
 

Int J Clin Exp Med (2008) 1, 117-129 
www.ijcem.com/IJCEM801003 

 
Original Article 
Alteration of Drug Sensitivity in Human Colon Cancer 
Cells after Exposure to Heat: Implications for Liver 
Metastasis Therapy using RFA and Chemotherapy 
 
Ryouji Makizumi1 , Weng-Lang Yang1,3, Randall P. Owen2,3, Rohit R. Sharma2, and T. S. Ravikumar1,3 
 
1Department of Surgery, North Shore University Hospital and Long Island Jewish Medical Center, The Feinstein 
Institute for Medical Research, Manhasset, NY, USA; 2Department of Surgery, Montefiore Medical Center, 3Albert 
Einstein College of Medicine, Bronx, NY, USA 
 
Received January 4, 2008; accepted January 17, 2008; available online February 28, 2008 
 
Abstract: Radiofrequency ablation (RFA) is gaining popularity for treating colorectal liver metastases by inducing 
image guided tumor hyperthermia. In order to reduce tumor recurrence, adjuvant therapies have been 
administered post-RFA. We hypothesized that tumor cells escaping RFA cytotoxicity by being in the sublethal 
zones of tumor might develop differential behavior toward cytotoxic drugs. Here, we used cultured human 
colorectal cancer cells to evaluate the interaction between heat treatment and chemotherapeutic agents.  Human 
colon cancer cell lines HT29 and HCT116 were subjected to temperatures of 42º to 50ºC for 15 min, in 
combination with 5-fluorouracil, oxaliplatin, or irinotecan at different sequences. Cytotoxicity was determined by 
MTT assay. The cell cycle progression was analyzed by flow cytometry with propidium iodide staining. The 
expression of several genes associated with drug sensitivity was quantitated by real-time RT-PCR before and after 
heat treatment. Either heat treatment at 45ºC by simultaneous or pre-treatment with three different 
chemotherapeutic agents didn’t affect the cytotoxicity of the combined treatment to HT29 and HCT116 cells, 
except for irinotecan treatment in HCT116 cells. However, when pre-exposure to 45ºC, HCT116 cells, but not 
HT29 cells, developed resistance to these three drugs. In an analysis of cell cycle profile after the drug followed 
heat treatment, a longer delay in cell cycle progression in HCT116 cells was observed in comparison to HT29 
cells. Furthermore, HCT116 and HT29 cells exhibited different expression profiles of several drug-related genes in 
response to heat treatment at 45ºC. An observation of a differential response to the drug and heat treatment 
sequences between two human colon cancer cell lines suggests that tumor heterogeneity and selection of 
chemotherapeutic agents need to be under consideration in the clinical setting. 
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Introduction 
 
Colorectal cancer strikes approximately 
140,000 people and accounts for more than 
55,000 deaths each year in the United States. 
For the vast majority of patients who die of 
colorectal cancer, liver is the most common 
site of metastases. Left untreated, patients 
with liver metastases have a poor prognosis 
with a median survival ranging from 4 to 21 
months, and a 3-year survival below 3% [1]. 
Surgical resection is the only curative 
therapeutic option for liver metastases from 
colorectal cancer with 5-year survival rates of 
about 30%-35% [2]; however, only about 10% 

to 20% of these patients are candidates for 
liver surgery—the remainder have unresectable 
disease [3]. 
 
5-fluorouracil (5-FU) combined with leucovorin 
(LV) is the most commonly used chemotherapy 
regimen used in the treatment of advanced 
colorectal cancer. Objective response rates in 
two recently published large randomized trials 
were only 15.5% and 21% [4, 5]. In the 1990s, 
two additional agents, irinotecan and 
oxaliplatin, were found to have activity against 
advanced colorectal cancer. In a trial using 
irinotecan as the first-line agent, the 
irinotecan/5-FU/LV arm showed a significant 
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improvement on median progression-free 
survival, overall survival and objective 
response rate in comparison to the 5-FU/LV 
arm [5]. Oxaliplatin in combination with 5-
FU/LV has also significantly improved 
response rates and prolonged progression-free 
survival [6, 7]. However, 2-year survival in 
previously untreated patients receiving these 
two new drugs is still only 25% [5, 7] and data 
from 7 recently published phase III trials 
showed that the improvement in median 
survival did not exceed 3.5 months [8]. 
 
The mechanisms of cytotoxicity of 5-FU, 
oxaliplatin and irinotecan are different. When 
5-FU is delivered by a short-duration bolus 
injection, it mainly inhibits RNA synthesis. 
When 5-FU is delivered by long-term infusion 
lasting days to weeks, it mainly inhibits DNA 
synthesis through inhibition of thymidylate 
synthesis [9]. Oxaliplatin, a platinum-based 
drug, is a DNA-damaging agent that blocks 
DNA replication and transcription [10]. 
Irinotecan inhibits topoisomerase I, thus 
impeding DNA uncoiling leading to double-
stranded DNA break [11]. 
 
The sensitivity of cancer cells to 
chemotherapeutic agents is influenced by 
multiple molecular events. For example, 
thymidylate synthase (TS), a 5-FU target 
enzyme, is a key enzyme converting dUMP to 
dTMP, which is essential for DNA synthesis 
and repair; thymidine phosphorylase (TP) 
converts 5-FU to fluorodeoxyuridine (FUdR), 
which can then be converted to the active 
metabolite FdUMP by thymidine kinase (TK); 
dihydropyrimidine dehydrogenes (DPD) carries 
out the degradation of 5-FU into 
therapeutically inactive metabolites [12]. For 
oxaliplatin, xeroderma pigmentosum 
complementation group A (XPA) and excision 
repair cross complementing 1 (ERCC1) in the 
nucleotide excision repair (NER) system are 
required for repairing the platinum-DNA 
adducts [10]. Glutamylcysteine synthetase 
(GCS) catalyses the rate-limiting step in 
biosynthesis of glutathione which can 
inactivate oxaliplatin [13]. For irinotecan, 
carboxylesterase (CE) converts irinotecan to an 
active metabolite, SN38 [14]. Alteration in the 
expression of these enzymes/pathways is 
under scientific scrutiny to enable 
administration of rational chemotherapeutic 
agents. 
 
In addition to systemic chemotherapy, several 

regional treatment strategies have been 
explored to improve the treatment of liver 
metastases, such as cryoablation, 
radiofrequency ablation (RFA), regional 
infusion therapy, and isolated liver perfusion. 
Among them, RFA has been shown to be safe 
and well tolerated and is gaining popularity in 
the treatment of unresectable primary and 
metastatic hepatic tumors [15]. RF thermal 
ablation works by converting RF waves into 
heat. A high-frequency alternating current 
(100 to 500 kHz) passes from an uninsulated 
electrode tip into the surrounding tissues and 
causes ionic vibration resulting in generation 
of frictional heating of the surrounding tissue 
[16]. The goal of RFA is to achieve local 
temperatures higher than 50°C such that 
tumor tissue is rendered nonviable [17]. After 
RFA, a local recurrence ranging from 1.8% to 
34% has been reported, depending on the 
location and size of treated tumor [18]. In an 
effort to reduce recurrence, chemotherapy is 
increasing considered for the treatment of 
patients following RFA. 
 
One potential mechanism of recurrence 
following RFA is the persistence of viable 
cancer cells in the tumor which have been 
subjected only to sublethal heat, in the range 
of 42°C-50°C. Potentially, perturbations 
induced by such sublethal heat may alter their 
sensitivity to subsequent chemotherapy. 
Alternatively, pretreatment of tumor by 
chemotherapy may alter their sensitivity to 
subsequent sublethal heat. In order to sift 
through these variables and the differential 
responses based on tumor heterogeneity, we 
evaluated the cytotoxicity of three 
chemotherapeutic agents, 5-FU, oxaliplatin 
and irinotecan, combined with heat treatment 
at different sequences in two human colon 
cancer cell lines HT29 and HCT116. We found 
that the effect of heat treatment at high 
temperature on drug sensitivity was different 
between these two cell lines. We further 
investigated the potential mechanisms 
contributing to this difference by comparing 
the cell cycle distribution of these two cell lines 
after exposure to heat and the drug. We also 
examined the effect of heat treatment on 
expression of several genes associated with 
the drug sensitivity in these two cell lines. 
 
Materials and methods 
 
Cell culture 
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Human colon cancer cell lines HT29 and 
HCT116 obtained from the American Type 
Culture Collection (ATCC) were cultured in 
McCoy’s 5A medium (Invitrogen, Carlsbad, CA) 
containing 10% FBS (Gemini Bioproducts, 
Calabasas, CA) and supplemented with 
penicillin and streptomycin. Cells were 
maintained in a humidified incubator at 37°C 
and 5% CO2. 
 
 Heat and drug treatments and MTT assay 
 
Cells grown on T25 flasks or 96-well plates 
were sealed with parafilm and exposed to heat 
treatment at 42°C, 45°C, 47°C and 50°C for 
15 min by immersion into a water bath. Cells 
subjected to 37°C served as controls. All 
temperatures were maintained within ± 
0.05°C by testing for accuracy with a 
thermocouple (Fischer Scientific, Pittsburgh, 
PA). 5-FU, oxaliplatin (Sigma, St. Louis, MO) 
and irinotecan (Pharmacia, Kalamazoo, MI) 
were added to medium at the indicated 

concentration either before, immediately, or 
after heat treatment for 24 h. Cell viability was 
measured by MTT assay 72 h after heat 
treatment. The medium containing 0.5 mg/ml 
MTT (Sigma) was added to each well and 
incubated at 37°C for 3 h. The formazan 
product was dissolved in isopropanol and the 
plates were read at 570 nm and 690 nm 
(background). All measurements were 
performed in quadruplicate and each 
experiment was repeated at least 3 times. 

Table 1: Primer sequences used in the real-time RT-PCR 
Gene Name Accession Number Sense/Antisense (5’→3’) 
Carboxylesterase 2 (CES2)  NM_003869  AACCTGTCTGCCTGTGACCAAGT 

ACATCAGCAGCGTTAACATTTTCTG 
 

Dihydropyrimidine 
dehydrogenase (DPD)  

NM_000110  TTGGCTCGATTGGGGTACTCT  
ACCAAGGTCCTTCATTAGCTCA 
 

Excision repair cross 
complementing 1 (ERCC1) 

NM_001983  GGGAATTTGGCGACGTAATTC  
GCGGAGGCTGAGGAACAG 
 

G-3-P dehydrogenase (GAPDH)  NM_002046  CATGAGAAGTATGACAACAGCCT  
AGTCCTTCCACGATACCAAAGT 
 

γ-Glutamylcysteine Synthetase 
(GCS)  

NM_001498  GGCACAAGGACGTTCTCAAGT 
CAAAGGGTAGGATGGTTTGGG 
  

Heat shock 70kDa protein 
(HSP70)  

NM_005345  TTCCGTTTCCAGCCCCCAATC 
CGTTGAGCCCCGCGATCACA  
 

Thymidine Kinase (TK)  NM_003258  CCGGGAAGACCGTAATTGTGG  
CGAGCCTCTTGGTATAGGCG 
 

Thymidylate Synthase (TS)  NM_001071  GGAAGGGTGTTTTGGAGGAGTT  
AGATTTTCACTCCCTTGGAAGACA 
 

Topoisomerase I (TOPO I)  NM_003286  CCAGACGGAAGCTCGGAAAC  
GTCCAGGAGGCTCTATCTTGAA 
 

Topoisomerase II, α (TOPO II )  NM_001067  TCATCAAGATTGTGGGTCTTCAG  
CCTCCAGAAAACGATGTCGCA 
 

Xeroderma pigmentosum, 
complementation group A (XPA) 

NM_000380  CCAGGACCTGTTATGGAATTTGA 
GCTTCTTGACTACCCCAAACTTC  

 

 
Flow cytometric analysis of cell cycle 
 
The harvested cells were fixed in 75% cold 
ethanol. The fixed cells were washed with PBS, 
incubated in PBS containing RNase (100 
μg/ml) and propidium iodide (10 μg/ml), and 
then subjected to a FACScan flow cytometer 
(Becton Dickinson, San Jose, CA). 10,000 
events were collected per sample. Data 
acquisition and cell cycle analysis were 
performed using CellQuest software. 
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Reverse transcription-polymerase chain 
reaction (RT-PCR) assays 
 
Total RNA was extracted from cells using the 
Qiagen RNeasy isolation kit (Valencia, CA). The 

RNA concentration was determined by reading 
the absorbance at 260 nm and was checked 
for purity at 280 nm in a spectrophotometer. 
Only samples with a 260/280 ratio higher 
than 1.8 were applied for analysis. The cDNA 
was synthesized from 1 μg of DNase-treated 
total RNA using TaqMan Multiscrible reverse 
transcriptase and random hexamers (Applied 
Biosystems, Foster City, CA). Real-time PCR 
analysis was carried out on an ABI Prism 
7900HT Sequence Detection System (Applied 
Biosystems). The hot-start PCR was performed 
with the SYBR Green PCR Master Mix (Applied 
Biosystems). PCR primer sequences used in 
this study were listed in Table 1. The PCR 
mixtures were pre-heated at 95°C for 10 min 
to activate the AmpliTaq Gold DNA 
polymerase. PCR conditions used were 
denaturation at 95°C for 15 sec,  
annealing/extension at 60°C for 1 min and 
continued for 40 cycles, followed by a final 
step at 60°C for 10 min. Each PCR run 
consisted of a five-point calibration curve and 
a negative control without template. GAPDH 
was used as an internal control. The triplicate 
was performed in each sample. The relative 
quantification of target gene was analyzed 

Figure 1. Effect of different temperatures on cell 
viability. HT29 (■) and HCT116 (□) cells were 
subjected to water bath at an indicated 
temperature for 15 min and then returned to a 
37°C incubator. Cell viability was determined by 
MTT assay 72 h after heat treatment. 

Figure 2. Effect of immediate heat treatment on the sensitivity to 5-FU, oxaliplatin and irinotecan. HT29 (A) 
and HCT116 (B) cells were subjected to various concentrations of a drug, immediately followed by heat 
treatment at 37º (○), 42º (●) and 45ºC (▼) for 15 min. Drugs were removed from medium after 24 h. Cell 
viability was determined by MTT assay 72 h after heat treatment. Data are shown as mean ± SD. Cell survival 
for each temperature was corrected for heat cytotoxicity. 
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using the ABI Prism SDS2.1 software. The 
identity of the expected PCR products was 
confirmed by agarose gel electrophoresis. 
 
Results 
 
Cytotoxicity of chemotherapeutic agents in 
conjunction with heat Treatment 
 
We first evaluated the survival of human colon 
cancer cells HT29 and HCT116 after short-
term exposure to heat at various temperatures 
for 15 min. Cell viability was determined by 
MTT assay 72 h after heat shock. The survival 
rates of HT29 cells after heat treatment at 
42ºC, 45ºC and 47ºC were 108.4%, 68.4% 
and 26.7%, respectively, in comparison to 
37ºC controls (Figure 1). The survival rates of 
HCT116 cells after heat treatment at 42ºC, 
45ºC and 47ºC were 98.7%, 54.6% and 
24.9%, respectively, in comparison to 37ºC 
controls (Figure 1). Cells exposed to 50ºC were 
all dead in both cell lines. The survival rates of 
both cell lines at 47ºC were too low to further 
evaluate the combined effect on 

chemotherapy. Therefore, heat treatment at 
42°C and 45°C was used in this study for 
‘sublethal’ hypothermia effects. 

Figure 3. Effect of pre-exposure to heat on the sensitivity to 5-FU, oxaliplatin and irinotecan. HT29 (A) and 
HCT116 (B) cells were exposed to heat at 37º (○), 42º (●) and 45ºC (▼) for 15 min. Twenty-four hours after 
heat treatment, cells were subjected to various concentrations of a drug for 24 h. Cell viability was 
determined by MTT assay 72 h after heat treatment. Data are shown as mean ± SD. Cell survival for each 
temperature was corrected for heat cytotoxicity. 

 
We then examined the effect of heat treatment 
on the drug sensitivity of these two cell lines. 
Cells were either exposed to heat treatment at 
42°C and 45ºC immediately after drug 
addition or incubated with a drug at 24 h post 
heat treatment. In HT29 cells, we did not 
observe any significant change in sensitivity to 
5-FU, oxaliplatin and irinotecan either 
immediately or 24 h followed by heat 
treatment (Figure 2 and 3). In contrast, in 
HCT116 cells, the responses were variable. 
When treated with drugs immediately followed 
by heat treatment, there was no change in the 
sensitivity of HCT116 cells to 5-FU and 
oxaliplatin; however, the survival rate at 45ºC 
was higher than at 42ºC and 37ºC when the 
concentration of irinotecan was higher than 5 
μM (Figure 2). When the drugs were added 24 
h after heat treatment, the survival rate of 
HCT116 cells at 45ºC was higher than at 42ºC 
and 37ºC in the middle range of 
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concentrations of these three drugs (Figure 3). 
 
Effect of pre-exposure to chemothera-peutic 
agents on heat sensitivity 
 
We next examined whether pre-exposure to 5-
FU, oxaliplatin or irinotecan would change the 
survival rate of these two cell lines 
subsequently exposed to heat treatment. Cells 
were first incubated with various 
concentrations of a drug for 24 h and then 
subjected to heat treatment at 42°C or 45ºC 
for 15 min. Pre-exposure to 5-FU and 
oxaliplatin resulted in no significant change in 
cell survival after heat treatment in both HT29 
and HCT116 cells (Figure 4). However, after 
exposure to high concentration irinotecan, 
HCT116 cells became more resistant to heat- 
induced cell death at 45ºC in comparison to 
42ºC and 37ºC controls (Figure 4). 
 
Cell cycle profile in combination of heat 
treatment and chemotherapeutic agents 
 
By examining the effect of combined heat and 

drug treatments in three different treatment 
sequences on cell survival, we found that 
HT29 and HCT116 cells responded differently 
after exposure to heat at 45ºC. We further 
investigated whether the perturbation of cell 
cycle progression from heat treatment would 
contribute to this difference. Figure 5 shows 
the results of the flow cytometric analyses of 
these two cell lines 24 h after exposure to 
heat alone, drug alone, or the combination of 
heat and drug. In heat treatment, HCT116 
cells showed a decrease in G1 phase and a 
concomitant increase G2/M phase, and HT29 
cells showed a decrease in S phase and a 
concomitant increase in G2/M phase. Such an 
accumulation of cells in the G2 compartment 
after hyperthermia has also been observed in 
other cell lines [19-21]. 

Figure 4. Effect of pre-treatment of 5-FU, oxaliplatin and irinotecan on heat-sensitivity at different 
temperatures. HT29 (A) and HCT116 (B) cells were pretreated with a drug for 24 h before heat treatment at 
37º (□), 42º (�) and 45ºC (■) for 15 min. Drugs were removed form medium before heat treatment. Cell 
viability was determined by MTT assay 72 h after heat treatment. Data are shown as mean ± SD. *p < 0.05, 
compared to cells at 37°C by the Student’s t test. Cell survival for each temperature was corrected for heat 
cytotoxicity. 

 
For 5-FU, an accumulation in G1/S phase was 
observed in both cell lines, which is in 
agreement with previous studies [22, 23]. For 
oxaliplatin, HCT116 cells exhibited a decrease 
in S phase and a concomitant increase in G1 
phase, while HT29 cells exhibited a decrease 
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Figure 5. Effect of heat treatment and chemotherapeutic agents on cell cycle distribution. HT29 and HCT116 
cells were subjected to 5-FU (5 μM), oxaliplatin (1 μM), or irinotecan (5 μM) with or without heat treatment at 
45ºC. In the single treatment, cells were harvested 24 h after treatment and subjected to cell cycle analysis. 
In the combined treatment, cells were pre-exposed to heat treatment at 45ºC for 15 min. Twenty-four hours 
after heat treatment, cells were subjected to a drug for another 24 h. Flow cytometry with propidium iodide 
staining was used for cell cycle analysis. The numbers at the right top corner of each histogram indicate the 
percentage of cell phase distribution in the order of sub-G1, G1, S, and G2/M from top to bottom. The data 
represent three independent experiments. 

When exposed to drug after heat treatment, all 
heat/drug-treated HCT116 cells still had a 
high percentage of cells in G2/M phase, which 
was very similar to the profile in heat 
treatment alone, except for an increase in sub-
G1 phase (Figure 5). In contrast, the 
effectiveness of heat treatment on cell cycle 
progression had been diminished following 
drug treatments in HT29 cells and exhibited a 

in G1 phase and a concomitant increase in S 
phase. It has been demonstrated that 
treatment by oxaliplatin leads to inhibition of 
cell cycle progression in S and/or G2/M 
phases [24, 25]. For irinotecan, a decrease in 
G1 phase and an accumulation in G2/M 
phase were observed in both cell lines. The 
induction of the G2/M arrest by irinotecan has 
also been reported in other studies [26]. 
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similar cell cycle profile as drug alone in 37ºC 
(Figure 5). An increased sub-G1 phase was 
also observed in HT29 cells treated with heat 
and drug (Figure 5). This result suggests that 
the development of drug resistance in heat-

treated HCT116 cells might be 
due to a prolongation of arrest in 
cell cycle progression induced by 
heat in comparison with that in 

ells. 

sensitivity after heat 

 and HCT116 cells, 

sitivity after heat 
eatment, when compared to HT29 cells. 

HT29 c
 
Expression of genes associated 
with drug 
treatment 
 
The expression levels of several 
genes involved in drug 
metabolism, damage repair, and 
drug-target proteins have been 
linked to the development of 
drug resistance. We then 
examined the effect of heat 
treatment at 45ºC on the 
expression levels of several 
genes in HT29 and HCT116 cells 
using real time RT-PCR analysis. 
Figure 6 shows the change in 
expression levels of genes 
associated with drug sensitivity 
in HT29 and HCT116 cells at 6 h 
and 24 h after heat treatment in 
comparison to 37ºC controls. In 
general, most genes are down-
regulated at 6 h after heat 
treatment; in contrast, the 
expression of HSP70 was 
increased to 106.56- and 42.91-
fold in HT29
respectively. 
 
TS, TK, and DPD for 5-FU. The 
expression of these three genes 
was down-regulated in both cell 
lines after heat treatment. 
Twenty-four hours after heat 
treatment, expression of these 
three genes in HCT116 cells was 
observed to be back to baseline. 
In contrast, the expression levels 
of TS, TK, and DPD in HT29 cells 
were still down to 0.53-, 0.80-, 
and 0.57-fold relative to control 
levels, respectively, at 24 h after 
heat treatment. Such a quick 
recovery of gene expression in 
HCT116 cells may be one of the 
factors contributing to a 

decrease of drug sen

Figure 6. Effect of heat treatment on the mRNA levels of several genes 
associated with drug sensitivity. Total RNAs were isolated from HT29 
and HCT116 cells at 6 h and 24 h after heat treatment (45ºC for 15 
min). Cells subjected to 37ºC were used as controls. The mRNA level of 
each gene was measured by real-time RT-PCR and its expression level 
was normalized to GAPDH expression. Ratio of gene expression is given 
as log of normalized target gene expression after heat treatment versus 
controls. For clarity, SD is not shown and all are less than 10% of each 
value. 

tr
 
ERCC1, XPA, and GCS for oxaliplatin. ERCC1 
expression increased 1.29-fold in HCT116 

Int J Clin Exp Med (2008) 1, 117-129 124 



Makizumi et al/ Drug sensitivity of heated colon cancer cells 
 

cells at 24 h after heat treatment, while its 
expression was close to control levels in HT29 
cells. The effect of heat treatment on XPA and 
GCS expression in HT29 cells is similar to that 
in HCT116 cells. XPA expression decreased at 
6 h and returned to control levels at 24 h, 
while GCS expression increased to 1.37- and 
1.24-fold in HT29 and HCT116 cells, 
respectively, at 24 h. By comparing the 
expression of these three genes between 
HT29 and HCT116 cells, we summarize that 
the elevated expression of ERCC1 after heat 
treatment may contribute the development of 

xaliplatin resistance in HCT116 cells. 

in HCT116 cells after heat 
eatment. 

iscussion 

 EORTC Phase II clinical 
ial (EORTC-40004). 

d by systemic 
nd/or regional chemotherapy. 

e 
f heat exposure, or difference in cell types. 

o
 
CE, TOPO I, and TOPO II for irinotecan. CE 
expression decreased at 6 h and returned to 
control levels at 24 h in both cell lines. The 
expression pattern of TOPO I in HT29 cells was 
opposite to that in HCT116 cells. At 6 h, TOPO 
I expression increased to 1.24-fold in HT29 
cells and decreased to 0.66-fold in HCT116 
cells, whereas, at 24 h, its expression 
decreased to 0.72-fold in HT29 cells and 
increased to 1.39-fold in HCT116 cells. TOPO II 
expression remained unchanged at 6 h and 
increased to 1.52-fold at 24 h in HT29 cells, 
while its expression decreased to 0.66-fold at 
6 h and increased to 1.32-fold at 24 h in 
HCT116 cells. The analysis of expression 
profiles of these three genes in HT29 and 
HCT116 cells does not provide a clear 
correlation to the development of irinotecan 
resistance 
tr
 
D
 
There are several factors that hinder 
successful performance of RFA in the clinical 
setting and result in recurrence at the treated 
tumor site: cooling effect from blood vessels, 
thermal gradient formation at the treated 
margin, tumor size and irregular tumor shape 
[27]. Furthermore, systemic recurrence often 
occurs in patients with colorectal liver 
metastases after RFA [28]. Therefore, 
adjuvant therapy is needed to reduce the rate 
of recurrence following RFA treatment. Indeed, 
combination of RFA and chemotherapy to treat 
patients with unresectable liver metastases 
from primary colorectal tumors has been 
under evaluation in an
tr
 
In the evaluation of the interaction between 
chemotherapeutic agents and heat treatment 

in vitro, most studies focus on the potential 
enhancement of cytotoxicity of drugs by 
applying simultaneously with hyperthermia. In 
this case, cancer cells are subjected to 
moderate hyperthermia (no higher than 43ºC) 
with long exposure time (≥ 1 h). In the clinical 
setting of applying RFA, tumors are subjected 
to a high temperature for a short period of 
time. In order to investigate the cellular 
responses of cancer cells to chemotherapeutic 
agents under sublethal RFA conditions, we 
examined the cytotoxicity of heat treatment (at 
temperature of 42ºC and 45ºC for 15 min) 
with 5-FU, oxaliplatin, or irinotecan, in different 
sequences in human colon cancer HT29 and 
HCT116 cells. Thus, our intent is to mimic the 
clinical scenario of RFA followe
a
 
When the drug was added right before heat 
treatment, we did not observe any significant 
change in drug sensitivity in these two cell 
lines, except for irinotecan in HCT116 cells at 
45ºC. In a study of human colorectal cancer 
WiDr cells, no synergistic cytotoxic effect was 
observed when irinotecan was combined with 
43ºC heat for 1 h [29]. Similarly, breast cancer 
cells did not show a change in sensitivity to 5-
FU following heat shock at 42ºC for 2 h [30]. A 
recent study demonstrated that the efficacy of 
oxaliplatin could be markedly enhanced by 
concurrent exposure to heat at 42ºC for 1 h in 
HT29 cells only at concentrations higher than 
25 μM [31]. However, a sensitizing effect of 
simultaneous hyperthermia (43ºC for 1 h) to 5-
FU was observed in prostate cancer cells [32]. 
Hyperthermia also enhanced the cytotoxicity of 
oxaliplatin at 41º and 43ºC for 1 h in human 
lung carcinoma cells [33]. For irinotecan at low 
concentration (7.38 μM), an additive effect on 
inhibition of DNA synthesis was observed with 
a combination of heat at 44ºC for 1 h at; 
whereas a protective effect was observed at 
high concentration (73.8 μM) in mouse 
mammary carcinoma FM3A cells [34]. Thus, 
the different outcomes of these studies could 
be attributed to the duration and 
concentrations of drug, temperature and tim
o
 
In evaluating the cytotoxicity of heat and 
chemotherapy in different sequences, we 
found that pre-exposed colon cancer cells to 
these three drugs did not hinder the efficacy of 
heat treatment. Only irinotecan treated 
HCT116 cells became less sensitive to heat at 
45ºC. The potential clinical implication of this 
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result is that cancer patients who have been 
previously treated with some 
chemotherapeutic agents can still have an 
effective RFA treatment to eradicate tumors 
with perhaps a marginally higher recurrence 
rate if the prior treatment agent was 
irinotecan. However, in the reverse order, we 
found that HCT116 cells exposed to heat 
developed resistance to all three drugs, which 
was not observed in HT29 cells. By comparing 
the effect of heat treatment and drug on cell 
cycle distribution, we observed a longer delay 
of cell cycle progression in HCT116 cells than 
in HT29 cells. Such prolongation of arrest in 
cell cycle progression in HCT116 cells could be 
one of factors contributing to the development 
of drug resistance. A delay in cell cycle 
progression has also been observed in 5-FU 
resistant cells, compared with parental colon 
and breast cancer cell lines in other studies 

5]. 

ells than 
T29 cells after heat shock at 45ºC. 

 cells 
ubjected to cisplatin and 5-FU [32]. 

 cells needs to be further 
vestigated. 

[3
 
It is well known that p53 is involved in the 
regulation of G1/S and G2/M arrest [36]. 
Therefore, a difference in heat-induced cell 
cycle delay between HCT116 and HT29 cells 
could be influenced by p53 since HCT116 cells 
carry wild-type p53, whereas HT29 cells have 
mutant p53. The prolonged cell cycle arrest 
induced by heat shock in HCT116 cells can 
provide extra time for damage repair and 
reduce the cytotoxicity of the drug. The 
requirement of p53 in delaying cell cycle 
transition after hyperthermia has also been 
demonstrated in several studies by comparing 
cell lines carrying either wild-type or mutant 
p53 [21] with isogenic cell lines established by 
stable transfection [20]. Furthermore, wild-
type p53 can increase the thermosensitivity 
and stimulate apoptosis induced by heat 
shock, as demonstrated in mouse fibroblasts 
and human head and neck squamous 
carcinoma cells [19, 37]. Indeed, we also 
observed that HCT116 cells had a lower 
survival rate with more apoptotic c
H
 
We further examined whether the molecular 
changes induced by heat shock could 
correlate with the development of drug 
resistance in HCT116 cells. The expression of 
several molecules involved in regulating drug 
sensitivity was analyzed by real-time RT-PCR. 
HSP70 is well known to be induced by heat 
stress and used as positive control in this 
assay [38]. As expected, expression of HSP70 
was increased dramatically in both HT29 and 

HCT116 cells after heat treatment at 45°C. 
HSP70 functions as a chaperon protein and 
has been recognized for its role in protecting 
cells from apoptosis induced by several 
chemotherapeutic drugs [30, 39, 40]. Thus, 
the increased expression of HSP70 in HCT116 
cells may contribute to the development of 
drug resistance in cells surviving heat shock. 
However, heat-treated HT29 cells with an 
increase of HSP70 expression didn’t change 
their sensitivities to these three drugs, 
compared to cells at 37°C. Such no 
correlation of HSP70 expression to drug 
sensitivity has also been observed in human 
squamous carcinoma cells treated with 
cisplatin [41] and prostate carcinoma
s
 
Several enzymes involved in the action and 
metabolism of FU and other fluoropyrimidines 
have been demonstrated to affect the 
sensitivity of cancer cells to 5-FU [12]. 
Overexpression of TS is the major mechanism 
of acquired resistance to 5-FU in cancer cells 
and its expression correlates with clinical 
responses in patients treated with 5-FU based 
therapy [12]. There is an inverse correlation 
between the DPD mRNA expression and the 5-
FU response in human cancer cell lines [42]. It 
has been reported that TK is overexpressed in 
HCT116 cells resistant to 5-FU in comparison 
to parental cells [43]. In this study, a decrease 
of TS, TK, and DPD expression was observed 
in early heat treated-HCT116 cells which 
develop a resistance to 5-FU. Therefore, the 
change of expression of these three genes 
may not be the major factor in regulating 5-FU 
resistance in HCT116 cells after heat 
treatment. Intriguingly, we observed that the 
time needed for the repression of these three 
genes after heat shock in HCT116 cells was 
shorter than that in HT29 cells. Whether this 
phenomenon contributes to the differential 
response to 5-FU between heat treated-HT29 
and HCT116
in
 
ERCC1 and XPA are involved in the repair of 
DNA lesions caused by platinum-based 
chemotherapy agents [10]. We only observed 
an increase of ERCC1 expression in HCT116 
cells at 24 h after heat treatment. Therefore, 
the development of oxaliplatin resistance in 
HCT116 cells after heat shock could be due to 
the stimulation of their NER ability. There is a 
similar pattern of expression of GCS after heat 
treatment between HT29 and HCT116 cells, 
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indicating that GCS may not be involved in the 
development of oxaliplatin resistance in 
HCT116 cells. Such non-correlation between 
glutathione and oxaliplatin sensitivity has also 
been reported in colon cancer cells [44], 
whereas a study demonstrated glutathione 
and glutathione-related enzymes are involved 
in the sensitivity of ovarian cancer cells to 

latinum compounds [13]. 

in both cell lines at 24 h 
fter heat treatment. 

e combination of RFA and 

hemotherapy. 
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The current understanding is that cells with 
low CE expression, which are unable to convert 
irinotecan to its active metabolite SN-38, or 
with the reduced cellular level of TOPO I, a 
target of SN-38, will confer resistance to 
irinotecan [45, 46]. However, we did not 
observe a clear correlation between the 
development of irinotecan resistance in heat 
treated-HCT116 cells and the change of 
expression patterns of CE and TOPO I after 
heat treatment. Although CE expression 
decreased at 6 h after heat treatment in 
HCT116 cells, it also occurred in HT29 cells. In 
contrast, TOPO I expression increased in 
HCT116 cells at 24 h after heat treatment, 
whereas its expression decreased in H29 cells. 
We also examined the expression of another 
topoisomerase enzyme, TOPO II, whose 
expression increased 
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