dinaciclib (SCH727965) inhibits pancreatic cancer growth and progression
in murine xenograft models. Cancer Biol. Ther. 2011, 12, 598–609. [CrossRef] [PubMed]

24. Cai, D.; Latham, V.M., Jr.; Zhang, X.; Shapiro, G.I. Correction: Combined Depletion of Cell Cycle and Transcriptional Cyclin-
Dependent Kinase Activities Induces Apoptosis in Cancer Cells. Cancer Res. 2020, 80, 361. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1002/bjs.10148
http://www.ncbi.nlm.nih.gov/pubmed/27304847
http://doi.org/10.1016/j.suronc.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21576013
http://doi.org/10.3390/ijms18020370
http://doi.org/10.3748/wjg.v23.i35.6420
http://www.ncbi.nlm.nih.gov/pubmed/29085191
http://doi.org/10.6004/jnccn.2019.5007
http://doi.org/10.1042/bj20021469
http://doi.org/10.1016/j.jbior.2017.03.002
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1182/blood-2010-01-266320
http://doi.org/10.1091/mbc.E14-10-1453
http://www.ncbi.nlm.nih.gov/pubmed/25971798
http://doi.org/10.1186/1471-2407-10-440
http://www.ncbi.nlm.nih.gov/pubmed/20718998
http://doi.org/10.1096/fj.06-6239com
http://www.ncbi.nlm.nih.gov/pubmed/17012250
http://doi.org/10.3892/or.18.3.695
http://www.ncbi.nlm.nih.gov/pubmed/17671722
http://doi.org/10.1158/0008-5472.CAN-10-1893
https://www.clinicaltrials.gov/
http://doi.org/10.1038/nrc2602
http://doi.org/10.1016/0092-8674(94)90543-6
http://doi.org/10.2741/Bregman
http://doi.org/10.1098/rsob.190287
http://doi.org/10.1016/j.phrs.2016.03.012
http://doi.org/10.1158/1078-0432.CCR-10-2288
http://www.ncbi.nlm.nih.gov/pubmed/21825040
http://doi.org/10.4161/cbt.12.7.16475
http://www.ncbi.nlm.nih.gov/pubmed/21768779
http://doi.org/10.1158/0008-5472.CAN-19-3524
http://www.ncbi.nlm.nih.gov/pubmed/31941678


Int. J. Mol. Sci. 2022, 23, 4409 16 of 17

25. Gojo, I.; Zhang, B.; Fenton, R.G. The cyclin-dependent kinase inhibitor flavopiridol induces apoptosis in multiple myeloma cells
through transcriptional repression and down-regulation of Mcl-1. Clin. Cancer Res. 2002, 8, 3527–3538. [PubMed]

26. Chen, R.; Keating, M.J.; Gandhi, V.; Plunkett, W. Transcription inhibition by flavopiridol: Mechanism of chronic lymphocytic
leukemia cell death. Blood 2005, 106, 2513–2519. [CrossRef] [PubMed]

27. Li, R.; Liu, G.Z.; Luo, S.Y.; Chen, R.; Zhang, J.X. Cyclin I promotes cisplatin resistance via Cdk5 activation in cervical cancer.
Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 4533–4541.

28. Zeng, Y.; Liu, Q.; Wang, Y.; Tian, C.; Yang, Q.; Zhao, Y.; Liu, L.; Wu, G.; Xu, S. CDK5 Activates Hippo Signaling to Confer
Resistance to Radiation Therapy Via Upregulating TAZ in Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, 758–769.
[CrossRef]

29. Kazi, A.; Chen, L.; Xiang, S.; Vangipurapu, R.; Yang, H.; Beato, F.; Fang, B.; Williams, T.M.; Husain, K.; Underwood, P.; et al.
Global Phosphoproteomics Reveal CDK Suppression as a Vulnerability to KRas Addiction in Pancreatic Cancer. Clin. Cancer Res.
2021, 27, 4012–4024. [CrossRef]

30. Vassilev, L.T. Cell cycle synchronization at the G2/M phase border by reversible inhibition of CDK1. Cell Cycle 2006, 5, 2555–2556.
[CrossRef]

31. Le Tourneau, C.; Faivre, S.; Laurence, V.; Delbaldo, C.; Vera, K.; Girre, V.; Chiao, J.; Armour, S.; Frame, S.; Green, S.R.; et al. Phase I
evaluation of seliciclib (R-roscovitine), a novel oral cyclin-dependent kinase inhibitor, in patients with advanced malignancies.
Eur. J. Cancer 2010, 46, 3243–3250. [CrossRef]

32. Mita, M.M.; Mita, A.C.; Moseley, J.L.; Poon, J.; Small, K.A.; Jou, Y.M.; Kirschmeier, P.; Zhang, D.; Zhu, Y.; Statkevich, P.; et al.
Phase 1 safety, pharmacokinetic and pharmacodynamic study of the cyclin-dependent kinase inhibitor dinaciclib administered
every three weeks in patients with advanced malignancies. Br. J. Cancer 2017, 117, 1258–1268. [CrossRef] [PubMed]

33. Cicenas, J.; Kvederaviciute, K.; Meskinyte, I.; Meskinyte-Kausiliene, E.; Skeberdyte, A.; Cicenas, J. KRAS, TP53, CDKN2A,
SMAD4, BRCA1, and BRCA2 Mutations in Pancreatic Cancer. Cancers 2017, 9, 42. [CrossRef] [PubMed]

34. Hwang, R.F.; Gordon, E.M.; Anderson, W.F.; Parekh, D. Gene therapy for primary and metastatic pancreatic cancer with
intraperitoneal retroviral vector bearing the wild-type p53 gene. Surgery 1998, 124, 143–150; discussion 150–151. [CrossRef]

35. Boeck, S.; Jung, A.; Laubender, R.P.; Neumann, J.; Egg, R.; Goritschan, C.; Ormanns, S.; Haas, M.; Modest, D.P.; Kirchner, T.; et al.
KRAS mutation status is not predictive for objective response to anti-EGFR treatment with erlotinib in patients with advanced
pancreatic cancer. J. Gastroenterol. 2013, 48, 544–548. [CrossRef] [PubMed]

36. Ormanns, S.; Siveke, J.T.; Heinemann, V.; Haas, M.; Sipos, B.; Schlitter, A.M.; Esposito, I.; Jung, A.; Laubender, R.P.; Kruger, S.; et al.
pERK, pAKT and p53 as tissue biomarkers in erlotinib-treated patients with advanced pancreatic cancer: A translational subgroup
analysis from AIO-PK0104. BMC Cancer 2014, 14, 624. [CrossRef] [PubMed]

37. Hayashi, H.; Kohno, T.; Ueno, H.; Hiraoka, N.; Kondo, S.; Saito, M.; Shimada, Y.; Ichikawa, H.; Kato, M.; Shibata, T.; et al. Utility
of Assessing the Number of Mutated KRAS, CDKN2A, TP53, and SMAD4 Genes Using a Targeted Deep Sequencing Assay as a
Prognostic Biomarker for Pancreatic Cancer. Pancreas 2017, 46, 335–340. [CrossRef] [PubMed]

38. EBML. Available online: https://www.ebi.ac.uk/gxa/home (accessed on 10 April 2022).
39. Gojo, I.; Sadowska, M.; Walker, A.; Feldman, E.J.; Iyer, S.P.; Baer, M.R.; Sausville, E.A.; Lapidus, R.G.; Zhang, D.; Zhu, Y.; et al.

Clinical and laboratory studies of the novel cyclin-dependent kinase inhibitor dinaciclib (SCH 727965) in acute leukemias. Cancer
Chemother. Pharmacol. 2013, 72, 897–908. [CrossRef]

40. Hwang, D.W.; So, K.S.; Kim, S.C.; Park, K.M.; Lee, Y.J.; Kim, S.W.; Choi, C.M.; Rho, J.K.; Choi, Y.J.; Lee, J.C. Autophagy Induced by
CX-4945, a Casein Kinase 2 Inhibitor, Enhances Apoptosis in Pancreatic Cancer Cell Lines. Pancreas 2017, 46, 575–581. [CrossRef]

41. Subramaniam, D.; Periyasamy, G.; Ponnurangam, S.; Chakrabarti, D.; Sugumar, A.; Padigaru, M.; Weir, S.J.; Balakrishnan, A.;
Sharma, S.; Anant, S. CDK-4 inhibitor P276 sensitizes pancreatic cancer cells to gemcitabine-induced apoptosis. Mol. Cancer Ther.
2012, 11, 1598–1608. [CrossRef]

42. Criscitiello, C.; Viale, G.; Esposito, A.; Curigliano, G. Dinaciclib for the treatment of breast cancer. Expert Opin. Investig. Drugs
2014, 23, 1305–1312. [CrossRef]

43. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
[PubMed]

44. di Magliano, M.P.; Logsdon, C.D. Roles for KRAS in pancreatic tumor development and progression. Gastroenterology 2013,
144, 1220–1229. [CrossRef] [PubMed]

45. Grochola, L.F.; Taubert, H.; Greither, T.; Bhanot, U.; Udelnow, A.; Wurl, P. Elevated transcript levels from the MDM2 P1 promoter
and low p53 transcript levels are associated with poor prognosis in human pancreatic ductal adenocarcinoma. Pancreas 2011,
40, 265–270. [CrossRef] [PubMed]

46. Kotler, E.; Shani, O.; Goldfeld, G.; Lotan-Pompan, M.; Tarcic, O.; Gershoni, A.; Hopf, T.A.; Marks, D.S.; Oren, M.; Segal, E. A
Systematic p53 Mutation Library Links Differential Functional Impact to Cancer Mutation Pattern and Evolutionary Conservation.
Mol. Cell 2018, 71, 178–190. [CrossRef] [PubMed]

47. Petitjean, A.; Mathe, E.; Kato, S.; Ishioka, C.; Tavtigian, S.V.; Hainaut, P.; Olivier, M. Impact of mutant p53 functional properties on
TP53 mutation patterns and tumor phenotype: Lessons from recent developments in the IARC TP53 database. Hum. Mutat. 2007,
28, 622–629. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/12429644
http://doi.org/10.1182/blood-2005-04-1678
http://www.ncbi.nlm.nih.gov/pubmed/15972445
http://doi.org/10.1016/j.ijrobp.2020.05.005
http://doi.org/10.1158/1078-0432.CCR-20-4781
http://doi.org/10.4161/cc.5.22.3463
http://doi.org/10.1016/j.ejca.2010.08.001
http://doi.org/10.1038/bjc.2017.288
http://www.ncbi.nlm.nih.gov/pubmed/28859059
http://doi.org/10.3390/cancers9050042
http://www.ncbi.nlm.nih.gov/pubmed/28452926
http://doi.org/10.1016/S0039-6060(98)70114-X
http://doi.org/10.1007/s00535-013-0767-4
http://www.ncbi.nlm.nih.gov/pubmed/23435671
http://doi.org/10.1186/1471-2407-14-624
http://www.ncbi.nlm.nih.gov/pubmed/25164437
http://doi.org/10.1097/MPA.0000000000000760
http://www.ncbi.nlm.nih.gov/pubmed/28099251
https://www.ebi.ac.uk/gxa/home
http://doi.org/10.1007/s00280-013-2249-z
http://doi.org/10.1097/MPA.0000000000000780
http://doi.org/10.1158/1535-7163.MCT-12-0102
http://doi.org/10.1517/13543784.2014.948152
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://doi.org/10.1053/j.gastro.2013.01.071
http://www.ncbi.nlm.nih.gov/pubmed/23622131
http://doi.org/10.1097/MPA.0b013e3181f95104
http://www.ncbi.nlm.nih.gov/pubmed/21404460
http://doi.org/10.1016/j.molcel.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/29979965
http://doi.org/10.1002/humu.20495


Int. J. Mol. Sci. 2022, 23, 4409 17 of 17

48. Brosh, R.; Rotter, V. When mutants gain new powers: News from the mutant p53 field. Nat. Rev. Cancer 2009, 9, 701–713.
[CrossRef]

49. Brown, M.S.; Diallo, O.T.; Hu, M.; Ehsanian, R.; Yang, X.; Arun, P.; Lu, H.; Korman, V.; Unger, G.; Ahmed, K.; et al. CK2
modulation of NF-kappaB, TP53, and the malignant phenotype in head and neck cancer by anti-CK2 oligonucleotides in vitro or
in vivo via sub-50-nm nanocapsules. Clin. Cancer Res. 2010, 16, 2295–2307. [CrossRef]

50. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

51. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef]

52. SKlearn. Available online: https://scikit-learn.org/stable/index.html (accessed on 25 November 2021).

http://doi.org/10.1038/nrc2693
http://doi.org/10.1158/1078-0432.CCR-09-3200
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/bioinformatics/btt656
https://scikit-learn.org/stable/index.html

	Introduction 
	Results 
	Effects of Silmitasertib and Dinaciclib on Cell Proliferation, Biomass, and Metabolic Activity 
	Silmitasertib and Dinaciclib Induced Cell Deaths in PDAC Cell Lines 
	Expression and Genetic Variants of Silmitasertib or Dinaciclib Target Genes 
	KRAS and TP53 Gene Variants Were Observed in PDAC Cell Lines 
	KRAS Variants and Expression in PDAC Cell Lines 
	KRAS and Inhibitor Response 
	TP53 Variants and Expression in PDAC Cell Lines 
	TP53 and Inhibitor Response 


	Discussion 
	Materials and Methods 
	Kinase Inhibitors 
	Cell Lines and Cell Culture 
	Cell Viability Assays 
	Proliferation 
	Metabolic Activity 
	Biomass Quantification 

	Identification of IC50 
	Apoptosis and Necrosis Analyses 
	Nucleic Acid Extraction 
	Whole Exome Sequencing 
	Variant Calling Filtering Strategy 
	Gene Expression Analyses 
	Response-Based Clustering Strategy 
	Statistical Analyses 

	Conclusions 
	References

