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Abstract

Combination chemotherapy for the treatment of pancreatic cancer commonly employs gemcitabine with an EGFR inhibitor 
such as erlotinib. Here, we show that the retinoic acid derivative, ABPN, exhibits more potent anticancer effects than 
erlotinib, while exhibiting less toxicity toward noncancerous human control cells. Low micromolar concentrations of ABPN 
induced apoptosis in BxPC3 and HPAC pancreatic cancer cell lines, concomitant with a reduction in phosphorylated EGFR 
as well as decreased ErbB3, Met and BRUCE protein levels. The degradation of ErbB3 is a result of proteasomal degradation, 
possibly due to the ABPN-dependent upregulation of Nrdp1. Administration of ABPN showed significant reductions in 
tumor size when tested using a mouse xenograft model, with higher potency than erlotinib at the same concentration. 
Analysis of the tumors demonstrated that ABPN treatment suppressed ErbB3 and Met and induced Nrdp1 in vivo. The data 
suggest that ABPN may be more suitable in combination chemotherapy with gemcitabine than the more widely used EGFR 
inhibitor, erlotinib.

Introduction
Pancreatic cancer remains the fourth most common cause of 
cancer-related deaths worldwide (1). The majority of neoplasms 
are thought to arise from precancerous lesions developing in the 
exocrine components of the organ. Detection of the disease is 

typically accompanied by a poor prognosis, due in part to an 
absence of symptoms in its early stages. Locally advanced and 
metastatic disease accounts for over 80% of diagnosed individu-
als, with median survival rates at ~10 and 6 months, respectively 
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(2). Treatment options are limited, with only a minority of cases 
suitable for surgical tumor removal and adjuvant radiation ther-
apy. For these and other reasons, pancreatic cancer holds the 
dubious distinction of having the lowest survival rate amongst 
all cancers (3).

Deregulation of the epidermal growth factor receptor (i.e. 
EGFR; ErbB1; HER1) has been implicated in the progression 
of multiple cancer types, including pancreatic cancer (4). The 
receptor is a membrane-bound tyrosine kinase that forms het-
erodimers with other members of the same family, including 
ErbB3. Overexpression of EGFR and ErbB3 is associated with 
decreased survival and downstream activation of cell survival 
mediators including the Akt, MAPK and JNKs pathways (5–7). 
Nrdp1 is an important negative regulator of ErbB3 acting as 
an ubiquitin ligase responsible for ErbB3 proteasomal degra-
dation (8).

The majority of current treatment strategies for pancreatic 
cancer include chemotherapeutic agents, which became preva-
lent after the discovery of the thymidylate synthase inhibitory 
activity of 5-fluorouracil (5-FU). 5-FU is a pyrimidine analog that 
disrupts the synthesis of DNA, leading to cell cycle arrest and 
apoptosis (9). The compound is a member of the antimetabolite 
family of drugs, which includes the more commonly prescribed 
gemcitabine, a nucleoside analog. Gemcitabine is frequently 
used for palliative purposes in advanced pancreatic cancers and 
was the first FDA-approved drug for a clinical nonsurvival end-
point (9,10). Recently, the drug has been used in combination 
with EGFR inhibitors, such as erlotinib, for more effective thera-
peutic outcomes (11).

The wide cellular influence of EGFR has made it a prominent 
target of interest for monoclonal antibody design (i.e. cetuximab, 
panitumumab and matuzumab) and small molecule kinase 
inhibitors (gefitinib, erlotinib and lapatinib) (12). EGFR-positive 
patients often have good initial treatment outcomes; however, 
the development of resistance remains a serious obstacle. This 
is partly because EGFR is susceptible to mutations that amplify 
its activity or render it insensitive to inhibition. Two major EGFR-
related resistance mechanisms include the T790M mutation and 
amplification of the Met oncogene (13–15). Due to the higher 
likelihood of late stage cancers developing such resistance, 
novel strategies that focus on downregulation or degradation of 
EGFR/ErbB3 could represent more effective solutions.

Retinoic acid is a metabolite of vitamin A that plays critical 
roles in chordate embryogenesis, as well as diverse roles in devel-
opment, differentiation and homeostasis (16). Transcriptional 
responses occur after it binds with the retinoic acid receptor and 
subsequent activation of Hox family genes (17). Despite its use 
in therapy for a number of cancer types, including breast cancer 
and leukemia, undesirable side-effects include teratogenicity 
(18). This has led to interest in synthesizing novel derivatives of 
retinoic acid, also known as retinoids, presenting opportunities 
for reduced side effects and enhanced antitumor activity.

Following the synthesis of various retinoic acid derivatives, 
we previously identified one compound, designated ABPN 
(A4-amino-2-(butyrylamino)phenyl (2E,4E,6E,8E)-3,7-dimethyl-9- 

(2,6,6-trimethyl-1-cyclohexenyl)-2,4,6,8-nonatetraenoate), with 
potent antitumor activity against several cancer cell lines (19). In 
a previous report, ABPN showed markedly enhanced anticancer 
potency compared to all-trans retinoic acid (ATRA), but activated 
retinoic acid receptor isotypes to an extent similar to ATRA, sug-
gesting that the improved anticancer effect of ABPN relies on 
a retinoic acid receptor-independent mechanism (19). Here we 
report that its mode of action is achieved through significant 
downregulation of ErbB3 expression, which led us to hypothe-
size that the observed effects of ABPN may involve upregulation 
of Nrdp1. Our results indicate that ABPN downregulates multi-
ple components of the EGFR/ErbB3 signaling pathway through 
Nrdp1 activation. This causes induction of apoptosis in spe-
cific pancreatic cancer cell lines that normally show a minimal 
response to both retinoic acid and erlotinib treatment, an effect 
confirmed in vivo.

Materials and methods

Materials
ATRA, 5-FU, fetal bovine serum (FBS) and the antibody against β-actin 
were purchased from Sigma-Aldrich (St Louis, MO). Gemcitabine and 
erlotinib were purchased from LC Laboratories (Woburn, MA). Paclitaxel 
was purchased from BioTang Inc. (Lexington, MA). Antibodies to detect 
phosphorylated ErbB3, ErbB2, EGFR, Met and p70S6K and PARP, caspase-3, 
ErbB3, Met and Akt were purchased from Cell Signaling Technology 
(Beverly, MA). Antibodies to detect ErbB2, EGFR, Cdk4, and cyclin D1 were 
purchased from Santa Cruz (Santa Cruz, CA) and the BRUCE antibody was 
from BD Biosciences (San Jose, CA). The antibody against Nrdp1/RNF41 
was obtained from Bethyl Laboratories (Montgomery, TX) and the antibody 
to detect phosphorylated Akt was purchased from GenScript (Piscataway, 
NJ). The chemiluminescence detection kit was purchased from Amersham 
Pharmacia Biotech (Piscataway, NJ) and the protein assay kit was obtained 
from Bio-Rad Laboratories (Hercules, CA). The MTS reagent powder was 
purchased from Promega (Madison, WI).

Cell lines
BxPC3, HPAC, Panc-1 and Mia Paca-2 human pancreatic cancer cell lines 
were grown in Dulbecco’s Modified Eagle Medium supplemented with 
10% FBS and penicillin-streptomycin. Normal CCD-112CoN human colon 
fibroblasts were obtained from the American Type Culture Collection and 
grown in Eagle’s Minimum Essential Medium supplemented with 10% FBS 
and penicillin–streptomycin. Primary cultured human dermal fibroblasts 
were a kind gift from Dr. Sam W. Lee (Massachusetts, General Hospital) 
and were cultured in Dulbecco’s Modified Eagle Medium supplemented 
with 10% FBS and penicillin-streptomycin. All cells were maintained as 
monolayer cultures at 37°C in an incubator with an atmosphere of 5% CO2.

Cell viability assay
Cells were seeded in 96-well plates (1000–4000 cells per well depending 
on the cell type) and incubated overnight before treatment. Cell viability 
was measured using the CellTiter 96® AQueous MTS Reagent (Promega). 
Cell viability was also determined using the Sulforhodamine B Based In 
Vitro Toxicology Assay Kit (Sigma-Aldrich). Cells were plated in 60-mm 
dishes, and were treated the following day with compounds at the indi-
cated concentrations.

Cell cycle analysis
Cells (1.5 × 105 cells per well) were seeded overnight in 60-mm dishes 
with culture medium followed by treatment for the indicated times with 
compounds in Dulbecco’s Modified Eagle Medium containing 10% FBS. 
The cells were trypsinized and then washed twice with cold phosphate-
buffered saline and fixed with ice-cold 70% ethanol at −20°C overnight. 
Cells were then washed twice with phosphate-buffered saline, incubated 
with 20 mg/ml RNase A and 200 mg/ml propidium iodide (PI) in phosphate-
buffered saline at room temperature for 30 min in the dark and subjected 
to flow cytometry analysis using the FACS Calibur flow cytometer. Data 
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were analyzed using the ModFit LT (Verity Software House, Topsham, ME) 
software program.

Immunoblotting
Cells (5 × 105) were seeded in 10-cm dishes overnight and treated with 
ABPN and harvested at the designated time points. The harvested cells 
were disrupted with cell lysis buffer (Pierce, Rockford, IL) and the pro-
teins were collected. The protein concentration was determined using a 
dye-binding protein assay kit (Bio-Rad, Hercules, CA) as described in the 
manufacturer’s manual. Protein lysates (20–80 μg) were subjected to SDS-
polyacrylamide gel electrophoresis and electrophoretically transferred 
to polyvinylidene difluoride membranes. After blotting, the membranes 
were incubated with a specific primary antibody at 4°C overnight. Protein 
bands were visualized on film using a chemiluminescence detection kit 
after hybridization with an alkaline phosphatase-linked secondary anti-
body. Protein bands were also visualized by LAS 4000 imaging system (GE 
Healthcare Biosciences, Pittsburgh, PA). All blots presented in the manu-
script are from a film scan. Blots were quantified using the Image J (NIH) 
software program.

Real-time PCR
Total RNA was extracted from cultured cells using the RNeasy Plus Mini 
Kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. The 
reverse transcription reaction was performed with the amfiRivert cDNA 
Synthesis Platinum Master Mix (GenDepot, Barker, TX). Expression of the 
indicated genes was assessed with a 7500 Real Time PCR system (Applied 
Biosystems, Carlsbad, CA) using the Power SYBR Green Master Mix (Life 
Technology, Grand Island, NY). Reaction plates were incubated in a 96-well 
thermal cycling plate at 95°C for 10 min and then underwent 40 cycles 
of 15 s at 95°C and 1 min at 59°C. All reactions were performed in trip-
licate. Relative quantitation (RQ) was calculated using the 2−ΔCt method, 
where ΔCt symbolizes the change in Ct between the sample and reference 
mRNA. The following primers were used to detect expression–GAPDH: 
5′-AGCCACATCGCTCAGACAC-3′ (forward), 5′-GCCCAATACGACCAAATCC-3′ 
(reverse); Met: 5′-TTGGATAGGCTTGTAAGTGCCC-3′ (forward), 5′-TACTGCA 
CTTGTCGGCATGAA-3′ (reverse); Egfr: 5′-AGGACCAAGCAACATGGTCA-3′ 
(forward), 5′-CCTTGCAGCTGTTTTCACCT-3′ (reverse); ErbB3: 5′-CCCTGC 
CATGAGAACTGCAC-3′ (forward), 5′-TCACTGTCAAAGCCATTGTCAGAT-3′ 
(reverse); Nrdp1: 5′-GAGGAGGGATGGTGGTAGAGA-3′ (forward), 5′-TTCCCAG 
TGACAAGCTCCAT-3′ (reverse); BRUCE: 5′-CTTGGTCTGAACACGAAAGACA-3′ 
(forward), 5′-TCCATCCGTACAAGGAAACTGT-3′ (reverse).

RNA interference
BxPC3 cells were grown in 60-mm dishes and transfected with an Nrdp1-
specific small interfering RNA oligonucleotide (si-RNF41/Nrdp1; Cat no: 
#1130460; Bioneer, Seoul, Korea) or scrambled oligonucleotides (si-scram-
bled; Cat no: #SN-1001 Bioneer), using Lipofectamine™ 2000 (Invitrogen, 
Grand Island, NY) according to the manufacturer’s instructions. To con-
firm knockdown, cells transfected with si-RNF41/Nrdp1 or scrambled oli-
gonucleotide were harvested for protein extraction and immunoblotting.

Animals
All animal procedures were conducted in accordance with animal care 
guidelines provided by Seoul National University (Seoul, Korea). Male 
athymic nude mice (6-week-old) were purchased from the Institute of 
Laboratory Animal Resources at Seoul National University. Animals were 
acclimated for 1 week prior to the study and had free access to food and 
water. The animals were housed in climate-controlled quarters with a 
12-h light/dark cycle.

Xenograft model
BxPC3 pancreatic cancer cells (100 μl) were mixed with 100 μl BD Matrigel 
(BD Biosciences, San Jose, CA) and cells (5 × 106) were implanted s.c. into a 
hind flank of each mouse. Eight mice were used per experimental group. 
Mice were treated when their tumor volume reached 50–100 mm3 as 
measured using calipers and the volume was estimated using the equa-
tion V = π/6 (l × h × w). ABPN (0.2 or 1 mg/kg) or erlotinib (1 or 50 mg/kg) 
was administered intraperitoneally 5 days per week. Tumor volume was 
measured every 7 days, and tumor weight was measured after excision 

on the final day of the experiment. After all mice were killed, a portion of 
the tumor tissue was fixed in formalin and embedded in paraffin for slide 
production with the remainder frozen in liquid nitrogen for disruption 
and protein analysis.

Immunoblotting of tumor tissues
After pulverizing, tumor tissues were homogenized (Bullet Blender, Next 
Advance) and protein was extracted using the T-PER tissue protein extrac-
tion reagent (Thermo Scientific, Waltham, MA). Protein concentration was 
quantified and loaded on gels for analysis as described above.

Immunohistochemistry
Tumor tissues were prepared for immunohistochemical analysis of phos-
phorylated ErbB3. Tissue sections (5 μm thick) from 10% neutral forma-
lin solution-fixed paraffin-embedded tissues were cut on silane-coated 
glass slides and then deparaffinized with xylene and dehydrated through 
a graded alcohol bath. The deparaffinized sections were boiled in citric 
acid buffer (pH 6.0) for antigen retrieval. Each section was treated with 
hydrogen peroxide solution. The VECTASTAIN Elite ABC Kit (Vector Labs, 
Southfield, MI) was used for further detection and slides were incubated 
with primary antibodies overnight at 4°C. ImmPACT DAB (Vector Labs) was 
used for staining and Mayer’s hematoxylin (Sigma-Aldrich) was applied 
as a counterstain.

Synergy assessment
Combination index (CI) was used to quantify synergism or antagonism for 
two drugs (20) using the following formula:

In this case, CI < 1,  =  1 or > 1 indicate synergism, independence or 
antagonism, respectively. In the denominators, (Dx)1 represents D1 ‘alone’ 
that inhibits a system x%, and (Dx)2 is for D2 ‘alone’ that inhibits a sys-
tem x%. In the numerators, (D)1 and (D)2 ‘in combination’ also inhibit 
x%. CI was calculated for every dose of two drug pairs. Fraction affected 
(Fa) is fractional inhibition of a phenotype by compound treatment(s). Fa 
of a group was calculated as Fa = percent inhibition of cell viability/100. 
Fraction affected-combination index plot was drawn with every group 
treated with more than one compound.

Statistical analysis
Bar graphs indicate the mean values of all replicates performed indepen-
dently with error ranges indicated. Experiments using cells are shown 
as representative, and have been repeated a minimum of three times. 
The software used for statistical analysis was GraphPad Prism v.6 and 
MATLAB. One-way ANOVA was used to compare two groups. ANOVA with 
Dunnett’s test was used for multiple comparisons within experiments. 
As indicated in each Figure legend, data are presented as mean values ± 
standard deviation (SD). P values are indicated with and asterisk (*) and/or 
pound sign (#); (*P < 0.05; **P < 0.01 and ***P < 0.001).

Results

ABPN selectively targets cancer cells and enhances 
gemcitabine-induced cell death

We examined the effect of ABPN on BxPC3 pancreatic cancer 
cells compared to all-transretinoic acid (ATRA), 5-FU, gem-
citabine (Gem) and erlotinib (Er), which are common thera-
peutics for pancreatic cancer treatment (9). ABPN exhibited 
significant inhibitory effects on BxPC3 cell growth and was 
more potent than ATRA, 5-FU or erlotinib (Figure  1A and 
Supplementary Figure1, available at Carcinogenesis Online). 
We determined the effect of ABPN (1  μM) against multiple 
human pancreatic cancer cell lines, including BxPC3, HPAC, 
Panc-1 and Mia Paca-2. BxPC3 and HPAC cells were sensitive 
to ABPN, whereas Panc-1 and Mia Paca-2 cells were relatively 

CI = 
(D)
(D )

(D)
(D )

1

x 1

2

x 2

+
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insensitive (Figure  1B). The effect of ABPN on normal cells, 
human CCD-112CoN colon fibroblasts and human dermal 
fibroblasts was relatively low (Figure  1C), suggesting that 
ABPN selectively targets certain types of cancer cells. We 
also measured apoptosis in normal cells treated with ABPN. 
Whereas paclitaxel induced significant apoptosis, ABPN had 
much less effect on human dermal fibroblast cells, further 
confirming that ABPN shows minimal toxicity toward normal 
cells (Supplementary Figure  2A, available at Carcinogenesis 
Online). Interestingly, a previous study reported that erlotinib 
treatment had a similar sensitivity profile against the pan-
creatic cancer cell lines BxPC3, HPAC, Panc-1 and Mia Paca-2 
(21). Thus, we further analyzed the effect of ABPN compared 
to erlotinib in these four pancreatic cancer cell lines. ABPN 
showed a marked dose-dependent inhibitory effect against 
BxPC3 and HPAC cells. However, Panc-1 and Mia Paca-2 pan-
creatic cancer cells were relatively resistant (Figure  1D). 

Even though the sensitivity profile of ABPN showed a simi-
lar pattern to erlotinib, ABPN was significantly more potent 
(Figure 1D). Erlotinib is clinically prescribed with gemcitabine 
to enhance gemcitabine’s chemotherapeutic effect (9,11). We 
treated cells with ABPN combined with gemcitabine to com-
pare with erlotinib and gemcitabine cotreatment. Results 
show that combining gemcitabine (30 or 100 nM) with ABPN 
(0.5 or 1  μM) inhibited growth substantially better than the 
combination of gemcitabine and erlotinib (Figure  1E). Also, 
calculation of the combination index based on viability dem-
onstrated that ABPN and gemcitabine cotreatment generates 
synergistic inhibitory effects (Figure  1E and Supplementary 
Figure  2B, available at Carcinogenesis Online). These results 
suggest that ABPN selectively targets cancer cells with low 
toxicity toward normal cells and that ABPN might enhance 
the chemotherapeutic effects of gemcitabine in pancreatic 
cancer.

Figure 1.  Effect of ABPN, ATRA, 5FU, gemcitabine or erlotinib on pancreatic cancer cell viability. (A) BxPC3 pancreatic cancer cells were treated with ABPN, ATRA, 5-FU, 

gemcitabine (Gem) or erlotinib (Er) for 72 h. Data shown are from three independent experiments. (B) ABPN differentially affects pancreatic cancer cell growth. BxPC3, 

HPAC, Panc-1 and Mia Paca-2 pancreatic cancer lines were treated with ABPN (1 μM) for 72 h and then stained with sulforhodamine B-based solution to detect viable 

cells. (C) Effect of ABPN on normal cells. CCD-112CoN (normal colon) or HDF (human dermal fibroblasts) were treated with ABPN at the indicated concentrations for 

72 h before measuring cell viability. All data are presented as mean values ± SD. Data shown are from three independent experiments. (D) Viability of BxPC3, HPAC, 

Panc-1 and Mia Paca-2 pancreatic cancer cells was measured after treatment with ABPN or erlotinib for 72 h. All data are presented as mean values ± SD and data 

shown are from three independent experiments. One-way ANOVA and Dunnett’s test. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, significant differences between 

DMSO-treated control and drug-treated groups. All data are presented as mean values ± SD (in triplicate). (E) Cotreatment of ABPN with gemcitabine enhances growth 

inhibition. BxPC3 cells were treated as indicated for 48 h and then viability was measured in triplicate. Heat maps were generated using the MATLAB software program 

and the color intensity represents viability. 
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ABPN induces apoptosis of BxPC3 and HPAC 
pancreatic cancer cells

To further study the potential anticancer effects of ABPN, we 
performed cell cycle analysis. ABPN induced G1 cell cycle arrest 
in BxPC3 cells (Table 1) with a concomitant increase in apop-
tosis, which was more pronounced than that induced by ATRA 

or erlotinib treatment (Figure  2A). Examination of cell cycle 
progression after synchronization at the G2/M phase further 
confirmed that ABPN strongly prevents the G1 to S phase tran-
sition (Supplementary Figure  3A, available at Carcinogenesis 
Online). In addition, the expression of cyclin D1, a cell cycle 
regulator required for progression through the G1 phase, was 
downregulated by ABPN (Supplementary Figure  3B, available 
at Carcinogenesis Online). Western blotting showed that ABPN 
treatment led to activation of caspase-3 and PARP in BxPC3 
and HPAC cells (Figure 2B and Supplementary Figure 4A, avail-
able at Carcinogenesis Online). However, the ABPN-resistant 
Panc-1 and Mia Paca-2 cells did not show significant cleavage 
of PARP compared to the sensitive cell lines (Figure  2C and 
Supplementary Figure  4B, available at Carcinogenesis Online). 
Because the sensitivity of pancreatic cancer cells to ABPN 
was similar to that of erlotinib, and erlotinib sensitivity is 
known to depend on ErbB3 levels (21), we analyzed the expres-
sion levels of ErbB3 and related proteins in pancreatic can-
cer cells. The results indicated that higher levels of ErbB3 and 
Met were associated with sensitivity towards ABPN, suggest-
ing that ABPN-induced cytotoxicity could be linked to ErbB3 
and Met (Figure 2D and Supplementary Figure 4C, available at 
Carcinogenesis Online).

Table 1.   Effect of ABPN on cell cycle distribution

Group G1 (%) S (%) G2/M (%)

Control (48 h) 38.85 ± 1.38 44.10 ± 0.91 17.38 ± 0.48
ABPN 1.5 μM (48 h) 59.90 ± 2.56*** 24.48 ± 3.04*** 15.61 ± 0.60*
ATRA 1.5 μM (48 h) 37.43 ± 1.14 43.58 ± 1.07 18.99 ± 0.85*
Er 1.5 μM (48 h) 48.70 ± 1.64** 35.80 ± 1.06 *** 15.49 ± 1.58
Control (72 h) 40.16 ± 0.55 42.04 ± 0.47 17.81 ± 0.30
ABPN 1.5 μM (72 h) 61.41 ± 0.77*** 29.73 ± 1.32 *** 8.86 ± 0.56***
ATRA 1.5 μM (72 h) 41.93 ± 1.29 40.76 ± 1.26 17.31 ± 1.23
Er 1.5 μM (72 h) 47.67 ± 1.73** 40.02 ± 0.58** 12.30 ± 1.19**

BxPC3 cells were seeded on 60-mm dishes and treated with ABPN for 48 or 

72 h. Cell cycle was analyzed using flow cytometry as described in Materials 

and methods (*P < 0.01; **P < 0.01; ***P < 0.001, significant differences between 

DMSO-treated control and drug-treated group). Data were generated using 

three different plates per group measured at the same time. 

Figure 2.  ABPN triggers apoptosis. (A) Treatment of cells with ABPN increases the subG1 fraction. BxPC3 cells were treated with ABPN, ATRA or erlotinib as indicated 

and cell cycle was analyzed using flow cytometry. All data are presented as mean values ± SD (in triplicate). (B) ABPN induces cleavage of caspase-3 and PARP in BxPC3 

and HPAC cells. (C) Differential effects of ABPN on PARP cleavage. (D) Expression of ErbB3, Met, EGFR, ErbB2 in BxPC3, HPAC, Panc-1 and Mia Paca-2 cancer cells. β-Actin 

served as a loading control and immunoblots are representative images of three independent experiments (one-way ANOVA and Dunnett’s test. NS, not significant; 

*P < 0.05, **P < 0.01, ***P < 0.001, significant differences between DMSO-treated control and drug-treated groups). All data are presented as mean values ± SD (in triplicate).
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ABPN decreases ErbB3 and Met protein levels

Because cells expressing high levels of ErbB3 and Met were more 
sensitive to ABPN treatment, we investigated whether ErbB3 and 
Met themselves were a target of inhibition. Treatment with ABPN 
decreased the expression of ErbB3 and Met and also reduced 
phosphorylation of Akt and p70S6K in BxPC3 cells (Figure  3A 
and Supplementary Figure 5A, available at Carcinogenesis Online). 
Treatment with ABPN did not alter the mRNA levels of ErbB3 and 
Met, implying the possible involvement of a post-translational con-
trol mechanism in ABPN-induced ErbB3 downregulation (Figure 3B 
and Supplementary Figure 6A, available at Carcinogenesis Online). 
Previous studies suggest that Nrdp1 is an E3 ligase responsible for 
the degradation of ErbB3 and BRUCE (8,22). Because ABPN caused 
a decrease in the expression of ErbB3 with no change in the mRNA 
level, we sought to determine whether a change was occurring 
in the Nrdp1 protein level. Treatment with ABPN reduced phos-
phorylation of ErbB3, Met and EGFR and suppressed the expres-
sion of ErbB3 and Met in a dose-dependent manner (Figure  3C 
and Supplementary Figure 5B, available at Carcinogenesis Online). 
More importantly, Nrdp1 expression was significantly induced 
when ErbB3 was downregulated, and BRUCE, another substrate of 
Nrdp1, was also dose-dependently attenuated by ABPN (Figure 3C 
and Supplementary Figure 5B, available at Carcinogenesis Online). 

Treatment of HPAC pancreatic cancer cells with ABPN also caused 
a significant suppression of ErbB3 and Met levels accompa-
nied by Nrdp1 induction (Supplementary Figure  6B, available at 
Carcinogenesis Online). The mRNA levels of Bruce, Nrdp1 and EGFR 
did not show any significant change (Figure 3B and Supplementary 
Figure  6A, available at Carcinogenesis Online). Whereas ABPN 
downregulated the protein levels of ErbB3 and BRUCE, their mRNA 
levels remained stable, implying the possibility of ABPN affecting 
the stability of these proteins.

ABPN induces downregulation of ErbB3 through the 
proteasome degradation pathway

In order to further assess the mechanism of downregulation, 
we used the proteasome inhibitor, MG132. Cotreatment of cells 
with MG132 reversed the downregulation of ErbB3 and BRUCE 
levels induced by ABPN in BxPC3 and HPAC cells (Figure 4A and 
Supplementary Figure  7A, available at Carcinogenesis Online). 
We also found that cotreatment with the protein synthe-
sis inhibitor cycloheximide (CHX) exacerbated the decline in 
ErbB3 and BRUCE expression caused by ABPN in BxPC3 and 
HPAC cells (Figure  4B and Supplementary Figure  7B, avail-
able at Carcinogenesis Online). To determine whether Nrdp1 
was responsible for proteasome-dependent downregulation 

Figure 3.  ABPN decreases ErbB3 and Met protein levels and induces Nrdp1 expression in BxPC3 cells. (A) Effect of ABPN on ErbB3 and Met protein expression. (B) Effect 

of ABPN on ErbB3, Met, Bruce, EGFR and Nrdp1 mRNA levels. (C) Effect of ABPN on ErbB3, Met, BRUCE and Nrdp1 expression. Cells were treated with ABPN at the indi-

cated concentration for 12 h followed by disruption for immunoblot analysis. β-actin served as a loading control and immunoblots are representative images of three 

independent experiments (one-way ANOVA and Dunnett’s test. NS, not significant).
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of ErbB3, we induced Nrdp1 knockdown with siRNA, which 
increased ErbB3 levels and protected the ABPN-induced reduc-
tion of ErbB3 (Figure 4C and Supplementary Figure 7C, available 
at Carcinogenesis Online).

ABPN suppresses tumor growth in vivo

ABPN’s antitumor activity was evaluated using BxPC3 xenografts 
in nude mice. ABPN treatment (0.2 or 1 mg/kg) showed a dramatic 
in vivo therapeutic effect by reducing overall tumor size (Figure 5A 
and B). After killing, we analyzed tumor weight and found that 
ABPN-treated mice displayed a significant reduction in tumor 
weight compared to controls or erlotinib-treated animals at the 
same dosage (Figure 5C). Analysis of tumor tissues obtained from 
mice showed marked inhibition of phosphorylation and expres-
sion of ErbB3 and Met and increased Nrdp1 protein levels in the 
ABPN-treated group (Figure  6A and Supplementary Figure  8, 
available at Carcinogenesis Online). Immunohistochemical analy-
sis further demonstrated attenuation of phosphorylated ErbB3 in 
the ABPN-treated group (Figure 6B).

Discussion
Our results demonstrate the potential for chemotherapeutic 
application of the retinoid, ABPN, against pancreatic cancer. We 
previously identified ABPN as having potent anticancer activ-
ity, although the mechanism of action was not clearly under-
stood (19). We now report that concentrations of ABPN in the 
low micromolar range are sufficient to substantially down-
regulate phosphorylation of EGFR, as well as phosphorylation 
and total protein content of the oncoproteins ErbB3 and Met 
in specific pancreatic cancer cell lines. This is accompanied by 
decreased cell viability and induction of apoptotic factors, an 
outcome reflected in reduced tumor size in mouse xenografts. 
Unexpectedly, ABPN treatment also resulted in downregulation 
of BRUCE, a large 530 kDa membrane-associated inhibitor of 
apoptosis protein (IAP). BRUCE antagonizes both precursor and 
mature forms of Smac and caspase 9, and its degradation can 
directly lead to apoptosis (22,23).

At identical concentrations, we observed that ABPN was 
more effective at inhibiting cancer growth than erlotinib or 

Figure 4.  ABPN induces proteasomal degradation of ErbB3 and BRUCE. (A) MG132 recovers ABPN-induced downregulation of ErbB3 and BRUCE. BxPC3 and HPAC cells 

were treated with MG132 for 3 h with or without ABPN. (B) CHX enhances ABPN induction of downregulation of ErbB3 and BRUCE. BxPC3 and HPAC cells were treated 

with CHX for 3 h with or without ABPN. (C) Nrdp1 knockdown suppresses ABPN-induced ErbB3 degradation. BxPC3 cells were transfected with either scrambled siRNA 

as a control or siNrdp1 for 24 h before treatment with ABPN. β-Actin served as a loading control and immunoblots are representative images of three independent 

experiments.
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all-trans retinoic acid. More importantly, in combination with 
gemcitabine, the effect of ABPN cotreatment was greater than 
that achieved with the erlotinib/gemcitabine combination. 
We hypothesize that this is due to erlotinib’s mechanism of 
action being limited only to inhibition of EGFR/ErbB3 phos-
phorylation, whereas ABPN affects the expression of a wider 
range of oncogenic targets. Importantly, ABPN did not induce 
deleterious effects in normal cells, including CCD-112CoN 
human colon fibroblasts and human dermal fibroblasts. Such 
selectivity is likely due to the fact that EGFR/ErbB3 and Met 
are normally present at relatively lower levels in normal cells 
whereas uncontrolled proliferation of cancer cells can some-
times be dependent upon EGFR/ErbB3 overexpression (24). This 
is supported by the observation that ABPN treatment elicited 
stronger effects in BxPC3 and HPAC pancreatic cancer cell lines 
with relatively higher expression of ErbB3 and Met, while hav-
ing less pronounced effects in the Panc-1 and Mia Paca-2 cell 
lines, which have lower relative endogenous levels of these 
proteins. Previous reports have shown that EGFR is highly 

expressed in pancreatic cancer and its expression correlates 
with worsened outcomes (9,25,26). Gemcitabine can induce 
phosphorylation of EGFR at Tyr845 and Tyr1173 and combined 
treatment with cetuximab or erlotinib leads to better growth 
inhibition (27).

Patients with advanced pancreatic cancers have limited 
treatment options, and some of the current strategies focus 
on combinations of gemcitabine with complementary drugs 
including erlotinib (26). Gemcitabine exerts its antitumor effects 
in the nucleus, whereas erlotinib is involved in suppression of 
oncogenic EGFR-mediated signaling pathways. However, mem-
brane receptors including EGFR are known to have a high fre-
quency of mutation in cancer, which directly impacts overall 
survival when treatment methods involve an EGFR inhibitor 
(28). The development of resistance to cytotoxic agents such as 
gemcitabine and other common chemotherapeutics with EGFR 
inhibitors has been reported (29).

In contrast to direct inhibition of receptor tyrosine kinase 
activity, we determined that ABPN treatment results in degrada-
tion of ErbB3 and Met, thereby addressing some potential issues 
arising from receptor mutation. The advantages of oncoprotein 
degradation (as opposed to activity inhibition) has spawned 
recent interest in regulators of protein turnover, including the 
role of deubiquitinating enzymes (29–31) that influence protea-
some-mediated degradation. ABPN-induced Nrdp1-dependent 
downregulation of ErbB3 is proteasome-dependent and does 
not affect mRNA levels. We suggest that the anticancer activ-
ity exhibited by ABPN is a result of previously reported Nrdp1-
dependent ubiquitination of ErbB3 and BRUCE (8,22) in addition 
to downregulation of Met by an unknown mechanism. The 
binding of EGFR and ErbB3 is known to activate several survival 
mediators relevant to pancreatic cancer, including the PI3-K/Akt 
pathway (32), while the Met oncogene has been identified as a 
mediator of drug resistance (33). Our results support previous 
findings that Nrdp1 functions as a potentially important tumor 
suppressor (34), although the full nature of its function in pan-
creatic cancer proliferation needs further investigation. Exactly 
how ABPN induces upregulation of Nrdp1 also remains to be 
elucidated. The possibility exists that ABPN directly inhibits an 
unidentified negative regulator of Nrdp1, such as a transcrip-
tional repressor or ubiquitinating protein of which Nrdp1 is a 
substrate. Alternatively, it may play a role in attenuating Nrdp1 
autoubiquitination.

The mechanism responsible for Nrdp1-dependent degra-
dation of Met is also an intriguing question. Previous reports 
indicate that crosstalk exists between RTK signaling pathways, 
with some receptors able to regulate the activity of others (35). 
Similarly, we observed that knockdown of ErbB3 by siRNA led to 
reduction in Met levels (data not shown), implying that ErbB3 
might be involved in Met stability. Such a mechanism, if it exists, 
would explain why Met levels decrease in response to ABPN 
treatment. However, our finding that Met mRNA levels remain 
stable during treatment suggests that ErbB3 may block Met deg-
radation at the protein level.

The rationale for undertaking combination chemotherapy is 
to enhance cancer cell death by suppressing multiple signaling 
pathways and to reduce the likelihood of cancer cells developing 
resistance through mutation of alternate survival pathways. The 
suppression of multiple targets by a single compound may rep-
resent a more effective chemotherapeutic strategy for a number 
of reasons. It simplifies dosing regimens and reduces the extent 
of clinical study needed to determine pharmacokinetic param-
eters and interactions with other drugs, as well as lowering the 
risk of unforeseen toxicity emerging in a wider population. It 

Figure 5.  ABPN inhibits BxPC3 tumor growth in vivo. (A) Representative photo-

graphs of BxPC3 xenograft tumors. Tumors were excised on the final day of the 

experiment. Eight mice were used per experimental group. (B) Effect of ABPN or 

erlotinib on tumor volume. Tumor volumes were measured every 7 days with 

a caliper. (C) Effect of ABPN and erlotinib (Er) on tumor weight. Tumors were 

weighed after killing the mice on the final day (one-way ANOVA and Dunnett’s 

test after log-transformation of data; *P  <  0.05, ***P  <  0.001, significant differ-

ences between vehicle-only control and ABPN- or erlotinib-treated groups. 

###P < 0.001, significant difference between ABPN 1 mg/kg and erlotinib 1 mg/

kg-treated groups).
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also helps to address the propensity of cancer cells to hijack 
signaling pathways to compensate for chemotherapeutic chal-
lenge. The Met oncogene is known to play a causative role in 
gefitinib-resistance in lung cancer (13). This has led to a sug-
gestion for new strategies to incorporate simultaneous blocking 
of Met and EGFR, thereby reducing the probability of emerg-
ing resistance. Drugs that influence multiple signaling factors 
are also more likely to be effective against a broader range of 
malignancies because cancers arising from different tissues 
may be dependent upon alternative signaling pathways. For 
example, gene copy number analysis suggests that the PI3-K/
Akt pathway is the most frequently altered pathway in ovarian 
cancers (36), whereas Ras overexpression is commonly associ-
ated with invasive breast cancers and pancreatic cancers (2). 
ABPN could be effective in diverse cancer types that are com-
monly dependent or addicted to membrane receptors including 
ErbB3, Met or BRUCE. In our study, we have found that ABPN 
treatment led to strong induction of cell death as well as G1 cell 
cycle arrest (Figure 2A and Supplementary Figure 3A, available 
at Carcinogenesis Online and Table 1). Because ErbB3, EGFR and 
Nrdp1 have been implicated in the regulation of survival and 
cell cycle progression (37–40), the effect of ABPN on these pro-
teins likely induced a significant impact on cell cycle transition 
and survival. Further studies will be required to determine the 
precise cellular mechanisms affected by ABPN treatment.

In conclusion, we have identified multiple oncogenic factors 
that are downregulated by a single compound, ABPN. In com-
bination with gemcitabine, ABPN was superior to erlotinib at 
suppressing pancreatic cancer cell growth while exhibiting no 
detectable toxicity toward noncancerous human cells. This selec-
tivity may be due to cancer cells relying heavily on the suppres-
sion by BRUCE of normal apoptosis pathways, while becoming 

addicted to EGFR, ErbB3 and Met signaling for proliferation. For 
cancers overexpressing such factors, ABPN may represent a less 
toxic and more potent alternative to erlotinib treatment.

Supplementary material
Supplementary Figures 1–8 can be found at http://carcin.oxford-
journals.org/
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