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Abstract

BACKGROUND

Pancreatic adenocarcinoma (PAAD) is a cancerous tumor with extremely poor five-year
survival. The exploration of biomarkers for the diagnosis and treatment of PAAD is
crucial in clinical practice. Kriippel-like factors (KLFs) are involved in a variety of
biological functions in cells. According to multiple studies, KLF16 behaves as an

oncogene in prostate, breast, and gastric cancers. However, no research has been done

on the significance of KLF16 in PAAD.

AIM

This study aimed to explore the molecular mechanisms of KLF16 in PAAD.

METHODS

KLF16 was identified in the tumor specimens and normal tissues by GEPIA
database and verified by quantitative real-time PCR (qRT-PCR). Knockdown or
exogenous expression of KLF16, combined with in vitro and in vivo assays, was
performed to show the functional significance of KLF16. The molecular mechanism of
KLF16 was demonstrated by qRT-PCR, western blotting, immunoprecipitation assay

and flow cytometry.

RESULTS

We showed that KLF16 was highly expressed in PAAD patients based on the GEPIA
database. KLF16 silencing suppressed, while KLF16 overexpression promoted, the
malignant function of PAAD cells. Based on RNA sequencing, we discovered that
KLF16 potentiated the expression of SMAD6 in PAAD cells. SMAD6 transcript
abundance was increased and positively correlated with KLF16 expression in PAAD
samples. In addition, inhibiting SMAD6 was able to mitigate the effects of KLF16
overexpression on PAAD cell processes, suggesting the importance of SMADS6 in the
development of KLF16-triggered PAAD.




CONCLUSION
KLF16/SMADS6 axis might be explored as a therapeutic target for PAAD therapy.
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Core Tip: Our study provided the evidence that KLF16 acted as an oncogene in PAAD.
We also identified that SMADS6 served as the downstream substrate of KLF16 and this
signaling cascade has never been reported. This mechanism indicated a novel insight

into the pathological events during the development of PAAD.

INTRODUCTION

Pancreatic adenocarcinoma (PAAD) ranks fourteenth in incidence, with about 496,000
new cases (2.6%) per year, but seventh in mortality, with roughly 466,000 (4.7%) deaths
per year, according to GLOBOCAN 2020 (1). Due to its dismal prognosis, experts expect
that pancreatic cancer will rank third in terms of fatality by 2025 (2). Currently, the only
way to improve the outcomes of this condition is to diagnose it early (3). However,
since the early signs of PAAD are not well-defined, it is difficult to diagnose, even when
it progresses fast to neighboring organs (4). As a result, new unique and useful
biomarkers for the diagnosis and prognosis of PAAD are required.

Three zinc finger DNA binding domains distinguish the Kriippel-like factor (KLF),
which belongs to the SP/KLF transcription factor family (5). KLF binds to GT or GC-
rich regions and regulates transcription as an activator or repressor, depending on the
promoter type (6). The KLF16 gene is located on chromosome 19 that participates in

various cellular activities, such as proliferation, metabolism, and death (7). Various




studies on the role of KLF16 in cancer have been published in recent years, with mixed
results. It has been reported that KLF16 promoted progression of breast cancer via
activating MAGT1 (8). Ma et al found that KLF16 enhanced colorectal carcinoma
progression by modulating nucleolar homeostasis and translational reprogramming (9).
On the other hand, in some malignancies, KLF16 functions as an oncogenic suppressor.
It has been reported that KLF16 suppressed human glioma cell proliferation and
tumourigenesis by regulating TFAM (10). Nevertheless, understanding the molecular
mechanisms of KLF16 in PAAD is still limited.

MATERIALS AND METHODS

The Cancer Genome Atlas provided clinical samples

A total of 350 cases, which encompassed 171 normal and 179 tumor specimens, were
analyzed from the database of Gene Expression Profiling Interactive Analysis (GEPIA)
(http:/ / gepia.cancer-pku.cn/index.html) database, which combines the TCGA database
and GEO database.

Cell culture

Shanghai Institutes for Biological Sciences (Shanghai, China) provided the AsPC-1 and
MIA PaCa-2 cell lines. Cells were incubated in Eagle’s minimal essential medium
(MEM) with 10% fetal bovine serum (FBS), in a 37°C incubator supplemented with 5%
COs. L-glutamine and sodium pyruvate were both supplied by Gibco and added to the
medium to ensure constant cell growth.

Quantitative real-time PCR (qRT-PCR)

Cultivated cell lines were lysed in TRIzol (Ambion). To reverse transcribe 500 ng of
RNA template, the Takara PrimeScript RT Reagent Kit was employed. The following
primers were used: KLF16-F: 5'-TGGGCAAACCCTGAAGACA-3' and KLF16-R, 5'-
GTTGCACAGATGGGAAGAAA-3; SMAD6-F:5- CCTCCCTACTCTCGGCTGTC-3,
and SMAD6-R, 5- GGTAGCCTCCGTTTCAGTGTA-3; and p-actin-F: 5'-
CATGTACGTTGCTATCCAGGC-3, p-actin-R, 5'-CTCCTTAATGTCACGCACGAT-3".




RT-qPCR was conducted on real-time PCR system (7500 Fast, Life Technologies
Holdings Pte Ltd). The expression of targeted genes was adjusted to p-actin.
Knockdown and overexpression assay

Specific small interfering RNAs (siRNAs) targeting KLF16 (siKLF16#1, siKIF16#2) and
SMADS (siSMAD6#1, siSMAD6#2) and negative controls siRNA (siCtrl) were provided
by Genechem (Shanghai, China). For transient transfection, Invitrogen’s Lipofectamine
RNAiIMAX transfection reagent was employed. The sequences used were as follows:
siKLF16#1 (5"-GGGUUCUUCCAAAGAACAU-3), siKLF16#2 (5"~
GGUAUCACGUGACAAUCAA-3"), siSMAD6#1 (5-CCACATTGTCTTACACTGAAA-
3), siSMAD6#2  (5-CTCCATCAAGGTGTITCGACTT-3) and siCtrl  (5'-
UUCUCCGAACGUGUCACGU-3).

KLF16-pCDNA3.1 was overexpressed using Lipofectamine 3000 (Thermo Fisher
Scientific). shRNA targeting SMAD6 (shSMAD6) purchased from Genechem (Shanghai,
China) was used for lentiviral transduction.

Western blotting

To lyse the cells, the RIPA lysis buffer (Beyotime) was used. This solution contains the
protease inhibitor cocktail (Roche). To detect protein amount present in the lysates, a
Bradford reagent manufactured by Sigma was used. After that, 30 pg of protein per row
was run on SDS-PAGE gels and then immunoblotted onto a 0.22 m polyvinylidene
fluoride membrane (Roche). The membranes were incubated for an hour with 5%
nonfat milk solution that dissolved in TBST. After adding primary antibodies against
KLF16 (Santa Cruz, sc-377519, 1:1000), SMAD6 (Abcam, ab273106, 1:1000), and GAPDH
(Abcam, ab8245, 1:1000), the membrane was incubated at 4°C overnight. After that, the
secondary antibody specific to primary antibody was added. An Odessey CLx system
uncovered evidence of the presence of protein bands (LI-GOR, USA).

Cell Counting Kit-8 and cell colony

The CCK-8 (Beyotime) was applied to determine cell proliferation rate. In all, 1 x 103
transfected cells were planted in 200pL complete medium. A total of 20pL of CCK-8

was used to treat the cells and cultured for a further two hours at 37 °C, followed by




OD450 measurement. For cell colony assay, 1.2 x 10° transfected cells were planted in
six-well plates with 2 mL of complete media and cultivated for 14 days. Every three
days, the medium was replaced. The cells were fixed with methanol and stained with
0.1% crystal violet (Solarbio).

Flow cytometry

In a six-well plate, 2x10° AsPC-1 and MIApaca-2 cells were planted per well. Flow
cytometry was performed on cells 48 h after transfection with siKLF16#1, siKLF16#2,
siCtrl, or KLF16 overexpressed plasmid and Ctrl plasmid.

A cell cycle staining kit (Yeasen, China, Cat No. 4040301) was used to detect the cell
cycle. The cells were fixed for two hours at 4 °C in 75% ethanol. The cells were stained
with a staining solution containing 10pL propidium iodide and 10pL RNaseA in a
volume of 0.5mL. The cells were stained for 30 mins at 25°C and then subjected to
analysis with the Guava easyCyte HT system (Millipore) after passing through a screen
with a mesh size of 400. The cell cycle was analyzed by a flow cytometry system.

The Annexin V Apoptosis Detection Kit (Invitrogen, Cat No. 88-8007) was used to
examine apoptosis. The cells (1 to 5 x 10°) were collected in 1X binding buffer and were
incubated with staining solution in the dark for 15 minutes. The samples were analyzed
using the Guava easyCyte HT system (Millipore) within 1h.

Cell migration

5.0 x 104 AsPC-1 or MIApaca-2 cells in 300pL medium were planted in the upper
chambers of 24-well Corning® FluoroBlokTM Cell Culture Inserts (NY, United States).
The bottom chamber was added to 600pL medium which contained 10% FBS. The
migrating cells were stained by 0.1% crystal violet. Images of migrating cells were
collected under a microscope.

RNA sequencing

RNA sequencing (RNA-seq) was carried out on MIA PaCa-2 cells using a technology
manufactured by Illumina called the Illumina HiSeq TM 4000. The sequencing reads
were processed using the Fast-QC program. The investigation of the signaling pathway

was carried out by KEGG after the KLF16 knockdown.




Tumor xenograft

Vital River Company (Beijing, China) provided the Balb/c nude mice (4-6 wk, female).
MIA PaCa-2 cells were subcutaneously implanted into three different groups of nude
mice (n = 5). On days 20, 25, 29, 33, 38, and 43, the tumor’s volume was assessed. Tumor
volume =4/3 x 1 x [(length (1) + width (w)) / 4]3 (11). The mice were euthanatized after
43 days, and the tumor tissues were surgically removed and studied. Every experiment
that included animals was carried out in compliance with the Principles on the
Protection of Experimental Animals that are outlined by the Beijing Friendship
Hospital.

Analysis of the data

Data were presented as mean standard deviation and analyzed by using Graphpad
Prism 8.0 software. When comparing the difference between or more groups, Student’s
t test or one-way ANOVA followed by Turkish multiple comparison test was applied.

Statistical significance was considered when P < 0.05.

RESULTS

KLF16 is upregulated in pancreatic adenocarcinoma samples

To examine the functions of KLF16 in PAAD, we interrogated the GEPIA database
(http:/ / gepia.cancer-pku.cn) and assessed the expression of KLF16 across different
tumor histocytes. We found that KLF16 was overexpressed in almost all tumors (Figure
1A). More importantly, we found that KLF16 upregulation was observed in 179 PAAD
patients compared with 171 healthy subjects (P < 0.05, Figure 1B).

KLF16 regulates pancreatic adenocarcinoma cell proliferation

To examine if KLF16 could influence the progression of PAAD cells, we performed
knockdown and overexpression studies. Firstly, we showed that KLF16 expression was
significantly reduced in PAAD cells transfected with siRNAs against KLF16, indicating
that the knockdown was effective (Figure 2A, 2B). The number of cell colonies and
viability of PAAD cells were significantly reduced when KLF16 was knocked down

(Figure 2C-2F). Then overexpression experiments were conducted. The results showed




that KLF16 overexpression was successful (Figure 2G, 2H). When KLF16 was
overexpressed in AsPC-1 and MIA PaCa-2 cells, both the cell viability and the number
of cell colonies considerably increased (Figure 2I-2L). These findings indicated that
KLF16 accelerated the proliferation of PAAD cells.

KLF16 regulates apoptosis and the cell cycle

We then investigated the impact of KLF16 on the PAAD cell cycle as well as the
apoptotic process. Following KLF16 knockdown, an enhanced number of the cells at
GO0/G1 phase and a reduced number of the cells G2/M phase were observed (Figure
3A). When KLF16 was overexpressed in cells, the opposite effects were found (Figure
3B). Apoptosis in the cells was inhibited after KLF16 overexpression, whereas it was
significantly promoted by KLF16 downregulation (Figure 3C and 3D).

KLF16 regulates pancreatic adenocarcinoma cell migration

Following that, we investigated whether KLF16 influenced the migration of cells. After
KLF16 was knocked down, the amount of cell migration was dramatically reduced
(Figure 4A). When KLF16 was overexpressed, the number of migrating cells increased
(Figure 4B). According to these findings, KLF16 could regulate the migration of the
PAAD cell.

SMADG6 participates in the tumor promoting function of KLF16 in pancreatic
adenocarcinoma cells

RNA-seq studies were carried out so that we could determine the pathways that KLF16
is responsible for in the development of PAAD. As shown in Figure 5A, the suppression
of KLF16 in MIA PaCa-2 cells resulted in downregulation and upregulation of several
genes. Figure 5B displays the top ten pathways that were discovered by cluster analysis
to be associated with these genes. Autophagy-related genes were found to be among the
most highly upregulated genes, while ribosome-related genes were the most highly
downregulated. A highly expressed SMAD6 gene that had not been characterized
before was found in PAAD. As a result, we investigated the connection between KLF16
and SMAD6. After KLF16 was either knocked down or overexpressed, respectively, we

found that there was either a considerable rise or reduction in the levels of SMADG6




(Figure 5C and 5D). In addition, SMAD6 expression was increased in PAAD tissues
retrieved from the TCGA database (Figure 5E). According to the findings of the study of
correlation, the level of expression of KLF16 was shown to have a positive association
with the level of expression of SMAD6 (r = 0.37, Figure 5F). Collectively, KLF16
promoted the expression of SMADG6 in PAAD cells and tissues.

SMADG6 regulated PAAD cell proliferation and migration

Following that, we explored the impact of SMAD6 on PAAD cells. qPCR was used to
test the efficiency of SMAD6 knockdown or overexpression, as shown in Figure 6A. The
ability of PAAD cells was suppressed by SMAD6 downregulation, while it was
increased when SMAD6 was overexpressed (Figure 6B). This oncogenic function of
SMAD6 was further validated by the findings that the number of migrating cells was
greatly inhibited by downregulation of SMAD6 (Figure 6C) but was stimulated after
SMAD6 overexpression (Figure 6D). According to these findings, SMAD6 was
responsible for PAAD cell proliferation and migration.

SMADG6 knockdown rescues the effects of KLF16 overexpression in pancreafic
adenocarcinoma cells

To understand how SMADG6 interacted with KLF16 overexpression, we investigated the
impact of SMAD6 knockdown on KLF16-mediated PAAD. The protein level of SMAD6
was moderately elevated in MIA PaCa-2 cells transfected with KLF16 and was
drastically reduced in cells transfected with KLF16+shSMAD®6 (Figure 7A). The viability
of MIA PaCa-2 cells improved when KLF16 was overexpressed, but SMAD6
knockdown had a significant adverse effect on that viability (Figure 7B). Moreover, we
overexpressed SMADG6 in the KLF16 knockdown AsPCI cells. SMAD6 was significantly
downregulated in the KLF16 knockdown cells, while the protein level of SMAD6 was
rescued after SMAD6 overexpression (Figure 7C). The viability of AsPC1 cells was
impaired when KLF16 was knocked down, but SMAD6 overexpression had a
significant adverse effect on that viability (Figure 7D). In vivo tumor transplantation
investigations validated these results as well, showing that the tumor size and volume

of xenografts increased after KLF16 overexpression in nude mice injected with MIA




PaCa-2 cells, but decreased following SMAD6 knockdown (Figure 7E-7G). Overall,
SMAD6 knockdown rescued the effects of KLF16 overexpression in PAAD cells.

DISCUSSION

KLF16 was highly expressed in PAAD patients based on the GEPIA database. KLF16
silencing suppressed, while KLF16 overexpression promoted, the malignant function of
PAAD cells. Based on RNA sequencing, we discovered that KLF16 potentiated the
expression of SMAD6 in PAAD cells. SMADS6 transcript abundance was increased and
positively correlated with KLF16 expression in PAAD samples, and inhibiting SMAD6
was able to mitigate the effects of KLF16 overexpression on PAAD cell processes,
suggesting the importance of SMADG in the development of KLF16-triggered PAAD
Pancreatic adenocarcinoma, a very aggressive tumor of the digestive system, is difficult
to diagnose and treat. PAAD is also known as pancreatic ductal adenocarcinoma, a kind
of pancreatic cancer that accounts for the vast majority of cases (95%) (12).
Accumulation of genetic alterations, such as KRAS, CDKN2A /P16, TP53, and SMAD4
contributes to the progression of PAAD (13, 14). These abnormalities may be used to
develop a novel effective therapy targeting PAAD.

KLFs refer to zinc finger transcription factors involving in various developmental
processes through enhancing and/or repressing the expression of several genes (15).
KLF3, KLF4, KLF12, and KLF15 are only a few of the KLFs that participate in the
formation and advancement of PAAD. KLF3 is a pancreatic cancer cell growth inhibitor,
according to the study conducted by Wan et al(16). KLF12 was found to be a miR-137
target and inhibited the cancer stem cell phenotype in pancreatic cancer cells (17). In
contrast, Zhu et al found that downregulated Caveolin-1 by KLF4 maintained pancreatic
cancer epithelial-mesenchymal transition and metastasis (18). As a member of KLFs,
KLF16’s function in PAAD is less clear. During our research, we observed that
pancreatic adenocarcinoma samples and cells had elevated levels of KLF16. By

completing knockdown and overexpression studies on KLF16, we were able to show




that it controlled PAAD cell malignancy. These studies were carried out using PAAD
cells.

SMADES6, a member of the SMAD family, was discovered in the 1990s and serves as a
key mediator of the TGF signaling pathway (19, 20). In mammalian cells, eight SMAD
have been discovered (21). SMAD4 Loss predicts poor prognosis in PAAD (14), while
SMAD? has been discovered to be adversely regulated in PAAD (22). SMAD6 was
shown to be downregulated in patients with colorectal cancer (23), while its
upregulation was associated with poor patient survival from lung cancer (24).
Experiments using RNA sequencing were carried out so that we could determine the
specific mechanism by which KLF16 is involved in the development of PAAD. It has
been reported that KLF16 acted as a transcriptional repressor (25). In the present study,
KLF16 expression was discovered to have a favorable positive correlation with SMADS6,
which was considerably upregulated. In this context, it was suggested that SMADS is
not the directed target gene of KLF16. Hence, the role of KLF16 in regulating SMAD6
expression required further experimentation. Finally, we showed that SMADG6
expression was elevated in PAAD samples as well. SMAD6 knockdown inhibited
PAAD cell proliferation and migration, but SMAD6 overexpression increased PAAD
cell advancement. In addition, inhibiting SMAD6 in PAAD cells reversed the effects of
KLF16 overexpression. Overall, KLF16 is an oncogenic protein in PAAD that positively
influence SMAD6 expression.

Although this study can fully explain the mechanism of KLF16 on the proliferation and
migration of PAAD cells, the lack of prognosis information of patients makes this study
limited to a certain extent. It will be further verified in human pancreatic cancer tissues
in the future, so as to better support the experimental results and enhance the credibility

of the study.

CONCLUSION
The role that KLF16 and SMAD6 play in PAAD was investigated in this work. Both

genes carried out their oncogenic functions and contributed to the development of




PAAD. Furthermore, we identified a strong correlation between KLF16 and SMAD6
expression levels. KLF16 and SMAD6 appear to have the potential to act as both a novel

prognostic marker and a potential therapeutic target for PAAD, based on our findings.
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