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Abstract
AIM: To investigate the biological effects of cis-
hydroxyproline (CHP) on the rat pancreatic carcinoma 
cell line DSL6A, and to examine the underlying molecular 
mechanisms.

METHODS: The effect of CHP on DSL6A cell prolifera-
tion was assessed by using BrdU incorporation. The 
expression of focal adhesion kinase (FAK) was charac-
terized by Western blotting and immunofluorescence. 
Induction of endoplasmic reticulum (ER) stress was in-
vestigated by using RT-PCR and Western blotting for the 
glucose-related protein-78 (GRP78) and growth arrest 
and DNA inducible gene (GADD153). Cell viability was 
determined through measuring the metabolic activity 
based on the reduction potential of DSL6A cells. Apop-
tosis was analyzed by detection of caspase-3 activation 
and cleavage of poly(ADP-ribose) polymerase (PARP) as 
well as DNA laddering.
 
RESULTS: In addition to inhibition of proliferation, 
incubation with CHP induced proteolytic cleavage of FAK 
and a delocalisation of the enzyme from focal adhesions, 
followed by a loss of cell adherence. Simultaneously, 
we could show an increased expression of GRP78 and 
GADD153, indicating a CHP-mediated activation of the 
ER stress cascade in the DSL6A cell line. Prolonged 
incubation of DSL6A cells with CHP finally resulted in 
apoptotic cell death. Beside L-proline, the inhibition of 
intracellular proteolysis by addition of a broad spectrum 
protease inhibitor could abolish the effects of CHP 
on cellular functions and the molecular processes. In 
contrast, impeding the activity of apoptosis-executing 
caspases had no influence on CHP-mediated cel l 
damage.

CONCLUSION: Our data suggest that the initiation of 
ER stress machinery by CHP leads to an activation of 
intracellular proteolytic processes, including caspase-
independent FAK degradation, resulting in damaging 
pancreatic carcinoma cells. 

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
The prognosis of  pancreatic carcinoma is uniformly 
fatal. Conventional cytostatic treatments for inoperable 
pancreatic cancer make little impact on the median 
survival. Therefore, the development of  novel therapeutic 
concepts that activate proliferation-independent cell death 
are needed[1]. Cell damage by targeting protein biosynthesis 
may be a promising strategy for cancer therapy[2,3]. 
Previous studies have shown that cis-4-hydroxy-L-proline 
(CHP) as an analogue of  L-proline inhibits the collagen 
synthesis and its extracellular deposition[4,5]. Furthermore, 
there are reports describing inhibitory effects of  CHP 
on proliferation, adhesion, and migration of  various cell 
types like fibroblasts, epithelial cells and tumor cells[5-8]. 
These data pointed to additional and/or other proteins 
whose synthesis might be affected by incorporation of  the 
incorrect amino acid leading to disturbances of  cellular 
mechanisms. 
    Based on the CHP-induced inhibition of  cell adhesion, 
we hypothesized that the focal adhesion kinase (FAK) 
may be involved in the CHP-induced signal transduction. 
FAK is a 125 ku non-receptor tyrosin kinase that 
mediates different cellular responses to adhesion after 
clustering of  transmembrane integrins at contact sites 
between the cell and the extracellular matrix (ECM) 
termed focal adhesions[9]. Frisch et al[10] have shown that 
constitutively activated FAK conferred protection against 
anoikis of  epithelial cells. Consequently, the inhibition 



of  FAK resulted in apoptosis of  fibroblasts as well as in 
detachment and cell death of  human breast tumor cells, 
suggesting a pivotal role of  FAK in the transmission of  
anti-apoptotic signals[11,12].
    The incorporation of  amino acid analogues into newly 
synthesized proteins has been shown to interfere with 
the correct protein folding leading to an accumulation of  
misfolded proteins in the endoplasmic reticulum (ER)[13]. 
The ER has emerged as an organelle that is exquisitely 
sensitive to alterations in homeostasis that initiates a 
diversity of  molecular defence mechanisms referred to 
as ‘ER stress’[14]. The complex ER stress response to a 
variety of  different stimuli results eventually in adaptation 
for survival or induction of  apoptosis[14]. Mechanisms 
activated upon accumulation of  unfolded protein in the 
ER should ensure that only properly folded proteins 
abandon the ER lumen[15]. This quality control system 
includes the unfolded protein response (UPR) which is 
characterized by an up-regulation of  chaperons, such as 
the glucose-regulated protein-78 (GRP)78, as well as by an 
induction of  transcription factors like the pro-apoptotic 
growth arrest and DNA gene product (GADD)153[16]. 
    The aim of  this study was to characterize the biological 
effects of  CHP on the rat pancreatic tumor cell line 
DSL6A. Addressing the question of  the underlying 
molecular mechanisms, we investigated the participation of  
ER stress and FAK in the CHP effect on cell proliferation, 
adhesion, survival and apoptosis.

MATERIALS AND METHODS
Reagents 
Dulbecco’s minimal essential medium (DMEM) and fetal 
calf  serum (FCS) were purchased from Biochrom (Berlin, 
Germany). Iscove’s modified Dulbecco medium (IMDM) 
was purchased from PAA Laboratories (Cölbe, Germany). 
Nonessential amino acids, penicillin, streptomycin, trypsin, 
and all reagents for reverse transcription [Superscript RT, 
oligo(dT)12-18, dNTP] were purchased from Invitrogen 
(Karlsruhe, Germany). Cis-4-hydroxy-L-proline were 
from Riemser Arzneimittel AG (Greifswald, Germany). 
Colorimetric 5-bromo-2’-deoxyuridine (BrdU)-labelling cell 
proliferation ELISA and apoptotic DNA ladder kit were 
obtained from Roche (Mannheim, Germany). CellTiter 
AQueous kit from Promega (Mannheim, Germany), RNeasy 
Mini RNA extraction kit and Taq polymerase from Qiagen 
(Hilden, Germany) were used. Primers for PCR were 
generated by using NCBI GenBank as the source for 
any sequences and were synthesized by BioTez (Berlin, 
Germany). Mouse monoclonal anti-FAK(N354-534) was 
purchased from Transduction, mouse anti-GRP78 from 
BD Biosciences, anti-β-actin from Sigma (Taufkirchen, 
Germany), anti-cleaved caspase-3 from anti-poly-(ADP 
ribose) polymerase (PARP), anti-cyclinD1 from Santa Cruz. 
Secondary horseradish peroxidase-labelled anti-mouse 
or anti-rabbit Ig antibodies, nitrocellulose membranes, 
ECL plus kit and hyperfilm ECL were purchased from 
Amersham (Freiburg, Germany). Alexa Fluor® 488 goat 
anti-mouse IgG was purchased from MoBiTec (Göttingen, 
Germany). Caspase-3 inhibitor Z-DEVD-FMK, general 
caspase inhibitor Z-VAD-FMK and the protease arrest 

reagent were purchased from Calbiochem (Schwalbach, 
Germany).

Cell culture 
The rat pancreas carcinoma cell line DSL6A was cultured 
in DMEM supplemented with 100 mL/L FCS, 100 U/mL 
penicillin and 100 µg/mL streptomycin or in IMDM 
containing non-essential amino acids in addition to 100 mL/L 
FCS and antibiotics.  
    In contrast to IMDM, DMEM did not contain 
L-proline. To prevent cell adhesion, culture plates were 
coated with 20 g/L agarose as previously described[17].

Cell proliferation and cell survival 
Cell proliferation was assessed using the colorimetric 
5-bromo-2´-deoxyuridine (BrdU) DNA incorporation 
assay. Cells suspended in DMEM supplemented with 
100 mL/L FCS were seeded into 96-well plates (1x104 
cells/well). After becoming adherent, the cells were treated 
for 24 h and 48 h with different CHP concentrations 
dissolved in serum-free DMEM. BrdU labelling was 
performed during a further 20-h incubation. The BrdU 
incorporation was quantified using the ELISA kit 
according to the manufacturer’s instructions[18]. 
    For the detection of  al ive cel ls, the metabolic 
activity was measured by a colorimetric method based 
on the conversion of  the tetrazolium salt MTS into 
formazan using the CellTiter AQueous kit according to the 
manufacturer’s instructions. Cell cultivation and incubation 
was performed as described for BrdU labelling. 

Apoptosis
Apoptosis was detected by the cleaved caspase-3 as well as 
the degradation of  poly(ADP-ribose) polymerase (PARP) 
using the immunoblot technique. To show DNA laddering, 
cells were seeded into 12-well plates. Adherent cells were 
cultured in serum-free DMEM for 24 h and 48 h with or 
without 10 mmol/L CHP. At the end of  the incubation, 
cells were harvested and DNA was extracted using the 
apoptotic DNA-Ladder kit according to the manufacturer’
s instructions. Isolated DNA was electrophoretically 
separated on 15 g/L agarose gel containing ethidium 
bromide. The ethidium bromide f luorescence was 
visualised using an electronic camera.

RT-PCR 
Total RNA was isolated using the RNeasy extraction 
kit . Three microgram of  total RNA was reversed 
transcribed into cDNA as previously described[19]. 
Quantification of  mRNA expression was preformed by 
using competitive PCR for the housekeeping gene β-actin 
and co-amplification with a defined concentration of  
a synthetic DNA fragment as internal standard[19]. On 
this basis, various cDNA samples were adjusted to equal 
input concentrations and electrophoretically separated 
on 18 g/L agarose gel containing ethidium bromide. 
Visualisation and measurement of  resulting bands 
were performed with an electronic camera analysing 
the data with the EASY program (Herolab, Wiesloch, 
Germany). The primers for RT-PCR were as follows: for 
GRP78, GACATTTGCCCCAGAAGAAA (sense) and 
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ATGACCCGCTGATCAAAGTC (antisense), product size 
375 bp; for GADD153, AGCTGAGTCTCTGCCTTTCG 
(sense) and TGTGGTCTC TACCTCCCTGG (antisense), 
product size 456 bp[20]. 

Western blot analysis 
 Cells were seeded into 60-mm dishes and grown to 
confluence. Protein extracts of  DSL6A cells were prepared 
as previously described[18]. Proteins were electrophoretically 
separated on an 80 g/L SDS-polyacrylamide gel and 
blotted onto nitrocellulose membrane. Blots were 
incubated with the respective primary antibody for 2 h 
at room temperature. For visualization of  the antibody 
binding, filters were exposed to a horseradish peroxidase 
(POD)-labelled anti-rabbit or anti-mouse Ig antibody and 
developed using the ECL Plus kit. The following primary 
antibody dilutions were used: FAK 1:1000, GRP78 1:500, 
cleaved caspase-3 1:500, PARP 1:1000, β-actin 1:1000. For 
re-probing with additional antibodies, membranes were 
stripped of  bound antibodies by treatment with stripping 
buffer containing 62.5 mmol/L Tris (pH 6.7), 2 g/L SDS, 
7 mL/L 2-mercaptoethanol for 30 min at 50 ℃. 

Immunofluorescence
Cells were cultivated on glass cover slips as previously 
described[18]. For immunofluorescence staining, cells were 
fixed with ice-cold methanol, followed by incubation with 
a mouse monoclonal antibody (mAB) detecting FAK. 
Binding of  the specific mAB was determined by Alexa 
Fluor anti-mouse IgG and visualized using the Confocal 
LASER scanning microscope (Leica TCS SP2 AOBS).

Statistical analysis 
Results were expressed as mean ± SE. Data were analyzed 
using Wilcoxon’s rank sum test. P < 0.05 was considered 
statistically significant.

RESULTS
CHP-induced morphological appearance of DSL6A cells
The incubation with 10 mmol/L CHP induced rounding 
up of  adherently growing DSL6A cells resulting after 
24 h in a complete detachment (Figure 1B). The CHP 
antagonist L-proline circumvented this CHP-induced loss 
of  adherence (Figure 1C). Moreover, cells which had been 
rounded up through CHP treatment, spread out again after 
L-proline addition, forming finally a normal monolayer 
(Figure 1D). 

Effects of CHP on cell proliferation and viability 
Figure 2A shows the influence of  CHP on the S phase 
of  the cell cycle as measured by BrdU incorporation into 
the DNA of  DSL6A cells. We observed CHP significantly 
inhibited the proliferation in a time- and dose-dependent 
manner. The determination of  metabolically active 
DSL6A cells (Figure 2B) revealed a discrepancy between 
the efficiency of  CHP in regard to cell proliferation and 
viability. While the BrdU incorporation after treatment 
with 10 mmol/L CHP for 24 h averaged only 20% of  
the controls (Figure 2A), cell viability was more than 50% 
(Figure 2B). The results obtained by BrdU incorporation 

have been reflected on the molecular level analysing 
cyclin D1, a molecule substantially involved in the cell 
cycle progression[21]. As shown by immunoblotting, CHP 
triggered a decline of  the cyclin D1 protein (Figure 2C). 
The CHP-caused growth inhibition could be prevented 
through addition of  L-proline, indicating a competitive 
replacement of  CHP by the correct amino acid (Figures 
2A and 2B). 
    To examine whether the impaired cell functions could 
be restored, L-proline was added to the CHP-containing 
culture medium 24 h after beginning of  the incubation 
with CHP. Cells were allowed to grow for further 24 h, 
followed by the measurement of  BrdU incorporation. As 
shown in Figure 2D, the addition of  L-proline induced a 
re-increase in BrdU incorporation. 
    In order to exclude the possibility that the restoring of  
proliferation was due to residual intact cells, we measured 
the BrdU uptake of  cells remaining in the culture plates 
after removal of  cells detached by CHP treatment. The 
BrdU incorporation was not significantly higher than 
immediately after CHP incubation (data not shown). 
These results suggested that CHP-induced DSL6A cell 
detachment is a reversible process.     

Influence of CHP on FAK 
The strong inhibition of  cell adherence by CHP pointed to 
an involvement of  the focal adhesion kinase (FAK) in the 
CHP-mediated molecular mechanisms[10]. Analysis of  FAK 
using the Western blot technique revealed the expected 
125 ku protein (Figure 3A). Treatment of  the cells with 
CHP caused a time-dependent decline of  the FAK signal 
and a simultaneous appearance of  fragments of  about 
80 ku, suggesting a proteolytic degradation of  the FAK 
molecule leading to a complete fragmentation during 48 h 
(Figure 3A). 
    Based on the hypothesis that CHP brought about FAK 
inactivation by proteolytic cleavage of  the enzyme, we 
tested the influence of  a broad spectrum protease inhibi-

Figure 1 Effect of CHP on morphological appearance of DSL6A cell (Phase 
contrast microscopy, original magnification x200). A: Adherently growing controls; 
B: Incubation with 10 mmol/L CHP for 24 h caused rounding, followed by 
detachment of DSL cells; C: Addition of 20 mmol/L L-proline abolished the effects 
of CHP; D: CHP-treated cells cultured for further 48 h with 20 mmol/L L-proline, 
resulting in the re-adherence of the cells.

A B

C D
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tor [protease arrest (PA) reagent]. The repression of  the 
intracellular proteolytic activity was able to abolish the 
CHP-induced FAK degradation (Figure 3B). In addition, 
pre-incubation of  DSL6A cell cultures with the protease 
inhibitor prevented the CHP-caused cell detachment (Fig-
ure 3Ca). Moreover, the cyclin D reduction in DSL6A cells 
treated for 48 h with CHP was attenuated by the PA rea-
gent (Figure 2C)
    In contrast, the inhibition of  caspase-3 activity by 
Z-DEVD-FMK (CI-3) had neither an effect on CHP-
mediated FAK degradation (Figure 3B) nor on cell detach-

ment (Figure 3Cb). In addition, treatment with Z-VAD-
FMK, a general caspase inhibitor including caspase-3, 7, 8, 
10, could not abolish CHP-caused influences on DSL6A 
cells (data not shown). 
    Since FAK is localized in focal adhesions while the cell 
is in contact with extracellular matrix, we, using immun-
ofluorescence staining, analysed the influence of  CHP 
on the intracellular assembly of  the enzyme. Results were 
visualized by laser scanning microscopy (Figure 4). We 
clearly observed the focal adhesions in adherently grow-
ing control cells (Figure 4A), whereas the CHP-caused cell 

Figure 3 FAK fragmentations in DSL6A cells induced by CHP. A Immunoblotting 
of protein extracted from DSL6A cells after being incubated for 16 h and 48 h 
with or without 10 mmol/L CHP. CHP induced a time-dependent degradation of 
the 125 ku FAK protein, resulting in fragments of about 80 ku. B Simultaneous 
addition of the Protease Arrest Reagent (PI) to the CHP-treated cells attenuated 
fragmentation of FAK; in contrast, the caspase-3 inhibitor z-DEVD-fmk (CI-3, 100 
µmol/L) was not able to abolish the CHP-induced FAK degradation. To show equal 
protein loading, the membranes were stripped and re-probed using an anti-β-actin 
specific antibody. C Effect of CHP on morphological appearance of DSL6A cells; (a) 
simultaneous addition of 10 mmol/L CHP and a broad spectrum protease inhibitor 
(PI, Protease Arrest Reagent) abolished the CHP-induced loss of adherence; (b) In 
contrast to the broad spectrum protease inhibitor, the caspase-3 inhibitor  z-DEVD-
fmk (CI-3, 100 µmol/L) had no effect on the CHP-induced loss of adherence (Phase 
contrast microscopy, original magnification x 200).
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rounding resulted in a loss of  focal adhesions and a diffuse 
distribution of  the FAK protein (Figure 4B). 

Influence on the expression of ER stress markers GRP78 
and GADD153 
CHP was earlier described as an inhibitor of  normal col-
lagen folding[22], a condition that inevitably affects the 
homeostasis of  the endoplasmic reticulum (ER) referred 
to as ER stress[15]. In order to test whether CHP effects 
are mediated by ER stress, we analyzed the expression 
of  GRP78 and GADD153 proteins whose up-regulation 
was defined as a component of  the unfolded protein 
response (UPR)[18,15]. We found that CHP induced the 
mRNA expression of  the both ER stress markers (Figure 
5A). GRP78 transcript levels were found to be increased 
3 h after the addition of  CHP, while the up-regulation of  
GADD153 was detected only after 6 h. The CHP-induced 
GRP78 expression was confirmed on protein level by im-
munoblotting. A modest increase of  the UPR component 
could be detected 3 h after the addition of  CHP. The 
GRP78 protein levels in the cells increased during pro-
longed incubation with CHP reaching a maximum after 24 h 

(Figure 5B). 
    To test whether the L-proline-caused restoration of  
cell functions (Figure 2) was reflected on the molecular 
level, we investigated the time course of  the expression of  
GRP78 and GADD157 during incubation with L-proline 
in CHP-treated cells. Six hours after the addition of  L-pro-
line, the transcript levels of  both UPR components were 
reduced, reaching normal values during 24 h (Figure 6A). 
In contrast, the decrease of  GRP78 protein levels could be 
detected only after 48 h (Figure 6B). Furthermore, L-pro-
line-induced reversion of  the CHP-mediated impairment 
of  cell functions was accompanied by a time-dependent 
reconstitution of  the FAK molecule associated with a re-
duction of  the protein fragments (Figure 6B). 

Impact of CHP on apoptosis 
The reduction in cell viability pointed to the induction 
of  apoptosis by CHP. Using the Western blot tech-
nique, we analyzed the processing of  caspase-3 and poly-
(ADP ribose) polymerase (PARP) to verify programmed 
cell death. The activation of  apoptosis-executing caspase-3 
occurs in a two-step proteolytic process. Initially, the pro-
caspase-3 is cleaved into the subunits p12 and p20, fol-
lowed by an autocatalytic fragmentation of  the latter one, 
resulting in the fully active p17 enzyme[23]. Treatment of  

Figure 5 Influence of CHP on expression of GRP78 and GADD153. A: RT-PCR; 
M = 100-bp molecular weight marker; B: Western blot.
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DSL6A cells with CHP caused a time-dependent activation 
of  caspase-3 represented by the p17 molecule (Figure 7A). 
Similarly, the cleaved PARP protein of  85 ku occurred 
during CHP treatment (Figure 7A). Intriguingly, the CHP-
induced apoptotic DSL6A cell death, determined by the 
activation of  caspase-3 and PARP, could be prevented by 
pre-treatment of  the cells with the broad spectrum pro-
tease inhibitor PA (Figure 7A). These results together with 
the prevention of  CHP-induced FAK degradation (Figure 3B) 
as well as cyclin D1 reduction (Figure 2C) by inhibition 
of  intracellular proteolysis indicate a superior role of  pro-
teases in the CHP-mediated effects.
    The caspase-3-specific inhibitor Z-DVED-FMK (CI-3) 
did not prevent the initial cleavage of  procaspase-3 into 
the p20 fragment. Therefore, corresponding with the 
blockade of  the subsequent autocatalytic processing gen-
erating the active p17 enzyme, the level of  the p20 protein 
increased under the treatment with Z-DVED-FMK (Figure 7A).
    Another characteristic sign of  apoptosis is the degrada-
tion of  genomic DNA into multiple fragments referred to 
as DNA laddering. Electrophoretical separation of  DNA 
isolated from DSL6A cells treated for 24 h and 48 h with 
CHP exhibited the typical DNA ladder, whereas DNA 
degradation was not detected in untreated controls (Figure 4C). 
Interestingly, there was no effect of  CHP on the anti-
apoptotic factor bcl-2 (data not shown).

Loss of adherence and survival
To verify the hypothesis that CHP-induced cell death was 
not simply the consequence of  the loss of  adherence, cell 
survival was quantified in suspension cultures compared 
with adherently growing DSL6A cells. Indeed, the rate of  
metabolically active cells (17%) in suspension was lower 

than that in the adherent counterparts (Figure 8A). How-
ever, the portion of  dead cells in monolayer cultures incu-
bated with CHP for 24 h increased to about 60% as com-
pared to the untreated controls. Moreover, there were no 
significant differences between adherent and suspension 
cultures in CHP-treated cells (Figure 8A). Interestingly, 
the FAK molecule in DSL6A cells bared from adhering 
remained intact (Figure 8B). Taken together, our data sug-
gest that the CHP-mediated damage of  DSL6A cell func-
tions, including detachment, growth inhibition and apop-
tosis, is a consequence of  molecular mechanisms initiated 
by intracellular proteolytic processes.

DISCUSSION
In this study, we have shown that cis-hydroxyproline 
initiates a stress machinery in the rat pancreatic cancer 
cell line DSL6A, leading sequentially to growth inhibition, 
loss of  adherence and apoptosis. The capacity of  CHP to 
inhibit cell proliferation is consistent with the results for 
fibroblasts, mammary carcinoma and retinal epithelium 
cells[6-8]. 
    The CHP-induced damage of  DSL6A cells was 
associated with proteolytic fragmentation and inactivation 
of  FAK. Various studies have suggested that FAK is 
essentially implicated in integrin-mediated transfer of  
extracellular stimuli from the cell surface across the 
plasma membrane, resulting in the activation of  several 
intracellular signalling pathways[22-24]. FAK activation by 
phosphorylation has been shown in a variety of  cell types 
to be dependent on integrins binding to their extracellular 
ligands[27]. In addition, there are several reports regarding 
the regulation of  FAK activity by limited cleavage of  the 

Figure 7 Induction of apoptosis by 
CHP. A: Immunoblotting using specific 
antibodies for cleaved caspase-3 or 
poly (ADP) ribose polymerase (PARP). 
B: DNA laddering induced by CHP. 
Results are representative of at least 
three independent experiments.
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enzyme protein. Using human platelets, Cooray et al[28] 
could identify calpain as the FAK-hydrolysing protease. 
In a model of  oncogenic cell transformation by retroviral 
gene transfer of  v-src, Carragher et al[29] showed that cell 
detachment is associated with calpain-dependent FAK 
degradation. Furthermore, focal loss of  adhesion followed 
by apoptosis after switching off  v-src is accompanied 
by caspase-mediated FAK proteolysis[29]. The data and 
the different effects of  specific protease inhibitors let 
the authors conclude that proteolysis of  FAK might be 
a general phenomenon associated with disassembly of  
focal adhesions, but can be mediated by distinct proteases 
under different biological conditions[29]. We have shown 
that in addition to FAK cleavage, the CHP-induced cell 
detachment, cyclin D1 decline, and caspase-3 activation in 
DSL6A cells could be attenuated by proteolysis inhibition. 
The circumvention of  the different molecular and 
functional effects by inhibition of  intracellular proteolysis 
suggests that protease(s) might play a superior role in the 
execution of  CHP-mediated cell toxicity. Furthermore, 
CHP induced the expression of  GRP78 and GADD153, 
both of  which have been defined to indicate the UPR, a 
pathway of  the ER stress machinery[15]. 
    As early as 1975, Uitto et al[22] found that non-helical 
CHP-containing pro-collagen is retained in the ER of  
chick embryo tendon cells. However, the molecular 
consequences of  these observations could not fully be 
realised at this time. The CHP-initiated impairment of  
DSL6A cell functions might be likely attributed to more 
comprehensive cellular mechanisms rather than exclusively 
to the disturbance of  collagen synthesis, especially because 
DSL6A cells do not express collagen type I but only 
traces of  collagen type IV-specific transcripts (data not 
shown). Thus, an interference of  CHP with the synthesis 
of  proline-rich proteins involved in striking regulatory cell 
functions can be assumed[31].
    L-proline is able to abolish CHP-induced disturbances 
of  DSL6A cell functions. The mutual competitive replace-
ment of  the isomeric compounds proline and CHP has to 
be expected[5,8]. More interestingly, the addition of  L-pro-
line could arrest and even reverse the ongoing process of  
the CHP-induced ER stress. The restoration is accompa-
nied by a decrease of  the expression of  the stress proteins, 
indicating the reversibility of  the UPR. GRP78 transcript 
levels could be achieved during about 6 h of  the starting 
status, while the normalization of  the protein concentra-
tion takes more than 2 d. According to reports by Liu  
et al[32], the delayed protein decline is probably attributed to 
its half  life time of  more than 36 h. 
    Intriguingly, the L-proline-induced reversion of  the 
CHP-mediated impairment of  cell functions is accompa-
nied by a time-dependent reconstitution of  the FAK mole-
cule. Furthermore, the survival of  DSL6A cells maintained 
in suspension cultures suggests that the proteolytic FAK 
degradation is not resulted from apoptosis, but occurs 
downstream or even constitutes a component of  the ER 
stress cascade. In addition to the proteolytic fragmentation 
of  FAK shown by several studies[30,29], there are reports 
describing ER stress-mediated activation of  caspases, lead-
ing to apoptotic cell death[33]. In contrast to these data, we 
showed that CHP-caused DSL6A cell injury could not be 

influenced by inhibition of  caspases, suggesting that other 
and/or additional protease(s) trigger CHP-induced pro-
teolytic activity. In this context, reports should be noted 
which suggest the existence of  a physiological role of  cas-
pases, apart from that of  death executioners[33].
    Based on our data, we hypothesize that CHP initiates a 
signal cascade including sequentially the induction of  ER 
stress, activation of  protease(s) that catalyse the caspase-
independent FAK fragmentation, followed by cell detach-
ment and finally leading to apoptosis. Further investiga-
tions are necessary to identify proteases involved in the 
CHP-mediated mechanisms. 
    Interestingly, CHP-caused FAK inactivation leading to 
detachment of  DSL6A cells is not directly associated with 
apoptosis, in general the cellular response to the loss of  
anchorage referred to as anoikis[34]. This anoikis-resistance 
of  the DSL6A cells can be attributed most likely to their 
malignant phenotype[35]. 
    Taken together, we have shown, probably for the first 
time, an ER stress-mediated cytotoxic effect exerted by 
CHP in pancreatic cancer cells. Since the molecular equip-
ment may vary between different cell populations, further 
studies are needed to characterize the susceptibility of  oth-
er cell types to CHP. Lastly, in order to test the practicabil-
ity of  CHP in cancer therapy, studies on animal models are 
under way.
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