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Abstract

Background: Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal malignancy with limited
treatment options. Investigating novel therapeutic targets and understanding mechanisms of chemoresistance
are crucial for improving patient outcomes. This study investigated the role of CKS1B in PDAC carcinogenesis,
stemness and chemoresistance, and explores the underlying mechanisms driving its upregulation. The findings
may provide novel therapeutic insights and potential strategies for the treatment of PDAC.

Methods: CKSIB expression was analyzed in PDAC tissues and cell lines, its impact on cell proliferation,
migration, apoptosis, stemness and chemosensitivity were evaluated by using in vitro and in vivo models, and its
underlying mechanistic connection to transcription factor FOXMI was explored by using molecular biology
methods.

Results: CKS1B was significantly upregulated in PDAC tissues and correlated with poor patient survival.
CKSIB promoted PDAC cell proliferation, migration, and inhibited apoptosis. Expression of CKS1B enhanced
the stemness properties of pancreatic cancer. CKS1B knockdown sensitized PDAC cells to the treatment of
gemcitabine and oxaliplatin. Mechanistically, CKSIB is transcriptionally regulated by FOXMI, establishing a
novel FOXM1-CKS1B signaling axis that regulates carcinogenesis, proliferation, migration, stemness, apoptosis,
and drug resistance in PDAC.

Conclusions: Our findings strongly suggest that CKS1B plays a critical role in PDAC progression, stemness
and chemoresistance. Targeting the FOXMI-CKS1B axis represents a promising therapeutic strategy for
PDAC patients.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), with
a predicted five-year survival rate of only 9%, remains
a devastating disease with high mortality[1, 2]. This
dismal prognosis stems from late-stage diagnosis,
often with systemic metastases, highlighting the
crucial need for novel therapeutic approaches|2].
Developing novel therapeutic approaches requires a

deeper understanding of the mechanisms underlying
PDAC development and progression.

Cell cycle dysregulation and compromised
differentiation are hallmarks of malignant tumors.
Pharmacological agents targeting specific cell cycle
components, have shown promise in cancer
treatment[3-7]. CKS1B, a protein with high functional
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conservation, plays a crucial role in cell cycle
regulation. It acts as a cofactor for p27
ubiquitination[8], interacts with CDK subunits[9, 10]
and is involved in G1/S transition[11-13], G2/M
arrest[14, 15], and apoptosis across various
cancers[16-18]. CKS1B overexpression has been linked
to the progression of numerous malignancies[12, 14,
19-21], underscoring its potential oncogenic role.

Recent studies have also implicated CKS1B in
chemoresistance. Identified as a ubiquitin-like protein
system resistance gene[22], CKS1B induces resistance
to inhibitors of ubiquitin-like protein synthesis. In
PDAC, CKS1B expression has been shown to be
upregulated[23] and correlated with immune
infiltration[24]. However, the mechanisms of
gemcitabine resistance in PDAC are diverse and
complex, and whether CKS1B influences gemcitabine
resistance and its mechanisms remains a significant
research gap. Cancer stem cells (CSCs) possess an
abundance of protective drug transport proteins,
conferring inherent resistance to chemotherapy[25].
Additionally, the pancreatic cancer stem cells (PCSCs)
exhibit self-renewal, differentiation capacity, and
insensitivity to therapeutic drugs[26]. Elucidating the
mechanisms that maintain stemness in PDAC could
provide new insights for overcoming
chemoresistance.

Forkhead box protein M1 (FOXM1), a key
cell-cycle regulator[27-29], is also known to be
involved in PDAC progression[30-32]. Elevated
FOXM1 expression correlates with poor prognosis
and promotes drug resistance by augmenting DNA
damage repair, mitigating reactive oxygen species
(ROS), and modulating tumor stemness[30, 33].
Although its role in advanced PDAC and acquired
chemoresistance is not fully elucidated, FOXM1
presents a promising therapeutic target.

This study examined the expression of CKS1B
and the mechanistic connection between CKS1B and
FOXM1 in PDAC pathogenesis, investigated the
function of CKS1B and FOXM1 in therapeutic
resistance, and identified potential therapeutic
strategies for PDAC treatment by targeting
FOXM1-CKS1B axis.

Results

CKSI1B upregulation in PDAC associates with
poor patient prognosis

Previous studies have reported CKSI1B
upregulation in certain types of tumors. To
investigate its potential role of CKS1B and mechanism
in PDAC, we first analyzed its expression in human
PDAC using TCGA and GEO databases. We observed
significantly higher CKS1B expression in PDAC

tissues compared to that in normal pancreatic tissues
(Fig. 1A). The finding was validated by
immunohistochemistry (IHC) analysis from The
Human Protein Atlas (https://www.proteinatlas.
org/) and our own IHC staining on the mouse PDAC
tissues from LSL-KrasG12D/*; LSL-Trp53R172H/4+; Pdx1-Cre
(KPC) (Fig. 1B, 1C).

To assess the clinical significance of CKSI1B
expression in PDAC, we analyzed data from the
TCGA PDAC cohort and found statistically significant
associations between CKS1B expression and several
patient  characteristics, including history  of
radiotherapy, chronic pancreatitis history, age (<60
years), early-stage PDAC classification (Grade I), and
T2 stage (Supplementary Fig. 1). Furthermore,
receiver operating characteristic (ROC) curve analysis
demonstrated that the area under the curve (AUC)
values were 0.778, 0.955 and 0.951 at 1, 3, and 5 years,
respectively, indicating that CKSIB expression
effectively predicted patient prognosis (Fig. 1D).
Notably, patients with high CKS1B expression had
significantly shorter overall survival (OS) than that
with low CKS1B expression (Fig. 1E). Therefore,
CKS1B was upregulated in PDAC and negatively
correlated with patient survival, highlighting its
potential as a prognostic marker and therapeutic
target in PDAC.

CKS1B upregulation correlates with cell
proliferation during PDAC development

To investigate the expression of CKS1B and its
role in pancreatic carcinogenesis, we analyzed mouse
single-cell sequencing data from the GSE141017
dataset. The analysis revealed that CKS1B was
enriched in acinar-to-ductal metaplasia (ADM) lesion
cell populations (Supplementary Fig. 2A). Further
analysis of RNA-sequencing dataset GSE132326
demonstrated that CKSIB expression progressively
increased during the transition from pancreatitis to
PDAC, particularly in the context of Kras mutations
and inflammation (Supplementary Fig. 2B).
Therefore, CKS1B played a significant oncogenic role
in PDAC progression.

To validate our findings, we established various
animal models of pancreatitis and PDAC. We induced
systemic inflammatory acute pancreatitis (AP) using
L-arginine (L-ARG)[34, 35] and cholestatic AP using
Sodium Taurocholate[36, 37] Histopathological
examination revealed significant inflammation,
including edema, hemorrhage, and necrosis, while
Ki-67 positivity remained unchanged, consistent with
CKS1B staining (Supplementary Fig. 2C).

We induced pancreatic ADM lesions using
caerulein (CAE) treatment, pancreatic duct ligation
(PDL), and genetically engineered Kras-mutant KC
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mice (LSL-KrasG2P/+; Pdx1-Cre). Histological analyses
identified ADM lesions at 72 and 96 h following CAE
treatment, with observed upregulation of both CKS1B
and Ki67 within these lesions (Fig. 2A). Similar
findings were noted in PDL-induced ADM at 72 h
(Supplementary Fig. 2D). In the context of PDAC
driven primarily by Kras mutations, increased
expression of CKS1B and Ki67 was also detected in
the KC-induced spontaneous ADM model compared
to control areas (Supplementary Fig. 2E).
Additionally, CKS1B mRNA levels were upregulated
across these models (Supplementary Fig. 2F).

Mouse 266-6 cells were also treated with TGF-a
to induce ADM. RT-PCR analysis showed that CKS1B
expression was upregulated in the treated cells (Fig.
2C). Similarly, MIA PaCa-2 cells, which retains some
acinar cell characteristics, also underwent ADM
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transformation following CKS1B overexpression (Fig.
2C). IHC analyses also revealed an increased CKS1B
expression in ADM, pancreatic intraepithelial
neoplasia (PanIN), and PDAC that spontaneously
arose in KPC mice. This wupregulation was
significantly correlated with Ki67 staining (Fig. 2B
and Supplementary Fig. 2G). Additionally, multiplex
IHC (mIHC) validated these observations, indicating
simultaneous upregulation of CKS1B and CK19,
coupled with amylase downregulation during PDAC
initiation and  progression (Fig. 2D and
Supplementary Fig. 2H). These findings collectively
suggest a critical link between CKS1B expression and
the development and progression of PDAC and
further support the role of CKSIB in promoting
pancreatic carcinogenesis.
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Figure 1. CKS1B Upregulation in PDAC Associates with Poor Patient Prognosis. (A) The expression of CKS1B in human pancreatic cancer analyzed using multiple
datasets, including TCGA-GTEx, GSE32676, GSE16515, and GSE71729. P, 2.2e-16, 0.011, 7e-10 and 3.9e-14, respectively. (B) IHC staining of CKSIB protein expression in
PDAC and normal pancreatic tissues from The Human Protein Atlas database. (C) H&E and IHC staining were used to assess CKS1B expression levels in pancreatic tissues from
33-week-old KPC mice, with wild-type (WT) mice serving as controls. (D) The AUC values for the ROC prognostic model were 0.778, 0.955 and 0.951 at I, 3 and 5 years,
respectively. (E) Kaplan—-Meier OS curves of patients with PDAC according to CKSIB scores in TCGA and GSE71729 datasets.
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Figure 2. CKS1B Upregulation Correlates with Cell Proliferation during PDAC Development. (A) Expression of CKSIB and Ki67 was analyzed in ADM cells at 72
and 96 hours after CAE treatment by IHC. Untreated mice served as normal controls. (B) IHC demonstrated the upregulation of CKSIB and Ki6é7, as pancreatic lesions
progressed from ADM and PanIN to PDAC in 33-week-old KPC mice, with WT mice serving as normal controls. Pancreatic lesions were confirmed by H&E staining. (C) RT-PCR
analysis quantified CKS1B, CK19, and amylase “AMY” expression in 266-6 cells treated with TGF-a versus untreated controls, and in MIA PaCa-2 cells overexpressing CKS1B
compared to pc3.1 vector controls. (D) Multiplex immunohistochemistry demonstrated the expression of CKS1B, CK19 and amylase, as pancreatic lesions evolved from ADM
and PanIN to PDAC in 33-week-old KPC mice. WT mice served as normal controls. Scale bars: 50 ym.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

1051

CKSI1B overexpression enhances growth and
migration of PDAC cells

Analysis of 12 pancreatic cancer cell lines
revealed a generally elevated CKS1B expression
compared to normal human pancreatic duct epithelial
(HPDE) cells. Notably, BxPC-3 and CFPAC-1 cells
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displayed higher levels of CKS1B expression, whereas
PL45 and MIA PaCa-2 cells exhibited lower levels
(Supplementary Fig. 3A). Consequently, these four
cell lines were chosen to manipulate CKS1B

expression for further experiments (Supplementary
Fig. 3B, 3C).
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Figure 3. CKS1B Overexpression Enhances Growth and Migration of PDAC Cells. (A) CCK-8 assay revealed a significant increase in proliferation of PL45 and MIA
PaCa-2 cells overexpressing CKS1B. (B)CCK-8 assay demonstrated a significant decrease in proliferation of BxPC-3 and CFPAC-1 cells following CKSIB knockdown. (C-D)
Colony formation assays showed reduced proliferation in BxPC-3 and CFPAC-1 cell lines following CKS1B knockdown. (E-F) Migration ability of BxPC-3 and CFPAC-1 cell lines
with CKS1B knockdown by transwell assays. Scale bars: 100 pm. (G) Wound healing assays in PDAC cells transfected with CKS1B overexpression or knockdown, with pc3.1 or
NC as controls. Scale bars: 400 um. (H) Flow cytometry analysis of the effect of CKS1B expression on the cell cycle.
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CKS1B overexpression promoted cell growth in
PL45 and MIA PaCa-2 cells (Fig. 3A), whereas CKS1B
knockdown suppressed cell growth and colony
formation in BxPC-3 and CFPAC-1 cells (Fig. 3B-D).
CKS1B knockdown decreased migration ability in
BxPC-3 and CFPAC-1 cells, while CKS1B
overexpression enhanced migration in PL45 and MIA
PaCa-2 cells (Fig. 3E-G and Supplementary Fig. 3D).
Additionally, CKS1B knockdown significantly
hindered the G2 to mitosis transition (Fig. 3H and
Supplementary Fig. 3D). These findings suggest that
CKSI1B plays a critical role in promoting cell growth
and migration in PDAC cells.

CKSI1B expression enhances the stemness
properties of PDAC

Many malignant behaviors of tumors are closely
related to the stem cell-like properties of tumors[38,
39]. To investigate whether CKS1B could increase the
stemness properties of PDAC, we analyzed human
RNA-sequencing data from TCGA. We observed a
robust correlation between CKS1B expression and
PDAC stemness (Supplementary Fig. 4A). Further
analysis of stemness signature proteins, including
ABCG2, C-MYC, ALDH1, BMI-1 and CD24, which are
commonly used for the detection of PCSCs[40-42],
revealed that the upregulation of CKS1B is positively
correlated with the expression of these markers (Fig.
4A and 4B).

Both CD44 and CD24 positive pancreatic cancer
cells are considered PCSCs[43]. Immunocytochemical
analysis showed that the ratio of CD24*/CD44* cells
was significantly affected by CKS1B (Supplementary
Fig. 4E). Additionally, the proportion of CD133* cells,
also recognized as PCSCs, was notably affected by
CKS1B expression (Supplementary Fig. 4F). The
sphere formation assay, a classical method to measure
the self-renewal property of CSCs in vitro[44],
demonstrated that overexpression and
downregulation of CKSI1B significantly influenced
both the size and number of spheres formed by PDAC
cells (Fig. 4C, Supplementary Fig. 4B, 4C).

Consistent with the in vitro results, in vivo
limiting dilution tumorigenicity assays showed that
tumors overexpressing CKS1B grew at a significantly
faster rate than control tumors. When the number of
injected cells was reduced to 1x10°or 1x10%, palpable
tumors appeared earlier in the CKS1B-overexpressing
group compared to the control group (Fig. 4D-4F).
The tumors formed from CKSI1B-overexpressing
PDAC cells were larger than those formed from
control cells (Supplementary Fig. 4D). Furthermore,
expression levels of CKS1B, PCNA, BMI-1, OCT-4,
and CD44 were higher in the CKS1B-overexpressing
tumors compared to the control tumors (Fig. 4G).

Collectively, our data demonstrate that
overexpression of CKS1B significantly increases the
frequency of CSCs in pancreatic cancer cells.

CKS1B mediates drug resistance in PDAC
cells by blocking gemcitabine and
oxaliplatin-induced apoptosis

Previous studies have identified CKSIB as a
potential resistance gene that enhances tumor cell
drug resistance in multiple myeloma[45] and lung
cancer[46]. Additionally, CKS1B has been shown to
selectively induce resistance to inhibitors of
ubiquitin-like protein synthesis, but not to other
antitumor drugs[22]. To investigate the association
between CKS1B expression and chemotherapy
resistance in PDAC, as well as to elucidate the
underlying mechanisms, we downloaded the
expression data of TCGA-PAAD from UCSC XENA
based on the GDSC drug database, and then used as a
test data for the “calcPhenotype” function of the
“oncoPredict” package. We revealed strong
correlations between CKS1B expression and
sensitivity to both gemcitabine and oxaliplatin
(Supplementary Fig. 5A-5B). Additionally, cells with
elevated CKS1B expression exhibited significantly
higher IC50 values for these drugs, indicating
enhanced drug resistance (Fig. 5A).

To investigate the impact of CKS1B on drug
sensitivity, BxPC-3 and CFPAC-1 cells were treated
with increasing concentrations of gemcitabine and
oxaliplatin. We observed that CKS1B expression
increased in response to drug treatment (Fig. 5B).
Notably, knockdown of CKS1B significantly
enhanced the sensitivity of these cells to both drugs,
resulting in increased growth inhibition (Fig. 5C).

Deregulated apoptotic signaling can lead to
uncontrolled  proliferation, resulting in tumor
survival, therapeutic resistance and cancer
recurrence[47, 48]. To determine whether CKSI1B
contributes to chemotherapy resistance by inhibiting
apoptosis, flow cytometry analysis was conducted.
The results revealed a significant increase in apoptotic
cells following CKS1B knockdown, particularly after
treatment with gemcitabine (Fig. 5D). Additionally,
CFPAC-1 cells with high CKS1B expression exhibited
a reduced percentage of apoptosis compared to
HPAC cells with low expression (Supplementary Fig.
5C). Immunocytochemistry revealed elevated levels
of cleaved caspase-3 and cleaved caspase-9 in the
CKS1B-knockdown cells, indicating activation of the
apoptotic pathway. Notably, this effect was most
pronounced in cells co-treated with gemcitabine
(Supplementary Fig. 5D). These findings indicate that
CKS1B is crucial in mediating chemoresistance in
pancreatic cancer through apoptosis inhibition.
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Figure 4. CKS1B Expression Enhances the Stemness Properties of PDAC. (A) RT-PCR analysis of cancer stem cell markers Bmi-1, ABCG2, ALDHI, CD24, and
C-MYC in CKSIB knockdown PDAC cell lines, with NC as the control. (B) The protein levels of CKS1B, ABCG2, C-MYC, ALDHI, and Bmi-1 in CKS1B-overexpressing and
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CKS1B enhances proliferation, resistance, and
stemness of PDAC in vivo

To assess the impact of CKS1B on the malignant
phenotype of PDAC in wvivo, nude mice were
subcutaneously injected with CFPAC-1 cells and
divided into four groups: negative control siRNA
(“NC”), siRNA, NC+GEM, and siRNA+GEM. These
groups received intratumoral = CKS1B-siRNA
injections and intraperitoneal gemcitabine injections

A

(Fig. 6A). Knockdown of CKS1B significantly reduced
tumor growth rate and overall tumor weight
compared to the control groups (Fig. 6B-6D).
Gemcitabine treatment further delayed tumor growth
in both NC+GEM and siRNA+GEM groups, with the
latter exhibiting the most pronounced regression (Fig.
6B-6D). No significant side effects were observed in
mice treated with CKS1B-siRNA or the combination
therapy (data not shown).

i

o | TCGA TCGA
245 _ 2300 R= * v @ "
- =0.205, p=0.0053 §15‘ T-test, p=0.033 §I300 R=0.435, p=7.58e-10, § 00, T-test, p=7.6e-07
210 ¢ £200 c
= ‘ 210 g — S 200|
] ] - =
£ s £1001 s
2 S5 . g S 100/
E 8, =5
i gy P ki o = &
6 7 8 High Low 6 7 8 Hig Low
B CKS1B CKS1B
% ..BxPC3 CFPAC-1 CFPAC-1
3 3 3 S
poes 4
Z 2 "
E ns I
g1 2
3 1
& 1 i 0
0 0.010.05 0.1 0.5 0o 1 5 10 20 0 0.0010.01 0.1 05 0 1 S5 25 50
C Gemcitabine (uM) Oxaliplatin (pM) Gemcitabine (uM) Oxaliplatin (pM)
g 8 BxPC-3 o NC = siRna 80 BxPC-3 . 1004 CFPAC-1 p— CFPACA1 S
] # w 8 o $
e 6 P
5 60 : s 6
.S 4 40 4 4
g
£ 2 20 20 2
[
= 0 - v v - T T v : T T T b T T T T 0 o b 4 T T T T
0 0.0100501 05 0 02 1 5 25 0 0.0050.010.05 0.1 0 20 30 40 50
Gemcitabine (uM) Oxaliplatin (uM) Gemcitabine (uM) Oxaliplatin (uM)
£ 607 BxPC3
D g |
BxPC-3 CFPAC-1 w
GEM (uM) 0 0.05 0 0.01 4
3 = ‘g 201
P 4 WP del 8 :
g = Iy L CKS1B-siRNA b +
2 i o ] e - -
@ ¥ ﬁ“’ 4"5‘* Gemcitabine . . + o+
" “ = 40
| P e ] s 30
g iy S| e | -
H iy 3 g B 2
[+ A R o
a ‘T ‘ W & g 104
% o
- o ||ea [~ 5
. o |l . < 0l
i o CKS1B-siRNA . + . +
Gemcitabine . s + +
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expression and responsiveness to Oxaliplatin and Gemcitabine, illustrated by a scatter plot. The horizontal axis showed CKSIB expression levels, and the vertical axis
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treatment.
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Histological analysis revealed a smaller necrotic
area in siRNA and siRNA +GEM groups, indicating
slower tumor growth (Supplementary Fig. 6A).
Immunostaining for Ki67 and PCNA showed a

controls (Fig. 6E, 6F, Supplementary Fig. 6B, 6C).
Immunocytochemical analysis showing elevated
levels of cleaved caspase-3 and cleaved caspase-9 in
the CKS1B-knockdown group compared to control,

decreased proliferation in tumors treated with siRNA  especially after gemcitabine treatment
and siRNA+GEM, while TUNEL assays demonstrated =~ (Supplementary Fig. 6D).
increased apoptosis in these groups compared to
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Figure 6. CKS1B Enhances Proliferation, Resistance, and Stemness of PDAC In Vivo. (A) Assessment of the impact of CKS1B on PDAC tumor growth in vivo. (B)
CFPAC-1 cells were subcutaneously injected into NOD/SCID mice, and tumors were transfected with NC-siRNA or CKS1B-siRNA (n=6), followed by Gemcitabine treatment
(n=5). A representative image was shown. (C) Tumor volume were assessed in mice after different treatments (n=6) with Gemcitabine (n =5). (D) Tumor weight were assessed
in mice after different treatments (n=6) with Gemcitabine (n=5). (E) The expression levels of CKSIB, Ki-67, and PCNA in tumors were assessed by IHC. (F) Apoptosis rate in

tumor tissues was analyzed using the TUNEL assay. Scale bars: 100 pm.
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To investigate whether CKSIB in PDAC
modulates CSCs and contributes to chemotherapy
resistance, IHC analysis of tumor samples was
performed. CKS1B knockdown decreased the
expression of BMI-1, OCT-4, CD44 and SOX2,
particularly after gemcitabine treatment
(Supplementary Fig. 6E). These findings collectively
suggest that CKS1B inhibition suppresses tumor
growth and enhances the efficacy of gemcitabine by
promoting apoptosis, and CKSIB may facilitate
chemotherapy resistance through its regulation of
CSCs.  This intricate link warrants further
investigation to fully elucidate the therapeutic
potential of targeting CKS1B in PDAC.

CKS1B mediates FOXMI-regulated cell
proliferation, migration and stemness

To elucidate the mechanisms underlying CKS1B
upregulation in PDAC and its association with
malignancy, we leveraged the GEPIA platform to
reveal a strong positive correlation between CKS1B
and the transcription factor FOXM1 (http://gepia
.cancer-pku.cn/index.html; Supplementary Fig. 7A).
As expected, FOXM1 knockdown dramatically
decreased both protein and mRNA levels of CKS1B in
human PDAC cells, accompanied by a cell cycle
blockade  (Fig. = 7A).  Conversely, = FOXM1
overexpression led to a substantial increase in CKS1B
expression (Supplementary Fig. 7B, 7C). Subcellular
localization studies in human PDAC cells and tissues
revealed nuclear expression of FOXM1 and CKS1B,
suggesting their potential functional interaction (Fig.
7B, Supplementary Fig. 7D). This finding aligns with
previous reports demonstrating FOXM1-mediated
CKS1B regulation in osteosarcomal[49].

To confirm CKS1B as a direct target of FOXM1,
we identified potential FOXM1 binding sites within
the CKS1B promoter using the JASPAR database (Fig.
7C). Chromatin immunoprecipitation (ChIP) assays
confirmed the presence of two predicted binding sites,
BS1 (-15 to -95) and BS2 (-155 to -253) (Fig. 7D).
Further validation was provided by luciferase
reporter assays using vectors with either the intact or
mutated CKS1B promoter. In cells overexpressing
FOXM]1, the intact promoter luciferase activity was
significantly ~enhanced, whereas the mutated
promoter, lacking functional FOXM1 binding sites,
showed no response (Fig. 7E). These results highlight
the essential role of FOXM1l-driven CKS1B
transcriptional activation.

Given the established role of FOXM1 promoting
PDAC progression, we next investigated whether
CKS1B was involved in the PDAC malignant
phenotype regulated by FOXM1. We overexpressed
CKS1B in BxPC-3 and CFPAC-1 cells with either

FOXM1 knockdown or control expression
(Supplementary Fig. 7E, 7F). Overexpression of
CKS1B reversed the suppressed tumor growth
(Supplementary Fig. 7G), migration (Supplementary
Fig. 7H, 7I) and CSCs self-renewal (Fig. 7F) observed
in FOXM1-knockdown cells compared to their control
counterparts. Conversely, knocking down CKS1B in
BxPC-3 and CFPAC-1 cells overexpressing FOXM1
(Supplementary Fig. 7], 7K) demonstrated that
CKS1B knockdown reversed the enhanced tumor
growth (Supplementary Fig. 7L), migration
(Supplementary Fig. 7M, 7N), and CSCs self-renewal
(Fig. 7F) associated with FOXM1 overexpression.
Collectively, our data strongly indicate that FOXM1
upregulates CKS1B expression transcriptionally in
PDAC cells and CKS1B is instrumental in mediating
FOXM1-driven tumor proliferation, migration, and
stemness, thereby promoting tumor progression.

Discussion

PDAC remains a highly aggressive malignancy
with limited therapeutic options. Gemcitabine is the
mainstay of treatment, but chemoresistance is a major
hurdle leading to poor clinical outcomes[1, 50].
Chemoresistance in PDAC is a complex phenomenon
involving interactions between cancer cells, CSCs, and
the tumor microenvironment. Our study sheds light
on a novel mechanism underlying gemcitabine
resistance, focusing on CKSIB and its role in
FOXM1-mediated tumorigenesis and chemoresis-
tance.

Our findings demonstrates that CKSIB
expression is upregulated during pancreatic
carcinogenesis and correlates with poor patient
prognosis, aligning with previous reports[23, 24].
Analysis of single-cell and RNA-sequencing datasets
and our various mouse models revealed progressive
CKS1B upregulation from pancreatitis to PDAC,
suggesting its potential as a biomarker for early
disease detection. Functional studies confirmed that
CKS1B promotes cell proliferation, migration, and
inhibits apoptosis in PDAC cells, both in vitro and in
vivo. KRAS, CDKN2A, TP53, and SMAD4 are the
primary driver oncogenes in PDAC, with KRAS
mutations occurring in over 90% of cases[51].
Consequently, extensive efforts have been made to
target KRAS therapeutically over the past few
decades, although the outcomes have been largely
disappointing. Preclinical studies on KRASG2P
inhibitors, such as MRTX1133[52] and RMC-6236[53],
emphasize the therapeutic potential of KRAS
mutations. Notably, upregulation of CKS1B has been
observed in early lesions harboring KRAS mutations,
suggesting that the association between Kras
mutations and CKS1B warrants further investigation.
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Given that CKS1B expression progressively increases
during tumorigenesis and KRAS mutations occur
early in this process, KRAS-mutant cells with high
CKS1B expression exhibit substantial potential for
malignant transformation in PDAC. These findings

G 3 W

underscore the potential role of CKSIB in
KRAS-driven = PDAC  development.  Further
investigation into the CKS1B-KRAS interaction could
provide new avenues for early diagnosis and targeted
therapies.
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Figure 7. FOXMI Enhances the Malignant Phenotype of PDAC by Upregulating CKS1B Expression. (A) Protein levels of FOXMI, CKSIB, cyclinD1 and P27 in
PDAC cells transfected with FOXMI-siRNA, while their RNA expression was assessed using RT-PCR. (B) Co-localization of FOXM1 and CKSIB observed in human PDAC
cells, Scale bars: 10 um. (€) Schematic FoxMI conserved binding site, predicted FoxM1 binding sites in CKS1B promoter by GTRD and JASPAR database, and primer pairs for
ChlIP. (D) ChIP assay to determine the binding of FOXMI to the promoter of CKSIB. IgG was used as a negative control. Representative results were shown. (E) Luciferase
reporter assay with elimination of FoxM1 binding sites by base mutation in the promoter of CKS1B. (F) Tumor sphere size and density indicated that CKS1B overexpression
rescued the inhibition of tumor sphere formation capacity caused by FOXMI knockdown, whereas CKS1B knockdown reduced the promotion of tumor sphere formation

capacity induced by FOXMI overexpression in PDAC cells.
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Our investigation identified a close association
between CKS1B and PDAC CSCs. CSCs was
characterized by their capacity for self-renewal and
differentiation, play pivotal roles in tumor
progression, invasion, and drug resistance[40, 54, 55].
CKS1B  knockdown  significantly reduced the
self-renewal capacity and number of CSCs, as
evidenced by in vitro tumor sphere formation,
increased CD44+CD24+/CD133* cell populations, and
decreased expression of CSCs markers (ABCG2,
C-MYC, ALDH1, BMI-1). These markers are critical as
they reflect the reprogramming of cells into CSCs and
promoting cellular plasticity, which enables tumor
cells to adapt to environmental changes and enhance
their survival[40-43]. Limiting dilution tumorigenesis
experiments further confirmed these findings.
Targeting CKS1B may offer a promising strategy to
eradicate CSCs and improve treatment outcomes.
Gemcitabine is a cornerstone of chemotherapy
regimens for PDAC, yet the intricacies of its resistance
mechanisms warrant further exploration. Shi et al.
proposed that CKS1B, as an oncogenic factor, could be
considered a drug resistance-inducing gene[22].
Elevated expression of CKS1B has been shown to
significantly enhance cellular resistance in multiple
cancers, including multiple myelomal[45],
hepatocellular carcinomal[21], and lung cancer[46]. In
pancreatic cancer, Li et al.[24] utilized the pRRophetic
algorithm to identify that the IC50 values of common
chemotherapeutic agents, such as gemcitabine, 5-FU,
and paclitaxel, were lower in patients with high
CKS1B expression. This paradox prompted further
investigation into the impact of CKS1B expression on
chemotherapy sensitivity in pancreatic cancer.
Therefore, our study identified a strong association
between CKS1B expression and resistance to
gemcitabine  and  oxaliplatin, two  DNA
synthesis-related drugs commonly used in PDAC
treatment according to RNA-sequence dataset. Drug
exposure led to increased CKS1B levels, while CKS1B
knockdown = significantly enhanced PDAC cell
sensitivity to these drugs, both in vivo and in vitro,
which is consistent with previous observations that
CKS1B-high patients have poor prognosis in other
tumors. Published data supports that resistance to
apoptosis contributes to increased chemotherapy
drug resistance in tumor cells. For instance, Bcl-2
family proteins are known to modulate gemcitabine
sensitivity in pancreatic cancer cells[56], and TIMP1
has been shown to counteract gemcitabine resistance
by promoting apoptosis[57]. We observed that CKS1B
knockdown combined with gemcitabine treatment
significantly enhanced apoptosis and reduced
proliferation in PDAC cells, associated with activation
of cleaved caspase-3 and caspase-9 both in vivo and in

vitro models. Enhancing apoptosis has been shown to
delay gemcitabine resistance[58, 59], suggesting that
strategies to promote apoptosis could be effective in
treating tumors, either alone or in conjunction with
chemotherapy. Furthermore, it is well-documented
that CSCs in PDAC modulate tumor cell sensitivity to
gemcitabine[60, 61]. Our findings also indicate a
reduction in stemness protein expression following
combined CKSIB knockdown and gemcitabine
treatment. In conclusion, consistent with previous
studies, CKS1B is recognized as a potential drug
resistance gene in various tumors. Our findings
further elucidate the mechanism of gemcitabine
resistance in pancreatic cancer, demonstrating that
CKS1B functions as a key gene in mediating resistance
to gemcitabine. It achieves this by promoting
apoptosis and enhancing stemness, thereby reducing
gemcitabine efficacy. These findings suggest that
CKS1B may serve as a prognostic marker in
pancreatic cancer and a potential therapeutic target
for overcoming drug resistance, offering new
opportunities to improve patient survival through
combination chemotherapy.

The oncogenic transcription factor FOXM1 is
significantly overexpressed in numerous cancer types,
including pancreatic, lung adenocarcinoma, and
hepatocellular carcinoma. FOXM1 is a
well-established regulator of cell cycle progression,
proliferation, apoptosis, and other processes critical
for tumorigenesis[62]. Dysregulated expression of
FOXML1 in pancreatic cancer substantially drives the
progression of PDAC[63], largely due to its role in
regulating cell cycle and proliferation[62]. Through its
highly conserved sequences in the DNA-binding
Forkhead box and C-terminal trans-activation
domains, FOXM1 primarily exerts its functions by
directly targeting downstream genes[64]. For
instance, elevated FOXM1 expression positively
regulates glycolysis by transactivating the PDK1
promoter[65] and promotes hepatocellular carcinoma
progression by regulating KIF4A expression[66].
Thus, targeting FOXM1’s downstream genes offers a
promising avenue for molecular therapies against
various malignancies. Wang et al. demonstrated that
FOXM1  regulates @ CKSIB  expression in
osteosarcoma[49]. Given this background, it is
intriguing to explore whether FOXMI1 regulates
CKS1B in pancreatic cancer, potentially contributing
to the malignant phenotype of PDAC. Currently, no
studies have specifically characterized the role of the
FOXM1-CKS1B axis in tumors. Here, we identified a
novel regulatory axis wherein FOXM1 directly binds
to the CKSIB promoter and upregulates its
expression, thereby contributing to the malignant
phenotype of PDAC cells. Targeting CKS1B may be
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clinically significant in counteracting the oncogenic
role of FOXM1 and could play an essential role in
delaying PDAC progression.

Previous studies have linked high FOXM1
expression in PDAC with poor prognosis and
gemcitabine resistance[67, 68]. Yan Chen reported
that knockdown of FOXM1 with siRNA promotes
apoptosis in FaDu cells[69], while destabilizing the
FOXM1 protein induces G2/M cell-cycle arrest and
apoptosis and blocks tumor progression[70, 71].
Consistent with these findings, our data illustrate that
CKS1B contributes to chemoresistance in PDAC by
inducing apoptosis. We have identified a novel
FOXM1-CKS1B axis capable of regulating multiple
malignant biological behaviors, suggesting that the
apoptosis-inducing effects of CKS1B may also be
mediated under the regulation of FOXM1. Madhi et al.
reported a positive correlation between FOXM1 and
PD-L1 expression in LUAD patients[72], identifying
FOXM1 as a key transcription factor in regulating
immune checkpoint inhibitor (ICI) responses[73].
Additionally, Li and colleagues demonstrated that
CKS1B  knockdown by short hairpin RNA
significantly reduced pancreatic cancer cell viability
and invasion through regulation of PD-L1
expression[24]. Consequently, further investigation is
warranted to explore whether the FOXM1-CKS1B axis
regulates PD-L1 expression, which could open new
avenues in immunotherapy. In conclusion, our newly
identified FOXM1-CKS1B axis represents a promising
therapeutic target for PDAC intervention.

In recent years, research on the antitumor effects
of FOXM1 inhibitors has been actively pursued.
Derivatives of natural compounds, including casticin
and honokiol, have shown the ability to suppress
FOXM1 activity and its downstream effector
molecules. Through high-throughput screening,
compounds such as RCM1, FDI-6, 9R-201, NB-55,
NB-73, and NB-115 have been identified as highly
specific FOXM1 inhibitors[74]. However, no FOXM1
inhibitors have yet entered clinical trials,
underscoring the urgent need for in-depth
mechanistic studies of FOXM1 to develop safer and
more effective therapeutic agents. Our research
demonstrates that the FOXM1-CKS1B axis plays a
critical role in various malignant biological
phenotypes of pancreatic cancer, including
tumorigenesis, proliferation, migration, stemness, and
chemoresistance. Thus, targeting the FOXM1-CKS1B
axis presents a promising therapeutic approach,
offering new directions for the development of
FOXML1 inhibitors.

Our study has limitations. Future clinical trials
are necessary to validate our observations and
translate them into clinical applications. Additionally,

the specific roles of CKS1B in immune infiltration and
autophagy in PDAC require further investigation[24].
Unraveling these mechanisms will provide a more
comprehensive understanding of CKS1B's role in
PDAC and pave the way for the development of more
effective treatment strategies.

In conclusion, our study unveiled the functional
significance of CKSIB  throughout PDAC
development. CKS1B played a crucial role in
promoting cell proliferation, migration, and stemness
in PDAC, ultimately contributing to tumor
progression and chemoresistance. The CKS1B-FOXM1
axis represents a promising therapeutic target for
PDAC, offering potential avenues for improving
treatment outcomes. Further research is warranted to
fully elucidate the mechanisms underlying CKS1B's
role in PDAC and to develop effective strategies
targeting this pathway.

Materials and Methods

Cell lines and culture

Human pancreatic ductal acinar cell lines
BxPC-3, CFPAC-1, MIA PaCa-2, PANC-1, Panc02 and
PL45 were obtained from Procell Life Science &
Technology. BxPC-3 and Panc02 cells were cultured in
RPMI 1640 (Gibco), while CFPAC-1 cells were
cultured in IMDM (Gibco). PANC1, MIA PaCa-2 and
PLA45 cells were cultured in DMEM (Gibco). All media
were supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Cells were
maintained at 37°C in a humidified chamber with 5%
CO2. Cells were passaged with 0.25% trypsin/2.21
mM EDTA in PBS when they reached 90% confluency.
All the cell lines were obtained between 2020 and
2022, routinely tested for mycoplasma contamination
within the last 6 months by using PCR, and used at
passage numbers <15 for this study after reception or
thawing in our laboratory.

Cell proliferation assay

Cell proliferation was assessed using the Cell
Counting Kit-8 (CCK-8) assay. Briefly, 1000 cells were
seeded in 100 pL of medium per well of a 96-well
plate. After transfection with siRNA according to the
manufacturer's protocol, the medium was changed to
a low-serum medium. After 24, 48, 72 and 96 h, 10 pL
of CCK-8 solution was added to each well, and the
plate was incubated for 1 hour at 37°C. Absorbance at
450 nm was measured using a microplate reader.

For the drug-resistance assay, BxPC-3 and
CFPAC-1 cells were treated with different
concentrations of gemcitabine. The absorbance at 450
nm was measured after 48 hours of incubation.
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Colony formation assay

Colony formation was measured to assess cell
proliferation potential. A total of 2500 cells were
seeded per well in a six-well plate and cultured for 2
weeks. The medium was changed every 4 days.
Colonies were fixed with methanol for 20 minutes and
stained with 0.1% crystal violet. The number of
colonies was counted after staining.

Cell migration assay

A wound-healing assay was used to assess cell
migration ability. Cells were seeded in a 6-well plate
and transfected with siRNA according to the
manufacturer's protocol. Once the cells reached 90%
confluency, a sterile 200 pL pipette tip was used to
scratch three wounds through the cell monolayer.
Cells were washed with PBS to remove detached cells
and incubated for 0, 12, and 24 h. Images were
captured using an inverted microscope.

Transwell assay was assessed to investigate cell
migrant. 2x10% cells were seeded onto the top
chambers of 8 pym pore-size transwell inserts. After 48
h, invaded cells were fixed with methanol for 20 min
and stained with 0.1% crystal violet. The number of
invaded cells was counted after staining.

Tumor sphere formation assay

Tumor sphere formation was assessed to
evaluate cancer stem cell activity. 1x104 cells were
seeded per well in ultralow attachment six-well plates
and  cultured in  serum-free = DMEM/F12
supplemented with EGF (20 ng/mlL), bFGF (20
ng/mL), and B27 (1:50). After 5-7 days, formed tumor
spheres were counted under a phase-contrast
microscope.

Cell cycle and apoptosis analysis

Cells were seeded in 6-well plates at a density of
5x10° cells per well. For cell cycle analysis, cells were
harvested after 48 h of transfection, fixed in 75%
ethanol at 4°C overnight, and stained with PI/RNase
A solution using the Cell Cycle and Apoptosis
Analysis Kit according to the manufacturer's
instructions. For apoptosis analysis, cells were stained
with FITC Annexin V and PI using the Annexin
V-FITC Cell Apoptosis Detection Kit according to the
manufacturer's instructions. Cell cycle distribution
and apoptosis were analyzed by flow cytometry.

Chemotherapy Resistance Analysis

To investigate the relationship between CKS1B
expression and chemotherapy resistance, we trained
elastic net regression models using the oncoPredict R
package[75], based on public drug response data from
GDSC (Genomics of Drug Sensitivity in Cancer) and

CCLE (Cancer Cell Line Encyclopedia). These models
were applied to TCGA-PAAD expression data (from
UCSC XENA) to identify correlations between CKS1B
expression and drug sensitivity, with IC50 as the
measure. The calPhenotype function was used to
calculate the correlation between CKS1B expression
and sensitivity to oxaliplatin and gemcitabine.
Patients were then divided into high and low CKS1B
expression groups, and t-tests were used to compare
drug sensitivity between the two groups.

RNA isolation and RT-PCR

Total RNA was extracted from cells using a
RNAiso Plus reagent. Then cDNA was synthesized
using the PrimeScript RT reagent kit according to the
manufacturer's instructions. Primer sequences are
listed in the Supplementary Materials. The fold
change in gene expression was calculated using the
2-0ACt method.

Animal experiments

All animal experiments were conducted in
accordance with the animal experimental guidelines
of the South China University of Technology and
approved by their Institutional Animal Care and Use
Committee. Mice were housed under specific
pathogen-free conditions with a 12-h light/ dark cycle,
temperature of 22°C, and 55% humidity.

Xenograft mouse models

Six to eight-week-old male NOD/SCID mice
received subcutaneous injections of 1x10° CFPAC-1
cells suspended in 100 pL PBS mixed with Matrigel
(1:1) per flank. Once tumors reached 50-100 mm?,
mice were randomly divided into four groups (n=
5-6): (1) negative control siRNA, (2) CKS1B-siRNA, (3)
negative control + gemcitabine, (4) CKS1B-siRNA +
gemcitabine. Groups 2 and 4 received intratumoral
injections of in vivo-jet PEI Delivery Kit and CKS1B
siRNA (negative control) every 3 days to knock down
CKS1B expression. Groups 1 and 3 received in vivo-jet
PEI with negative control siRNA. Gemcitabine (50
mg/kg) or saline was administered intraperitoneally

every 3 days.
To evaluate tumor growth, six to eight-week-old
male C57BL/6 mice were utilized.

CKS1B-overexpressing Panc02 cells or vector control
(pc3.1) cells were prepared at various concentrations
in a 1:1 mixture of PBS and Matrigel, these
suspensions were subcutaneously injected into the left
(control group) and right (experimental group) dorsal
thighs of each mouse.

Tumor volume was measured and calculated
using a  Vernier caliper and  formula
(0.5xlengthxwidth?) every 3 days. Mice were
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sacrificed at the end of the experiment, and
subcutaneous tumors were collected for further
analysis.

Intratumoral injection of siRNAs

The siRNA formulation for intratumoral
delivery using in vivo-jet PEI was prepared according
to the manufacturer's instructions. Briefly, 5 pg of
siRNAs diluted in a sterile 5% glucose solution were
complexed with in vivo-jet PEI at a ratio of 0.12 pL per
1 pg siRNA. Formulated siRNAs were injected
intratumorally twice a week.

Pancreatitis and precancerous mouse lesions
models

The primary cell line 266-6 was seeded one day
prior to experimentation. RNA was collected after 24
h of induction with 50 nM TGF-a.

Six-to eight-week-old C57BL/6 mice (mixed
male and female) were used for pancreatitis and
precancerous lesion models. Pancreatitis was induced
by intraperitoneal injections of 2 g/kg L-arginine.
Retrograde ductal infusion-induced acute pancreatitis
was induced by infusing 2 mg/g 2% sodium
taurocholate into the pancreatic duct. Mouse
pancreata were harvested at specified time points.

Precancerous lesions were induced by
intraperitoneal injections of 80 pg/kg caerulein in 6-8
week old mice. Pancreatic duct ligation (PDL) models
were created by anesthetizing mice and surgically
exposing the pancreas. The pancreatic duct was
ligated with a 7-0 non-absorbable suture. Pancreata
were collected for immunolabeling at designated time
points.

TUNEL assay

CFPAC-1 tumors treated with gemcitabine
combination therapy were processed for paraffin
sections and TUNEL staining using the TUNEL
Apoptosis  Detection Kit according to the
manufacturer's instructions.

CHIP assay

Chromatin immunoprecipitation (ChIP) assays
were performed using the Simple ChIP Plus
Enzymatic Chromatin IP Kit according to the
manufacturer's  instructions. = Chromatin ~ was
immunoprecipitated with anti-FOXM1 antibodies.
ChIP-derived DNA was quantified using quantitative
RT-PCR with primers listed in the Supplemental
Materials.

Luciferase reporter assay

The CKS1B promoter sequence (-400 to 100, 500
bp) was synthesized and inserted into the multiple

cloning site (Kpn I and Nhe I) of the PGL3-Basic vector
(Promega, USA). The FoxM1 binding site 1 (BS1) was
mutated to “GGACCCCCCCGA” and FoxM1 binding
site 2 (BS2) was mutated to “TGGCCCCCCCGA”.
HEK293 cells were seeded into 24-well cell culture
plates at 5x10% cells per well. The cells were
co-transfected with 100 ng of reporter gene vector and
100 ng of FoxM1-pcDNA3.1 using Lipofectamine
2000. pcDNA3.1 was used as a control. Cells were
collected at 30 h after transfection to perform Renilla
luciferase activity assay (Promega, USA). The
fluorescence activity was normalized by protein
content.

Immunohistochemical analysis (IHC)

Formalin-fixed, paraffin-embedded sections (3.5
um) were deparaffinized and rehydrated. Subsequent
steps included heat-induced epitope retrieval with
citrate buffer (pH 6.0) or Tris/EDTA (pH 9.0),
endogenous peroxidase blocking with 3% H>O», and
non-specific protein blocking with 10% goat serum.
Overnight incubation with specific primary
antibodies (detailed in Supplementary Tables)
followed. After thorough washes in TBST, sections
were incubated with biotinylated secondary antibody,
exposed to diaminobenzidine, and counterstained
with Hematoxylin. Finally, after serial dehydration,
slides were mounted for microscopic examination.

Multiplex immunohistochemistry staining

Multiplex immunohistochemistry (mIHC) was
performed using the PANO Multiplex IHC kit
(Panovue, 10144100100). Formalin-fixed
paraffin-embedded  sections (3.5 pum) were
deparaffinized and rehydrated. Each slide underwent
several cycles of staining, including heat-induced
epitope retrieval with Tris/EDTA (pH=9.0),
endogenous peroxidase blocking with 3% H>O», and
non-specific protein blocking with 10% goat serum,
followed by incubation of primary antibodies and
corresponding horseradish peroxidase-conjugated
secondary antibody (Panovue, 10013001040). Finally,
tyramide signal amplification dyes were applied to
amplify fluorescence signals. The following primary
antibodies were used in sequential rounds of staining:
CKS1B (Invitrogen, Cat#36-6800, 1:100), CK19
(Abcam, Cat#ab52625, 1:500), amylase (Santa,
Cat#sc-46657, 1:500). Nuclei were counterstained with
DAPI, and coverslips were mounted with antifade
mountant.

Immunofluorescence

Cultured BxPC-3 and CFPAC-1 cells were fixed
with 4% paraformaldehyde formalin for 20 min at
room temperature. Tumor tissue sections (3.5 pm
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thick) underwent deparaffinization, rehydration, and
antigen retrieval (citrate buffer, pH 6.0 or Tris/EDTA,
pH 9.0). Both fixed cells and antigen-retrieved tissues
were permeabilized with 0.1% Triton X-100, followed
by incubation with blocking buffer (5% BSA in TBS
containing 0.025% Triton X-100) for 1 h. Overnight
incubation with the appropriate primary antibodies
(detailed in Supplementary Tables) was performed.
Corresponding  fluorochrome-conjugated  (Alexa
Fluor 488) secondary antibodies diluted in TBST
containing 5% BSA (1:1000) were subsequently used.
Nuclei were counterstained with DAPI (50 ng/mL),
and coverslips were mounted with antifade
mountant. Visualization of fluorescence was achieved
under a fluorescence microscope.

Western blot analysis

Cell lysates were prepared using SDS lysis
buffer, and protein samples were separated by 12%
SDS-PAGE gels and transferred to 0.22 um PVDF
membranes. Membranes were blocked with 5% milk
at room temperature. Subsequent incubation with
primary antibodies, followed by horseradish
peroxidase (HRP)-conjugated secondary antibodies,
was performed. Immunoreactive protein bands were
detected using a chemiluminescence solution. Protein
lysates were subjected to electrophoresis using a
methodology reported in the literature[76], and
images were automatically captured using the
ProteinSimple system equipped with a 25-capillary
cartridge (ranging from 2 to 40 kDa), EZ Standard
Biotinylated Ladder, and Detection Module
(ProteinSimple Japan Co. Ltd., Chuo-ku, Tokyo,
Japan). Analysis of target protein bands was
performed using Compass software provided by
ProteinSimple Japan Co. Ltd. The utilized antibodies
are listed in Supplementary Tables.

Supplementary Material

Supplementary figures and tables.
https:/ /www.ijbs.com/v21p1047sl.pdf
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