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Abstract. Pancreatic cancer has one of the poorest patient 
outcomes and is highly resistant to chemotherapy. Identifying 
the molecular mechanisms involved in drug resistance is 
critical in the development of novel strategies to treat pancre-
atic cancer. The results of the present study demonstrate that 
Fas-associated death domain protein (FADD), a classical 
adaptor protein mediating apoptotic stimuli-induced cell death, 
protects pancreatic cancer cells from drug-induced apoptosis. 
In contrast to its classical apoptotic roles, it was observed that 
FADD is required for pancreatic cancer cell proliferation and 
that it is overexpressed to varying degrees in various types of 
pancreatic cancer cell. This leads to differing levels of drug 
resistance in pancreatic cancer cells, where drug resistance 
is positively correlated with FADD expression. Notably, the 
results of the present study demonstrate that FADD protects 
pancreatic cancer cells from drug-induced apoptosis, while 
RNA interference of FADD sensitizes drug-resistant cells to 
Adriamycin®-mediated apoptosis. The results of the present 
study reveal unexpected roles for FADD in pancreatic cancer 
cell proliferation and drug resistance.

Introduction

Fas-associated death domain protein (FADD) is a classical 
adaptor protein involved in the cytoplasmic transduction of 
extracellular apoptotic signals by mediating the association 

of Fas and caspase-8 (1,2). FADD deficiency largely leads 
to compromised death receptor-mediated apoptosis (3,4). 
However, previous studies have indicated that FADD is also 
required for embryonic development and lymphocyte differ-
entiation, which is independent of apoptosis, suggesting that 
FADD interacts with non-apoptotic cooperators in vivo (5-7). 
Previously, the role of FADD in programmed necrosis has 
been revealed (8-10). Inhibition of programmed necrosis 
by inactivation of the receptor interacting protein 1 rescues 
FADD‑deficient embryos from death (8).

As a pro-apoptotic protein, FADD functions as a tumor 
suppressor in certain types of cancer, including thymic 
lymphoblastic lymphoma and thyroid adenoma/adenocarci-
noma (11). Downregulation of FADD has also been observed 
in the leukemic cells of acute myeloid leukemia patients (12). 
By contrast, FADD is overexpressed in certain types of 
cancer. FADD is located on chromosome 11q13, a region that 
is frequently amplified in several types of cancer, including 
lung, head and neck squamous cell carcinoma, laryngeal 
and pharyngeal carcinomas, and breast and ovarian carci-
nomas (13). FADD mRNA and protein levels are known to be 
increased in these forms of cancer (14-18). However, the role of 
FADD in these diseases remains to be fully elucidated.

Pancreatic cancer is one of the most lethal types of 
cancer worldwide and the early stages are difficult to diag-
nose, thus hindering prompt surgery, chemotherapy and 
radiotherapy (19). Additionally, pancreatic cancer is highly 
resistant to traditional chemotherapy and radiotherapy, which 
is primarily due to failure of inducing cell cycle arrest and 
apoptosis in pancreatic cancer cells (20). Cyclin-dependent 
kinase inhibitor 1 (p21) is a potent cell cycle inhibitor at G1 
and S phase, and is usually suppressed in cancer cells (21). 
Therefore, identifying the mechanisms for p21 repression in 
pancreatic cancer cell in response to drugs may shed light on 
more efficient chemotherapy strategies.

Although the role of FADD in several types of cancer has 
been revealed, its role in pancreatic cancer remains to be eluci-
dated. In the present study, it was demonstrated that FADD 
is overexpressed in pancreatic cancer cells. Furthermore, its 
expression level is correlated with pancreatic cancer cell drug 
resistance. FADD RNA interference resulted in increased cell 
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cycle arrest and apoptosis in response to Adriamycin® treat-
ment in drug-resistant cells. The present data indicates that 
FADD may have an important role in the development of drug 
resistance in pancreatic cancer cells.

Materials and methods

Cell culture. Pancreatic cancer cells (Colo357, Capan-1 and 
MIA-PaCa-2) were purchased from American Type Culture 
Collection (Manassas, VA, USA) and cultured in Dulbecco's 
modified Eagle's medium (DMEM) or RPMI‑1640 (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% 
fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scien-
tific, Inc.). Normal epithelial cell line (HPDE6) was a gift from  
Dr. Zhangjun Cheng (Southeast University, Nanjing, China) 
and cultured in RPMI‑1640 with 10% fetal bovine serum. All 
cells were maintained at 37˚C with 5% CO2 and a humidity 
of 95%.

Cell viability assay. Colo357, Capan-1 and MIA-PaCa-2 
cells (2,000 cells/well) were plated into each well of multiple 
96‑well plates and cultured for 24 h at 37˚C in DMEM or 
RPMI‑1640. Cells were then treated with 0, 0.25, 0.5, 1, 2 
or 4 µM of Adriamycin (Sigma‑Aldrich; Merck Millipore, 
Darmstadt, Germany). Cell viability was determined by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
(MTT) assay. Cells were incubated with MTT for 2 h at 
37˚C. Following removal of the media containing MTT solu-
tion, the remaining dark blue formazan crystals in each well 
were dissolved in dimethyl sulfoxide. The absorbance was 
determined with a microplate reader. Each experiment was 
performed in triplicate.

RNA interference. FADD small interfering (siRNA) and 
negative control siRNA (NC siRNA) were synthesized by 
GenePharma Co., Ltd. (Shanghai, China). The FADD siRNA 
sequences used were as follows: sense, 5'-CAC AGA GAA 
GGA GAA CGCA‑3'; and antisense, 5'‑UGC GUU CUC CUU 
CUC UGUG-3' as described by Varfolomeev et al (22). The 
NC siRNA sequences used were as follows: sense, 5'-GGC 
AGC AAC CGA GAA GAAA-3' and antisense, 5'-UUU CUU 
CUC GGU UGC UGCC-3', generated by siRNA Wizard v3.1 
(InvivoGen, San Diego, CA, USA). The NC siRNA was a 
scrambled sequence of the FADD siRNA, which had no match 
in the human genome sequence. Colo-357 and Capan-1 cells 
(5x105) were plated in a 6‑well plate and cultured overnight 
at 37˚C in RPMI‑1640. siRNA and Lipofectamine® 2000 
Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
were mixed and incubated with the cells in serum-free 
Gibco™ Opti‑MEM (Thermo Fisher Scientific, Inc.) for 6 h 
at 37˚C. Fresh RPMI‑1640 with 10% FBS was then added 
into the cells. For the effect of FADD on the proliferation 
of Colo-357, the concentrations of FADD siRNA were 0, 10, 
25, 50, 100 and 200 nM, and the concentrations of the total 
siRNA were made up to 200 nM with NC siRNA for those 
transfections with a FADD siRNA concentration <200 nM. 
For the effect of FADD on the drug resistance of Colo-357 
and Capan-1, the concentration of FADD siRNA was 100 nM 
and cells were treated with Adriamycin following 48 h of 
siRNA transfection.

Western blotting. Briefly, cells were collected and washed 
with phosphate-buffered saline (PBS) and lysed in lysis 
buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2 

EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophos-
phate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml 
leupeptin) for 30 min on ice, and subsequently centrifuged 
at 11,700 x g for 10 min at 4˚C. The supernatants were 
collected. Western blotting was performed, as described by 
Cheng et al (23). Briefly, 50 µg of protein from each sample 
were separated by using SDS‑PAGE on a 12% SDS gel and 
subsequently transferred onto PVDF membranes (Merck 
Millipore). The membranes were then blocked in 5% non‑fat 
milk in Tris‑buffered saline containing 0.1% Tween 20 for 
1 h at room temperature and probed with primary antibodies 
at a dilution of 1:500 overnight at 4˚C (anti‑FADD; cat. 
no. sc‑5559; anti‑p21; cat. no. sc‑6246; anti‑GAPDH; cat 
no. sc-47724), then probed with corresponding horseradish 
peroxidase‑conjugated secondary antibodies at a dilution 
of 1:5,000 (goat anti‑mouse IgG‑HRP; cat. no. sc‑2302; 
goat anti‑rabbit IgG‑HRP; cat no. sc‑2301) (all Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). Bands were visual-
ized with 20X LumiGLO® Reagent and 20X Peroxide (cat. 
no. 7003; Cell Signaling Technology, Inc., Danvers, MA, 
USA).

Cell cycle analysis. Following siRNA transfection and Adri-
amycin treatment, Capan‑1 cells were subjected to cell cycle 

Figure 1. FADD is overexpressed in pancreatic cancer cells. (A) Normalized 
mRNA levels of FADD among pancreatic cells (n=3). Values are presented 
as the mean ± standard deviation. (B) Western blot analysis of FADD and 
GAPDH protein levels in pancreatic cancer cells. FADD, Fas-associated 
death domain protein; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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analysis with propidum iodide using standard flow cytometry 
protocols. Briefly, cells were trypsinized, fixed with cold 
ethanol and stored overnight at 4˚C. Cells were subsequently 
pelleted and rinsed in cold PBS containing RNase A and 
incubated for 30 min at 37˚C. Propidium iodide was added 
and incubated for an additional 30 min at 37˚C. Cells were 
analyzed using FACSCalibur™ (BD Biosciences, Franklin 
Lakes, NJ, USA) for the fluorescence signals collected in 
the FL-2 detector. A total of 100,000 events were collected. 
Cell cycle profiles were analyzed using FlowJo software 
(version 10.0.8; FlowJo, LLC, Ashland, OR, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). RNA was extracted with TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) and cDNA was synthesized 
with PrimeScript™ RT Master Mix (Takara Bio, Inc., Otsu, 
Japan) according to the manufacturer's protocol. RT‑qPCR 
was then performed using the StepOne/StepOnePlus™ 
Real-time PCR system and SYBR Green PCR Master 
Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Cycling conditions 
were: 10 min of denaturation at 95˚C and 40 cycles at 95˚C 
for 15 sec and at 60˚C for 1 min. The relative FADD mRNA 
expression level was calculated using the 2-ΔΔCq method (24), 
where ΔCq was calculated as follows: Cq value of FADD-Cq 

value of GAPDH. PCR primers for RT-qPCR were as 
follows: FADD forward, ATT AAT GCC TCT CCC GCA 
CC and reverse, TCT CTG CTT CGC TCC GAT TC; GAPDH 
forward, CAC CAT CTT CCA GGA GCG AG and reverse, GCA 
GGA GGC ATT GCT GAT.

Statistical analysis . Data are expressed as the mean ± stan-
dard deviation, and paired Student's t-test analysis was 
performed. Comparisons within groups were conducted 
using a t-test with repeated measures. P<0.05 was considered 
to indicate a statistically significant difference. All statistical 
analyses were performed with Prism software version 6.0 
(GraphPad Software Inc., La Jolla, CA, USA).

Results

FADD is overexpressed in pancreatic cancer cells. To deter-
mine the expression of FADD in pancreatic cancer cells, 
FADD mRNA levels were examined in the wild-type epithe-
lial cell line (HPDE6) and cancerous pancreatic cells. FADD 
mRNA expression was elevated significantly in pancreatic 
cancer cells compared to in HPDE6 cell, with P‑values of 
0.0051, 0.0014 and 0.0001 in MIA-PaCa-2, Colo357 and 
Capan-1, respectively (Fig. 1A). To confirm the changes in 
the FADD mRNA level, the protein levels were subsequently 

Figure 2. FADD regulates pancreatic cancer cell proliferation. Colo357 cells were transfected with FADD siRNA at the concentrations indicated. (A) The 
FADD protein levels corresponding to the siRNA concentrations were analyzed with western blotting. (B) Cell proliferation was determined at indicated time 
points (n=6). Values are presented as the mean ± standard deviation. FADD, Fas‑associated death domain protein; siRNA, small interfering RNA; GAPDH, 
glyceraldehyde 3-phosphate aldehyde.
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determined using western blotting. FADD protein expres-
sion was also increased in pancreatic cancer cells (Fig. 1B). 
Increased levels of FADD in pancreatic cancer cells were in 
conflict to its classic apoptotic role, suggesting a non‑apop-
totic functions of FADD in these cells.

FADD is required for pancreatic cancer cell proliferation. As 
FADD is overexpressed in pancreatic cancer cells, its effect 
on pancreatic cancer cell proliferation was examined. Cell 
proliferation was inhibited significantly by FADD RNAi at 
4 days subsequent to FADD siRNA transfection compared to 
NC siRNA transfection, indicated by P‑values of 0.0087, 0.0061, 
0.0051, and 0.0022 corresponding to the FADD siRNA concen-
trations of 10, 25, 50, 100 and 200 nM, respectively. A total 

of 7 days following transfection, FADD knockdown inhibited 
Colo357 proliferation by >50% with concentrations of FADD 
siRNA of 25 nM or higher, , with P-values of 0.00092, 0.00045, 
0.00063 and 0.0003 corresponding to FADD siRNA concentra-
tions of 10, 25, 50, 100 and 200 nM, respectively (Fig. 2).

FADD is correlated with drug resistance in pancreatic cancer 
cells. It has been demonstrated that FADD is overexpressed 
in 3 pancreatic cancer cell lines to varying degrees (Fig. 1). It 
has previously been demonstrated that Capan-1 cells exhibit 
increased resistance to anti-cancer drugs compared with 
other cancer cell lines (25). As FADD is highly expressed 
in Capan-1, the effect of FADD on drug resistance was 
analyzed. The Adriamycin sensitivity of the cell lines was 
initially measured. Capan-1 exhibited increased resistance 
to Adriamycin compared with Colo357 and MIA-PaCa2 
(Fig. 3A). Furthermore, FADD knockdown sensitized Colo357 
to Adriamycin significantly, with P‑values of 0.021 and 0.014 
corresponding to Adriamycin concentrations of 2 and 4 µM, 
respectively (Fig. 3B). Additionally, FADD RNAi increased the 
sensitivity of Capan‑1 cells to Adriamycin significantly, with 
P‑values of 0.003, 0.0004, 0.0006 and 0.0001 corresponding 
to Adriamycin concentrations of 0.5, 1, 2 and 4 µM, respec-
tively (Fig. 3C). The present data indicate a promoting role 
for FADD in the development of drug resistance in pancreatic 
cancer cells.

FADD protects pancreatic cancer cells from drug‑induced 
apoptosis. Adriamycin-induced apoptosis in FADD knockdown 
cells was examined. While FADD RNAi alone had no effect 
on apoptosis, 2 µM Adriamycin treatment was able to induce 
a moderate level of apoptosis. FADD RNAi dramatically 
promoted Adriamycin-induced apoptosis (Annexin V+/PI-) 
(Fig. 4). The present data indicates that FADD is critical to the 

Figure 3. FADD sensitizes pancreatic cancer cells to Adriamycin. 
(A) Pancreatic cancer cells were treated with Adriamycin at the concentra-
tions indicated. Cell number was determined 48 h following treatment (n=6). 
(B) Colo357 cells were transfected with FADD siRNA or NC for 48 h. Cells 
were subsequently treated with Adriamycin at the concentrations indicated 
for 24 h (n=6). (C) Capan‑1 cells were transfected with FADD siRNA or NC 
for 48 h. Cells were subsequently treated with Adriamycin at the concentra-
tions indicated for 24 h (n=6). Values are presented as the mean ± standard 
deviation. FADD, Fas‑associated death domain protein; siRNA, small inter-
fering RNA; NC, negative control.

Figure 4. FADD protects pancreatic cancer cells from ADR-induced apop-
tosis. Capan-1 cells were transfected with NC siRNA or FADD siRNA as 
indicated for 48 h. Cells were subsequently treated with ADR for 48 h and 
collected for Annexin V immunostaining. Apoptotic cells were denoted 
as Annexin V+/PI-. FADD, Fas‑associated death domain protein; ADR, 
Adriamycin; NC, negative control; siRNA, small interfering RNA; PI, prop-
idium iodide.
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development of drug resistance in Capan-1 cells and protects 
them from apoptosis.

FADD regulates the cell cycle. It has been shown that Adria-
mycin induces cell cycle arrest, which subsequently leads to 
apoptosis (21). Cell cycle phase distribution in FADD knockdown 
Capan-1 cells was examined. Adriamycin treatment resulted in 
cell cycle arrest (Fig. 5A). FADD RNAi promoted increased cell 
cycle arrest in the S phase when combined with Adriamycin 
treatment. p21 levels were also significantly elevated in FADD 
knockdown Capan-1 cells following Adriamycin treatment 
(Fig. 5B). Thus the present data indicate that FADD partially 
inhibits Adriamycin induced cell cycle arrest.

Discussion

FADD was initially identified as an adaptor protein that couples 
Fas receptor and procaspase-8 to form a death-inducing 

signaling complex. Procaspase-8 is subsequently cleaved 
leading to its activation and the initiation of apoptosis (2). 
It is therefore reasonable to hypothesize that FADD has a 
repressive role in cancer cell proliferation and survival. This 
concept was supported by the fact that FADD is deficient in 
certain types of cancer (11,12). However, multiple studies 
have revealed that FADD is overexpressed in many other 
forms of cancer (14-17). Consistent with previous observa-
tions, the present study indicated that FADD is overexpressed 
in pancreatic cancer cells. Knockdown of FADD impairs 
pancreatic cancer cell proliferation, suggesting that FADD is 
required for cell proliferation in the context of cancer. It has 
been shown that FADD translocates into the nucleus during 
mitosis to promote cell cycle progression, implying that FADD 
has apoptotic and non-apoptotic roles depending upon its 
cellular localization (26,27). Its nuclear localization promotes 
cell cycle progression and simultaneously deprives prolif-
erative cells of apoptotic stimuli (18). This model proposes a 

Figure 5. FADD regulates pancreatic cell cycle progression. (A) Capan-1 cells were transfected with NC siRNA or FADD siRNA for 48 h. Cells were subse-
quently treated with ADR for 48 h, prior to being fixed for cell cycle analysis. (B) P21 protein levels were determined in the samples from (A) by western blot 
analysis. FADD, Fas‑associated death domain protein; NC, negative control; siRNA, small interfering RNA; ADR, Adriamycin; FL2‑A, FL2‑area; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase.
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mechanism for the FADD-mediated coupling of cancer cell 
proliferation and resistance to apoptosis, however further 
research is required (18).

In addition to facilitating proliferation, the present study 
also demonstrated that FADD induces drug resistance in 
pancreatic cancer cells, indicating that FADD is required for 
cancer cell survival in response to certain apoptotic stimuli. 
Although FADD is required for death receptor-mediated 
apoptosis, it is not required in Adriamycin‑induced fibroblast 
apoptosis (5). As demonstrated by the present study, FADD 
deficiency results in apoptosis in response to Adriamycin in 
pancreatic cancer cells. This discrepancy largely depends on 
cellular context. Accelerated cell cycle machinery in cancer 
cells may be more sensitive to stimuli that cause cell cycle 
arrest. However, the complete mechanisms remain to be fully 
elucidated.

In conclusion, the present data demonstrated critical roles 
for FADD in pancreatic cancer cell proliferation and the 
development of resistance to Adriamycin. The results indicate 
more complex regulatory mechanisms for pancreatic cancer 
cell proliferation and survival. The data also reveal new strate-
gies in the development of more efficient pancreatic cancer 
treatments.
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