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(3 vs. 1.1; p = 0.005) and at recurrence (3.3 vs. 0.9; p = 0.015). 

 Conclusion:  NDRG1 may be an interesting therapeutic tar-

get as its silencing in human pancreatic cancer cells leads to 

a phenotype with more aggressive tumor growth and me-

tastasis.  © 2014 S. Karger AG, Basel 

 Introduction 

 Pancreatic cancer is still the 4th leading cause of cancer 
death in men and women, with 43,920 new cases in the 
USA in 2012  [1] . The overall 5-year survival rate is less 
than 5% and effective therapies are largely lacking. Im-
proved 5-year survival over 20–30% has been reported in 
surgically resected patients in specialized centers. How-
ever, many eligible patients are not offered this option 
and the majority of patients are diagnosed with advanced-
stage pancreatic cancer which prohibits surgical treat-
ment  [2–3] . Current chemotherapeutic treatment in lo-
cally advanced and metastatic pancreatic cancer patients 
involves multimodal regimen (FOLFIRINOX) superior 
to the treatment with gemcitabine, but the overall prolon-
gation of survival is disappointingly small  [4] . The resis-
tance of pancreatic cancers to chemotherapeutic agents is 
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 Abstract 

  Background:  The understanding of molecular mechanisms 

leading to poor prognosis in pancreatic cancer may help de-

velop treatment options. N-myc downstream-regulated 

gene-1 (NDRG1) has been correlated to better prognosis in 

pancreatic cancer. Therefore, we thought to analyze how the 

loss of NDRG1 affects progression in an orthotopic xenograft 

animal model of recurrence.  Methods:  Capan-1 cells were 

silenced for NDRG1 (C sil ) or transfected with scrambled

shRNA (C scr ) and compared for anchorage-dependent and 

anchorage-independent growth, invasion and tube forma-

tion in vitro. In an orthotopic xenograft model of recurrence 

tumors were grown in the pancreatic tail. The effect of 

NDRG1 silencing was evaluated on tumor size and metasta-

sis.  Results:  The silencing of NDRG1 in Capan-1 cells leads to 

more aggressive tumor growth and metastasis. We found 

faster cell growth, double count of invaded cells and 1.8-fold 

increase in tube formation in vitro. In vivo local tumors were 

5.9-fold larger (p = 0.006) and the number of metastases was 

higher in animals with tumors silenced for NDRG1 primarily 
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thought to be caused by antiapoptotic protection  [5] . 
New and improved therapeutic strategies to treat pancre-
atic cancer require a better, detailed understanding of the 
molecular mechanisms underlying the survival pathways 
in pancreatic cancers. In this context, N-myc down-
stream-regulated gene-1 (NDRG1) has been suggested to 
be a tumor suppressor gene, but its precise biological 
function is not yet known  [6–7] .

  NDRG1 has been linked to many cellular processes in-
cluding cell cycle, apoptosis and cellular differentiation 
 [8–11] . Differentiation of several cancer cell lines in vitro 
induced the expression of NDRG1  [10–15] . Furthermore, 
silencing of NDRG1 prevented differentiation of leuke-
mic cells, suggesting a crucial role in cellular differentia-
tion  [16] . Consistent with a role in cell differentiation, 
NDRG1 expression in pancreatic cancer has been associ-
ated with better outcome  [6, 17] . NDRG1 is upregulated 
in early pancreatic lesions (PanIN), and then lost in ad-
vanced cancer  [17] . Consistent with these findings, we 
showed in a model of orthotopic pancreatic cancer that 
NDRG1 overexpression was associated with slower tu-
mor progression through tumor cell apoptosis  [18] . 
Therefore, it has been postulated that the loss of NDRG1 
is the cause of poor prognosis in pancreatic cancer. How-
ever, the loss of NDRG1 expression and its impact on 
growth and metastatic behavior have not been investi-
gated up to now.

  Recent studies have shown that iron chelators upregu-
late NDRG1 expression and inhibit the epithelial-mesen-
chymal transition in prostate and colon cancer cells  [19] . 
Given the need for new therapeutic strategies against 
pancreatic cancer, it is critical to know how the loss of 
NDRG1 affects growth and progression. To address this, 
we used an orthotopic xenograft model of recurrence at a 
late tumor stage with liver metastases.

  Materials and Methods 

 Stable Lines 
 The human pancreatic cancer cell line Capan-1 was from the 

American Type Culture Collection (Rockville, Md., USA) and cul-
tured as previously described  [17] . Stable lines were established as 
already specified  [20] . Briefly, Capan-1 cells were transfected with 
either silencing (5-CGC TGA GGC CTT CAA GTA CTT-3) or 
scrambled (5-GGA ATC TCA TTC GAT GCA TAC-3) plasmid and 
selected with 250 µg/ml neomycin. Successful transfection and 
RNA silencing was confirmed by Western blotting (online suppl. 
fig.1a; see www.karger.com/doi/10.1159/000363065 for all online 
suppl. material) and qRT PCR for each clone  [17] . For subsequent 
experiments the silenced clones 3, 6 and 7 (sil3, sil6 and sil7) and 
the scrambled clones 1, 3 and 4 (scr1, scr3 and scr4) were used. 

  Cell Growth Assays 
 For anchorage-dependent cell growth three individual clones 

of either C sil  or C scr  were analyzed using cell count and Thiazolyl 
Blue Tetrazolium Bromide (MTT) assay  [21] . Briefly, subconflu-
ent cells were plated in 6-well plates for cell counts and 96-well 
plates for MTT. After 24, 48, 72 and 96 h the cells were counted in 
a hemocytometer. Alternatively, MTT was added for 4 h and the 
formazan crystals were dissolved in 0.01  M  HCl/10% SDS. Absor-
bance was determined at 562–750 nm. For anchorage-indepen-
dent cell growth colony formation assays were performed as fol-
lows: cells were suspended in a 0.4% top agar and overlaid on a 
0.8% base agar. After 4 weeks the colonies were stained with MTT, 
photomicrographed and counted.

  Cell Cycle Analysis 
 The cells were harvested, washed in PBS and then stained with 

hypotonic propidium iodide buffer for 30 min at 4   °   C. The cells were 
analyzed by flow cytometry (FACScan BD LSR; BD Biosciences, San 
Jose, Calif., USA) and analyzed by ModFit LT Mac 3.1 SP3.

  Matrigel TM  Invasion Assay 
 BD BioCoat Matrigel invasion chamber 24-well plates (8.0 mi-

cron; BD Biosciences) were used according to the manufacturer’s 
instructions. After rehydration of the insert, the cells were put in 
serum-free media at a density of 2 × 10 5  per insert. The lower 
chamber contained media with 20% FBS as chemoattractant. After 
96 h the invaded cells were fixed with methanol and stained with 
hematoxylin and eosin. They were photographed at a 100× mag-
nification and pictures were analyzed with Photoshop CS2 (Adobe 
Systems GmbH, Germany), measuring the percentage area of in-
vaded cells.

  Tube Formation Assay 
 For conditioned media C sil  or C scr  cells were plated in full me-

dia, which was replaced after 24 h by RPMI with 2% FBS. After a 
further 48 h the supernatant was cleared of particles at 1,500 rpm 
for 2 min, sterilized through a 0.2-µm filter (Nalgene, Switzerland) 
and kept at –80   °   C until use. The plates were coated with growth 
factor-reduced Matrigel (BD Biosciences). Human umbilical vein 
endothelial cells (HUVECs) were seeded in the respective condi-
tioned media. Tube formation was measured after 4 h at 40× mag-
nification in 5 fields of the wells. The tube length was measured 
with the free ImageJ software for every condition. 

 Orthotopic Xenograft Mouse Model 
 Animal studies were approved by the Animal Care Committee 

of the Canton of Bern, Switzerland. Animals were housed at 22   °   C 
in the animal facility of the University of Bern with a 12-hour light/
dark cycle. The orthotopic xenograft model was modified to estab-
lish a model of recurrence  [22] . 2 × 10 6  cells were injected subcu-
taneously into the flank of nude mice (Nu/Nu; Harlan Laborato-
ries, Venray, The Netherlands). After 3 weeks the donor tumor was 
harvested and minced to fragments of approximately 1 mm 3 . One 
tumor fragment was placed into the tail of the pancreas of recipient 
nude mice (n = 10). After 6 weeks the primary tumors and metas-
tases were resected. The pancreas was oversown with an absorb-
able monofilament 6-0 suture. After 2 further weeks the animals 
were sacrificed and evaluated for recurrence size and the presence 
and number of metastases. The tumors and metastases were con-
served in formalin.
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  Immunohistochemistry 
 NDRG1 was stained and scored as previously described using 

the Kinasource antibody 1:   200 (Kinasource AB-160 Ltd., Scotland, 
UK)  [17] .

  Statistical Analysis 
 Experiments were performed in three biological replicates. 

Data are presented as mean ± standard deviation. Comparisons of 
two groups were made by t test. Comparisons of several groups 
were made by a one-way analysis of variance (ANOVA). Categor-
ical data were compared by the z test. An α value of 0.05 was used 
to determine significant differences. All statistics were done in
SigmaStat 3.1 (Systat Software, Inc., Richmond, Calif., USA).

  Results 

 The Loss of NDRG1 Leads to Enhanced Cell Growth 
and a Prometastatic Phenotype in vitro 
 To assess the role of NDRG1 silencing in anchorage-

dependent and anchorage-independent contexts, we ex-
amined the growth of cells on solid surface and in soft 
agar. Silenced clones (C sil ) grew faster than clones ex-
pressing endogenous NDRG1 (C scr ) on solid surfaces 
over 96 h (p < 0.001). C sil  cells showed an almost 3.5-fold 
increase in cell number at 96 h versus only a 2.5-fold in-
crease in C scr  cells ( fig. 1 ). The MTT assay confirmed an 
increased metabolism in C sil  cells compared to C scr  cells. 
In accordance with these results the anchorage-indepen-
dent assay showed that C scr  cells formed only very few 
detectable colonies in soft agar. Quantification of the col-
onies demonstrated an 18-fold higher count in C sil  than 
in C scr  clones ( fig. 2 ). To determine whether the cell cycle 
was affected we performed a cell cycle analysis. There was 
no difference in the percentage of cells in the S phase, but 
there was a trend towards less apoptosis (online suppl. 
fig. 1b). Local tumor growth causes pain and bowel ob-
struction, but metastatic disease is fatal for the patient. 
Therefore, we investigated whether the loss of NDRG1 
determines a prometastatic phenotype. As invasion is an 
important step in the spread of tumor cells, we showed 
that the silencing of NDRG1 not only influenced local tu-
mor growth but also increased the propensity of cells to 
invade and therefore potentially metastasize ( fig. 3 ). We 
used two clones each of silenced cells (C sil6  and C sil7 ) and 
two clones of cells expressing endogenous NDRG1 (C scr3  
and C scr4 ). Cells of silenced clones invaded twice as much 
surface as cells of clones with endogenous NDRG1 ex-
pression (p < 0.001; n = 3). We used the model of tube 
formation from HUVECs to determine whether the loss 
of NDRG1 affects angiogenesis. We compared all the se-
lected colonies with silenced NDRG1 (C sil ) to the colonies 

with endogenous NDRG1 expression (C scr ) and found 
that the loss of NDRG1 increased the formation of tubes 
1.8-fold, suggesting an increase of angiogenesis (p = 
0.016;  fig. 4 ).

  NDRG1 Silencing Leads to More Aggressive Tumors 
in vivo 
 To confirm the in vitro phenotype of NDRG1 silenc-

ing in the microenvironment of the pancreas, we devel-
oped an orthotopic animal model. We analyzed tumor 
size, metastasis and recurrences, depending on the status 
of NDRG1 silencing. To mimic the clinical setting we es-
tablished an orthotopic animal model of recurrence. Al-
though in clinical practice we rarely resect metastases, the 
model was also applied to metastatic mice. After 6 weeks 
of orthotopic tumor growth in the pancreatic tail, we re-
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  Fig. 1.  Capan-1 cells silenced for NDRG1 (C sil ) or with endogenous 
NDRG1 expression (C scr ) were grown for 96 h on a solid surface. 
Three clones of each stable transfection were compared.  a  Growth 
of single clones and representative photographs of one series each. 
 b  Results of all clones (n = 3).        p < 0.01. 

C
o

lo
r 

ve
rs

io
n

 a
va

ila
b

le
 o

n
lin

e

D
o
w

n
lo

a
d
e
d
 b

y
: 

U
n
iv

e
rs

it
ä
ts

b
ib

lio
th

e
k
 B

e
rn

1
3
0
.9

2
.9

.5
8
 -

 3
/2

9
/2

0
1
5
 1

:3
0
:0

4
 A

M



 Kim-Fuchs    et al. Dig Surg 2014;31:135–142
DOI: 10.1159/000363065

138

 

** 

Csil3

C
o

lo
n

ie
s/

w
e
ll 

×
 1

0
2

10

5

0
Csil6 Csil7 Cscr1 Cscr3 Cscr4

Csil

C
o

lo
n

ie
s/

w
e
ll 

×
 1

0
2

4

6

2

0
Cscr

a

b

  Fig. 2.  C sil  or C scr  clones were grown for 4 
weeks in soft agar. The colonies were 
stained with MTT, photographed and 
counted. Three clones of each stable trans-
fection were compared.  a  Results of each 
single clone with photographs.  b  Results of 
all the clones (n = 3).        p < 0.01. 
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moved local tumors and metastases surgically, so that the 
mice were clear of tumor. All the mice developed tumors 
in the pancreatic tail, as expected by this transplantation 
model. The tumors originating from cells with silenced 
NDRG1 (C sil ) were 5.9-fold larger than tumors originat-
ing from cells with endogenous NDRG1 expression (C scr ; 
p = 0.006;  fig. 5 a). In these animals (C sil ) we found a mean 
of 3 (±1.4) compared to 1.1 (±1.2) metastases per animal 
in C scr  (p = 0.005;  fig. 5 b). Furthermore, 9/10 animals bore 
metastases in C sil  animals compared to 6/10 for C scr  ani-
mals, showing a trend towards more animals with metas-
tases (p = 0.302;  fig. 5 c; online suppl. fig. 2a;  table 1 ). We 
lost animals for extended surgery after the first harvest: 4 
animals in the C sil  group and 3 animals in the C scr  group. 
Although the tumor load was very heavy in some animals 
they did not deteriorate in there feeding and general con-
dition. There was no difference in animal weight between 
the two groups at any time (p = 0.404; online suppl. 
fig. 2b).

  To ascertain stable silencing of NDRG1 in vivo we 
stained the harvested samples for NDRG1. We compared 
cancer originating from cells transfected with NDRG1-
silencing shRNA (C sil ) to cancer originating of cells trans-
fected with scrambled shRNA (C scr ). The tumors arising 
from cells transfected with silencing shRNA (C sil ) showed 
no staining or only weak staining in a small section of the 
tumor. In contrast, the majority of the tumors arising 
from cells transfected with scrambled shRNA (C scr ) 
showed staining, though it was only weak. This confirmed 
that the silencing of NDRG1 was stable in vivo. The mean 
intensity score from the samples of the first harvest was 
0.01 for C sil  and 1.03 for C scr  (p < 0.001; online suppl. ta-
ble 1).

  More Aggressive Recurrence in NDRG1-Silenced 
Tumors 
 The animals were kept for 2 more weeks before sacri-

fice. To correlate the pattern of recurrence to the level of 
NDRG1 expression we compared the expression of 
NDRG1 in all the harvested samples. In our model NDRG1 
expression was stable in both groups over time and also in 
metastases (online suppl. table 1). We found a trend to-
wards larger local recurrences in C sil  animals compared to 
C scr  animals (p = 0.066; online suppl. fig. 2c). Again, the 
number of metastases was higher, with 3.3 (±1.5) in C sil  
animals compared to 0.9 (±1.6) in C scr  animals (p = 0.015). 
Furthermore, all the C sil  mice (6/6) developed local recur-
rence and metastases, whereas only 5 of 7 C scr  mice devel-
oped local recurrence (p = 0.514) and 2 of 7 developed 
metastases (p = 0.039;  fig. 6 a, b;  table 1 ).
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  Discussion 

 In this study we show for the first time that the silenc-
ing of NDRG1 in human pancreatic cancer cells leads to 
enhanced tumor growth and metastasis in vitro and in 
vivo. These data confirm that the loss of NDRG1 is an 
important negative prognostic factor in pancreatic can-
cer.

  Previous studies showed that in human pancreatic 
cancer the protein expression of NDRG1 as measured by 
immunohistochemistry is correlated with better progno-
sis and better differentiation of human pancreatic cancer 
 [6, 17] . Therefore, it was suggested that the loss of NDRG1 
is causal for poor prognosis, but no study analyzed the ef-
fect of NDRG1 silencing on growth and metastasis. We 
showed previously in vitro that the human pancreatic 
cancer cell line BxPC-3 silenced for NDRG1 grew faster 
than BxPC-3 cells with endogenous NDRG1 expression 
 [18] . Although originating from human pancreatic can-
cer the BxPC-3 cell line is not mutated for Kras, which is 
uncommon for pancreatic cancer. Most pancreatic can-
cers bear mutated Kras, leading to increased activity of 
the gene  [23] . Therefore, we switched to a Kras-mutated 
cell line for the further studies presented here. The Ca-

pan-1 cell line was also chosen for its high endogenous 
expression of NDRG1. Lastly, we used Capan-1 cells pre-
viously in our orthotopic pancreatic cancer model and it 
showed moderate tumor growth and metastases. The or-
thotopic animal model is well suited to analyze the effect 
of genetic changes on tumor growth in the pancreatic mi-
croenvironment. It mimics the human disease and we 
showed previously that its results are highly reproducible 
 [24] . We thought to use a model of recurrence, as in the 
clinical setting recurrences are common even after radical 
surgery – even after R0 resections the median survival in 
several studies ranged between 12 and 55 months and pa-
tients died of tumor recurrences  [25] . Several animal 
models have been described previously in SCID and athy-
mic mice. We based our model on a study by Eibl and 
Reber  [26]  in which the pancreas was ligated instead of 
oversown. Although the mice lost 1 g of their body weight 
3 days after surgery, both groups recovered from the 
weight loss after 1 week (online suppl. fig. 2).

  Although the level of NDRG1 expression was similar 
in the three clones of C sil  and C scr  (online suppl. fig. 1a), 
the growth kinetics differed slightly in the anchorage-de-
pendent and anchorage-independent assays. However 
the overall reduction in growth was shown in vitro and 
confirmed in the in vivo model.

  For clinical outcome, invasion and metastasis are even 
more important as they contraindicate surgical therapy. 
We found that cells silenced for NDRG1 exhibited a more 
metastatic phenotype in vitro and in vivo, as shown by 
increased invasion and tube formation in vitro, as well as 
higher numbers of metastasis in vivo. This is in accor-
dance with previous studies where NDRG1 over-expres-
sion in MiaPaCa-2 cells inhibits the expression of chemo-
kines through the suppression of NFκB binding activity. 
These cells grew smaller subcutaneous tumors with less 
angiogenesis in a mouse model  [27] . The process of inva-

 Table 1.  Number of metastases after 6 weeks and recurrences and 
metastases after 8 weeks for Csil and Cscr

Csil mice Cscr mice p value
(z test)

Orthotopic tumor growth 10/10 10/10
Metastasis after 6 weeks 9/10 6/10 p = 0.302
Orthotopic tumorrecurrence 6/6 5/7 p = 0.514
Metastasis after 8 weeks 6/6 2/7 p = 0.039
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  Fig. 6.  After resection of the tumors and 
metastases, the mice were kept for another 
2 weeks before sacrifice.      a  The number of 
metastases was higher in C       sil  animals than 
in C scr  animals.        p < 0.05.  b  100% of C     sil  
animals bore metastasis compared 28% of 
C scr  animals.   
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sion and metastasis is highly complex. It involves many 
phenotypic changes like breaching of the basal mem-
brane, angiogenesis, epithelial-mesenchymal transition, 
inflammation and tumor-associated macrophages ac-
companied by many molecular changes. These include 
changes in chemokine expression, matrix metallopro-
teinases, vimentin, cadherin and microRNA amongst 
others  [28] . Further studies are needed to analyze where 
NDRG1 is involved in this complex process.

  Several mechanisms may lead to changes in NDRG1 
expression in pancreatic cancer cells. We have previously 
shown that although the promoter region of NDRG1 
contains multiple CpG sites forming a large CpG island, 
the promoter was not found to be methylated  [20] . Sev-
eral transcription factors including HIF-1α and p53 up-
regulate NDRG1. HIF-1α is usually stabilized in pancre-
atic cancer, as these are hypoxic and the tumor suppressor 
gene p53 is commonly mutated in pancreatic cancer  [9] . 
Chromosomal aberrations may lead to differential ex-
pression of NDRG1, as amplifications and deletions of 

chromosome 8, where NDRG1 (8q24.3) is located, are 
common in pancreatic cancer  [29] .

  Pancreatic cancer has very heterogeneous tumors and 
several genetic changes may change the cells to a more 
aggressive phenotype, but our data suggest for the first 
time that the loss of NDRG1 is causal for more aggressive 
tumors. Therefore, therapies that enhance NDRG1 ex-
pression may be successful. A recent study has shown that 
the pharmacological treatment of prostate and colon can-
cer cells with iron chelators upregulates NDRG1 expres-
sion and inhibits the epithelial-mesenchymal transition 
 [19] . This treatment may be successful in pancreatic tu-
mors with low NDRG1 expression.

  Acknowledgment 

 This work was supported by a grant from the Berne Cancer 
League, Switzerland. 

 References 

  1 Siegel R, Naishadham D, Jemal A: Cancer sta-
tistics, 2012. CA Cancer J Clin 2012;   62:   10–29. 

  2 Kazanjian KK, Hines OJ, Duffy JP, Yoon DY, 
Cortina G, Reber HA: Improved survival fol-
lowing pancreaticoduodenectomy to treat ad-
enocarcinoma of the pancreas: the influence 
of operative blood loss. Arch Surg 2008;   143:  
 1166–1171. 

  3 Bilimoria KY, Bentrem DJ, Ko CY, Stewart 
AK, Winchester DP, Talamonti MS: National 
failure to operate on early stage pancreatic 
cancer. Ann Surg 2007;   246:   173–180. 

  4 Conroy T, Desseigne F, Ychou M, Bouche O, 
Guimbaud R, Becouarn Y, Adenis A, Raoul 
JL, Gourgou-Bourgade S, de la Fouchardiere 
C, Bennouna J, Bachet JB, Khemissa-Akouz F, 
Pere-Verge D, Delbaldo C, Assenat E, Chauf-
fert B, Michel P, Montoto-Grillot C, Ducreux 
M: FOLFIRINOX versus gemcitabine for 
metastatic pancreatic cancer. N Engl J Med 
2011;   364:   1817–1825. 

  5 Arlt A, Muerkoster SS, Schafer H: Targeting 
apoptosis pathways in pancreatic cancer. 
Cancer Lett 2013;   332:   346–358. 

  6 Maruyama Y, Ono M, Kawahara A, Yokoya-
ma T, Basaki Y, Kage M, Aoyagi S, Kinoshita 
H, Kuwano M: Tumor growth suppression in 
pancreatic cancer by a putative metastasis 
suppressor gene cap43/ndrg1/drg-1 through 
modulation of angiogenesis. Cancer Res 2006;  
 66:   6233–6242. 

  7 Murakami Y, Hosoi F, Izumi H, Maruyama Y, 
Ureshino H, Watari K, Kohno K, Kuwano M, 
Ono M: Identification of sites subjected to 
serine/threonine phosphorylation by SGK1 
affecting N-myc downstream-regulated gene 
1 (NDRG1)/Cap43-dependent suppression 
of angiogenic CXC chemokine expression in 
human pancreatic cancer cells. Biochem Bio-
phys Res Commun 2010;   396:   376–381. 

  8 Kurdistani SK, Arizti P, Reimer CL, Sugrue 
MM, Aaronson SA, Lee SW: Inhibition of tu-
mor cell growth by RTP/rit42 and its respon-
siveness to p53 and DNA damage. Cancer Res 
1998;   58:   4439–4444. 

  9 Stein S, Thomas EK, Herzog B, Westfall MD, 
Rocheleau JV, Jackson RS II, Wang M, Liang 
P: NDRG1 is necessary for p53-dependent 
apoptosis. J Biol Chem 2004;   279:   48930–
48940. 

 10 Piquemal D, Joulia D, Balaguer P, Basset A, 
Marti J, Commes T: Differential expression of 
the RTP/drg1/ndr1 gene product in prolifer-
ating and growth arrested cells. Biochim Bio-
phys Acta 1999;   1450:   364–373. 

 11 Guan RJ, Ford HL, Fu Y, Li Y, Shaw LM,
Pardee AB: Drg-1 as a differentiation-related, 
putative metastatic suppressor gene in human 
colon cancer. Cancer Res 2000;   60:   749–755. 

 12 Xu B, Lin L, Rote NS: Identification of a stress-
induced protein during human trophoblast 
differentiation by differential display analysis. 
Biol Reprod 1999;   61:   681–686. 

 13 Floryk D, Thompson TC: Antiproliferative ef-
fects of AVN944, a novel inosine 5-monophos-
phate dehydrogenase inhibitor, in prostate can-
cer cells. Int J Cancer 2008;   123:   2294–2302. 

 14 Ulrix W, Swinnen JV, Heyns W, Verhoeven 
G: The differentiation-related gene 1, Drg1, is 
markedly upregulated by androgens in LN-
CaP prostatic adenocarcinoma cells. FEBS 
Lett 1999;   455:   23–26. 

 15 Yoshizumi T, Ohta T, Ninomiya I, Terada I, 
Fushida S, Fujimura T, Nishimura G, Shimizu 
K, Yi S, Miwa K: Thiazolidinedione, a peroxi-
some proliferator-activated receptor-gamma 
ligand, inhibits growth and metastasis of HT-
29 human colon cancer cells through differ-
entiation-promoting effects. Int J Oncol 2004;  
 25:   631–639. 

 16 Chen S, Han YH, Zheng Y, Zhao M, Yan H, 
Zhao Q, Chen GQ, Li D: NDRG1 contributes 
to retinoic acid-induced differentiation of 
leukemic cells. Leuk Res 2009;   33:   1108–1113. 

 17 Angst E, Sibold S, Tiffon C, Weimann R, 
Gloor B, Candinas D, Stroka D: Cellular dif-
ferentiation determines the expression of the 
hypoxia-inducible protein NDRG1 in pan-
creatic cancer. Br J Cancer 2006;   95:   307–313. 

 18 Angst E, Dawson DW, Stroka D, Gloor B, 
Park J, Candinas D, Reber HA, Hines OJ, Eibl 
G: N-myc downstream regulated gene-1 ex-
pression correlates with reduced pancreatic 
cancer growth and increased apoptosis in vi-
tro and in vivo. Surgery 2011;   149:   614–624. 

D
o
w

n
lo

a
d
e
d
 b

y
: 

U
n
iv

e
rs

it
ä
ts

b
ib

lio
th

e
k
 B

e
rn

1
3
0
.9

2
.9

.5
8
 -

 3
/2

9
/2

0
1
5
 1

:3
0
:0

4
 A

M



 Kim-Fuchs    et al. Dig Surg 2014;31:135–142
DOI: 10.1159/000363065

142

 19 Chen Z, Zhang D, Yue F, Zheng M, Kovace-
vic Z, Richardson DR: The iron chelators
Dp44mT and DFO inhibit TGF-β-induced 
epithelial-mesenchymal transition via up-
regulation of N-myc downstream-regulated 
gene 1 (NDRG1). J Biol Chem 2012;   287:  
 17016–17028. 

 20 Angst E, Dawson DW, Nguyen A, Park J, Go 
VL, Reber HA, Hines OJ, Eibl G: Epigenetic 
regulation affects N-myc downstream-regu-
lated gene 1 expression indirectly in pancre-
atic cancer cells. Pancreas 2010;   39:   675–679. 

 21 Sawai H, Okada Y, Kazanjian K, Kim J, Hasan 
S, Hines OJ, Reber HA, Hoon DS, Eibl G: The 
G691S RET polymorphism increases glial
cell line-derived neurotrophic factor-induced 
pancreatic cancer cell invasion by amplifying 
mitogen-activated protein kinase signaling. 
Cancer Res 2005;   65:   11536–11544. 

 22 Hotz HG, Reber HA, Hotz B, Yu T, Foitzik T, 
Buhr HJ, Cortina G, Hines OJ: An orthotopic 
nude mouse model for evaluating pathophys-
iology and therapy of pancreatic cancer. Pan-
creas 2003;   26:e89–e98. 

 23 di Magliano MP, Logsdon CD: Roles for 
KRAS in pancreatic tumor development and 
progression. Gastroenterology 2013;   144:  
 1220–1229. 

 24 Chai MG, Kim-Fuchs C, Angst E, Sloan EK: 
Bioluminescent orthotopic model of pancre-
atic cancer progression. J Vis Exp DOI: 
10.3791/50395. 

 25 Verbeke CS, Menon KV: Redefining resection 
margin status in pancreatic cancer. HPB (Ox-
ford) 2009;   11:   282–289. 

 26 Eibl G, Reber HA: A xenograft nude mouse 
model for perineural invasion and recurrence 
in pancreatic cancer. Pancreas 2005;   31:   258–
262. 

 27 Hosoi F, Izumi H, Kawahara A, Murakami Y, 
Kinoshita H, Kage M, Nishio K, Kohno K, Ku-
wano M, Ono M: N-myc downstream regu-
lated gene 1/Cap43 suppresses tumor growth 
and angiogenesis of pancreatic cancer 
through attenuation of inhibitor of κB kinase 
β expression. Cancer Res 2009;   69:   4983–4991. 

 28 Mielgo A, Schmid MC: Impact of tumour-as-
sociated macrophages in pancreatic cancer. 
BMB Rep 2013;   46:   131–138. 

 29 Heidenblad M, Schoenmakers EF, Jonson T, 
Gorunova L, Veltman JA, van Kessel AG,
Hoglund M: Genome-wide array-based com-
parative genomic hybridization reveals mul-
tiple amplification targets and novel homozy-
gous deletions in pancreatic carcinoma cell 
lines. Cancer Res 2004;   64:   3052–3059. 

  

U
n
iv

e
rs

it
ä
ts

b
ib

lio
th

e
k
 B

e
rn

1
3
0
.9

2
.9

.5
8
 -

 3
/2

9
/2

0
1
5
 1

:3
0
:0

4
 A

M


	1

