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ABSTRACT 

 

Overcoming gemcitabine resistance through oncolytic adenovirus 

expressing TRAIL/shHSP27 in pancreatic cancer cells 

 

Hye Jin Choi 

Department of Medicine  

The Graduate School, Yonsei University  

 

(Directed by Professor Joo-Hang Kim) 

 

According to previous studies, TRAIL-induced activation of Akt catalytic 

activity and phosphorylation are highly correlated with p38/HSP27 

phosphorylation; moreover, the phosphorylation of p38/HSP27 increases 

further during incubation with curcumin and TRAIL, which induces significant 

apoptotic cell death in DU-145 cells. Furthermore, the cellular levels of 

phosphorylated HSP27 reportedly act as a determinant of cell fate: from cell 

survival to cell death in a biphasic manner in the presence of the anticancer 

agent gemcitabine, an antitumor drug currently used for the treatment of 

advanced pancreatic cancer. Gemcitabine also induces p38/HSP27 

phosphorylation and acquired resistance at lower concentrations, similar to 

TRAIL. In the present study, after the acquisition of gemcitabine resistance, 

cancer cells (DU-145 or MiaPaCa-2) expressed greater NF-κB activity. 

However, the NF-κB activity, as well as colony formation, in 

gemcitabine-resistant cells was significantly decreased by HSP27 
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downregulation and subsequent TRAIL treatment. This phenomenon was 

clearly seen in pancreatic cancers with K-ras mutation, especially when HSP27 

downregulation was combined with gemcitabine and TRAIL treatment, 

suggesting HSP27 plays an essential role in K-ras oncogene signaling cascade. 

In conclusion, HSP27 silencing may provide a new potential strategy for 

overcoming drug resistance and ultimate metastasis in pancreatic cancer cells 

with K-ras mutation.  
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I. INTRODUCTION 

Gemcitabine is a nucleoside analog of deoxycytidine that is enzymatically 

activated in cells, which subsequently inhibits DNA synthesis and induces 

apoptosis
1,2

. Its potent antitumor activity in a wide spectrum of in vitro and in 

vivo tumor models has been successfully confirmed in clinical settings. 

Although a Nab-paclitaxel plus gemcitabine or FOLFIRINOX regimen have 

recently been shown to offer better efficacy 
3,4

, gemcitabine remains the drug of 

choice for treating patients with pancreatic cancer
5
. However, studies have 

shown that the drug has little impact on outcomes due to a high level of inherent 

and acquired tumor resistance
6
, with response rates near 5% and an extremely 

poor 5-year survival rate
7-9

. Previously, Akt and NF-κB were found to be 

up-regulated when pancreatic cancer cells were exposed to gemcitabine alone, 

suggesting the potential mechanism of acquired chemoresistance
10-12

.  

Accordingly, since gemcitabine currently remains the best treatment available 
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for pancreatic cancer, which develops resistance to the drug over time, agents 

that can either enhance the effects of gemcitabine or overcome chemoresistance 

to the drug are needed for the treatment of pancreatic cancer
13

. In a previous 

study, apoptotic cell death was induced in pancreatic cancer cells by TRAIL, 

and gemcitabine synergistically increased the antitumor effect of TRAIL
14-18

. 

Nevertheless, the underlying mechanism of synergistic pancreatic cancer cell 

death by gemcitabine/TRAIL has not yet been elucidated, except for the 

induction of DR5 by gemcitabine
19,20,21

. One possible explanation is that core 

signaling molecules related to innate and/or acquired resistance induced by 

gemcitabine are also related to TRAIL-induced resistance, for example survivin, 

XIAP, and Bcl-xL 
6
.   

HSP27 belongs to the small heat shock protein family, forms a nearly 800 kD 

oligomer, and functions as a molecular chaperone
11,22,23

.  Besides chaperone 

function, HSP27 is usually overexpressed in cancer cells 
24-27

 upon drug 

resistance to doxorubicin, cisplatin, or gemcitabine
28-30

, and is phosphorylated 

upon various stimuli, such as heat shock and oxidative or chemical stress 
6,31

. 

Previously, researchers reported that sustained p38 and HSP27 phosphorylation 

protects cells by preventing further cell death, whereas further increases in 

p38/HSP27 phosphorylation induced by co-treatment with curcumin and 

TRAIL converted cell fate to death, demonstrating that phosphorylated 

p38/HSP27 act as biphasic modulators to determine whether cells survive or die 

in response to apoptotic stress 
32

.  

Mutations of the K-Ras gene occur in over 90% of pancreatic carcinomas
33

. No 

other human tumor comes close to exhibiting such mutational frequency. 

Oncogenic mutations in the small GTPase Ras are highly prevalent in cancer
34

; 
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however, an understanding of the vulnerabilities of these cancers is lacking
33,35

.  

This study was designed to investigate the effect of HSP27 on the sensitivity of 

pancreatic carcinoma cells with K-Ras mutation to gemcitabine and possible 

underlying mechanisms thereof. In doing so, this study set out to discern 

whether cellular levels of HSP27 phosphorylation act as a determinant of cell 

fate, more specifically conversion from cell survival to cell death in a biphasic 

manner in the presence of gemcitabine. Furthermore, the role of HSP27 

phosphorylation in gemcitabine resistance was investigated. 
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II. MATERIALS AND METHODS 

1. Cell culture 

The human cancer cell lines
36

 MiaPaCa-2, HPAC, BxPC3 (human pancreatic 

carcinoma), and DU145 (human prostate adenocarcinoma) were cultured in 

Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum (HyClone, 

Logan, UT, USA). The cells were maintained in a humidified environment 

containing 5% CO2 at 37
o
C. 

 

2. Reagents and antibodies 

Gemcitabine was obtained from Eli Lilly Co. Antibodies to HSP27, 

phospho-HSP27, TRAIL, K-ras, DR5, and actin were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies to phospho-S473-Akt, 

phospho-p38, phospho-ERK, caspase 9, NF-κB, and poly (ADP-ribose) 

polymerase (PARP) were purchased from Cell Signaling Technology (Beverly, 

MA, USA).  The anti-adenovirus type 5 (Ad5) antibody was purchased from 

Abcam (Cambridge, UK); Trizol was purchased from Life Technologies 

(Carlsbad, CA, USA); and all other chemicals were purchased from 

Sigma-Aldrich (St Louis, MO, USA). 

 

3. Construction of p65 shRNAs 

To construct human NF-κB p65 shRNA, six candidate sequences were screened. 

The selected target sequence was 5’- ggagcacagataccaccaaga -3’,  which was 

generated from an algorithm developed by Ambion of Life Technologies 

(Grand Island, NY, USA), and the loop sequence was 5’-TCTC-3’. For 

expression of p65 shRNA in adenovirus, the top strand sequence was 5’- 
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GATCC ggagcacagataccaccaaga TCTC tcttggtggtatctgtgctcc TTTT A -3’ and 

the bottom strand sequence was 5’- AGCTT AAAA ggagcacagataccaccaaga 

GAGA tcttggtggtatctgtgctcc G -3’, which was selected and annealed for 

subcloning into pSP72△ E3-U6. 

 

shRNA of p65 

1. S : GATCC caagatcaatggctacaca TCTC tgtgtagccattgatcttg TTTT A  

 AS : AGCTT AAAA caagatcaatggctacaca GAGA tgtgtagccattgatcttg G 

2. S : GATCC ctcaagatctgccgagtga TCTC tcactcggcagatcttgag TTTT A  

  AS : AGCTT AAAA ctcaagatctgccgagtga GAGA tcactcggcagatcttgag G 

3. S : GATCC gatgagatcttcctactgt TCTC acagtaggaagatctcatc TTTT A  

  AS : AGCTT AAAA gatgagatcttcctactgt  GAGA acagtaggaagatctcatc G 

4. S : GATCC ggattgaggagaaacgtaa TCTC ttacgtttctcctcaatcc TTTT A  

  AS : AGCTT AAAA ggattgaggagaaacgtaa GAGA ttacgtttctcctcaatcc G 

5. S : GATCC ggagcacagataccaccaaga TCTC tcttggtggtatctgtgctcc TTTT A  

  AS : AGCTT AAAA ggagcacagataccaccaaga GAGA tcttggtggtatctgtgctcc G 

6. S : GATCC ggacatatgagaccttcaaga TCTC tcttgaaggtctcatatgtcc TTTT A  

  AS : AGCTT AAAA ggacatatgagaccttcaaga GAGA tcttgaaggtctcatatgtcc G 

5
th
 selected. 

 

4. Defective adenoviral vector construction expressing HSP27 shRNA  

To generate replication defective adenovirus expressing HSP27 shRNA at the 

E3 region, five candidate sequences were screened. The selected target 

sequence was 5’- GACGAGCATGGCTACATCTCCCGGT-3’, and the loop 

sequence was 5’-TCTC-3’. Target selection was performed using an algorithm 

developed by Genolution Pharmaceuticals Inc. (Seoul, South Korea). Then, the 
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selected target was synthesized for the production of HSP27 shRNA. After 

annealing two synthesized oligonucleotides, the annealed strands were 

subcloned into pSP72△E3 Ad shuttle vector with BamH I and Hind III. Top: 5′ 

GATCCGACGAGCATGGCTACATCTCCCGGTTCTCACCGGGAGATGTA

GCCATGCTCGTCTTTTTTA 3′ Bottom: 5′ 

AGCTTAAAAAAGACGAGCATGGCTACATCTCCCGGTGAGAACCGGG

AGATGTAGCCATGCTCGTCG 3′. The newly constructed 

pSP72E3-shHSP27 shuttle vector was then cotransformed with a 

replication-defective Ad viral vector (dl324-IX) into E. coli BJ5183 for 

homologous recombination, generating dl324-IX-△E3-U6-shHSP27 Ad vector. 

 

Target 1 : 5’ CAGCGCCCCGCACTTTTCTGAGCAG 3’  

Target 2 : 5’ GCGTGTCCCTGGATGTCAACCACTT 3’ 

Target 3 : 5’ GACGAGCATGGCTACATCTCCCGGT 3’ 

Target 4 : 5’ GTGGACCCCACCCAAGTTTCCTCCT 3’ 

Target 5 : 5’ GGGCCCAGAAGCTGCAAAATCCGAT 3’ 

 

5. Construction of oncolytic adenoviral vector expressing HSP27 shRNA  

For the construction of adenoviral vectors, a synthetic gene (3484 bp) was used 

as a backbone construct for the shuttle vector; the DNA was named 

pBSK[3484]. The synthetic gene consisted of inverted terminal repeats (ITR), 

packaging signal, mouse survivin promoter, E1A-BGH polyA-E1B, 55-kDa 

gene cassette, and an Ad E1 right region (in the order listed). This gene cassette 

was inserted into pVAX1 after digestion with Hind III and EcoR I 
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(pVAX1-3484-△E1B55KD). Then, the SV40-E1R region of pCA14 after 

digestion with Stu I-blunt-EcoR I was inserted again into ApaI 

I-blunt-EcoRI-digested pVAX1-3484-△E1B55KD. Finally, the mouse survivin 

promoter was replaced with CMV promoter through digestion with Kpn I and 

Xho        A3 1 Hygro was used as a template for PCR amplification of the 

CMV promoter, with the sense primer 

5'-CGGGGTACCGATGTACGGGCCAGAT-3' and the antisense primer 

5'-CCGCTCGAGAATTTCGATAAGCCAG-3'. Following digestion of the PCR 

product of the CMV promoter with Kpn I/Xho I, the construct was inserted into 

Kpn I/XhoI-digested pVAX1-3484-ΔE1B-E1R to be shuttlized with 

pVAX1-3484-CMV promoter-ΔE1B-E1R. The linearized pVAX1-3484-CMV 

promoter-ΔE1B-E1R by Pme I was co-transformed into E. coli BJ5183, 

together with Bsp1191-digested dl324-Bstb I-∆E3-U6-shHSP27 for 

homologous recombination. Thereafter, dl324-Bstb I-∆E3-U6-shHSP27 was 

generated by homologous recombination with pSP72E3-shHSP27 and 

dl324-Bst B I without IX gene.  

 

6. Generation of recombinant adenovirus expressing TRAIL and HSP27 shRNA 

(dl324-IX-E1-TRAIL-E3-U6-hshHSP27) 

To produce the defective adenovirus expressing both TRAIL and HSP27 

shRNA, the adenovirus vector dl324-BstB I-E3-U6-hshHSP27 was linearized 

with Bsp1191 and the adenoviral shuttle vector pCA14-Full TRAIL was 

linearized with Xmn I. To construct the defective adenoviral shuttle vector 

expressing TRAIL, pEGFP-TRAIL (Addgene #10953, a gift from Bingliang 
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Fang) was cleaved by EcoR I-Sma I, and the resultant TRAIL gene was 

subcloned into pCA14, which was digested with Hind III-blunt-EcoR I. The two 

linearized vectors were co-transformed into E. coli BJ5183 cells for 

homologous recombination.  

 

7. Recombinant oncolytic adenovirus expressing TRAIL and HSP27 shRNA  

For the construction of the oncolytic adenoviral shuttle vector expressing 

TRAIL, the pCA14-3484-CMV-E1B55KDa plasmid, previously described in 

detail 
37

, was used to insert the TRAIL gene from pCA14-TRAIL. To insert 

TRA L, PCR was  erformed using a sense  rimer flanked at the 5’ end with a 

MfeI site (5'-CCGCAATTGCTAATTCCCTGGCATTATGCCC-3') and an 

antisense  rimer flanked at the 5’ end with a Bgl II site 

(5’-GGAAGATCTTCGATGCTAGACG-3'). The resultant TRAIL PCR product 

was digested with Mfe I-Bgl II, subcloned into pCA14-3484-CMV-E1B55KDa, 

and digested with EcoR I-Bgl II. This shuttle vector plasmid, 

pCA14-3484–E1B55-CMV-TRAIL after linearization with Bsp1191, was 

co-transformed with Xmn I-linearized dl324-BstB I-∆E3-U6-shHSP27 to 

generate the homologous recombinant dl324-3484-TRAIL-E3-U6-hshHSP27.  

 

8. Assay of NF-κB activity 

MiaPaCa-2 and BxPC3 cells (5 ⅹ10
4 
/ well) were seeded in 48-well plates, and 

then transfected with plasmid derived from Cignal Reporter Assay Kit 

(QIAGEN Sciences) after 24 h. As controls, positive/negative control plasmids 

were also transfected. After another 24 h, each cell line was infected with 

HSP27 shRNA (or negative control shRNA)-expressing-defective adenovirus at 
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50 MOI, and was treated with 10 μM of gemcitabine on the next day. After 48 h 

of gemcitabine treatment, 200 ng/ml of TRAIL was treated for 4 h or longer (24 

h, 48 h) optionally.  Then after lysis of the cells, luciferase activity was 

measured according to the Dual Luciferase Reporter Assay System Protocol 

(Promega, USA). 

 

9. si-KRAS smart pool  

MiaPaCa-2 and BxPC3 cells (5ⅹ10
4
/well) were seeded in 48-well plates, and 

then transfected with 25 μM si-KRAS smart pool (Thermo Scientific, USA). 

After 24 h of transfection, 10 μM gemcitabine was treated for 48 h and cell 

viability was examined by MTS assay.  

 

10. Microarray analysis 

The cDNA microarray analysis was performed using total RNA isolated from 

three different pancreatic cancer cell lines before gemcitabine treatment or after 

48 h of gemcitabine treatment. Except RNA preparation using Trizol 

(Invitrogen Life Technologies, Carlsbad, USA), all cDNA microarray 

experiments, including labeling cRNA, hybridization to the Illumina Expression 

BeadChip, scanning, and data analysis using using Illumina Genome Studio 

v2011.1, were performed by Macrogen Inc. (Seoul, Korea). 

 

11.  Immunoblot analysis 

Proteins were separated by SDS-PAGE and electrophoretically transferred to 

nitrocellulose membranes. Each nitrocellulose membrane was blocked with 5% 

nonfat dry milk in PBS-Tween-20 (0.1%, v/v) at room temperature for 1 h. The 
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membrane was then incubated with the primary antibody (diluted according to 

the manufacturer's instructions) for 2 h. Horseradish peroxidase-conjugated 

anti-rabbit or anti-mouse IgG was used as the secondary antibody. 

Immunoreactive proteins were visualized with chemiluminescence (ECL, 

Amersham, Arlington Heights, IL, USA). 

 

12. MTS viability assay  

The CellTiter 96®  AQueous Non-Radioactive Cell Proliferation Assay is a 

colorimetric method for determining the number of viable cells in proliferation 

or chemosensitivity assays. The CellTiter 96®  AQueous Assay consists of 

solutions of a novel tetrazolium compound (3-(4, 

5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetr

azolium, inner salt; MTS) and an electron coupling reagent (phenazine 

ethosulfate; PES). MTS is bioreduced by cells into a formazan product that is 

soluble in tissue culture medium. 

 

13. Western blot analysis 

The cells were lysed in lysis buffer (20mMTris/HCl (pH 7.5), 150mM NaCl, 

1mM EDTA, 1mM EGTA, 1% TritonX-100, 2.5mM sodium pyrophosphate, 

50mM NaF, 50mM HEPES, 1mM Na3VO4, and 2mM phenylmethylsulfonyl 

fluoride) and subsequently scraped from the dishes. Protein extracts were then 

examined by Western blot analysis. The protein was fractionated and 

transferred onto an Immune-Blot PVDF Membrane (Bio-Rad, Hercules, CA). 

Membranes were blocked with 5% fat-free dry milk in phosphate-buffered 

saline (PBS) containing 0.1% Tween-20 (PBS-T) for 30 min before incubation 
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with the indicated primary antibodies. Peroxidase-labeled antibodies raised in 

goat against rabbit IgG were used as secondary antibodies. Peroxidase activity 

on the membrane was visualized on X-ray film by means of the ECL Western 

blot detection system. 

 

14. Annexin V/PI staining. 

An FITC Annexin V Apoptosis Detection Kit II was used. After gemcitabine 

(10 M) treatment in a time-dependent manner (24h, 48 h), with pretreated 

dl324-IX-ΔE3-U6-hshHSP27 adenovirus (50 MOI) for 24h or not, trypsinized 

DU-145 or Mia-Paca cells were washed and then resuspended in 1X Binding 

Buffer at a concentration of 1 x 10
6
  ells/ml  After transferring 100 μl of the 

solution (1 x 10
5
 cells) to a 5 ml culture tube, 5 μl of F TC Annexin V and 5 μl 

PI of were added for FACS analysis.  

 

15. Clonogenic assay 

For clonogenic assay, 10
5
 cells were plated in 6-well plates and incubated for 

24 hours. The cells were then incubated with dl324-IX-ΔE3-U6-hshHSP27 

adenovirus (50 MOI). Next, 10uM of gemcitabine was added after 24 hours and 

200ng/ml of TRAIL was added after 48 hours. The cells were then trypsinized 

and washed, and 10
3 

cells were seeded in 6-well plates. The plates were 

incubated for 14 days in an incubator. The plates were then fixed with 4% 

paraformaldehyde and stained with 0.05% crystal violet. After 1 hour, cells 

were washed and counted.  

 

16. Animal studies 
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To generate a xenograft tumor model, 510
7
 MiaPaCa-2 tumor cells were 

injected into the subcutaneous abdominal region of BALB/c nude mice.  When 

the tumors reached an average size of 60-100 mm
3
, nude mice (six each) 

received intratumoral injections of 210
10

 virus particles (VP) of oncolytic 

adenovirus diluted in 100 μl PBS or PBS alone   The on olyti  adenoviruses 

used for the animal experiments were oncolytic control adenovirus, HSP27 

shRNA-expressing oncolytic adenovirus, and TRAIL plus HSP27 

shRNA-expressing oncolytic adenovirus.  The intratumoral injection was 

repeated four times total and co-injected with 50 μl of gemcitabine (10 μM) on 

the last day of viral injection. Tumor growth was measured using a caliper 

every 2 days for more than 30 days.  Tumor volume (V) was calculated using 

the formula: V (mm
3
) = 0.52  length (mm)  width (mm)

2
. 

 

17. Immunohistochemistry 

After 7 days of the last viral injection into each mouse, each tumor tissue 

was extracted and embedded with paraffin after fixation in 10 % formaldehyde 

for 24 h for immunohistochemistry (IHC) staining. IHC was performed as 

follows: The tissue section slides were deparaffinized with xylene for 10 min 

twice. The slides were then rehydrated with 100% alcohol for 10 min twice, 

90% alcohol for 5 min twice, and finally 70% alcohol for 5 min twice. After 

removing the endogenous peroxidase with 0.1% H2O2, the slides were washed 

with PBS (phosphate buffered saline) for 5 min three times. Antigen retrieval 

was performed with 10 mM citrate buffer (pH 6.0) (DAKO, Glostrup, 

Denmark) using a microwave, after which the tissue was permeabilized with 

0.5 % PBX (0.5 % Triton-X100 in PBS) for 30 min. After blocking with 5% 
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BSA for 1 h, primary antibody was added and incubated at 4℃ overnight. For 

the detection of specific proteins, antibodies for adenovirus type5, human 

CD253 (TRAIL), or HSP27 were used. Here, primary antibody enhancer 

(Thermo scientific, USA) and HRP Polymer (Thermo Scientific, USA) were 

used for signal amplification. To develop the colored product, mixed DAB 

(3,3’-Diaminobenzidine) Plus Chromogen (Thermo Scientific, USA) and DAB 

Plus Substrate (Thermo Scientific, USA) were incubated for 5 min. After PBS 

washing, 20 % Hematoxylin counterstain was added for nucleus staining for 2-5 

min. Finally, tissue slides were dehydrated with 70% alcohol for 5 min twice, 

90% alcohol for 5 min twice, and then 100% alcohol for 10 min twice. After 

clearing in xylene for 10 min twice, the tissues slides were coverslipped with 

mounting medium (Xylene: mount = 1 : 1) for observation under a microscope. 

 

18. Statistical analysis 

Data are presented as means ± standard error of the mean (s.e.m.). The 

significant differences between groups were determined using unpaired 

two-tailed t-tests.  P-values were calculated using GraphPad Prism version 6.0.  

A value of P<0.05 was considered statistically significant. All experiments were 

performed three times independently.  
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III. RESULTS 

In this study, the relationship between the effects of gemcitabine on the ratio of 

phosphorylated to non-phosphorylated HSP27 in pancreatic cancer cells was 

investigated. 

 

1. Several cancer cell lines including pancreatic cancer cells exhibit resistance 

to gemcitabine 

 

Three kinds of pancreatic cancer cells, in addition to DU-145, showed 

resistance to gemcitabine. As shown in Figure 1, more than 70% of cancer 

cells remained viable after treatment with 10 μM of gemcitabine at the 

indicated time points.  

 

 

Figure 1. Cancer cell viability after gemcitabine treatment 

Cancer cell viability after gemcitabine treatment. Cell viability was tested in 

various pancreatic cancer cell lines including DU-145 cells after gemcitabine 
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treatment (10 μM) for 24 h or 48 h by MTS viability assay  Error bars 

represent the standard error from three independent experiments. 

 

 

2. HSP27 downregulation enhances the sensitivity of gemcitabine-resistant 

pancreatic cancer cells with K-ras mutation 

 

Reportedly, HSP27 is increased in gemcitabine-resistant pancreatic cancer 

cells, and in the present study, cellular mRNA levels of HSP27 were 

increased after gemcitabine treatment in three out of four pancreatic cancer 

cell lines (1.2~1.7 fold), suggesting that HSP27 might play a key role in 

gemcitabine-resistance in pancreatic cancer 
30

(Fig. 2). Moreover, cell viability 

was greatly decreased upon HSP27 downregulation in K-ras mutated cells, 

such as MiaPaCa-2 or HPAC, after gemcitabine treatment (Fig. 3, 4). 

 

 

 

Figure 2. HSP27 gene expression profile by microarray analysis. HSP27 

mRNA levels in various pancreatic cancer cell lines before gemcitabine 

treatment or after gemcitabine treatment (10 μM) for 48 h were examined by 

microarray data analysis. 
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Figure 3. Decrease of endogenous HSP27 levels in various pancreatic cancer 

cells including DU-145 after infection of defective adenovirus expressing 

HSP27 shRNA in a dose dependent manner (1 MOI ~50 MOI). 
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Figure 4. Biological role of HSP27 downregulation on gemcitabine-resistant 

cancer cells. Cell viability was tested in various pancreatic cancer cell lines 

including DU-145 cells after infection of defective adenovirus expressing 

HSP27 shRNA (50 MOI), followed by gemcitabine treatment (10 μM) for 24 

h or 48 h, by MTS viability assay. Error bars represent the standard error 

from three independent experiments. 

 

3. HSP27 downregulation decreases colony numbers after gemcitabine 

treatment  

 

The effect of HSP27 downregulation in several pancreatic cancer cells after 

gemcitabine treatment was further examined. Unexpectedly, there were only a 

few genes that were expressed more or less after gemcitabine treatment 

according to microarray analysis; HSP27 was one of them, but the cellular 

levels of HSP27 were not increased by much. Nevertheless, despite a small 

increase after gemcitabine treatment, HSP27 downregulation significantly 

influenced cell survival potential, leading to a severe decrease in colony 

formation (Fig. 5).  
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Figure 5. Clonogenic assay after HSP27 downregulation. MiaPaCa-2 cells 

were infected with defective adenovirus expressing HSP27 shRNA (50 MOI) 

or scrambled shRNA as a negative control (50 MOI).   

 

4. Ratio of cellular HSP27 phosphorylation to non-phosphorylated HSP27 is a 

key biological marker of switch from cell survival to death  

 

Phosphorylation of HSP27 was greatly increased after gemcitabine treatment 

(Fig. 6A), which may be a more predictive biomarker of gemcitabine 

resistance than cellular levels of non-phosphorylated HSP27. Even upon 

HSP27 downregulation, followed by gemcitabine treatment, the levels of 

phosphorylated HSP27 remained high. Figure 6B shows a significant increase 

in the ratio of phosphorylated HSP27 to non-phosphorylated HSP27, of more 

than two-fold, after gemcitabine treatment in HSP27 downregulated cells, 

especially in MiaPaCa-2 and HPAC cells with K-ras mutation. Surprisingly, 

Akt phosphorylation exhibited a very similar ratio to the ratio of 

phosphorylated HSP27 to non-phosphorylated HSP27 (Fig. 6C), which 
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suggests that gemcitabine resistance is not fully overcome by HSP27 

downregulation.  
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Figure 6. Effect of gemcitabine treatment (10 M) for 24 h or 48 h, following 

infection of defective adenovirus expressing HSP27 shRNA or scrambled 

shRNA (50 MOI), on p-AKT, HSP27, and p-HSP27 levels. Various pancreatic 

cancer cell lines including DU-145 were infected with dl324-IX-shHSP27 (50 

MOI), followed by gemcitabine treatment (10 M) for 24 h or 48 h. Then, the 

intensity of Akt, phosphorylated Akt, and phosphorylated HSP27 were 

examined by immunoblotting (A). The ratio of phosphorylated HSP27 to 

non-phosphorylated HSP27 in (A) was analyzed in (B). The ratio of 

phosphorylated Akt to non-phosphorylated Akt in (A) was analyzed in (C). 

 

5. HSP27 downregulation plus gemcitabine treatment does not lead to 

apoptotic death 

 

Next, whether HSP27 downregulation induces apoptotic cell death in 
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gemcitabine-resistant pancreatic cancer cells was investigated. However, HSP27 

downregulation did not induce any apoptotic cell death in gemcitabine-treated 

pancreatic cancer cells (Fig. 7A). Instead, HSP27 downregulation induced cell 

death close to necrosis rather than apoptosis in gemcitabine-treated MiaPaCa-2 

cell upon Annexin V-PI FACS analysis (Fig. 7B). To confirm that the resultant 

death was mainly caused by necrotic death, extracellular HMGB1 (high 

mobility group 1) protein as a necrotic marker was measured by 

immunoblotting after HSP27 downregulation by defective adenovirus 

expressing HSP27 shRNA, followed by gemcitabine treatment 
38,39

. As shown in 

Figure 7C, HMGB1 was released and detected in the media of MiaPaCa-2 cells 

only after HSP27 downregulation, followed by gemcitabine treatment.  
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Figure 7. Effect of gemcitabine treatment(10 M) for 24 h or 48 h, following 

infection of defective adenovirus expressing HSP27 shRNA or scrambled 

shRNA (50 MOI), on apoptotic or necrotic cell death. Various pancreatic cancer 

cell lines including DU-145 were infected with dl324-IX-shHSP27 (50 MOI), 

followed by gemcitabine treatment (10 M) for 48 h. Then, PARP cleavage and 
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caspase 9 were examined by immunoblotting (A). FACS analysis by Annexin 

V/PI staining in MiaPaCa-2 cells after infection of dl324-IX-shHSP27 (50 

MOI), followed by gemcitabine treatment (10 M) for 24 h or 48 h (B). 

Immunoblotting showed that HMGB1 was released and detected in the media of 

MiaPaCa-2 cells only after HSP27 downregulation, followed by gemcitabine 

treatment.  

 

6. Involvement of HSP27 as a common network mediator of different types of 

cell death  

 

Previously, it was found that HSP27 downregulation increases 

TRAIL/curcumin-induced apoptotic cell death and decreases survival 

potential by src/Akt dephosphorylation 
40

. As an ideal partner of gemcitabine, 

like curcumin, TRAIL was introduced because it induces a different type of 

cell death, classical caspase-activated apoptosis, and moreover, increases 

DR5 levels upon gemcitabine treatment, a TRAIL death-inducing receptor 

(Fig. 8). Expectedly, gemcitabine/TRAIL treatment subsequent to HSP27 

downregulation greatly increased apoptotic cell death and decreased survival 

potential, concomitant with a decrease in Akt phosphorylation and a 

continuous increase in the ratio of phosphorylated HSP27 to 

non-phosphorylated HSP27 (Fig. 9A, B, C, D).  
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Figure 8. Cellular levels of DR5 after gemcitabine treatment in MiaPaCa-2 

cells. MiaPaCa-2 cells were treated with gemcitabine (10 M) for 48 h, after 

which cellular DR5 levels were examined by immunoblotting. 
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Figure 9. Effect of TRAIL on MIaPaCa-2 cells upon HSP27 downregulation 

and gemcitabine treatment. Cell viability was tested in MiaPaCa-2 cells after 

infection of defective adenovirus expressing HSP27 shRNA (50 MOI) or 
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scrambled shRNA (50 MOI), followed by gemcitabine treatment (10 μM) for 

48 h or further TRAIL treatment (200 ng/ml) for 4 h, by MTS viability assay 

(A). Error bars represent the standard error from three independent 

experiments. Key molecules related to cell survival/death were examined by 

immunoblotting (B). Change in relative ratios of phospho-HSP27/total 

HSP27 or phosphorylated Akt were analyzed (C).   

 

7. High correlation of short term cell viable potential with oncogene K-ras 

after HSP27 downregulation/gemcitabine treatment 

 

Next, the study set out to confirm whether HSP27 downregulation is really 

involved in cellular K-ras status, which would reveal whether HSP27 might 

be an effective target against cancer cells with K-ras mutation. Figure 10A 

shows that both gemcitabine-resistant pancreatic cancer cell lines (MiaPaCa-2 

with K-ras mutation, BxPC3 with wild K-ras) had different patterns of cell 

viability, depending on the target molecules. MiaPaCa-2 cells responded more 

sensitively to HSP27 or K-ras downregulation than BxPC3 cells. Also, 

HSP27 functioned as an upstream target of the K-ras signaling cascade (Fig. 

10B).  
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Figure 10. Cell viability was tested in MiaPaCa-2 or BxPC3 pancreatic cancer 

cell lines after infection of defective adenovirus expressing HSP27 shRNA (50 

MOI), p65 shRNA (50 MOI), or scrambled shRNA (50 MOI), followed by 

gemcitabine treatment (10 μM) for 48 h, by MTS viability assay, or transfection 

with si-KRAS, followed by gemcitabine treatment (10 μM) for 48 h, by MTS 

viability assay. Error bars represent the standard error from three independent 

experiments (A). Upstream targets of K-ras were determined by infection of 
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adenovirus expressing HSP27 shRNA (50 MOI) or p65 shRNA or transfection 

of si-KRAS, followed by gemcitabine treatment (10 μM) for 48 h (B). 

 

8. High correlation of long term survival potential with NF-κB activity after 

HSP27 downregulation and gemcitabine/TRAIL treatment 

 

The activity of NF-κB, another survival signal that contributes to cell survival 

against anticancer drugs, was examined. As shown in Figure 11A, NF-κB 

activity was enhanced by gemcitabine or TRAIL treatment in MiaPaCa-2 

cells. This phenomenon was increased even in triple combined treatment 

(HSP27 downregulation and gemcitabine/TRAIL treatment), but decreased 

dramatically in pancreatic cancer cells, especially those with K-ras mutation, 

after long incubation with combined treatment (Fig. 11B). 
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C 

 

Figure 11. NF-κB activity in MiaPaCa-2 or BxPC3 pancreatic cancer cell 

lines. NF-κB activity in MiaPaCa-2 cells was examined after gemcitabine 
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treatment (10 μM) for 24 h or TRAIL treatment (200 ng/ml) for 4 h (A). 

NF-kB activity was detected after infection of defective adenovirus 

expressing scrambled shRNA (dl324-IX-NC, 50 MOI), followed by 

gemcitabine treatment (10 M) for 48 h; after infection of defective 

adenovirus expressing HSP27 shRNA (dl324-IX-ΔE3-U6-hshHSP27, 50 

MOI), followed by gemcitabine treatment (10 M) for 48 h; or after infection 

of defective adenovirus expressing HSP27 shRNA 

(dl324-IX-ΔE3-U6-hshHSP27, 50 MOI), followed by gemcitabine treatment 

(10 M) for 48 h with subsequent TRAIL treatment (200 ng/ml) for 4 h. Each 

group was incubated further (0 h, 24 h, 48 h) for the detection of NF-κB 

activity using luciferase assay (B). Clonogenic assay was performed 

depending on the same condition described (C). 

 

9. Tumor growth in mouse model 

 

Finally, the effect of oncolytic adenovirus expressing HSP27 shRNA and 

TRAIL on anti-tumoral activity was tested via a mouse model. At first, 

TRAIL expression, as well as HSP27 downregulation by shRNA of HSP27, 

was detected by western blotting of MiaPaCa-2 cells infected with defective 

adenovirus expressing both TRAIL and HSP27 shRNA (Fig. 12A). Then, the 

anti-tumoral activity of oncolytic adenovirus expressing HSP27 shRNA or 

oncolytic adenovirus expressing both TRAIL and HSP27 shRNA was 

examined. Tumor growth was measured for 30 days after intratumoral 

injections of three different types of oncolytic adenovirus, including PBS four 
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times every other day and co-injection of 50 μl of gemcitabine (10 μM) on the 

last day of viral injection. Figure 12B shows that oncolytic adenovirus 

expressing both TRAIL and HSP27 shRNA markedly repressed tumor 

growth, compared with other experimental groups. 
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Figure 12. Anti-tumor effects of oncolytic TRAIL-shHSP27 adenovirus in 

combination with gemcitabine 

Determination of both TRAIL expression and HSP27 downregulation by 

HSP27 shRNA via adenoviral infection (dl324-∆E1A-TRAIL-∆E3-shHSP27, 

50 MOI) into MiaPaCa-2 cells (A). The antitumor effect of the oncolytic 

adenovirus in MiaPaCa-2 tumors grown in male athymic nude mice. Tumors 

were generated by subcutaneous injection of 510
7
 cells, and were allowed to 

grow to an average size of 60–100mm
3
 The intratumoral injection was 

repeated four times total, and 50 μl of gemcitabine (10 μM) was co-injected 
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on the last day of viral injection. Tumor growth was measured using calipers 

every 2 days for more than 30 days. Error bars represent the standard error 

from four mice of each experimental group (B).  Immunohistochemical 

analysis of adenovirus (capsid protein), HSP27, and TRAIL expression. The 

experimental condition was described in detail in the Materials and methods 

section (C).  
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IV. DISCUSSION 

Previously, Acunzo et al. suggested that human HSP27 is phosphorylated at three 

different serine sites (15, 78, 82th amino acids) as a rapid initial response to stress before 

enhanced HSP27 induction for cellular protection
41

. However, in. this experiments, 

HSP27 phosphorylation was sensed to the cells as a signal for cell survival or for cell 

death, depending on the stress intensities, which supports previous results for 

TRAIL/curcumin 
42

. As a state of survival, as shown for Akt phosphorylation upon 

gemcitabine or gemcitabine/shHSP27 treatment, NF-κB a tivity remained similarly 

increased, whereas as a state of cell death, for example, NF-κB a tivity, as well as Akt 

phosphorylation, eventually decreased upon gemcitabine/shHSP27/TRAIL treatment (Fig. 

9B, 9C, 11B). 

Notwithstanding, the precise role of phosphorylated HSP27 in cancer is still 

controversial
6,43,44

. In this regard, the biological significance of HSP27 should 

be considered. As indicated in a previous report
40

, HSP27 regulates cellular fate 

by its phosphorylation status. Here, this study also demonstrated that HSP27 

downregulation could turn on cellular defense mechanisms by activation of 

survival signals, such as NF-κB, in gemcitabine-resistance cancer cells (Fig. 

11B). The cellular defense mechanism was sustained even upon combined 

treatment of gemcitabine and TRAIL; however, after some time, NF-κB activity 

dramatically decreased. Eventually, as different death-inducing agents such as 

gemcitabine or TRAIL are interconnected, their death potential could be 

enhanced by downregulation of HSP27, resulting in the final decrease of NF-κB 

activity. Interestingly, in the present study, HSP27 downregulation with 

gemcitabine was greatly correlated with the cell viability of K-ras mutated cells, 

which may indicate that HSP27 influences K-ras oncogene addiction in 
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gemcitabine-resistant pancreatic cancer cells. However, this specificity was 

attenuated upon additional combined treatment TRAIL, in spite of fully induced 

cell death, irrespective of K-ras mutation. Based on experimental results, the 

actual common mediator of cell death in pancreatic cancer cells, induced by 

gemcitabine and TRAIL, may be HSP27 silencing, which is capable of 

modulating cellular fate depending on the cellular context or duration of 

treatment. Above all, the determination of cellular fate is characterized more by 

the ratio of phosphorylated HSP27/HSP27 rather than HSP27 downregulation 

itself. Accordingly, the ratio of phospho-HSP27 to nonphospho-HSP27 may be 

of use as a biomarker for determining cellular fates to anticancer treatments. 

Additionally, targeting HSP27, in combination with gemcitabine/TRAIL 

treatment, may abrogate the K-ras oncogene, resulting in sufficient induction of 

tumor regression. Taken all together, HSP27 may be a putative target for 

exploiting K-ras oncogene addiction. 
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V. CONCLUSION 

The ratio of phospho-HSP27 to nonphospho-HSP27 may be of use as a 

biomarker for determining cellular fates to anticancer treatments. Moreover, 

HSP27 silencing combined with gemcitabine/TRAIL treatment may provide a 

new potential strategy for overcoming drug resistance in pancreatic cancer 

cells with K-ras mutation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

REFERENCES 

 

1. Siena S, Van Cutsem E, Li M, Jungnelius U, Romano A, Beck R, et al. Phase II 

open-label study to assess efficacy and safety of lenalidomide in combination 

with cetuximab in KRAS-mutant metastatic colorectal cancer. PLoS One 

2013;8:e62264. 

2. Nakashima M, Adachi S, Yasuda I, Yamauchi T, Kawaguchi J, Itani M, et al. 

Phosphorylation status of heat shock protein 27 plays a key role in 

gemcitabine-induced apoptosis of pancreatic cancer cells. Cancer Lett 

2011;313:218-25. 

3. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, et al. 

Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N 

Engl J Med 2013;369:1691-703. 

4. Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R, Becouarn Y, et al. 

FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl J 

Med 2011;364:1817-25. 

5. Warsame R, Grothey A. Treatment options for advanced pancreatic cancer: a 

review. Expert Rev Anticancer Ther 2012;12:1327-36. 

6. Taba K, Kuramitsu Y, Ryozawa S, Yoshida K, Tanaka T, Maehara S, et al. 

Heat-shock protein 27 is phosphorylated in gemcitabine-resistant pancreatic 

cancer cells. Anticancer Res 2010;30:2539-43. 

7. Vaccaro V, Melisi D, Bria E, Cuppone F, Ciuffreda L, Pino MS, et al. Emerging 

pathways and future targets for the molecular therapy of pancreatic cancer. 

Expert Opin Ther Targets 2011;15:1183-96. 

8. Michl P, Gress TM. Current concepts and novel targets in advanced pancreatic 

cancer. Gut 2013;62:317-26. 

9. Heinemann V, Haas M, Boeck S. Systemic treatment of advanced pancreatic 



40 

 

cancer. Cancer Treat Rev 2012;38:843-53. 

10. Arlt A, Gehrz A, Muerkoster S, Vorndamm J, Kruse ML, Folsch UR, et al. 

Role of NF-kappaB and Akt/PI3K in the resistance of pancreatic carcinoma 

cell lines against gemcitabine-induced cell death. Oncogene 2003;22:3243-51. 

11. Georgopoulos C, Welch WJ. Role of the major heat shock proteins as 

molecular chaperones. Annu Rev Cell Biol 1993;9:601-34. 

12. Hernandez-Vargas H, Rodriguez-Pinilla SM, Julian-Tendero M, 

Sanchez-Rovira P, Cuevas C, Anton A, et al. Gene expression profiling of 

breast cancer cells in response to gemcitabine: NF-kappaB pathway activation 

as a potential mechanism of resistance. Breast Cancer Res Treat 

2007;102:157-72. 

13. Boeck S, Ormanns S, Haas M, Bachmann S, Laubender RP, Siveke JT, et al. 

Translational research in pancreatic cancer: KRAS and beyond. Pancreas 

2014;43:150-2. 

14. Wack S, Rejiba S, Parmentier C, Aprahamian M, Hajri A. Telomerase 

transcriptional targeting of inducible Bax/TRAIL gene therapy improves 

gemcitabine treatment of pancreatic cancer. Mol Ther 2008;16:252-60. 

15. Xu ZW, Kleeff J, Friess H, Buchler MW, Solioz M. Synergistic cytotoxic effect 

of TRAIL and gemcitabine in pancreatic cancer cells. Anticancer Res 

2003;23:251-8. 

16. Mao L, Yang C, Li L, Nai L, Fan L, Wang J, et al. Replication-competent 

adenovirus expressing TRAIL synergistically potentiates the antitumor effect 

of gemcitabine in bladder cancer cells. Tumour Biol 2014. 

17. Lyu S, Yu Q, Ying G, Wang S, Wang Y, Zhang J, et al. Androgen receptor 

decreases CMYC and KRAS expression by upregulating let-7a expression in 

ER-, PR-, AR+ breast cancer. Int J Oncol 2014;44:229-37. 

18. Moibi JA, Mak AL, Sun B, Moore RB. Urothelial cancer cell response to 

combination therapy of gemcitabine and TRAIL. Int J Oncol 2011;39:61-71. 



41 

 

19. Zhao B, Li L, Cui K, Wang CL, Wang AL, Sun ZQ, et al. Mechanisms of 

TRAIL and gemcitabine induction of pancreatic cancer cell apoptosis. Asian 

Pac J Cancer Prev 2011;12:2675-8. 

20. Beau-Faller M, Blons H, Domerg C, Gajda D, Richard N, Escande F, et al. A 

multicenter blinded study evaluating EGFR and KRAS mutation testing 

methods in the clinical non-small cell lung cancer setting--IFCT/ERMETIC2 

Project Part 1: Comparison of testing methods in 20 French molecular genetic 

National Cancer Institute platforms. J Mol Diagn 2014;16:45-55. 

21. Swiderek E, Kalas W, Wysokinska E, Pawlak A, Rak J, Strzadala L. The 

interplay between epigenetic silencing, oncogenic KRas and HIF-1 regulatory 

pathways in control of BNIP3 expression in human colorectal cancer cells. 

Biochem Biophys Res Commun 2013;441:707-12. 

22. Nahleh Z, Tfayli A, Najm A, El Sayed A, Nahle Z. Heat shock proteins in 

cancer: targeting the 'chaperones'. Future Med Chem 2012;4:927-35. 

23. Jego G, Hazoume A, Seigneuric R, Garrido C. Targeting heat shock proteins in 

cancer. Cancer Lett 2013;332:275-85. 

24. Joo M, Chi JG, Lee H. Expressions of HSP70 and HSP27 in hepatocellular 

carcinoma. J Korean Med Sci 2005;20:829-34. 

25. Ghosh A, Lai C, McDonald S, Suraweera N, Sengupta N, Propper D, et al. 

HSP27 expression in primary colorectal cancers is dependent on mutation of 

KRAS and PI3K/AKT activation status and is independent of TP53. Exp Mol 

Pathol 2013;94:103-8. 

26. Ciocca DR, Vargas-Roig LM. Hsp27 as a prognostic and predictive factor in 

cancer. Prog Mol Subcell Biol 2002;28:205-18. 

27. Ciocca DR, Green S, Elledge RM, Clark GM, Pugh R, Ravdin P, et al. Heat 

shock proteins hsp27 and hsp70: lack of correlation with response to tamoxifen 

and clinical course of disease in estrogen receptor-positive metastatic breast 

cancer (a Southwest Oncology Group Study). Clin Cancer Res 1998;4:1263-6. 



42 

 

28. Hansen RK, Parra I, Lemieux P, Oesterreich S, Hilsenbeck SG, Fuqua SA. 

Hsp27 overexpression inhibits doxorubicin-induced apoptosis in human breast 

cancer cells. Breast Cancer Res Treat 1999;56:187-96. 

29. Richards EH, Hickey E, Weber L, Master JR. Effect of overexpression of the 

small heat shock protein HSP27 on the heat and drug sensitivities of human 

testis tumor cells. Cancer Res 1996;56:2446-51. 

30. Kuramitsu Y, Wang Y, Taba K, Suenaga S, Ryozawa S, Kaino S, et al. 

Heat-shock protein 27 plays the key role in gemcitabine-resistance of 

pancreatic cancer cells. Anticancer Res 2012;32:2295-9. 

31. Zheng W, Li Z, Nguyen AT, Li C, Emelyanov A, Gong Z. Xmrk, kras and myc 

transgenic zebrafish liver cancer models share molecular signatures with 

subsets of human hepatocellular carcinoma. PLoS One 2014;9:e91179. 

32. Price TJ, Peeters M, Kim TW, Li J, Cascinu S, Ruff P, et al. Panitumumab 

versus cetuximab in patients with chemotherapy-refractory wild-type KRAS 

exon 2 metastatic colorectal cancer (ASPECCT): a randomised, multicentre, 

open-label, non-inferiority phase 3 study. Lancet Oncol 2014. 

33. di Magliano MP, Logsdon CD. Roles for KRAS in pancreatic tumor 

development and progression. Gastroenterology 2013;144:1220-9. 

34. Fernandez-Medarde A, Santos E. Ras in cancer and developmental diseases. 

Genes Cancer 2011;2:344-58. 

35. Bryant KL, Mancias JD, Kimmelman AC, Der CJ. KRAS: feeding pancreatic 

cancer proliferation. Trends Biochem Sci 2014;39:91-100. 

36. Deer EL, Gonzalez-Hernandez J, Coursen JD, Shea JE, Ngatia J, Scaife CL, et 

al. Phenotype and genotype of pancreatic cancer cell lines. Pancreas 

2010;39:425-35. 

37. Kim SY, Kang S, Song JJ, Kim JH. The effectiveness of the oncolytic activity 

induced by Ad5/F35 adenoviral vector is dependent on the cumulative cellular 

conditions of survival and autophagy. Int J Oncol 2013;42:1337-48. 



43 

 

38. Ulloa L, Messmer D. High-mobility group box 1 (HMGB1) protein: friend and 

foe. Cytokine Growth Factor Rev 2006;17:189-201. 

39. Rovere-Querini P, Capobianco A, Scaffidi P, Valentinis B, Catalanotti F, 

Giazzon M, et al. HMGB1 is an endogenous immune adjuvant released by 

necrotic cells. EMBO Rep 2004;5:825-30. 

40. Kim J, Kim SY, Kang S, Yoon HR, Sun BK, Kang D, et al. HSP27 modulates 

survival signaling networks in cells treated with curcumin and TRAIL. Cell 

Signal 2012;24:1444-52. 

41. Acunzo J, Katsogiannou M, Rocchi P. Small heat shock proteins HSP27 

(HspB1), alphaB-crystallin (HspB5) and HSP22 (HspB8) as regulators of cell 

death. Int J Biochem Cell Biol 2012;44:1622-31. 

42. Kim J, Kang D, Sun BK, Kim JH, Song JJ. TRAIL/MEKK4/p38/HSP27/Akt 

survival network is biphasically modulated by the Src/CIN85/c-Cbl complex. 

Cell Signal 2013;25:372-9. 

43. Xu Y, Diao Y, Qi S, Pan X, Wang Q, Xin Y, et al. Phosphorylated Hsp27 

activates ATM-dependent p53 signaling and mediates the resistance of MCF-7 

cells to doxorubicin-induced apoptosis. Cell Signal 2013. 

44. Kostenko S, Moens U. Heat shock protein 27 phosphorylation: kinases, 

phosphatases, functions and pathology. Cell Mol Life Sci 2009;66:3289-307. 

 

 

 

 

 

 

 



44 

 

ABSTRACT (IN KOREAN) 

 

췌장암세포에서 TRAIL/shHSP27을 발현하는 

종양살상아데노바이러스를 이용하여 Gemcitabine  

내성기전 극복 

< 지도교수 김주항  > 

연세대학교 대학원 의학과 

최혜진 

TRAIL에 의한 Akt catalytic activity의 활성화 및 인산화는 p38/HSP27 

인산화와 관련이 있으며, curcumin과 TRAIL을 동시에 처리하는 

경우에는 p38/HSP27 인산화가 증가되고 DU-145 세포의 세포사멸이 

증가됨이 알려져 있다. 이번 연구에서는 췌장암의 주요한 항암제인 

젬사이타빈을 이용하여 HSP27 인산화 정도가 세포의 운명을 

생존에서 죽음으로 결정할 수 있음을 확인하였다. 또한 젬사이타빈 

에 의해서 p38/HSP27 인산화가 일어나며, 낮은 농도에서도 내성이 

발생함을 관찰하였다. 젬사이타빈 저항성 발생 이후에 

암세포(DU-145 또는 MiaPaCa-2)에서 NF-κB 의 활성이 증가함을 
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관찰하였다. 그러나 이러한 젬사이타빈 내성을 보이는 암세포에서 

HSP27을 억제하고 TRAIL을 처리한 경우 NF-κB 의 활성 및 Colonoy 

formation 이 중요하게 감소되는 것이 확인되었다. 이러한 현상은 특히 

K-ras 돌연변이를 가지는 췌장암세포(MiaPaCa-2, HPAC )에서 

두드러지게 관찰되었으며, 이는 HSP27억제와 젬사이타빈과 TRAIL을 

병합하는 경우 K-ras 암유전자의 신호전달체계에서 중요한 기능을 할 

수 있음을 보여주고 있다. 결론적으로 HSP27 억제를 통해 K-ras 

돌연변이를 가진 췌장암에서 항암제의 내성을 극복할 수 있는 있음을 

실험으로 확인하였다. 
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