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Abstract: Pancreatic cancer is one of the most lethal cancers and its prognosis remains poor. ADAM family proteins 
like ADAM10, ADAM9 and ADAM17 function as α-secretase to cleavage cell surface proteins like Notch to facilitate 
oncogenesis in various tumors. The oncogenic roles of α-secretase in PDAC have been demonstrated but it remains 
unknown that whether and how α-secretase is regulated in PDAC. Here, we report that the expression of tetraspanin 
CD9 was increased and strongly associated with poor prognosis in PDAC. CD9 expression was positively associated 
with α-secretase activity in PDAC tissues and CD9 knock-down inhibited α-secretase activity in PDAC cell lines. 
Co-immunoprecipitation and GST pull down demonstrates that CD9 directly interacted with ADAM10, ADAM9 and 
ADAM17, respectively. Cell surface biotin labeling and immunostaining of tagged ADAM proteins show that CD9 
promoted cell surface trafficking of ADAM family proteins. In addition, the antibody targeting extracellular domain 
of CD9 disrupted the interactions between CD9 and ADAM family proteins, reduced cell surface trafficking of ADAM 
proteins and inhibited α-secretase activity. Notch signaling was inhibited by CD9 knockdown or CD9 antibody in cell 
lines. Finally, CD9 antibody showed anti-tumor effects in cell proliferation MTT assay, transwell migration assay and 
colony formation assay. Our study reveals a novel CD9/ADAM/Notch signaling network in PDAC and it supports that 
targeting CD9-ADAM interaction with antibody may be a potential therapeutic intervention for PDAC.
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Introduction

Pancreatic cancer is one of the most lethal can-
cers in the world. Although considerable efforts 
have been made to investigate the pathogene-
sis of pancreatic cancer, the 5-year survival 
rate of pancreatic ductal adenocarcinoma 
(PDAC) is only around 5% [1]. Recent advance in 
deep sequencing has revealed the complex 
genetic landscape of PDAC and activation 
mutations of KRAS represent one of the most 
common genetic alterations in PDAC [2, 3]. 
However, nearly all efforts to target KRAS end 
up with failures in clinical trials [4]. Thus, it’s 
imperative to explore novel targets in PDAC.

Alpha-secretase is the proteolytic enzyme that 
cleaves amyloid precursor protein (APP) [5]. 
Several members of the ADAM (a disintegrin 
and metalloprotease domain) family, such as 

ADAM10 [6], ADAM9 [7] and ADAM17 [8], have 
been identified as α-secretase. ADAM family 
members are cell surface proteins with adhe-
sion and protease domains and they act to 
cleave a wide range of cell surface proteins [9]. 
For instance, ADAM10 is the most important 
enzyme with α-secretase activity and it sheds 
various proteins like APP, Neuroligin-1 and 
NCAM in the brain. The essential role of 
α-secretase in Alzheimer’s disease is well 
established and the important contribution of 
α-secretase in various tumors has also begun 
to emerge [10]. In tumors, ADAM10 sheds 
diverse ligands and receptors of Notch, Eph 
and erbB families to activate oncogenic signal-
ing pathways. Interestingly, several indepen-
dent studies show that ADAM10 [11-13], ADAM9 
[14] or ADAM17 [15] could promote the aggres-
sion of PDAC. Thus, α-secretase might be a 
promising target for the treatment of PDAC. 
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However, whether and how α-secretase is regu-
lated in PDAC is poorly understood. Previous 
studies show that tetraspanins could regulate 
cellular trafficking and activity of ADAM10 [16-
18] and ADAM17 [19]. Tetraspanins are integral 
membrane proteins involved in a variety of 
physiological and pathological processes [20]. 
But none of those studies were performed in 
PDAC. In the current study, we show that tet-
raspanin CD9 is up-regulated and associated 
with poor prognosis in PDAC. CD9 directly inter-
acts with ADAM10, ADAM9 and ADAM17 to pro-
mote their cellular trafficking, enhance their 
α-secretase activities and activate Notch sig-
naling in PDAC. The antibody targeting extracel-
lular domain of CD9 could disrupt the interac-
tion between CD9 and ADAM family members 
and showed anti-tumor effects in in-vitro 
assays. Our study supports that CD9-ADAM 
interaction plays an important role in PDAC and 
targeting this interaction with antibody may be 
a potential therapeutic for PDAC treatment.

Material and methods 

Clinical samples

Fresh PDAC tumor and matched normal speci-
mens from 30 patients who were diagnosed 
and underwent surgery in Xinhua Hospital 
between 2015 and 2018 were included in this 
study. None of the patients received chemo-
therapy or radiation therapy before surgery. The 
study was approved by the Institutional Review 
Boards of Xinhua Hospital and written informed 
consent was obtained from each subject. 

Cell lines 

Capan-2 (HTB-80) and PANC-1 (CRL-1469) cell 
lines from ATCC were maintained in McCoy’s 5a 
Medium and DMEM with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin and 100 mg/
ml streptomycin, respectively. Cells were cul-
tured in a humidified atmosphere with 5% CO2 
at 37°C.

RNA extraction and TaqMan real-time PCR as-
say

For cell lines and tissue samples, total RNA  
was extracted using Trizol reagent according  
to the manufacturer’s instructions. Following 
TaqMan assays were used for target gene 
quantification: CD9 (Hs01124022_m1), HES-2 

(Hs01021800_g1), c-MYC (Hs01021800_g1), 
cyclin D3 (Hs05046059_s1) and actin (Hs01- 
060665_g1). The relative expression level for 
each gene was calculated using the 2-ΔΔCt 
method. 

Western blot

Proteins were extracted from cell lines or tis-
sues using RIPA buffer (150 mM NaCl, 0.1% 
Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, 50 mM Tris-HCl, pH 8.0). Protein samples 
were resolved by SDS-PAGE and analyzed  
by western blot with following antibodies:  
CD9 (Santa Cruz, sc-51575), ADAM10 (abcam, 
ab124695), ADAM9 (abcam, ab218242), AD- 
AM17 (abcam, ab13535), GST (abcam, ab- 
111947), Cleaved Notch1 (CST, 4147), c-Myc 
(CST, 5605), HES1 (CST, 11988), Cyclin D3 
(CST, 2936) and His (CST, 12698).

Co-immunoprecipitation 

Cells were lysed in RIPA lysis buffer with com-
plete protease inhibitor cocktail and lysates 
were centrifuged at 15000 g for 20 min at 4°C. 
The supernatant was incubated indicated anti-
bodies at 4°C overnight. Then, the protein com-
plexes were collected by incubation with Protein 
A/G beads and washed with RIPA buffer for 5 
times and eluted by SDS loading buffer.

Recombinant GST-CD9 protein purification and 
GST pull-down assay

The coding sequence of CD9 with stop codon 
was cloned into the SpeI and XhoI sites of PET-
42a (+) vector and the expression of GST-
tagged CD9 fusion protein was induced with 1 
mM IPTG for 12 h at 37°C in BL21 Escherichia 
coli (Novagen). The bacteria were collected by 
centrifugation and purified by BugBuster® 
GST•Bind™ Purification Kit and reconstituted 
in TBS. The purity of GST-CD9 fusion proteins 
was analyzed by Pierce Silver Stain Kit (24612). 
In GST pull-down assay, the purified GST-CD9 
recombinant protein (1 ug) was incubated  
with 1 ug of His tagged extracellular domains  
of ADAM10 (Thr214-Glu672, 936-AD-020, 
novus), ADAM9 (Ala206-Asp697, 939-AD-020, 
novus) or ADAM17 (Arg215-Asn671, 930-ADB-
010, rndsystems), or GST protein (abcam, 
ab70456) at 37°C for 2 hours. GST Pull-down 
was performed using Pierce™ GST Protein 
Interaction Pull-Down Kit (21516) according to 



CD9 enhances α-secretase in PDAC

5527 Am J Transl Res 2020;12(9):5525-5537

the manufacturer’s instruction. The samples 
were analyzed by western blot.

Constructs of knock-down and over-expression 

For over-expression constructs, the coding 
sequence of human CD9 (NM_001769.4) with 
N-terminal Myc tag was cloned into pcDNA 3.1 
vector. The coding sequence of human ADAM10 
(NM_001110.4), ADAM9 (NM_003816.3) or 
ADAM17 (NM_003183.6) with N-terminal FLAG 
tag was cloned into pcDNA 3.1 vector, respec-
tively. For CD9 knock-down, two short hairpin 
RNAs (shRNAs) targeting different sites of 
human CD9 mRNA sequence were designed as 
follows: shRNA-1 forward TG CCATTGGACTA- 
TGGCTCCGATTCGATTCAAGAGA TCGAATCGGAG- 
CCATAGTCCAATGGCTTTTTTC; shRNA-1 reverse: 
TCGAGAAAAAAG CCATTGGACTATGGCTCCGATT- 
CGATCTCTTGAATCGAATCGGAGCCATAGTCC- 
AATGGCA; shRNA-2 forward: TG GGCATTGCCGT- 
GGTCATGATATTTGTTC AAGAGA CAAATATCATG- 
ACCACGGCAATGCCCTTTTTTC; shRNA-2 rever- 
se: TCGAGAAAAAAG GGCATTGCCGTGGTCATGA- 
TATTTGTCTCTTGAA CAAATATCATGACCACGGCA- 
ATGCCCA). They were constructed into the 
pLentiLox3.7 (pLL3.7) lentiviral vector. Target 
sequence was underlined. The lentivirus was 
packaged and amplified in HEK293T cells. Cell 
lines were infected at an MOI of 5.

Cell surface biotin labeling

Cell surface labeling was performed with 
Pierce™ Cell Surface Biotinylation and Isolation 
Kit (A44390). In brief, cells are first labeled with 
EZ-Link Sulfo-NHS-SS-Biotin, a thiol-cleavable 
amine-reactive biotinylation reagent. Cells are 
subsequently lysed and the labeled proteins 
are captured with NeutrAvidin Agarose. Dith- 
iothreitol (DTT) is used in the elution to reduce 
the disulfide bonds in the biotin label, resulting 
in the release of the bound proteins without the 
biotin label. The biotinylated proteins were fur-
ther analyzed by western blot.

In-vitro FRET assay for α-secretase

The α-secretase activity was measured in 100 
mM sodium acetate (pH 7.0) with 2 mg  
fluorogenic substrate (Calbiochem, 565767). 
Once substrate is cleaved by α-secretase, the 
energy transfer is disturbed and fluorescent 
signal is enhanced. Cells were homogenized 
and centrifuged. Secretase in the membrane 

pellet were re-solublized and 20 ug fraction 
was used to incubate fluorogenic substrate in 
each reaction. After incubation at 37°C for 4 h, 
the fluorescence intensities were measured 
with an excitation wavelength at 340 nm and 
an emission wavelength at 490 nm.

Immunofluorescence and immunochemistry 

Immunochemistry analysis was performed in 
sections of paraffin-embedded tissues (6 um 
thickness). Staining with CD9 antibody (1:200 
dilution) was performed using VectaStain 
Universal ABC kit and slides were counter-
stained with hematoxylin. For cell surface traf-
ficking of ADAM proteins, cells were transfected 
with FLAG-tagged ADAM10, ADAM9 or ADAM17 
together with pcDNA3.1-CD9 or pcDNA3.1 vec-
tor using lipofectamine 2000. Two days after 
transfection, cells were washed with PBS and 
fixed in 4% paraformaldehyde. Cells were 
blocked in 5% goat serum in PBS at room tem-
perature for 60 min without permeabilization. 
Cells were stained with FLAG antibody (1:2000 
dilution in PBS) overnight at 4°C. Then, cells 
were washed with PBS and incubated with fluo-
rescent dye-labeled secondary antibody at 
room temperature for 60 min. Finally, cells were 
washed with PBS and mounted in DAPI contain-
ing medium. 

Luciferase assay of Notch activity

PDAC cell lines were transfected with CSL 
(CBF1/RBP-Jk) luciferase reporter vector, which 
is a Notch pathway-responsive reporter and 
contains the firefly luciferase gene under the 
control of multimerized CSL responsive ele-
ments. After 48 h, reporter gene activity was 
measured by the dual-luciferase assay-system 
(Promega). Renilla luciferase vector was used 
to normalize for transfection efficiency. The 
data were presented as fold change relative to 
the control group.

Cell proliferation assay

Cells proliferation was measured by MTT Cell 
Proliferation Assay Kit (abcam, ab211091). In 
brief, cells were plated in 96-well plate1 at 
1×106 cells per mL). At indicated time points, 
culture medium was replaced by 50 µL of 
serum-free media and 50 µL of MTT Reagent in 
each well. Incubate the plate at 37°C for 3 
hours and add 150 µL of MTT Solvent into each 
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well. Wrap the plate in foil and shake on an 
orbital shaker for 15 minutes and read absor-
bance at OD=590 nm.

Colony formation assay

Cells were seeded into 6-well plates and incu-
bate the cells in CO2 incubator at 37°C for 2 
weeks. Culture medium was removed. Cells 
were washed with PBS and fixed at room tem-
perature for 10 min. Remove fixation solution. 
Add 0.5% crystal violet solution and incubate at 
RT for 30 min. Crystal violet wash removed and 
washed by tap water. Air-dry the plates on a 
table cloth.

In-vitro cell migration assay

Cells were trypsinized and resuspend into sin-
gle cell solution. In the 24-well transwell plate 
with 8-μm pore size insert, 2.6 ml of medium 
with 10% FBS was added into the lower com-
partment and single cell solution (1×105 cells) 
was added into the upper compartment. 
Incubate the cells in the transwell plate at 37°C 
and 5% CO2 for 6 h. Take the insert out and 
cells remain on the upper side of the filter mem-
brane were removed with a cotton swab. Fix 
and stain cells on the lower side of the insert 
filter with 1% crystal violet in 2% ethanol for 20 
min. Remove excess crystal violet by quickly 
merging the insert in ddH2O for 3 to 4 sec. Dry 
the insert membrane and count the number of 
cells on the lower side of the filter under a 
microscope. 

Statistical analysis

Statistical analysis was performed by SPSS 
16.0 software (SPSS Inc., Chicago, IL, USA). 
Two-tailed Student’s t test was used to com-
pare mean values. Pearson correlation coeffi-
cient was used for correlation analysis. The  
survival curves were estimated by Kaplan-
Meier analysis, and P values were calculated  
by log rank test. Statistically significant differ-
ences were defined as P<0.05. For all, *P<0.05, 
**P<0.01, ***P<0.001. 

Results  

CD9 expression in PDAC tissues

To evaluate CD9 expression in PDAC tissues, 
western blot, immunochemistry and TaqMan 
qPCR assay were performed in tumor tissues 

(n=30) and paired normal tissues (n=30) from 
30 cases of PDAC. Western blot (Figure 1A) 
showed that the CD9 protein levels were 
enhanced in tumor tissues compared to control 
tissues. This was confirmed by immunochemis-
try analysis in the same set of samples. CD9 
staining showed a strong membrane signal  
in PDAC tumor tissues but only weak staining 
was observed in control tissues (Figure 1B). 
Consistently, TaqMan qPCR results showed 
CD9 mRNA expression in PDAC tumors was 
also enhanced (Figure 1C). The enhancement 
of CD9 expression in PDAC tumors was further 
cross-validated with expression data from 
TCGA PAAD dataset (Figure 1D). In addition, 
Kaplan-Meier analysis showed that CD9  
up-regulation was strongly associated with 
short survival in TCGA PAAD dataset (HR=2.3, 
P=0.00012, Figure 1E). Taken together, these 
data suggest that CD9 expression was en- 
hanced in PDAC tumors and CD9 may promote 
aggression of PDAC. 

The expression and activity of α-secretase in 
PDAC tissues

The enhanced expression of several ADAM  
family members including ADAM10, ADAM9 
and ADAM17 in PDAC were previously reported. 
Consistently, an exploration of TCGA PAAD 
dataset showed robust enhancement of AD- 
AM10, ADAM9 and ADAM17 expression (Figure 
2A). However, it’s unclear whether and how  
the α-secretase activity is abnormal in PDAC 
tumors. To measure α-secretase activity, an in-
vitro FRET assay was performed with our PDAC 
tumor (n=30) and control (n=30) tissues. The 
results showed that α-secretase activity was 
greatly enhanced in PDAC tumors (Figure 2B). 
In addition, there was a positive association 
between CD9 protein level and α-secretase 
activity in PDAC tumors (Pearson r=0.5797, 
P=0.0008, Figure 2C). It suggests that CD9 
may regulate α-secretase activity of ADAM fam-
ily members like ADAM10, ADAM9 and ADAM17 
in PDAC.

CD9 regulates cell surface trafficking and 
α-secretase activity of ADAM family in PDAC 

To further investigate the potential effects of 
CD9 on α-secretase, we performed knock-
down of endogenous CD9 with two different 
lenti-viral shRNAs in two PDAC cell lines and 
α-secretase activity was measured by FRET 
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Figure 1. CD9 expression in pancreatic cancer. A. Representative images and quantification of western blot showing 
CD9 protein levels were increased in PDAC tumors (n=30) compared to paired control tissues (n=30). Data were 
presented as whiskers-box plots. B. Representative images of immunochemistry in sections showing higher CD9 
staining in PDAC compared to control tissues. C. TaqMan qPCR results showing CD9 mRNA levels were increased in 
PDAC tumors (n=30) compared to paired control tissues (n=30). D. Expression data of TCGA-PAAD dataset showing 
up-regulation of CD9 in PDAC tumors. E. Kaplan-Meier analysis of survival curves in TCGA-PAAD dataset showing 
high CD9 expression was associated with short survival. For all, *P<0.05, **P<0.01. 

assay. Western blot validated the efficiency of 
CD9 known-down in PDAC cell lines (Figure 3A). 

FRET assay showed that CD9 knock-down 
inhibited α-secretase activity in PDAC cell lines 
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Figure 2. α-secretase activity in pancreatic cancer. A. Expression data of TCGA-PAAD dataset showing the up-reg- 
ulation of ADAM10, ADAM9 and ADAM17 in PDAC tumors. B. In-vitro FRET assay showing α-secretase activity was 
enhanced in PDAC tumors (n=30) compared to paired control tissues (n=30). C. Scatter plot showing the positive 
association between CD9 protein level and α-secretase activity (Pearson r=0.5797, P=0.0008) in PDAC tissues. For 
all, *P<0.05, ***P<0.001. 

(Figure 3B). These data further support that 
CD9 regulates the α-secretase activity of ADAM 
family in PDAC. 

As previous studies report that CD9 regulates 
the α-secretase activity of ADAM family by mod-
ulating their cell surface trafficking, we investi-
gated the potential effects of CD9 on the cell 
surface trafficking of ADAM10, ADAM9 and 
ADAM17 in PDAC cells. Cell surface biotin label-
ing was performed in PDAC cells infected with 
CD9 shRNAs and protein levels of ADAM10, 
ADAM9 and ADAM17 on the cell surface were 
measured by western blot. The result showed 
that the cell surface levels of these ADAM fam-
ily members were greatly reduced after CD9 

knock-down (Figure 3C). To further confirm that 
CD9 could regulate cell surface trafficking of 
ADAM proteins, we performed immunostaining 
in non-permeabilized cells transfected with 
N-terminal FLAG tagged ADAM gene constructs 
to monitor their surface trafficking. In PDAC 
cells transfected with FLAG-ADAM10, FLAG-
ADAM9 or FLAG-ADAM17, these was only weak 
localization on cell surface. However, co-trans-
fection of CD9 greatly enhanced cell surface 
trafficking of these ADAM proteins in PDAC cells 
(Figure 3D). Taken together, these results sup-
port that CD9 promoted cell surface trafficking 
of ADAM proteins to enhance α-secretase activ-
ity in PDAC cells.
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Figure 3. CD9 regulates cell surface trafficking and α-secretase activity of ADAM family in PDAC. A. Representative 
images and quantification of western blot showing CD9 protein levels after its lenti-viral knockdown in two PDAC cell 
lines. B. In-vitro FRET assay showing α-secretase activity was inhibited by CD9 knockdown in two cell lines. C. Cell 
surface biotin labeling results showing the protein levels of ADAM10, ADAM9 and ADAM17 on the cell surface were 
reduced by CD9 knockdown. D. Immunofluorescence images of FLAG antibody staining in non-permeabilized cells 
transfected with FLAG-ADAM10, FLAG-ADAM9 or FLAG-ADAM17 together with pcDNA3.1-CD9 or control vector. For 
all, **P<0.01, ***P<0.001.

CD9 directly interacts with ADAM family mem-
bers in PDAC

Previous studies have shown that CD9 inter-
acts with ADAM proteins to regulate their cellu-

lar trafficking. Thus, it’s likely that CD9 also 
interacts with ADAM proteins in PDAC. To detect 
the interaction between CD9 and ADAM pro-
teins, lysates of PANC-1 cell were precipitated 
with indicated ADAM antibodies and blotted 
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Figure 4. CD9 directly interacts with ADAM family members in PDAC. A. Co-IP results showing CD9 protein levels 
precipitated by ADAM10, ADAM9 or ADAM17 antibody in PANC-1 cell line. B. Silver staining of purified recombinant 
GST-CD9 protein. C. GST pull-down showing the interaction of GST-CD9 with His tagged extracellular domains of 
ADAM10 (Thr214-Glu672), ADAM9 (Ala206-Asp697) or ADAM17 (Arg215-Asn671), respectively. D. GST pull-down 
showing that CD9 antibody blocked the interaction of GST-CD9 with His tagged extracellular domains of ADAM10, 
ADAM9 or ADAM17, respectively. 

with CD9 antibody. The results show that CD9 
was co-precipitated with ADAM10, ADAM9 and 
ADAM17 in PDAC cell line (Figure 4A). 

To demonstrate that CD9 could directly interact 
with ADAM proteins, we purified recombinant 
CD9 with GST tag and its purity was confirmed 
by silver staining (Figure 4B). GST pull-down 
was performed with recombinant GST-CD9 and 
His tagged extracellular domains of ADAM10 
(Thr214-Glu672), ADAM9 (Ala206-Asp697) or 
ADAM17 (Arg215-Asn671), respectively. After 
incubation, GST-CD9 was precipitated with GST 
antibody and ADAM proteins were probed with 
His antibody. The results showed that GST-CD9 
could pull-down all these ADAM proteins. In 
contrast, GST tag itself could not pull down any 
ADAM proteins (Figure 4C). To investigate 
whether the antibody targeting extracellular 
domain of CD9 could disrupt interactions 
between CD9 and ADAM proteins, GST-CD9 
was incubated with His tagged extracellular 
domains of ADAM proteins in the presence of 
CD9 antibody (0.1, 1 or 2 ug) or control IgG (2 
ug). The results showed that CD9 antibody 

could dose-dependently block the interactions 
between CD9 and ADAM proteins (Figure 4D). 

CD9 activates Notch signaling in PDAC

As α-secretase mediated cleavage of Notch is 
required for the activation of downstream 
Notch signaling, we hypothesized that CD9 may 
activate Notch signaling via enhancing the 
function of ADAM proteins. Thus, we used a 
luciferase-based assay to monitor Notch activ-
ity in PDAC cell lines. Once Notch is first cleaved 
by α-secretase and then by γ-secretase, the 
intracellular domain of Notch (NICD) would 
translocate into nucleus to activate luciferase 
expression. The results showed that CD9 
knock-down greatly reduced Notch activity 
(Figure 5A). In addition, cleaved Notch1 was 
detected in PDAC cell lines by western blot and 
the results showed that cleaved Notch1 was 
reduced greatly by CD9 knock-down (Figure 
5B). The expression of several well-established 
Notch target genes like HES-2, c-MYC and cyclin 
D3 was measured by real time-PCR and west-
ern blot. The results showed that CD9 knock-
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Figure 5. CD9 activates Notch signaling in PDAC. A. Luciferase assay showing Notch activity was inhibited by CD9 
knockdown in two cell lines. B. Western blots showing the protein levels of cleaved Notch was reduced by CD9 
knockdown in two cell lines. C. Western blots showing the protein levels of HES-2, c-Myc and cyclin D3 were reduced 
by CD9 knockdown in two cell lines. D. TaqMan qPCR results showing the mRNA levels of HES-2, c-Myc and cyclin 
D3 were reduced by CD9 knockdown in two cell lines. For all, *P<0.05, **P<0.01.

down reduced the protein (Figure 5C) and 
mRNA (Figure 5D) levels of HES-2, c-MYC and 
cyclin D3 in PDAC cell lines. Taken together, 
these results support that CD9 activated Notch 
signaling in PDAC.

CD9 antibody inhibits α-secretase activity and 
modulates behaviors of PDAC cell lines

As the CD9-ADAM interaction is accessible on 
the cell surface, it’s likely that antibody target-
ing extracellular domain of CD9 may disrupt 
cell surface trafficking of ADAM proteins, inhibit 
their α-secretase activity and suppress down-
stream Notch signaling. To demonstrate this 
hypothesis, we added CD9 antibody into the 
culture medium of PANC-1 cell and incubated 
for 2 hours. Then, cell surface labeling assay 
was performed and the cell surface levels of 
ADAM family members were analyzed by west-
ern blot. The results showed that CD9 antibody 
reduced ADAM proteins on the cell surface 
(Figure 6A). At the same time, FRET assay 
showed that α-secretase activity in PDAC cells 
incubated with CD9 antibody (0.5, 1, 2 ug per 

well in 12-well plate) was potently inhibited 
(Figure 6B). In addition, CD9 antibody inhibited 
Notch activity in luciferase assay (Figure 6C) 
and reduced the levels of cleaved Notch1 and 
Notch target genes (HES-2, c-MYC and cyclin 
D3) in western blot (Figure 6D).

As previous studies show that ADAM family is 
involved in aggressive tumor behaviors like cell 
proliferation, migration and tumor formation, 
we evaluated the effects of CD9 antibody on 
those tumor behaviors in two PDAC cell lines. In 
MTT assay, CD9 antibody inhibited tumor cell 
proliferation (Figure 6E). In transwell migration 
assay, CD9 antibody inhibited tumor cell migar-
tion (Figure 6F). In colony formation assay, CD9 
reduced the colony numbers (Figure 6G). Taken 
together, these data suggest that CD9 antibody 
inhibits α-secretase activity and aggressive 
behaviors of PDAC cells in in-vitro assays. 

Discussion

ADAM family proteins like ADAM10, ADAM9 and 
ADAM17 which function as α-secretase may be 
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Figure 6. CD9 antibody inhibits α-secretase activity and modulates behaviors of PDAC cell lines. A. Cell surface 
biotin labeling results showing the protein levels of ADAM10, ADAM9 and ADAM17 on the cell surface were reduced 
after CD9 antibody incubation. B. In-vitro FRET assay showing α-secretase activity was inhibited after CD9 antibody 
incubation in two cell lines. C. Luciferase assay showing Notch activity was inhibited after CD9 antibody incubation 
in two cell lines. D. Western blots showing the protein levels of cleaved Notch1, HES-2, c-Myc and cyclin D3 were 
reduced after CD9 antibody incubation in two cell lines. E. MTT assay showing the proliferation of PDAC cell lines 
was inhibited by CD9 antibody. F. Transwell assay showing the migration of PDAC cell lines was inhibited by CD9 
antibody. G. Colony formation of PDAC cell lines was inhibited by CD9 antibody. For all, **P<0.01, ***P<0.001.

promising therapeutic targets in PDAC, but it is 
almost unknown whether and how α-secretase 
is regulated in PDAC. Here, we show that the 
expression of tetraspanin CD9 was increased 
and strongly associated with poor prognosis in 
PDAC. CD9 was also positively associated  
with α-secretase activity in PDAC tissues. 
Consistently, CD9 knock-down inhibited α-Se- 
cretase activity in PDAC cell lines. Co-IP and 
GST pull down demonstrates the direct interac-
tions of CD9 with ADAM10, ADAM9 or ADAM17. 
Cell surface labeling shows that CD9 promoted 
cell surface trafficking of ADAM family proteins. 
In addition, the antibody targeting extracellular 
domain of CD9 disrupted the interactions bet- 
ween CD9 and ADAM family proteins, reduced 
cell surface trafficking of ADAM proteins, inhib-
ited α-secretase activity, suppressed Notch sig-
naling and showed anti-tumor effects in  
in-vitro assays. Thus, CD9 antibody might be  
a potential intervention for PDAC by disrup- 
ting CD9-ADAM10/ADAM9/ADAM17 interac-
tions and inhibiting α-secretase activity.

Tetraspanins are a large group of membrane 
proteins with 33 members in human [21]. They 
share a common structure of four transmem-
brane alpha-helices and two extracellular 
domains. Tetraspanins act as scaffolding pro-
teins by interacting with numerous partners. 
Through this dynamic interactome, tetraspan-
ins contribute to physiological processes like 
pancreas development [22], reproduction [23, 
24], and immunity [25]. In addition, tetraspan-
ins are involved in various cancers as studies 
show that tetraspanins expression correlates 
with tumor stage and prognosis [26]. Among 
the CD9 binding partners, ADAM family has 
been shown to play important roles in multiple 
processes. The interaction of CD9 with ADAM10 
was found in colon cancer cells [27] and 
immune cells [16]. The interaction of CD9 with 
ADAM17 was reported in endothelial and mono-
cytic cells [19]. These results are fully consis-
tent with our current findings in PDAC. 

Given the great potential as therapeutic tar-
gets, chemical inhibitors against ADAM family 
proteins are developed. INCB7839 is a dual 
inhibitor for ADAM17/ADAM10 and a clinical 
trial is ongoing in which INCB7839 is used in 
combination with rituximab for the treatment of 
diffuse large B-cell non-Hodgkin lymphoma 
[28]. It would be of great interest to test if  
these inhibitors are effective in PDAC patients. 
However, it’s unclear if they will produce any 
side effect in the brain because α-secretase 
activity is required for normal brain function. As 
shown in our current study, another strategy  
to modulate α-secretase could be targeting  
CD9-ADAM interactions with CD9 antibody. 
Interestingly, ADAM10 expression is up-regulat-
ed in gastric cancer [29] and CD9 antibody 
shows therapeutic effects in nude mouse 
model with gastric cancer cell line [30]. Thus, it 
would be of great interest to evaluate the 
effects of CD9 antibody in PDAC.

In summary, we report that CD9 interacts with 
α-secretase to enhance its oncogenic function 
in pancreatic cancer and targeting the interac-
tion between CD9 and ADAM proteins with anti-
body may be effective for PDAC treatment. 
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