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the tumor microenvironment markedly reduced the

efficacy of anticancer drugs
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Tumor tissues are often hypoxic because of defective vasculature.
We previously showed that tumor tissues are also often deprived
of glucose. The efficacy of anticancer drugs is affected by the
tumor microenvironment, partly because of the drug delivery and
cellular drug resistance; however, the precise mechanisms remain
to be clarified. In the present study, we attempted to clarify
whether hypoglycemic/hypoxic condition, which mimics the
tumor microenvironment, might induce drug resistance, and if it
did, to elucidate the underlying mechanisms. Pancreatic cancer-
derived PANC-1 cells were treated with serial dilutions of antican-
cer drugs and incubated in either normoglycemic (1.0 g/L glucose)
or hypoglycemic (0 g/L glucose) and normoxic (21% O,) or hypoxic
(1% O,) conditions. The 50% inhibitory concentration of gemcita-
bine was 1000 times higher for PANC-1 cells incubated under the
hypoglycemic/hypoxic condition than for those incubated under
the normoglycemic/normoxic condition. Conventional anticancer
drugs target rapidly growing cells, so that non-proliferating or
slowly proliferating cells usually show resistance to drugs. Though
the cell cycle was delayed, sufficient cellular uptake and DNA
incorporation of gemcitabine occurred under the hypoglyce-
mic/hypoxic condition to cause DNA lesions and S-phase arrest. To
overcome hypoglycemic/hypoxia-induced drug resistance, we
examined kinase inhibitors targeting Chk1 or cell-survival signal-
ing pathways. Among the compounds examined, the combination
of UCN-01 and LY294002 partially sensitized the cells to gemcita-
bine under the hypoglycemic/hypoxic condition. These findings
suggested that the adoption of suitable strategies may enhance
the cytotoxicities of clinically used anticancer drugs against cancer
cells. (Cancer Sc¢i 2011; 102: 975-982)

! t is widely accepted that solid tumors are heterogeneous in
structure as a result of unregulated cancer cell proliferation,
presence of several cell types and aberrant vessel formation.
Among these, the tumor vasculature has a major impact on the
tumor microenvironment. In normal tissue, vascular networks
generally develop in a well-ordered hierarchal fashion, so that
an insufficient blood supply seldom occurs. In contrast, tumor
vascular networks undergo continuous remodeling, because
unregulated cell proliferation destroys the existing tissue struc-
tures. Previous structural analyses had clearly shown that tumors
exhibit aberrant and poorly organized vasculature without any
hierarchy.!

As a consequence of the poorly organized vasculature in
tumors, the delivery of oxygen is extremely limited. Direct mea-
surement of the oxygen tension in cancer tissues has demon-
strated the presence of severely hypoxic regions in many types
of cancers.®’ Although hypoxia is also toxic to cancer cells, can-
cer cells adapt through genetic and epigenetic changes that
allow them to survive and even proliferate in hypoxic environ-
ments.® Hypoxia-inducible factor-1a. (HIE-1at) is a key tran-

doi: 10.1111/].1349-7006.2011.01880.x
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scription factor for downstream hypoxia-inducible genes, which
regulate several biological processes in hypoxic environ-
ments. 1% Hypoxia response pathways overlap with many of
the known oncogenic si(%naling pathways and also contribute to
tumor aggressiveness.>™'> “Therefore, tumor hypoxia is
regarded as a good target for cancer therapy. Meanwhile, cancer
cells predominantly use the glycolytic pathway, rather than oxi-
dative phosphorylation, for energy production, irrespective of
the oxygen availability (Warburg effect)."'®!” In addition to the
intrinsic predisposition of cancer cells to metabolize glucose,
HIF-1o has been shown to regulate the expressions of all the
enzymes involved in the ggl;/colytic pathway, which mediate cel-
lular glucose uptake."*™ The activation of HIF-lo. enables
cancer cells to use excessive glucose to maintain cellular
homeostasis in hypoxic environments, causing depletion of glu-
cose from the surrounding tissues. Indeed, a metabolomic ana-
lysis of stomach and colon cancer tissues has clearly showed
glucose depletion in the tumor tissues as compared to normal
tissues, indicating that several regions of tumor tissues are char-
acterized by both hypoxia and hypoglycemia.*® However, little
is known about the biology of cancer cells under hypoglycemic
condition.

Although many molecular-targeting drugs have been intro-
duced for clinical use, conventional anticancer drugs are in wide
clinical use and continue to confer many clinical benefits. Heter-
ogeneity in the tumor microenvironment provides cancer cells
the opportunity to escape from anticancer drugs. One of the pro-
cesses affected by the heterogeneity of tumors is drug diffu-

- (21,22) i - ;

sion. In addition, many types of drug resistance of the cells
to anticancer drugs are known to occur, and overexpression of
the ABC transporter is a representative mechanism.*>>
Recent studies have reported that drug resistance may also be
related to the tumor microenvironment, especially hypoxia, and
the clinical relevance of such resistance. Three-dimensional cul-
ture system is used as a useful new strategy to represent tumor
microenvironment in vitro.?*®*” However, the detailed molecu-
lar mechanisms for the resistance are largely unclear. In this
study, we clarified how hypoglycemic/hypoxic condition might
affect the efficacies of anticancer drugs.

Materials and Methods

Cell lines and culture conditions. The human pancreatic duc-
tal adenocarcinoma cell lines PANC-1 and Capan-1 and the hep-
atoma-derived cell line HepG2 were purchased from ATCC
(American Type Culture Collection, Rockville, MD, USA).
PSN-1 was gifted from the Genetics Division of the National
Cancer Center Research Institute (Tokyo, Japan). All cell
lines were maintained in DMEM (Nissui, Tokyo, Japan). A
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glucose-deprived condition was achieved by culturing the cells
in glucose-free medium (Sigma, St. Louis, MO, USA). A hyp-
oxic condition was achieved by incubating the cells in a hypoxia
incubator in the presence 5% CO, and 1% O,. The experiments
were performed using PANC-1 cells, unless stated otherwise.

Reagents. Gemcitabine (Gemzar; Eli Lilly Co., Indianapolis,
IN, USA) and 5-fluorouracil (Kyowa Hakko Kirin Co., Ltd,
Tokyo, Japan) were dissolved in saline and stored at —20°C.
Cisplatin (Sigma) was dissolved in DMSO on the day of use.
UCN-01 was kindly provided by Kyowa Hakko Kirin Co., Ltd.
1.Y294002 and G56976 were purchased from Calbiochem (San
Diego, CA, USA). Antibodies were purchased from the follow-
ing manufacturers: anti-total Akt, anti-phosphospecific Akt (Ser
473), anti-phosphospecific Cdc25¢ (Ser216), anti-phosphor spe-
cific Chkl (Ser345), anti-phosphospecific Chk2 (Thr68), and
anti-y-H2AX (Ser139) from Cell Signaling Technology (Dan-
vers, MA, USA); anti-HIF-1o and anti-HIF-20, antibodies from
Novus Biologicals (Littleton, CO, USA); Chkl (G-4) and Actin
(C-11) antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); Chk2 antibody clone7 from Upstate Biotechnology
(Lake Placid, NY, USA). The following secondary antibodies
were purchased from Santa Cruz Biotechnology: goat antimouse
1gG-HRP, goat antirabbit IgG-HRP, and donkey antigoat IgG-
HRP.

Cytotoxicity assay of anticancer drugs. The cytotoxicity assay
was performed using Cell Counting kit-8 (Dojindo Molecular
Technologies, Kumamoto, Japan), as described previously.
The cell number in the absence of anticancer drugs under each
culture condition was set as 100%. Values shown represent the
means = SD (n = 4-8).

siRNA . transfection. SMARTpool HIF-l1a, HIF-20, Chki,
Chk2 and non-silencing siRNA were purchased from Dharma-
con (Lafayette CO, USA). Cells were seeded at 10° cells per
dish in 10 mm dishes. At 24 h after seeding, siRNA was added
at a final concentration of 100 nM, followed by incubation for
24 h. The knockdown efficacies were determined by Western
blot analysis.

Western blot analysis. Protein extraction and Westem blot
analysis were performed as described prev1ously ) The anti-
body dilutions used were in accordance with the manufacturers’
instructions.

Cell cycle analysis. After 24 h preincubation, 1 X 10° cells
were cultured in a 60-mm cell culture dish under either normo-
glycemic/normoxic or hypoglycemic/hypoxic conditions for
24 h, followed by staining using the Click-iT EdU Alexa Fluor
488 Cell Proliferation Assay kit (Molecular Probes, Eugene,
OR, USA) in accordance with the manufacturer’s instructions,
and analyzed on a FACSCalibur (BD Bioscience, San Jose, CA,
USA).

DNA ploidy assay. After 24 h preincubation, 1 x 108 cells
were cultured in a 60-mm cell culture dish under either normo-
glycemic/normoxic or hypoglycemic/hypoxic conditions in the
presence or absence of 1 pM gemcitabine for 24 h, followed by
staining with propidium iodide (Molecular Probes) in accor-
dance with the manufacturer’s instruction, and analyzed on a
FACSCalibur.

[®H]-Gemcitabine and [?H]-thymidine uptake. After 24 h pre-
incubation, 1 X 10° cells were cultured in a 60-mm cell culture
dish under either normoglycemic/normoxic or. hypoglyce-
mic/hypoxic condmons for 24 h, followed by incubation for
another 3 h with 1 uM [’H]-1abeled gemcitabine (6.8 pCi/nmol;
Moravek Biochemicals, Brea, CA, USA). The cells were washed
thrice with complete medium containing 100 pM gemcitabine,
and twice with ice-cold PBS. The cells were detached by trypsi-
nization and counted by the Trypan blue exclusion method. The
total cellular uptake of [*H]-gemcitabine was measured by lys-
ing a 10 uL aliquot of the cell suspension and counting the total
cell-associated radioactivity using a multipurpose scintillation

976

counter, LS6500 (Beckman Coulter Inc., Follerton, CA, USA).
The incorporation of [*H]-gemcitabine into the DNA was deter-
minecsi lay a previously published method, with slight modifica-
tion.

Statistical analysis. All the results were expressed as the
mean + SD. The statistical analysis was conducted using the
Student #-test after an ANOVA.

Results

Effect of the culture condition on the sensitivity to various
anticancer drugs. In the first set of experiments, we determined
whether hypoxia and hypoglycemia might affect the sensitivity
of the cancer cells to gemcitabine, 5-fluorouracil and cisplatin,
which are commonly used drugs for systemic chemotherapy of
cancer. Pancreatic cancer-derived PANC-1 cells were treated
with serial dilutions of anticancer drugs and incubated under
either a normoglycemic (1.0 g/L. glucose) or hypoglycemic
(0 g/L glucose) condition and normoxic (21% O,) or hypoxic
(1% O,) condition. The 50% inhibitory concentration (ICsq) of
gemcitabine for the PANC-1 cells incubated under the normo-
glycemic/normoxic condition was 300 nM, whereas the ICsq
values of gemcitabine under the hypoxic and hypoglycemic con-
dition were >300 pM, which was 1000 times higher than the
value under the normoglycemic/normoxic condition (Fig. 1A).
Similarly, the ICsq of 5-fluorouracil was greatly influenced by
the culture condition, with ICsy values of 2.7 uM under the
normoglycemic/normoxic condition, 9.6 uM under the hypo-
glycemic/normoxic condition, 92 uM under the normoglyce-
mic/hypoxic condition, and 79 uM under the hypoglycemic/
hypoxic condition (Fig. 1B); the corresponding values for
cisplatin were 74, 106, 108 uM, and more than 300 uM
(Fig. 1C). The cytotoxicities of gemcitabine for other pancreatic
cancer cell lines, PSN-1 and Capan-1, were also examined. The
IC5, of gemcitabine for the PSN-1 cells was 0.22 uM under the
normoglycemic/normoxic condition and more than 300 uM
under the hypoglycemic/hypoxic condition (Fig. 1D). The ICsq
of gemcitabine for the Capan-1 cells was 0.24 uM under the
normoglycemic/normoxic condition, and 57 pM under the
hypoglycemic/hypoxic condition (Fig. 1E). The sensitivities of
the hepatoma-derived HepG2 cells, which express wild-type
p53, were also examined. The ICso of gemcitabine for HepG2
cells was 2.9 pM under the normoglycemic/normoxic condi-
tion, and more than 300 uM under the hypoglycemic/hypoxic
condition (Fig. 1F).

Cell-cycle progression and gemcitabine uptake under various
culture conditions. During cell proliferation, cells must prepare
to double all their components. The restriction of nutrient and
oxygen supply might greatly mﬂuence the cell-cycle progres-
sion, through complex mechanisms. 1 Gemcitabine is incorpo-
rated into the DNA to exert its cytotoxicity. 32.33) Therefore, the
cell-cycle analysis was conducted under the hypoglycemic/
hypoxic condition. Newly synthesized DNA was labeled with
5-ethynil-2’-deoxyuridine (EdU), and the DNA content was
labeled with 7-aminoactinomycin D, followed by multicolor
analysis by flow-cytometry. About 45% of the cells under the
normoglycemic/normoxic condition and 41% of the cells under
the hypoglycemic/hypoxic condition were in the S-phase. Thus,
the S-phase population was almost the same under both condi-
tions. Closer analysis of the S-phase populations under both con-
ditions indicated that the numbers of cells in the late S and G2
phases were reduced under the hypoglycemic/hypoxic condi-
tion, indicating S-phase prolongation (Fig. 2A). The cellular
uptake and DNA incorporation of gemcitabine were directly
assessed using [°H]-labeled gemcitabine. Cells were cultured
under . the normoglycemic/normoxic or hypoglycemxc/hypoxm
condition for 24 h, followed by incubation with 1 pM [*H]-gem-
citabine for 3 h. The cellular uptake of gemcitabine was almost

doi: 10.11711/.1349-7006.2011.01880.x
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Fig. 1. Effect of the culture condition on the cytotoxicity of anticancer drugs. The cytotoxicity of (A) gemcitabine, (B) 5-fluorouracil and (C)
cisplatin on the PANC-1 cells was examined. Cytotoxicity of gemcitabine on (D) the Capan-1, (E) PSN-1 and (F) HepG2 cells were also examined.
(@) normoglycemic/normoxic, (A) hypoglycemic/normoxic, () normoglycemic/hypoxic, and (A) hypoglycemic/hypoxic conditions.

twofold higher and the DNA incorporation of [3H]-gemcitabine
was almost fivefold higher under the hypoglycemic/hypoxic
condition than under the normoglycemic/normoxic condition
(Fig. 2B).

Gemcitabine-induced checkpoint activation and S-phase
arrest. DNA incorporation of gemcitabine cause the replication
fork to stall; this, in turn, induces S—?hase checkpoint activation
and S-phase arrest or apoptosis.®**> To analyze the signaling
by gemcitabine-induced DNA lesions, we examined checkpoint
kinase activations. After 12 h incubation in the presence or
absence of 1 and 100 pM gemcitabine, phosphorylation of
H2AX, Chkl and Chk2 were induced by gemcitabine equally
under different culture conditions (Fig. 2C). We further exam-
ined gemcitabine-induced S-phase arrest using propidium iodide
staining and flow-cytometric analysis. S-phase arrest was
equally induced by gemcitabine under the normoglyce-
mic/normoxic and hypoglycemic/hypoxic conditions (Fig. 2D).

Effect of inhibition of Chk1 signaling on the cytotoxicity of
gemcitabine. Previous studies have shown that UCN-01 and
Go6976 sensitized cells to gemcitabine via Chkl inhibition,
resulting in abrogation of the cell cycle arrest and subsequent
cell death.®*% We examined the sensitivity of Chk1 signaling-
inhibited cells to gemcitabine under the hypoglycemic/hypoxic
condition. Western blot analysis showed that 1 pM of the Chk1
inhibitors, UCN-01 and G66976, reduced the phosphorylation of
cdc25¢, a downstream mediator of Chk1 (Fig. 3A); UCN-01 and
G66976 lowered the ICsq of gemcitabine by more than 10 times
under the normoglycemic/normoxic condition, but not under the
hypoglycemic/hypoxic condition (Fig. 3B,C). Similar results
were obtained with 10 uM UCN-01 or G66976. To confirm
these results, the effect of an RNAi for Chkl was examined.
The RNAI effectively suppressed Chkl activation under both
the normoglycemic/normoxic and hypoglycemic/hypoxic
conditions (Fig. 3D); however, Chk1 suppression enhanced the
sensitivity of the cells to gemcitabine only under the normo-
glycemic/normoxic condition (Fig. 3E).
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Effect of inhibition of the HIFs and PI3K/Akt signaling on the
sensitivity of the cancer cells to gemcitabine. HIF-1a is induced
by hypoxia and modifies cell survival.“**" Under the hypoxic
condition, the HIF-1a protein levels increased rapidly to peak
within 2 h and thereafter decreased (Fig. 4A). The HIF-2a pro-
tein level was also rapidly induced within 2 h, and maintained
for 24 h. The HIF-1a protein level decreased, but not the HIF-
201 protein levels, under the hypoglycemic condition (Fig. 4A).
To evaluate the involvement of the HIFs in the resistance to
gemcitabine, HIF-1oo or HIF-2a expression was suppressed by
RNAI and the sensitivity of the cells to gemcitabine was exam-
ined. RNAI for HIF-1a and HIF-2a effectively suppressed the
hypoxia-induced accumulation of the respective proteins
(Fig. 4B). Knockdown of HIF-1a, HIF-20 or HIF-1/2a did not
have any effect on the sensitivity of the cells to gemcitabine
under hypoxic condition (Fig. 4C-E). Akt is known to be acti-
vated by h}llgoglycemic condition and to play some roles in cell
survival “%*® Tn our study, marked increase of Akt phosphory-
lation at ser473 was observed within 2 h under both the hypo-
glycemic and hypoxic condition, which was sustained for at
least 24 h; the increase was, however, more evident under the
hypoxic condition (Fig. 4A). To examine the involvement of
PI3K/Akt signaling in the drug resistance, we utilized a PI3K
inhibitor, LY294002. After treatment with 1LY294002 (10 and
20 pM) for 24 h, Akt phosphorylation was effectively inhibited
to less than the basal level (Fig. 4F). Although treatment with
20 uM of 1'Y294002 reduced the ICsq of gemcitabine by 15-fold
under the normoglycemic/normoxic condition, it had little effect
under the hypoglycemic/normoxic condition (Fig. 4G).

Effect of combined inhibition of Chk1 and HIF signaling
on the drug resistance induced by hypoglycemic/hypoxic
condition. Inhibition of either checkpoint to produce release
from the gemcitabine-induced S-phase arrest or of cell-survival
signaling under hypoxia, HIFs, and under hypoglycemia Akt,
each alone was not effective to ameliorate the resistance to gem-
citabine. We examined the combined inhibition of Chkl and
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HIF signaling: HIF-1o, HIF-2o,, or HIF-1/2a knockdown cells
were examined for their sensitivity to gemcitabine in the pres-
ence of 1 pM UCN-01; however, even such combined inhibition
was found to have no effect on the sensitivity of the cells to
gemcitabine under the hypoxic condition (Fig. 5).

Effect of combined inhibition of Chk1 and PI3K signaling
on the drug resistance induced by hypoglycemic/hypoxic condi-
tion. Combined inhibition of Chkl and PI3K signaling was
examined. As shown in Figure 6 1uM UCN-01 and 20 pM
1Y294002 strongly enhanced gemcitabine cytotoxicity under
both normoglycemic/normoxic and hypoglycemic/hypoxic con-
ditions, although the effect under the hypoglycemic/hypoxic
condition was less pronounced (Fig. 6A). On the other hand,
combined treatment with 1 uM G66976 and 20 pM LY294002
enhanced the sensitivity of the cells to gemcitabine only under
the normoglycemic/normoxic condition (Fig. 6B). In order to
confirm if the effect of UCN-01 was due to inhibition of Chkl
activation or inhibition of some other target, the effect of the
RNAi on Chkl activation was examined. Chkl siRNA and
20 uM LY294002 enhanced the sensitivity of the cells to
gemcitabine under the normoglycemic/normoxic condition;

Onozuka et al.

however, it had no any effect under the hypoglycemic/hypoxic
condition.

Discussion

As clearly shown in the present work, hypoxia and hypoglyce-
mia had a large impact on the cellular sensitivity to anticancer
drugs in different cancer cell lines. In most cases, the mecha-
nism underlying the drug resistance is regarded as decreased cel-
lular drug uptake. Multidrug resistance is one of major cellular
mechanisms of drug resistance to a broad spectrum of anticancer
drugs, and this phenotype is associated with an increased drug
efflux from the cells caused by overexpression of the ABC trans-
porter. In the present work, hypoglycemic/hypoxic condition
also induced multidrug resistance; however, our findings clearly
indicated that there was no reduction of gemcitabine uptake and
incorporation under the hypoglycemic/hypoxic condition. The
S-phase population was similar under the normoglycemic/norm-
oxic and hypoglycemic/hypoxic conditions, with accompanying
S-phase prolongation. S-phase prolongation might be due to
the depletion of de novo synthesis of nucleotides caused by
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insufficiency of the pentose phosphate shunt supply. Neverthe-
less, it was not involved in DNA incorporation of gemcitabine
under the hypoglycemic/hypoxic condition. Following its incor-
poration into DNA, gemcitabine blocks the extension of DNA
and stall replication forks, leading to DNA damage. The DNA
damage is recognized by sensor molecules that recmlt and phos-
phorylate H2AX protein in the damaged DNA reglon Sensor
molecules also phosphorylate checkpomt kinase causmg its acti-
vation and arresting the cell cycle in the S phase.“® The present
study showed that phosphorylation of H2AX, Chk] and Chk2
were induced by gemcitabine equally under the normoglyce-
mic/normoxic and hypoglycemic/hypoxic conditions, leading
to S-phase arrest. During checkpoint kinase activation and cell
cycle arrest, phosphorylation of H2AX is known to be recruited
by other DNA repair proteins such as Mrel1/Rad50/Nbsl, in
the DNA dama§e region, resulting in activation of the DNA
repair pathway.*®*” Chronic hypox;a has been reported to sup-
press DNA repair protein activity.“®* The increased DNA
incorporation of gemcitabine under the hypoglycemic/hypoxic
condition may be caused by suppression of the DNA repair path-
way.

Modulation of the cellular responses to DNA-damaging
agents by checkpoint abrogators or inhibitors of cell survival
signaling is an active area of research, since it has been believed
that the interference of these s1gnalm(%s may enhance the thera-
peutic efficacy of anticancer drugs.®” The S-phase checkpoint
consists of a hierarchal regulatory cascade initiated by the acti-
vation of Chkl. In the present work, Chkl inhibitors and Chk1
siRNA enhanced the cytotoxicity of gemcitabine under the
normoglycemic/normoxic condition, consistent with other
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reports. !> However, the abrogation of Chk1 activation did
not affect the sensitivity of the cells to gemcitabine under the
hypoglycemic/hypoxic condition. Tumor hypoxia has been
well-studied, and previous reports have proposed that HIF-1o
plays a critical role in determining cell survival and death,***?
while knockdown of HIFla or HIF2o using siRNA did not
affect the sensitivity of the cells to gemcitabine under the hyp-
oxic condition in the present study. The PI3K/Akt pathway is
well-known for its anti-apoptotic and cell survival activity under
various conditions, including hypoxia and hypoglycemia,*>"

but our results showed that the PI3K inhibitor LY294002 sensi-
tized the cells to gemcitabine only under the normoglyce-
mic/normoxic condition. We examined combined inhibition of
Chk1 and of the cell survival pathways-sensitized cells to gem-
citabine under the hypoglycemic/hypoxic condition. In the pres-
ent work, the combination of UCN-01 and LY294002 partly
abrogated the hypoglycemic/hypoxia-induced drug resistance,
whereas the combination of G66976 or Chkl siRNA with
LY294002 had no such effect. These observations suggest that
UCN-01 had a different target from G66976 in the mechanism
of sensitizing the cells to gemcitabine under the hypoglyce-
mic/hypoxic condition. UCN-01 has been reported to induce
apoptosis in S-phase-arrested cells, not through Chk1 inhibition,
although the precise mechanisms remain poorly understood.

We attempted to identify the kinase signaling responsible for the
hypoglycemic/hypoxia-induced drug resistance in the targets of
UCN-01; however, we did not obtain any clear results. PI3K
and Akt are strongly expressed in some cancers, and have been
found to be associated w1th a poor prognosis and increased
tumor aggressiveness.®*%? We previously reported that Akt

doi: 10.1111/).1349-7006.2011.01880.x
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expression was closely associated with cellular tolerance for
D f

nutrient deprivation.

©1 The present work showed that Akt phos-

phorylation had a significant impact on the sensitivity of the
PANC-1 cells to anticancer drugs.

In this study, we showed that hypoglycemic/hypoxic condi-

tion induced multidrug resistance. Combined kinase activations
were involved in the hypoglycemic/hypoxia-induced drug resis-
tance. Although the mechanism of cell death caused by gemcita-
bine is still unclear, the combined strategies described in the
text might enhance the cytotoxicity of gemcitabine in clinical
practice.
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Objective: The concordance of KRAS mutation detection between the amplification
refractory mutation system—Scorpion assay and direct sequencing was evaluated with
clinically available formalin-fixed, paraffin-embedded specimens of metastatic colorectal
cancers.

Methods: Genomic DNA from 120 macrodissected specimens was examined by the ampli-
fication refractory mutation system—Scorpion assay and direct sequencing. DNA mixtures
of wild-type and mutant KRAS genes were prepared from the peripheral blood and the
SW620 human colon cancer cell line for the model experiments.

Results: KRAS mutation was identified in 50 samples (41.7%) by the amplification refrac-
tory mutation system—Scorpion assay and 42 samples (35.0%) by direct sequencing.
Discordance between the two methods was observed for samples with smaller amounts of
amplifiable DNA. The sensitivity of direct sequencing was impaired by the decrease in tem-
plate DNA and polymerase chain reaction cycles in the experimental models.
Conclusions: Decreased sensitivity of direct sequencing caused by insufficient polymer-
ase chain reaction amplification resulted in biased discordance between direct sequencing
and amplification refractory mutation system—Scorpion. Polymerase chain reaction con-
ditions satisfactory for amplitying tens of haploid copies of genomic DNA to the saturation
level might be necessary to ensure the robustness of the direct sequencing-based method
employed for formalin-fixed, paraffin-embedded specimen-derived DNA samples.

Key words: ARMS—Scorpion — colorectal cancer — direct sequencing — formalin-fixed paraffin-
embedded specimen — KRAS

INTRODUCTION

Retrospective subset analyses and prospective randomized
Phase III clinical trials strongly suggest that patients with
metastatic colorectal cancer (mCRC) containing KRAS gene
mutations do not benefit from treatment with anti-epidermal
growth factor receptor antibodies (1—4). On the basis of this
evidence, pre-use KRAS mutation testing has been strongly
recommended. Various methods have been developed for
detecting KRAS mutation. A mutation-specific real-time
polymerase chain reaction (PCR)-based technique combining

amplification refractory mutation system (ARMS) and a
unique bi-functional fluorescent primer/probe molecule
(Scorpion) is one of the recommended methods for clinical
use according to its robustness and convenience (5-11).
Mutant alleles are selectively amplified by ARMS, and these
amplified PCR products are sensitively and specifically
detected by the Scorpion system. A standardized commercial
kit based on the ARMS—Scorpion (ARMS/S) system allows
the detection of seven major mutations in codons 12 and 13
of the KRAS gene present at low allelic concentrations (1%)

© The Author (2010). Published by Oxford University Press. All rights reserved
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in heterogeneous specimens, with detection limits of
between 5 and 10 copies. The kit has been used in several
Phase III trials and is approved for use in in vitro diagnosis
in EU countries (3).

Although various methods including ARMS/S have been
developed, direct sequencing (DS) of PCR-amplified KRAS
gene fragments is still one of the most clinically accessible
methods. However, the low sensitivity of DS for mutant
detection has been argued. DS is regarded as being most
suitable for the detection of mutant alleles at an allelic con-
centration of more than 10-30%. To reduce the rate of false-
negative errors in the diagnosis, macroscopic isolation of
tissues in which cancer cells occupy more than 70% of the
area (macrodissection) is recommended for retrieving
genomic DNA samples (7).

We routinely employ both ARMS/S and the conventional
DS for KRAS testing. Our data obtained from 120 formalin-
fixed paraffin-embedded (FFPE) specimens revealed discor-
dance in the detection of KRAS mutations between the two
methods. Interestingly, the discordance was specifically
observed in the samples with lower amounts of amplifiable
DNA. Since such biased discordance could not be simply
explained by the lower sensitivity of DS, we attempted to
clarify the underlying reasons.

PATIENTS AND METHODS

TissUE SampLES AND DNA ExTrACTION USED FOR PRACTICE
INVESTIGATIONS

Genomic DNA was obtained from primary and mCRC
tissues of patients who were scheduled to receive treat-
ment with cetuximab. Tissue samples were collected by
surgical resection or biopsy at the National Cancer Center
Hospital East (NCCHE) and other hospitals. The collec-
tions and investigations were conducted with the approval
of the Institutional Review Board. In NCCHE, all speci-
mens were fixed in 10% formalin for 1 day and then
embedded in paraffin. From the FFPE tissue blocks, three
to five slices of 10 pm-thick unstained sections were cut.
Tissue areas in which tumor cells occupied more than
70% were macroscopically dissected and then genomic
DNA was isolated using the QIAamp DNA FFPE Tissue
Kit (Qiagen).

CoNTROL DNA USED FOR THE MODEL SYSTEM

Control DNA harboring wild-type KRAS gene and mutant
KRAS gene, in which the 35th G residue of KRAS ¢cDNA is
mutated to T (¢.35G > T), were purified from the whole
blood cells of a healthy volunteer and the human colon
cancer cell line SW620 which is homozygous for KR4S
mutation (ATCC: CCL-227), respectively, for the model
experiments. Total DNA from these samples was extracted
using the DNeasy Blood & Tissue Kit (Qiagen).

ARMS/S Assay

KRAS mutations were detected using the K-RAS Mutation
Test Kit (DxS-Qiagen), in accordance with the manufac-
turer’s instructions. Purified genomic DNA (8—900 ng per
reaction) was applied for a set of seven known KRAS
mutation-detecting reactions and a control reaction.
Reactions were allowed to proceed on a LightCycler 480
real-time PCR instrument (LC480) (Roche Diagnostics)
and analyzed using LightCycler Adapt software, vl1.1
(Roche Diagnostics). The presence of mutant alleles was
determined by the difference in the cycle threshold (AC))
value between the control and each of the mutant reac-
tions. C, is a number of the PCR cycles necessary to
detect a fluorescent signal above the background signal, as
a measure of the target molecules present at the beginning
of the reaction. LightCycler Adapt software compares the
sample AC, values with the cut-off values for a 1% con-
centration of mutant alleles to identify the presence/
absence of the mutation. To ensure the sensitivity to detect
mutants present at 1%, the manufacturer suggests the use
of DNA samples with control C; values of <28.9.

PCR AmpLIFICATION AND DS oF THE KRAS GENE

The KRAS exon-2 fragment was amplified according to the
method described in a previous report, but with some modi-
fication (1,12). Briefly, each 50 pl PCR cocktail contained
genomic DNA, 1.5 mM of magnesium chloride, 200 uM of
deoxynucleotide triphosphates, 0.2 pM of PCR primers and
2.5 U of HotStarTaq® DNA polymerase (Qiagen). The PCR

-conditions were as follows: 1 cycle at 95°C for 15 min; 35,

37 or 40 cycles at 95°C for 30 s, 55°C for 30 s and 72°C for
1 min; 1 cycle at 72°C for 10 min. Primer sequences were
GTGTGACATGTTCTAATATAGTCA and GAATGGTCC
TGCACCAGTAA. The PCR products were purified by
Microcon centrifugal Filter devices (Millpore), and the
amplicon size and amount were confirmed by DNA agarose
gel electrophoresis. The purified PCR products were directly
sequenced with the same primers as those used for the PCR.
The BigDye Terminator v3.1 Cycle Sequencing Kit and
ABI PRISM 3100 (Applied Biosystems) were used in
accordance with the manufacturer’s instructions. Analyses of
the DNA sequences were performed with the Sequence
Scanner Software, ver. 1.0 (Applied Biosystems). The signal
intensity of each sequence peak was determined based on
both the raw and the analyzed data view of the software.

STATISTICAL ANALYSIS

Fisher’s exact test, ANOVA and Tukey’s HSD procedure
were used to compare the test results. Analyses were con-
ducted with the JMP® 8 package software (SAS Institute,
Cary, NC, USA).
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RESULTS

Bi1aseD DiISCORDANCE OF MUTATION DETECTION BETWEEN
ARMS/S Assay anp DS

A total of 120 colorectal cancer specimens (103 primary and
17 metastatic tumor specimens) collected from 112 patients
were analyzed. Tumor DNA was isolated from tumor cell-
rich tissue areas obtained by macrodissection. KRAS
mutation was identified in 50 samples (41.7%) by the
ARMS/S assay and 42 samples (35.0%) by DS. The results
were stratified according to the C, value of the control assays
of the ARMS/S system. Among the samples with a control
C, value of <28.9, both the ARMS/S assay and DS ident-
ified the mutation in 18 of 46 samples (39.1%), whereas
among the samples with a control C, value of >29.0, the
mutation was detected in 32 of 74 samples (43.2%) by the
ARMS/S assay and in 24 of 74 samples (32.4%) by DS.
Thus, the concordance rate was significantly lower among
the samples with higher levels of control C; (Table 1).

ENHANCEMENT OF MUTANT SIGNAL DETECTION OF DS BY
INCREASE IN THE TEMPLATE DNA EXTRACTED FROM THE FFPE
SPECIMENS

The above findings implied that the amount of the template
DNA influenced the sensitivity of DS. Therefore, in a sub-
sequent experiment, seven specimens that had been deter-
mined as harboring wild-type KRAS by DS using a small
amount of the template DNA (median: 160.0 ng, range:
54.6—-212.9 ng) were selected and retested by DS using an
increased amount of the template (median: 408.1 ng, range:
118.5—895.8 ng). Three of the seven samples examined were
then found to exhibit apparent traces of the mutation. The
three samples had been identified as harboring the KRAS
mutation by the initial ARMS/S assay (Table 2 and Fig. 1A).

DECREASE IN MINOR MUTANT SIGNAL DETECTION BY DS
CAUSED BY SMALL AMOUNTS OF THE TEMPLATE DNA

To confirm the above DNA amount-dependent decreased
detection power of DS, the following model experiment was
carried out. A DNA mixture containing 10% of colon cancer
cell line-derived genomic DNA harboring the homologous
¢.35G > T mutation and 90% of wild-type DNA was pre-
pared (10% mutation DNA). Since our preliminary result
revealed that 3.0 ng of intact genomic DNA yielded a
control C, value of 29 in the ARMS/S system (data not
shown), 3.0 ng of 10% mutation DNA was serially diluted
and 0.75, 0.19 and 0.05 ng of the DNA mixtures were exam-
ined by both the ARMS/S assay and DS. The mutant signals
detected by DS using 3.0 ng DNA were specifically dimin-
ished when 0.75 and 0.19 ng of DNA were used. Neither
wild-type nor mutant signals were detected with 0.05 ng of
DNA. In the ARMS/S system, although the control C, value
increased as the amount of DNA decreased, the AC;
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Table 1. Correlation between the control C, value and the frequency of
detection of the KRAS mutation

Control C; Incidence of mutation Concordance between
the two methods (%)
Direct sequencing ARMS—Scorpion
<289 18/46 (39.1%) 18/46 (39.1%) 100.0%
>29.0 24/74 (32.4%)* 32/74 (43.2%) 86.5%*
Total 42/120 (35.0%) 50/120 (41.6%) 91.7%

ARMS, amplification refractory mutation system.

*Significantly different from the values in the specimens containing
template DNA equivalent to <28.9 of the control C, at a level of P =
0.0130 (two-tailed Fischer’s exact test).

Table 2. Conversion of the nucleotide sequences of the KR4S gene by
increase in the amount of the template DNA

Sample  Experiment 1 Experiment 2 ARMS—
Scorpion
DNA Interpretation DNA Interpretation
amount amount
(ng) (ng)
A 114.5 GGT 895.8 GGT 12Ala
B 179.9 GGT 839.2 GGT Wild-type
C 160.0 GGT 494.9 G(G/A)T 12Asp
D 126.8 GGT 408.1 G(G/T)T 12Val
E 54.6 GGT 118.5 G(G/T)T 12Val
F 177.5 GGT 329.1 GGT Wild-type
G 212.9 GGT 3854 GGT Wild-type

(difference between the mutation assay C; and control assay
Cy) did not differ among the results obtained using 3.0, 0.75
and 0.19 ng of DNA (Table 3 and Fig. 1B). The control C,
value was over 35 with 0.05 ng of DNA, and no mutant
signals were detected even with 40 cycles of amplification
when this amount of DNA was used.

ENHANCEMENT OF THE SENSITIVITY OF DS BY INCREASING
THE NuMBER OF PCR CycLEs

We further evaluated whether an increased number of PCR
cycles might improve the sensitivity of DS obtained using a
small amount of template DNA. The above-mentioned seri-
ally diluted 10% mutation DNA was amplified using 35
cycles and also using an increased number of PCR cycles of
37 and 40, then applied to the sequencing. With an increase
in the number of PCR cycles, mutant signals became evident
even with 0.05 ng of the template DNA (Table 3).
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