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ARTICLE INFO ABSTRACT

Keywords: Liver—intestine cadherin (CDH17) has been known to function as a tumor stimulator and diagnostic marker for
Cadherin-17 (CDH17) almost two decades. However, its function in highly malignant pancreatic cancer (PC) has yet to be elucidated.
0““’8?“ ) Using different strategies including siRNA, shRNA, and CRISPR technology, we successfully induced knockdown
Tumorigenesis and knockout of CDH17 in Panc02-H7 cells and established the corresponding stable cell lines. With these cells,
;;I;?gz'H7 cells we demonstrated that loss of CDH17 function not only suppressed Panc02-H7 cell growth in vitro but also
ShRNA significantly slowed orthotopic tumor growth in vivo, resulting in the significant life extension. In vitro studies
CRISPR demonstrated that impairing CDH17 inhibited cell proliferation, colony formation, and motility by mechan-

istically modulating pro- and anti-apoptosis events in PC cells, as CDH17 suppression obviously increased ex-
pression of Bad, cytochrome C, cleaved caspase 3, and cleaved PARP, and reduced expression of Bcl-2, Survivin,
and pAkt. In vivo studies showed CDH17 knockout resulted in apoptotic PC tumor death through activating
caspase-3 activity. Taken together, CDH17 functions as an oncogenic molecule critical to PC growth by reg-
ulating tumor apoptosis signaling pathways and CDH17 could be targeted to develop an anti-PC therapeutic
approach.

1. Introduction

Pancreatic cancer (PC) is the fourth-leading cause of cancer-related
death accounting for about 3% of all cancers and about 7% of all cancer
deaths [1,2]. The American Cancer Society estimates that in 2018,
about 55,440 people will be diagnosed with PC and 44,330 will die of
this disease; by 2030, PC will be the second-leading cause of cancer
death in the US [3]. Worldwide, PC accounts for more than 200,000
deaths every year with an average 5-year survival rate of < 6% [4,5].
Surgical resection is possible only for a few early-stage patients
(10-15%), but recurrence is common and the prognosis is very poor
[6,7]. The lack of progress in prevention, early diagnosis, metastasis
detection, and treatment underscores the need for increased efforts in
PC research [8,9].

In 1994, liver—intestine cadherin, called cadherin-17 (CDH17) or
human peptide transporter-1 (HPT-1), was characterized as a novel
member of the cadherin superfamily. The cadherin superfamily is a type
of cell adhesion molecules that play an important role in cell recogni-
tion, adhesion, and establishing cell-cell interaction [11,12]. Different
from other members, an extracellular region of CDH17 contains seven
cadherin domains [10]. As a component of the gastrointestinal tract,
pancreatic CDH17 was shown to play a role in the morphological or-
ganization of liver and intestine. Disruption in expression or function of
cadherins causes uncontrolled cell migration and proliferation during
tumor development [13], therefore, CDH17 was also deemed to play a
role in tumorigenesis and diagnosis [14]. In 2001, Grotzinger et al. first
reported that CDH17 is a reliable and powerful marker molecule that
can be used for early detection of gastric intestinal metaplasia and well-
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differentiated adenocarcinomas [15]. Their clinically relevant studies
with human tumor tissue validated the positive relationship between
CDH17 expression and gastric cancer progression [16]. In 2014, Dr.
Wang et al. demonstrated that CDH17 is able to induce tumorigenesis
and lymphatic metastasis in gastric cancer by activating NF-xB sig-
naling pathways [17]. In 2017, Li et al. reported that silencing CDH17
with siRNAs suppresses gastric cancer growth in vitro and in vivo [18].
In 2009, another group demonstrated that RNA interference-mediated
knockdown of CDH17 inhibited proliferation of both primary and
highly metastatic hepatocellular carcinoma (HCC) in vitro and in vivo
[19]. These studies reveal the tumorigenic effect of CDH17 and its
clinical value in cancer diagnosis and treatment.

Although CDH17 has been demonstrated to promote growth in
gastric and liver cancer for almost two decades [15], the role and me-
chanisms of action of CDH17 in other cancers including PC have yet to
be elucidated. Using approaches including siRNA, shRNA, or CRISPR
technologies, we have successfully conducted knockdown and knockout
of CDH17 in Panc02-H7 cells and established the corresponding stable
cell lines. Using these cells and approaches, we performed the loss-of-
function studies to comprehensively investigate the role of CDH17
disruption in modulating PC development and the underlying me-
chanisms. The results gained from our in vitro and in vivo experiments
suggest that CDH17 functions as an oncogene, promoting PC develop-
ment by modulating cell survival and apoptosis signaling pathways.

2. Materials and methods
2.1. Antibodies and plasmids

Antibodies against cleaved PARP, Akt, p-Akt (Thr308), Bcl-2, sur-
vivin, Bad, Bax, cytochrome C, cleaved caspase3, GAPDH, and Ki67
were purchased from Cell Signaling (Danvers, MA). Anti-mouse CDH17
antibody was purchased from R&D systems (Minneapolis, MN).
Antibodies against human CDH17, B-actin, E-cadherin, N-cadherin,
CDH16 were purchased from Abcam. All immunohistochemistry (IHC)
reagents including ImmPRESS™ HRP anti-rabbit IgG (Peroxidase)
(Cat#MP-7401), InmPACT DAB peroxidase (HRP) substrate (Cat#SK-
4105), and Hematoxylin (Cat#H-3404) were purchased from Vector
Laboratories (Burlingame, CA).

LentiCas9-EGFP plasmid (Cat#63592) and pLL3.7 plasmid were
purchased from Addgene (Cambridge, Massachusetts, USA), human and
mouse CDH17 recombinant plasmids were purchased from OriGene
(Rockville, MD).

2.2. Cell lines, medium, and culture

Mouse Panc02 cells were obtained from NIH. Panc02-H7 cells, an
invasive cell line derived from Panc02 [20], were a generous gift from
Dr. Keping Xie of MD Anderson Cancer Center. The cell line was
maintained in Dulbecco's Modified Eagle Medium (DMEM; Cellgro,
Manassas, VA) supplemented with 100 U/mL penicillin, 100 pg/mL
streptomycin, 2 mmol/L L-glutamine, 10 mmol/L HEPES, and 10% fetal
bovine serum (FBS) at 37 °C in a 5% CO, humidified atmosphere [21].
Human PC cell lines including Panc-1, MIA PaCa-2, and BxPC-3 were
purchased from ATCC (Manassa, VA). Human Panc-1 and MIA PaCa-
2 cells were cultured in DMEM supplemented with 10% FBS, 2.5%
equine serum and 100 U/mL penicillin, 100 ug/mL streptomycin at
37 °C in 5% CO, humidified incubator. Human BxPC-3 cells were cul-
tured in RPMI-1640 media supplemented with 10% FBS and 100 U/mL
penicillin, 100 pug/mL streptomycin at 37 °C in 5% CO, humidified in-
cubator.

2.3. Mice

Male C57BL/6 mice were purchased from Jackson Laboratory (Bar
Harbor, ME). All experiments with mice were performed under a
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protocol approved by the University of Missouri Animal Care and Use
Committee. All mice received humane care according to the criteria
outlined in the “Guide for the Care and Use of Laboratory Animals”.

2.4. CDH17 siRNA transfection

To knock down CDH17 with siRNA, the mouse and human PC cells,
grown to 50% confluence in 6-well plate, then received siRNA trans-
fection with RNAi-MAX Lipofectamine reagent (Invitrogen, Carlsbad,
CA). 5pmol siRNAs were used to transfect mouse Panc02-H7 cells,
30 pmol siRNA were transfected human Panc-1 or MIA PaCa-2 cells. All
the designed mouse or human CDH17-siRNAs or negative control (NC)
siRNAs were purchased from IDT (Coralville, IA). Eight hours post-
transfection, the medium was replaced with complete DMEM medium
containing 10% fetal bovine serum (FBS). Cells were cultured for an-
other 36 h for subsequent assays.

2.5. CDH17 recombinant plasmid transfection

To induce ectopic CDH17 expression in mouse and human PC cell
lines, the cells were grown to 70% confluence in 6-well plate, then
received transfection of 2.5 pg of mouse or human CDH17 recombinant
plasmid (OriGene, Rockville, MD) with Lipofectamine 3000 reagent
(Thermo Fisher Scientific, Waltham, MA). Eight hours post-transfection,
the medium was replaced with complete DMEM medium containing
10% FBS. Cells were cultured for another 48 h for subsequent assays.

2.6. Using shRNA approach to establish stable CDH17 knockdown cells

To knockdown CDH17 with shRNA, CDH17-shRNAs were designed,
synthesized, and annealed to form double chain DNA fragments which
were cloned into vector pLL3.7 between Hpal and Xhol sites [22]. The
recombinant CDH17-shRNA plasmid or scrambled shRNA plasmid to-
gether with helper plasmids pMD2.G and psPAX2 were transfected into
HEK293 cells to package the CDH17-shRNA-recombinant lentivirus.
The packaged virus particles in culture supernatant were harvested and
concentrated with Lenti-X Concentrator (Clontech, Fermont CA) 48 and
72h post-transfection. The recombinant lentivirus particles were first
infected into Panc02-H7 cells grown to 50% confluence; the medium
was changed to the normal culture medium 12h post infection. A
limited dilution method was used to generate single cell clones. Each
clone was amplified and the level of CDH17 mRNA expression in each
cell clone was measured with qPCR. The resultant stable cell clones
with significant CDH17 suppression were named as CDH17-shRNA-
Panc02-H7 cells.

2.7. Using CRISPR technology to establish stable CDH17 knockout cells

To knock out CDH17 with CRISPR technology, we first transfected
LentiCas9-EGFP plasmids to Panc02-H7 cells to establish stable Cas9-
expressing cell clones with the method described above. The crRNAs
specific for CDH17 and tracrRNAs were designed with online software,
CRISPR DESIGN (http://crispr.mit.edu) and synthesized with IDT
(Coralville, IA). 1 pul each of crRNA (100 uM), tracrRNA (100 uM), and
18 ul nuclease-free water were mixed and heated to 95 °C for 5 min then
cooled down to room temperature to form guide RNA duplex (gRNA).
The resultant gRNAs were transfected into stable Cas9-Panc02-H7 cells
with RNAi-MAX Lipofectamine (Invitrogen, Carlsbad, CA). Single-cell
clones were generated with limited dilution as described above.
Genomic DNAs from individual cloned cells were extracted using an SV
genomic DNA kit (Promega, Madison, WI). Using genomic DNA as a
template, we amplified targeted CDH17 DNA fragments with specific
primers. The DNA fragments were digested with T7 endonuclease 1 to
evaluate cutting efficiency mediated by cas9 and gRNA. Sanger DNA
sequencing identified the specific base-depleted site in the targeted
DNA fragment. qPCR to measure mRNA expression was used to validate
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CDH17 knockout. The final confirmed stable CDH17-knockout cells
were named as CDH17-CRISPR-Panc02-H7 cells.

2.8. Establishing an orthotopic murine model of PC

PC cells grown to 90% confluence were harvested and suspended in
15% Matrigel in PBS; subsequently, these cells were injected into the
head of the pancreas of wild-type C57BL/6 mice at a dose of 2.5 x 10°
per mouse.

2.9. Proliferation and apoptosis detection

Cells grown to 90% confluence were harvested and seeded in a 96-
well plate at a dose of 2 x 10%/well and 8 x 10%/well. At the indicated
times, cell proliferation and apoptosis were measured with Proliferation
Assay Kit (Promega, Madison, WI) and Apo-one Homogeneous Caspase-
3/7 Assay kit (Promega, Madison, WI), according to the manufacturer's
instructions.

2.10. Colony formation assay

Cells grown to 90% confluence were harvested and seeded in 6-well
plate at a dose of 200 cells per well. Seven to 10 days later, cells were
rinsed in PBS and stained with 0.05% crystal violet for photography and
colony counting.

2.11. Wound healing assay

Cells grown to 90% confluence were harvested and seeded into 24-
well plate with an insert at a density of 2 x 10> cells per well. The insert
was removed carefully on the second day. The cell-free gaps were
measured over time, with an optical microscope (Zeiss).

2.12. Total RNA extraction and qPCR

Total RNAs were extracted with Trizol reagent (Invitrogen,
Carlsbad, CA). Reverse transcription of RNA to ¢cDNA was conducted
with High Capacity c¢cDNA Reverse Transcription Kits (Applied
Biosystems, Foster City, CA). qPCR was performed with QuantStudio 3
Detection System (ABI, Thermo Fisher) in a 20 uL reaction mixture
containing SYBR Green 1. Expression of different genes was normalized
to housekeeping gene 18S rRNA, and further analyzed using the 2 ~44¢T
method.

2.13. Western blot analysis

Cell or tumor lysate was respectively prepared with lysis protein
extraction reagent (Thermo Fisher Scientific, Inc) and M-PERTM
mammalian protein extraction reagent (Thermo Fisher Scientific, Inc).
After quantitating, an equal amount of proteins were loaded to perform
western blotting as previously described [18,23].

2.14. Lifespan analysis

Mice were monitored for the development of ascites, impairment of
gait and breathing, indicative of end-stage pancreatic tumors. Survival
curves were constructed with the Kaplan-Meier method via GraphPad
Prism software. Significance was determined by single-factor analysis of
variance and validated using the log-rank test. p values of < 0.05 were
considered significant.

2.15. Immunohistochemistry (IHC)
To make tumor tissue sections, PC tumor tissues, harvested from

tumor-bearing mice, were fixed in formalin for at least 12 h, followed
by dehydration with different grades of alcohol and chloroform: alcohol
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mixture, and embedded in paraffin. The resultant formalin-fixed par-
affin embedded (FFPE) blocks were used to make 4-um tissue sections.
To conduct IHC, tissue sections were de-paraffinized with xylene, re-
hydrated with various grades of alcohol (100%, 95%, 80% and 70%),
antigen unmasked with solution (Cat#: H-3300, Vector Laboratories),
permeabilized with 0.2% Triton X-100, blocked with serum, then in-
cubated with BLOXALL reagent (Cat#: SP-6000, Vector Laboratories) to
quench endogenous peroxidase. Subsequently, the sections were in-
cubated in succession with primary antibodies at optimized con-
centration, secondary antibody, and DAB substrate to develop color.

2.16. Statistics analysis

Paired data were analyzed using a 2-tailed paired student's t-test. A
p value of < 0.05 was considered significant [24].

3. Results

3.1. Different levels of CDH17 expression in distinct PC cells and their
derived orthotopic tumors

To investigate the role of CDH17 in PC tumor growth [15], we first
examined CDH17 expression in different PC cell lines and their derived
tumors. Using two mouse PC cell lines, including Panc02 and Panc02-
H7 cells, we established their orthotopic murine model by injecting the
cells into the head of the pancreas in wild-type C57BL/6 mice at a dose
of 2.5 x 10° cells per mouse (Fig. 1A). At 17 days post inoculation, the
average weight of tumors in each mouse induced by Panc02-H7 cells
was 1.443 g, which was significantly greater than 0.298 g induced by
Panc02 cells (Fig. 1B and C), suggesting tumors derived from Panc02-
H7 cells grow much faster than those from Panc02 cells. We harvested
Panc02 and Panc02-H7 cells, as well as their derived tumors, to extract
total RNA and protein. qPCR showed that the expression of CDH17
mRNA is slightly higher in Panc02-H7 cells compared to that in
Panc02 cells (Fig. 1D). However, CDH17 expression in orthotopic PC
tumors induced by Panc02-H7 cells was 3-fold higher than the tumors
derived from Panc02 cells (Fig. 1D). Western blot revealed that the level
of CDH17 protein expression in the tumors derived from Panc02-H7
cells was much higher than the tumors derived from Panc02 cells
(Fig. 1D). The different levels of CDH17 mRNA and protein (Fig. 1E)
expressions were also detected in three human PC cell lines with the
highest expression in Panc-1 cells. In addition, the results from the
human database demonstrate a higher level of CDH17 expression in
human PC tumors compared to that in normal human pancreases (Fig. 1
in Data in Brief). These data exhibit a positive relationship between
CDH17 expression and tumor growth, suggesting the potential effect of
CDH17 in advancing tumor progression.

3.2. siRNA, shRNA, and CRISPR-mediated knockdown or knockout of
CDH17 in Panc02-H7 cells and establishment of the corresponding stable
cell lines

To study the role of CDH17 in PC tumorigenesis, we first induced
CDH17 knockdown in Panc02-H7 cells with RNA interference (siRNA).
In doing so, three designed siRNAs for CDH17 were transfected into
Panc02-H7 cells (Fig. 2A). As shown, all three siRNAs could inhibit
CDH17 mRNA expression to a different extent compared to negative
control (NC) siRNAs. A maximum suppressive effect was observed in
siRNA-3 (Fig. 2B) where CDH17 mRNA expression was decreased to
about 30% of that in NC siRNA-transfected cells. Therefore, we selected
siRNA-3 for the following studies. Also, we demonstrated that siRNA-
mediated CDH17 suppression is able to last at least 10 days (Fig. 2 in
Data in Brief). Using the same strategies, we successfully conducted
siRNA-mediated knockdown and recombinant plasmid-mediated ec-
topic expression in human Mia-Paca-2, human Panc-1 cells, and mouse
Panc02-H7 cells (Fig. 3 in Data in Brief).
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Fig. 1. CDH17 expression in mouse and human PC cells as well as the tumors. (A) Establishing an orthotopic murine model of PC in wild-type C57BL/6 mice.
Panc02 or Panc02-H7 cells grown to 90% confluence were harvested and re-suspended in 15% Matrigel. These cells were injected into the head of the pancreas in
wild-type C57BL/6 mice at a dose of 2.5 X 10° cells per mouse. (B) The representative images of orthotopic PC tumors in wild-type C57BL/6 mice induced with
Panc02 and Panc02-H7 cells. 17 days post-injection of Panc02 and Panc02-H7 cell, all mice were euthanized for macroscopic examination of tumors. Observable
orthotopic tumors were seen in all mice and are indicated by green arrows. (C) The accumulated tumor weights. (D) Levels of CDH17 mRNA and protein expression in
mouse Panc02 and Panc02-H7 cells as well as their derived orthotopic PC tumors. Panc02 or Panc02-H7 cells grown to 90% confluence were harvested to extract
total RNAs and prepare cell lysate. These cells were injected into the pancreas of wild type C57BL/6 mice to grow tumors. The tumors were harvested 17 days post
cell inoculation and used to extract total RNAs and prepare tumor lysate. QPCR and western blot detected the higher expression of CDH17 in Panc02-H7 cells and
their derived tumors relative to that in Panc02 cells and the derived tumors. (E) Levels of CDH17 mRNA and protein expression in human PC cells. Three human PC
cell lines include BXPC-3, Panc-1, and Mia-Paca-2 were grown to 90% confluence, then harvested to extract total RNAs and prepare cell lysate. QPCR and western blot
detected much higher mRNA and protein expression of CDH17 in Panc-1 cells compared to that in human BXPC-3 and Mia-Paca-2 cells.

Based on siRNA-3, we designed CDH17-shRNA and used it to es-
tablish stable CDH17-knockdown cells [25]. To this end, CDH17-
shRNAs were inserted into plasmid pLL3.7 to construct recombinant
CDH17-shRNA plasmids, which were subsequently co-transfected into
HEK293 cells together with helper plasmid pMD2.G and psPAX2 to
make recombinant CDH17-shRNA-lentivirus particles. The generated
CDH17-shRNA recombinant lentivirus particles were transfected into
Panc02-H7 cells followed by the screening of single transfected cell
clones with limited dilution (Fig. 2C). Expression of CDH17 in each cell
clone was detected with qPCR. The results revealed that CDH17 mRNA
expression in the clones 4 and 5 was significantly decreased to 40% of
that in the scrambled shRNA-transfected cells (Fig. 2D). Western blot-
ting further validated this reduction in protein level (Fig. 2E), sug-
gesting successful CDH17-knockdown in Panc02-H7 cells. This cell
clone was named CDH17-shRNA- Panc02-H7.

Further, we used CRISPR technology to establish stable CDH17-
knockout cells. As described in the materials and methods section, we
designed CRISPR RNA probes, made gRNA for CDH17, and then
transfected it into stable Cas9-Panc02-H7 cells to generate single-cell
clones with the limited dilution (Fig. 2F). Each single-cell clone was
expanded and CDH17 mRNA expression measured with qPCR. The re-
sults demonstrated that CDH17 mRNA expression was significantly
reduced in cell clones 2, 5, 10, and 12, and was almost undetectable in
clone 10 (Fig. 2G). Western blot validated this result, as no CDH17-
positive band was detected in cell clone 10 (Fig. 2H). Sanger DNA

sequencing further demonstrated that 65 bases were depleted from the
CDH17 gene (Fig. 2I), suggesting successful CDH17-knockout in this
clone. This cell clone 10 was named CDH17-CRISPR-Panc02-H7.

3.3. Knockdown or knockout of CDH17 causes growth and clonogenic
survival suppression in mouse and human PC cells

Using the validated CDH17-siRNA, stable CDH17-knockdown, and
CDH17-knockout cells, we first investigated the effect of CDH17 in
Panc02-H7 cell growth. CDH17-siRNA-transfected Panc02-H7 cells
(one day after transfection), stable CDH17-shRNA-Panc02-H7 cells
grown to 80% confluence, and CDH17-CRISPR-Panc02-H7 cells grown
to 80% confluence along with their respective control cells were seeded
into 96-well plate, respectively. On days 1 and 2, MTT assay were used
to examine Panc02-H7 cell proliferation following manufacturer's in-
struction (Fig. 3A). The results show that knockdown of CDH17 with
siRNA leads to a significant reduction of cell viability to 60% on day 1
and 80% on day 2 compared to the control cells (Fig. 3B). This CDH17
defect-mediated growth suppression was further confirmed by stable
CDH17-shRNA-Panc02-H7 cells and CDH17-CRISPR-Panc02-H7 cells,
as the viability of both stable cells was reduced to 60% on day 1 and
45% on day 2 (Fig. 3C and D). siRNA-mediated CDH17 knockdown also
caused suppression of cell proliferation and clonogenic formation in
human Mia-Paca-2 and Panc-1 cells (Fig. 4 in Data in Brief). In contrast,
ectopic expression of CDH17 advanced proliferation and clonogenic
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Fig. 2. Knockdown or knockout of CDH17 in PC cells with siRNA, shRNA, and CRISPR technology. 1 x 10° Panc02-H7 cells were seeded in each well of a 6-
well plate and transfected with the indicated siRNAs with RNAi-MAX Lipofectamine reagent on the second day. On the third day, the cells were harvested to extract
total RNA to detect CDH17 mRNA expression with gPCRs. NC siRNAs were used for control. (A) The sequences of three siRNAs for CDH17 from IDT. (B) The effect of
three siRNAs on CDH17 mRNA expression in Panc02-H7 cells. Each siRNA was transfected into Panc02-H7 cells with Lipofectamine RNAiMAX (Invitrogen). 36 h
post-transfection, the total RNAs were extracted from the transfected cells. QPCR was used to detect the expression of CDH17 mRNA; the results showed that siRNA-3
led to the reduction of CDH17 mRNA expression to 35% of that in the cells transfected with NC siRNAs. (C) Establishing CDH17-knockdown stable cells with shRNAs.
CDH17-shRNA was designed upon CDH17-siRNA-3 sequences. Two complementary chains of CDH17 oligonucleotides were synthesized and annealed to form double
chain DNA fragments, which were cloned into vector pLL3.7 between Hpal and Xhol sites. The recombinant plasmids, or scrambled shRNA plasmid together with
helper plasmids pMD2.G and psPAX2, were transfected into HEK293 cells in which the CDH17-shRNA-recombinant lentivirus or scrambled shRNA lentivirus were
packaged to form virus particles. The virus particles were then infected into Panc02-H7 cells. The transfected cells were diluted on the second day and seeded into
each well to get single cell clones. (D) shRNA-mediated CDH17 knockdown in stable Panc02-H7 cell clones. gPCR showed that the CDH17 mRNA level in clones 4 and
5 was reduced to about 40% of that in scrambled shRNA control cells. Clone 5-amplified cells were named as CDH17-shRNA-Panc02-H7 cells. (E) CDH17 protein
expression in stable CDH17-shRNA-Panc02-H7 cells. Western blot detected the reduced CDH17 protein in stable CDH17-shRNA-Panc02-H7 cells relative to control
cells. (F) Establishing stable CDH17 knockout in Panc02-H7 cells with CRISPR technology. Following manufacturer's instructions, we first transfected the Cas9
recombinant plasmids to Panc02-H7 cells to establish single Cas9-expressing stable cell lines as described in C. The designed gRNAs for CDH17 were transfected into
stable Cas9-Panc02-H7 cells with RNAi-MAX Lipofectamine (Invitrogen). The transfected cells were diluted on the second day and seeded into each well to get single
cell clones. (G) CRISPR-mediated knockout of CDH17. qPCR detected the suppressed expression of CDH17 in cell clones 2, 5, 10, and 12 with almost no detectable
CDH17 in clone 10. Clone 10-amplified cells were named as CDH17-CRISPR-Panc02-H7 cells. (H) CDH17 protein expression in CDH17-CRISPR-Panc02-H7 cells.
Western blot showed no observable CDH17 protein was detected in stable CDH17-CRISPR-Panc02-H7 cells relative to vehicle control cells. (I) Sanger DNA se-
quencing was performed to validate CDH-17 knockout.

formation of human Mia-Paca-2 cells with low CDH17 expression 3.4. Knockdown or knockout of CDH17 can suppress Panc02-H7 cell
(Fig. 4A and C in Data in Brief), but this effect was not observed in motility
human Panc-1 cells with high CDH17 expression (Fig. 4B and D in Data

in Brief). Next, a wound healing assay was conducted to investigate if the

To further test if CDH17 disruption reduces clonogenic survival of CDH17 gene plays a critical role in modulating PC cell migration. Cells
Panc02-H7 cells, in vitro colony formation assays were performed as including CDH17-siRNA-transfected Panc02-H7 cells (24 h after trans-
described in the materials and methods section [26]. The results de- fection), stable CDH17-shRNA-Panc02-H7 cells grown to 80% con-
monstrated that siRNA-mediated CDH17 knockdown significantly re- fluence, and CDH17-CRISPR-Panc02-H7 cells grown to 80% confluence
duced Panc02-H7 cell colony numbers from 160 to 80 relative to con- as well as their respective control cells were seeded in an insert-con-
trol cells (Fig. 3E and F). This reduction was also observed in stable taining 24-well plate at a dose of 2 x 10° cells per well. On the second
CDH17-shRNA-Panc02-H7 cells (Fig. 3G and H) and CDH17-CRISPR- day, the insert was removed. The cell-free gaps were measured at the
Panc02-H7 cells (Fig. 3I and J), as only 90 and 30 colonies were de- indicated time after the insert was removed. The representative
tected in these two stable cells. These results suggest that CDH17 dis- (Fig. 4A) and accumulated (Fig. 4B) results show that siRNA-mediated
ruption significantly inhibited Panc02-H7 cell growth and anchorage- CDH17 knockdown significantly suppressed Panc02-H7 cell migration.
free colony formation. Cell-free gaps measured in siRNA-CDH17 knockdown cells, 12, 24, and

36 h after removing the insert, were 415 um, 370 um, and 155 pm, re-
spectively. These cell-free gaps were markedly wider compared to
346 pm, 250 um, and O pm in control cells transfected with NC siRNAs.
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Fig. 3. Knockdown and knockout of CDH17 suppresses Panc02-H7 cell proliferation and inhibits cell colony formation. (A) Outline of cell proliferation and
colony formation assay. The Panc02-H7 cells were transfected with CDH17-siRNA-3. One day later, the transfected cells were seeded into 96-well plate at a dose of
2 x 10° cells/well or 6-well plate at a dose of 2 x 102 cells/well for viability and colony formation assays. Similar procedures for cell proliferation and colony
formation at the same dose and timeline were performed in stable CDH17-shRNA-Panc02-H7 or stable CDH17-CRISPR-Panc02-H7 cells grown to about 90%
confluence. MTT assay was used to measure cell viability for CDH17-siRNA-transfected Panc02-H7 cells (B), stable CDH17-shRNA-Panc02-H7 (C), and stable CDH17-
CRISPR-Panc02-H7 (D) cells at 24 or 48 h post cell seeding. Crystal violet staining was used to define the colony formation by counting the numbers of cell colonies
eight days post cell seeding. Representative images of colony formation and average numbers of cell colony were shown for CDH17-siRNA-transfected Panc02-H7
cells (E) and (F), stable CDH17-shRNA-Panc02-H7 cells (G) and (H), or CDH17-CRISPR-Panc02-H7 cells (I) and (J). n = 3, error bars represent mean *+ SD.

The stronger suppression of cell migration was also detected in stable
CDH17-shRNA-Panc02-H7 cells (Fig. 4C and D) and CDH17-CRISPR-
Panc02-H7 cells (Fig. 4E and F), as the cell-free gaps seen in both stable
cells were wider than that in each control cell. Similarly, siRNA-medi-
ated CDH17 knockdown resulted in the suppression of cell migration in
human PC Mia-Paca-2 (Fig. 5A in Data in Brief) and Panc-1 (Fig. 5B in
Data in Brief) cells. In contrast, ectopic expression of CDH17 prompted
the migration of human Mia-Paca-2 cells with low CDH17 expression
(Fig. 5A in Data in Brief), but this effect was not observed in human
Panc-1 cells with high CDH17 expression (Fig. 5B in Data in Brief).
These results suggest that disruption of CDH17 is able to significantly
inhibit PC cell migration.

3.5. CDH17-knockdown or knockout in Panc02-H7 cells slows orthotopic
PC tumor growth in recipient wild-type mice and extends their lifetime

Because defects in CDH17 comprehensively influence Panc02-H7
cell function and behavior in vitro, we investigated its effect on ortho-
topic tumor growth in vivo. Three cell types, including CDH17-siRNA-
transfected Panc02-H7 cells (24h post transfection), stable CDH17-
shRNA-Panc02-H7 cells grown to 80% confluence, and CDH17-CRISPR-
Panc02-H7 cells grown to 80% confluence as well as their respective
control cells, were harvested and injected into the head of the pancreas
of wild-type C57BL/6 mice at a dose of 2.5 x 10° cells per mouse. All
mice were euthanized 17 days later for harvesting the tumors and other
organs. The average weight of the tumors induced by CDH17-siRNA-
transfected Panc02-H7 cells was roughly 1.12 g, which was lighter than
the tumors induced by NC siRNAs-transfected Panc02-H7 cells with an
average weight of about 1.38 g (Fig. 5A and B). The results show that
knockdown of CDH17 with siRNAs slows orthotopic tumor growth
compared to that in wild-type mice receiving NC siRNA-transfected
Panc02-H7 cells. More noticeable suppression of tumor growth was
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seen in tumor-bearing mice induced by stable CDH17-knockdown
Panc02-H7 cells and stable CDH17-knockout Panc02-H7 cells. As
shown, average tumor weight of 0.5g vs 0.94 g (Fig. 5D and E) and
0.24 g vs 0.41 g (Fig. 5G and H), were detected in the mice receiving
stable CDH17-shRNA-Panc02-H7 cells, stable CDH17-CRISPR-Panc02-
H7 cells, and their controls, respectively.

Given the significant effect of CDH17 knockdown and knockout on
tumor growth, CDH17 disruption is likely to impact the lifespan of
tumor-bearing mice [18]. To test this hypothesis, we prepared ortho-
topic tumor-bearing mice, as described above, with CDH17-siRNA-
transfected Panc02-H7 cells, stable CDH17-shRNA-Panc02-H7 cells,
and CDH17-CRISPR-Panc02-H7 cells, respectively. Mice were mon-
itored every day for the development of ascites and impairment of gait
and breathing, indicative of end-stage pancreatic tumors. Based on
these criteria, viable mice were counted over time. Survival curves were
constructed with the Kaplan-Meier method using GraphPad Prism
software. The results showed that the average survival time of tumor-
bearing mice derived from CDH17-siRNA-transfected cells wasroughly
28.5 days, significantly longer than 18.5 days in mice with tumors in-
duced by NC siRNA-transfected Panc02-H7 cells (Fig. 5C). Similarly,
the average survival time of tumor-bearing mice induced by stable
CDH17-shRNA-Panc02-H7 cells and CDH17-CRISPR-Panc02-H7 cells
was 26 days (Fig. 5F) and 33 days (Fig. 5I), respectively. Both were
longer than 19 days and 22 days in mice with tumors induced with
control cells. These data demonstrate that CDH17 knockdown or
knockout in Panc02-H7 cell not only slows orthotopic tumor growth in
vivo but also significantly extends the lifespan of tumor-bearing mice
derived from these cells.
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Fig. 4. CDH17 knockdown and knockout suppress cell motility. CDH17-siRNA-transfected Panc02-H7 cells, stable CDH17-shRNA-Panc02-H7 cells, or stable
CDH17-CRISPR-Panc02-H7 cells, as well as their controls, were prepared as described in Fig. 3, then seeded into 24-well plate at a dose of 2 x 10° cells/well,
respectively. The insert in each well was removed on the second day. The cell-free gap was measured at the indicated times. Representative images of cell-free gaps
and average widths of gaps were shown for siRNA-knockdown Panc02-H7 cells (A) and (B), stable CDH17-shRNA-Panc02-H7 cells (C) and (D), or CDH17-CRISPR-

Panc02-H7 cells (E) and (F). n = 3, error bars represent mean *+ SD.

3.6. CDH17 disruption suppresses Akt and Bcl-2 pathways and causes
apoptotic PC cell death

Having validated CDH17's oncogenic effect in PC, we subsequently
tried to elucidate the underlying molecular mechanism. Using CDH17
knockdown and knockout cells, we first investigated the correlation of
CDH17 disruption and PC cell apoptosis by measuring the activities of
caspase-3 and -7 with Apo-one Homogeneous Caspase-3/7 Assay Kkit.
The results showed that the caspase-3 and -7 activities were sig-
nificantly increased in stable CDH17-knockout cells, evidenced by the
stronger fluorescence measured in CDH17-CRISPR-Panc02-H7 cells
compared to that in control cells (Fig. 6A). Similarly, an increase of
caspase-3 and -7 activity was also detected in stable CDH17-shRNA-
Panc02-H7 cells (data not shown). Subsequently, using western blot, we
detected the level of a panel of well-characterized signaling molecules,
relevant to cell growth, in CDH17-defect cells. We verified that the Bcl-
2 and phosphorylated Akt were markedly reduced in stable CDH17-
shRNA-Panc02-H7 cells and CDH17-CRISPR-Panc02-H7 cells compared
to that in either control cells (Fig. 6B). Additionally, CDH17 disruption
caused the increased expression of Bax, Bad, Cleaved PARP, Cleaved
caspase 3, and Cytochrome C in the CDH17-CRISPR-Panc02-H7 cells
relative to that in control cells (Fig. 6C). IHC staining revealed de-
creased Ki67 and increased cleaved caspase 3 in tumors induced with
CDH17-CRISPR-Panc02-H7 cells (Fig. 6C) compared to tumors derived
with their control cells. In addition, we examined the expression of
other cadherin family members in tumors induced by Panc02-H7 cells
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and defined their correlation with CDH17 knockout. IHC detected
strong positive staining for E-cadherin and N-cadherin in tumors in-
duced with Panc02-H7 cells, both of them were markedly reduced in
the tumors induced with CDH17-knockout cells. In contrast, no positive
signal was detected for CDH16 in the tumors derived with either control
or CDH17-knockout Panc02-H7 cells (Fig. 6 in Data in Brief). These
data are consistent with the report from the GEPIA online database
(Fig. 1 in Data in Brief). These results suggest that impairing CDH17
suppresses PC growth by inducing a pro-apoptotic effect in PC, and this
effect is associated with modulation of cell survival and apoptosis-sig-
naling pathways (Fig. 6E). Together, these comprehensive studies un-
derline that CDH17 functions as a critical molecule in PC progression
and could be targeted to develop an anti-PC therapy.

4. Discussion

To our knowledge, this is the first report describing CDH17 func-
tions as a critical oncogenic gene modulating PC growth [27]. Using a
loss-of-function strategy, we have demonstrated that CDH17 is neces-
sary to maintain PC cell tumorigenic activity in vitro and to advance
tumor growth in vivo. These findings significantly advance our under-
standing of CDH17 action in PC and provide a potential target to de-
velop an anti-PC therapeutic strategy.

Using a loss-of-function strategy, we investigated how CDH17 dis-
ruption impacts PC proliferation, colony formation, and migration in
vitro, and tumor growth in vivo. We have now demonstrated that siRNA-
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Fig. 5. Knockdown and knockout of CDH17 in Panc02-H7 cells induce suppression of orthotopic tumor growth. CDH17-siRNA-transfected Panc02-H7 cells,
stable CDH17-shRNA-Panc02-H7 cells, or stable CDH17-CRISPR-Panc02-H7 cells, as well as their relative controls, were prepared and harvested as described in
Fig. 3; each type of the harvested cells was injected into the head of a pancreas of C57BL/6 mice at a dose of 2.5 x 10° cells per mouse. Half of these mice were used
to detect tumor growth; the other half were used for lifespan monitoring. To detect tumor growth, 17 days later, each mouse was euthanized, tumors and various
organs were harvested, and the tumors were weighed. To monitor the lifespan, the viable mice were counted over time, and the survival curves were made using the
Kaplan-Meirer method. The representative images of tumors and organs (spleen, and liver, and kidney), accumulated tumor weights, and lifespan are shown in mice
receiving CDH17-siRNA-transfected Panc02-H7 cells (A-C), stable CDH17-shRNA-Panc02-H7 cells (D-F), or CDH17-CRISPR-Panc02-H7 cells (G-I). n = 5 (tumor
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mediated CDH17 knockdown significantly suppresses PC cell growth
including its proliferation and clonogenic survival (Figs. 2A, 3B and
3E). This effect is more obviously observed in the stable CDH17-
knockdown cells (Fig. 2D-F, 3C, 3G) and CDH17-knockout cells
(Fig. 2G-1, 3D, 3I). We also demonstrated that CDH17-knockdown and
knockout effectively suppress PC cell migration, as a wound healing
assay showed that siRNA-mediated CDH17-knockdown markedly
slowed PC cell motility (Fig. 4A). Most importantly, knockdown or
knockout of CDH17 in PC cells significantly suppressed orthotopic
tumor growth in the recipient wild-type mice (Fig. 5A-I). These results
suggest that CDH17 exerts a tumor-promoting and carcinogenic effect.
This finding in PC is consistent with recent and previous outcomes
observed in colon, melanoma, and breast cancer cell lines [28]. In 2013,
one group reported that blocking or impairing CDH17 signaling path-
ways was able to suppress gastric cancer growth [12]. In 2018, another
group generated highly selective antibodies against RGD motifs in
CDH17. This antibody is able to block CDH17 activation and provoke a
significant reduction in cell adhesion and proliferation of several types
of metastatic cancer cells [29,30]. One group detected the upregulation
of CDH17 in human liver cancers and demonstrated that CDH17 was
able to transform premalignant liver progenitor cells to produce liver
carcinomas in mice. RNA interference-mediated knockdown of CDH17
inhibited proliferation of both primary and highly metastatic HCC cell
lines in vitro and in vivo [19]. Taken together, our results identify
CDH17 as a novel oncogene in PC.

Signaling through CDH17 contributes to multiple PC-associated
processes such as cell proliferation, colony formation, and cell invasion.
The underlying mechanisms are completely unknown. Considering its
oncogenic characteristics in PC, we investigated CDH17-mediated
signal transduction on cell growth and death by investigating CDH17-
responsive survival and apoptosis targets. We demonstrated that
CDH17 disruption mediated by siRNA, shRNA, or CRISPR caused a
marked reduction in the expression of Bcl-2, pAkt, and survivin in PC
cells (Fig. 6B), these proteins are well-documented molecules and re-
present two main survival pathways, which contribute to cancer for-
mation and progression [31]. Using stable CDH17 knockdown or
knockout cells, we have detected CDH17 disruption resulted in a sig-
nificant increase in the level of apoptotic proteins including cytochrome
C, cleaved caspase 3, and cleaved PARP (Fig. 6C). Similarly, the in-
crease of cleaved caspase 3 and reduction of Ki67 was also detected in
tumors induced with CDH17-knockout cells (Fig. 6D). These data reveal
that CDH17 functions as an oncogenic molecule in PC and exerts its
function by regulating Akt, Bcl-2, and caspase-3 signaling pathways,
which are critical for cell survival and apoptosis [32]. This finding is
different from the mechanisms reported in gastric cancer and liver
cancer. One study reported that CDH17 knockdown decreased [3-ca-
tenin and GSK-3f phosphorylation, accompanied by a concomitant
increase of Rb and reduction of Cyclin D1 in gastric cancer [12]. An-
other group reported that RNA interference-mediated knockdown of
CDH17 inhibited proliferation of both primary and highly metastatic
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Fig. 6. CDH17 knockdown or knockout induces apoptotic Panc02-H7 cell death by suppressing Akt and Bcl-2 apoptotic pathways. (A) CDH17 knockout
induces cell apoptosis. Stable CDH17-CRISPR-Panc02-H7 cells and the control cells were seeded into 96-well plate at a dose of 2 x 10%/well. 12 h later, the activities
of caspase-3 and -7 were measured with Apo-one Homogeneous Caspase-3/7 Assay kit. (B) Protein expression of canonical molecules important for cell survival.
Stable CDH17-shRNA-Panc02-H7 cells and CDH17-CRISPR-Panc02-H7 cells, as well as their control cells grown to 90% confluence, were harvested and extracted
protein. Western blot was used to detect the protein levels of Akt, p-Akt, Bcl-2, and Survivin in the indicated cells. (C) Protein expression of well-recognized molecules
important for cell apoptosis. As performed in B above, the proteins extracted from stable CDH17-CRISPR-Panc02-H7 cells and vehicle control cells were used to
conduct western blot for detecting protein expressional level of Bax, Bad, cleaved PARP, cleaved caspase 3, and cytochrome C. (D) Protein expression levels of
cleaved caspase 3 and Ki67 in orthotopic PC tumors. Stable CDH17-CRISPR-Panc02-H7 cells and the control cells grown to 90% were used to induce orthotopic PC
tumors in wild-type mice as described in the methods. 17 days post-inoculation, the tumors were harvested and then fixed with formalin to prepare slides. H&E
staining showed tumor structure; IHC was performed to detect the expression of cleaved caspase 3 and Ki67. (E) A schematic diagram showing a signaling pathway of
CDH17-mediated effect on PC cell growth. CDH17 suppresses Bax and Bad by stimulating Bcl-2 and Akt, and subsequently causes the suppression of cytochrome C
and its downstream caspase 3, resisting PC cell apoptosis. In contrast, CDH17 impairment causes cell apoptosis.

HCC cell lines in vitro and in vivo involving inactivation of Wnt signaling intra-tumor injection of CHD17 shRNAs resulted in significant anti-
[19]. Using nude mice, one study reported that miRNA-mediated tumor therapeutic effects on transplanted tumor models [12]. In our
CDH17 knockdown is responsible for the retention of NF-kB and a study, we have identified effective siRNAs and shRNAs against CDH17;
concomitant reduction of downstream proteins, suggesting the NF-xB this will enable us to conduct anti-PC RNAi therapeutic studies. In ad-
signaling pathway may involve a CDH17-mediated effect on gastric dition, we have now developed a peptide-based nanoparticle with PC
cancer [17]. These data show that CDH17 exerts a tumorigenic effect on tumor-homing and penetrating characteristics. This nanoparticle has
different types of cancer through inconsistent signaling pathways. the capacity to load siRNA and to deliver it specifically to tumors. The
Our study also contributes to the identification of CDH17 as a po- first RNAi therapy for the polyneuropathy of hereditary transthyretin-
tential therapeutic target in PC control. Our in vitro and in vivo ex- mediated (hATTR) has been approved by the US FDA [33]. Further, it is
periments have demonstrated that CDH17 has an oncogenic role in PC, reasonable for us to advance CDH17 siRNA therapy in PC treatment for
and CDH17 knockdown or knockout significantly suppresses orthotopic rapid translation into clinical application.
tumor growth in wild-type mice (Fig. 5). These results imply the po- CDH17 expression is positively correlated with tumor growth but is
tential of CDH17 as a therapeutic target. Recently, Dr. Casal's group usually low in most types of cancer. Only colorectal cancers and several
used CDH17-RGD motif peptides to generate highly selective mono- cases of stomach cancers display strong cytoplasmic and membranous
clonal antibodies (mAbs); treatment of colorectal- or melanoma-tumor- positivity. With immunohistochemistry, Masaaki Takamura et al. de-
bearing mice with this antibody generated a promising therapeutic ef- tected strong expression of CDH17 in well-differentiated pancreas car-
fect against advanced metastatic cancer by blocking the interaction of cinoma, but not in differentiated areas and poorly differentiated car-

RGD and alpha 2 beta 1 integrin [30]. Another group reported that cinoma [34]. Using qPCR and immunofluorescence cytochemistry
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assay, Wong et al. found that CDH17 was predominantly expressed in
the cytoplasm of human HCC cells and HCC tumors, but not normal
liver [35]. Their studies demonstrate that CDH17 expression is posi-
tively related with poor overall survival and disease-free survival times
of human HCC [36]. Consistent with this conclusion, we have demon-
strated the correlation of CDH17 expression with PC cell differentiation.
Panc02-H7 cells are derived from Panc02 cells and are more invasive
after in vivo passaging in wild-type mice for roughly ten times [37].
Real-time PCR and western blot detected a relatively high level of
CDH17 RNA and protein expression in Panc02-H7 cells compared to
Panc02 cells (Fig. 1D); this increased expression was also reflected in
their derived tumors (Fig. 1D). Interestingly, Panc02-H7 cells had a
faster tumor growth rate in wild-type mice relative to Panc02 cells
(Fig. 1C). These findings suggest a positive correlation between CDH17
and PC tumor growth as well as poor prognosis. Our further studies
demonstrated that CDH17 disruption caused growth suppression in
both Panc02-H7 cells and their derived tumors. This solid evidence
exhibits the critical role of CDH17 in well-differentiated PCs. However,
we do not know if CDH17 exerts a similar effect in Panc02 cells with
lower expression of CDH17 and human PC tumors. Therefore, further
effort is required to expand our study to more distinct PC cells and their
derived tumors. The results will inform us if a CDH17-mediated effect
on PCs is cell-type-dependent and associated with the level of CDH17
expression.

In summary, our studies demonstrate, for the first time, the onco-
genic activity of CDH17 necessary to maintain PC tumorigenesis.
Disrupting CDH17 significantly suppresses PC development by reg-
ulating survival and apoptosis pathways. These findings significantly
advance our understanding of CDH17 action in PC and offer a potential
target for developing an anti-PC therapeutic strategy.
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