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Abstract. Background: The cytoplasmic enzyme dihydrodiol
dehydrogenase (DDH) plays an important role in the
detoxification process. Recently, the overexpression of DDH
was detected in non-small cell lung cancer (NSCLC) cells
and patients with DDH overexpression were shown to have a
significantly higher incidence of early tumor recurrence and
distant metastasis. In this study, the correlation between
DDH expression and resistance to cisplatin, adriamycin and
radiotherapy in NSCLC was examined. Materials and
Methods: Seven lung adenocarcinoma cell lines (H23, H838,
H1437, H1648, H2009, H2087 and H2126) were used in the
study. The DDH level was determined by reverse transcription
polymerase chain reaction and immunoblotting. Drug- and
radiation-mediated cytotoxicity was measured by clonogenic
assay. DDH isoforms (DDHI1, DDH2 and DDH3) were
transfected into H23 cells that did not express DDH to
examine their effects on drug and radiation resistance.
Results: DDH-overexpressed adenocarcinoma cells exhibited
a much higher resistance to doxorubicin, cisplatin and
irradiation than cells with lower DDH expression. The
DDH?2- and DDH I-transfectants showed higher drug and
radiation resistance than the DDH3-trasnfectant. Conclusion.:
Resistance to both anticancer drugs and irradiation in lung
adenocarcinoma cells was closely associated with DDH
activity. DDHI1 and DDH2 were the main isoforms
responsible for these effects.
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Lung cancer is one of the leading causes of cancer death
worldwide. In Taiwan, the annual mortality rate represents
about 20% of total cancer-related deaths (1). In the United
States, the annual death rate from lung cancer is
approximately 30%, the toll exceeding the total deaths, due
to breast, prostate and colon cancer combined (2). Most
patients are diagnosed at the late stage of the disease.
However, some patients, who were diagnosed at the early
stage and underwent curative resection, still died due to the
early recurrence and metastasis of the cancer (3, 4). Even
the combination modality with irradiation did not
significantly improve patient survival. In addition to
metastasis, resistance to chemotherapy and radiotherapy
are considered major obstacles to achieving a complete
cure for these patients.

Although advances in cancer epidemiology and
preventive medicine have reduced the occurrence of most
cancers, the incidence of lung cancer, in particular non-
small cell lung cancer (NSCLC), remains high (3, 4).
Several molecular methods, which can distinguish various
gene expression patterns in two or more cell populations,
have been used to identify and to characterize specific
expression spectra that might reflect the clinical
performance of these patients (5-9).

Using differential display, the overexpression of dihydrodiol
dehydrogenase (DDH) was detected in both primary NSCLC
and lung cancer cell lines and patients with DDH
overexpression were demonstrated to have a significantly
higher incidence of early tumor recurrence and distant
metastasis. DDH overexpression was further shown to
correlate with poor prognosis, in particular in patients at later
stages (10, 11). Since DDH catabolizes xenobiotic compounds,
the possibility of metabolizing anticancer drugs with similar
structures was indicated (10, 12, 13). The identification of
DDH overexpression in ethacrynic acid-induced drug-resistant
colon cancer cells and in daunorubicin-resistant stomach
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cancer cells further strengthened such speculation (14, 15).
Interestingly, by using c¢DNA microarray, DDH
overexpression was also detected in cisplatin-resistant ovarian
cells, and the subsequent results of transfection confirmed the
role of DDH in cisplatin resistance (16). However, the
resistant mechanisms to daunorubicin and cisplatin are,
respectively, associated with DNA topoisomerase Ila and the
DNA repair system (17, 18), converging on DDH expression.
In this study, seven adenocarcinoma cell lines were
examined with respect to their DDH activity and
cytotoxicity following doxorubicin, cisplatin and radiation
treatments. Our results indicated that resistance to
anticancer drugs and radiation in these lung
adenocarcinoma cells was closely associated with DDH
activity. Although DDH expression is necessary for
cytoprotection, cross-resistance to cisplatin and radiation
indicates that other factors associated with DNA repair and
caspase-independent apoptosis may also be important.

Materials and Methods

Materials, cell cultures and drug treatment. The culture media and
fetal calf serum (FCS) were from Gibco Laboratories (Grand
Island, NY, USA). All other materials were reagent grade from
Sigma (St. Louis, MO, USA) and Merck (Darmstadt, Germany).
The lung adenocarcinoma cells, H23, H838, H1437, H1648,
H2009, H2087 and H2126, were purchased from the American
Type Culture Collection (Manassas, VA, USA) and were grown
as a monolayer in RPMI1640 plus 5% FCS. All the cultures
were incubated at 37°C and all the media were supplemented
with 3 mM glutamine, penicillin (100 IU/ml) and streptomycin
(100 pg/ml).

RNA extraction and signal amplification using reverse transcription
polymerase chain reaction (RT-PCR). The expression of mRNA in
the lung cancer cell lines was determined by RT-PCR. Briefly,
total RNA was extracted from 1x107 cancer cells using the SNAP
RNA column (Invitrogen Corporation, San Diego, CA, USA).
Following spectrophotometric determination of the RNA yield,
cDNA was synthesized by random primer and AMV reverse
transcriptase. An aliquot of cDNA was then subjected to 35 cycles
of PCR using a standard procedure of denaturing at 94°C for 1
min, hybridizing at 52°C for 30 sec and elongating at 72°C for 1.2
min with specific primer sets (the primer sequences and the length
of the amplified gene fragments are listed in Table I). The
amplified products were resolved in agarose gel and visualized by
ethidium bromide staining. The specificity of the amplified
fragment was determined by DNA sequencing (Perkin-Elmer,
Foster City, CA, USA), and was matched with the database of
GenBank (http://www.ncbi.nlm.nih.gov/blast).

Gene expression detected by immunocytochemical and immunoblotting
methods. An immunoperoxidase procedure was used to detect
protein expressions (19). The antibodies used were specific to the
antigen [antibodies to f-actin and DDH were from Sigma
Chemicals and Cashmere Scientific Company (Taipei, Taiwan),
respectively]. The procedure for immunoblotting was described
previously (20). Briefly, 5x10° cells were washed with phosphate-
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Table 1. Sequences of the primer sets and length of the amplified gene
fragment.

mRNA  Primer Fragment
sequences length

DDH 5’-GTGTGAAGCTGAATGATGGTCA-3 815 bp
5S-TCTGATGCGCTGCTCATTGTAGCTC-3’

p-actin  S-TGAAGTACCCCATCGAGCACG-3’ 755 bp

5’-AGTGATCTCCTTCTGCATCCTGT-3’

buffered saline twice and lysed in loading buffer [S0 mM Tris (pH
6.8), 150 mM NaCl, 1 mM disodium EDTA, 10% glycerol, 5%
B-mercaptomethanol, 1 mM phenylmethylsulfonylfluoride, 1% SDS
and 0.01% bromophenol blue]. Electrophoresis was carried out in
10% polyacrylamide gel with 4.5% stacking gel. After
electrophoresis, the proteins were transferred to a nitrocellulose
membrane. The membrane was then probed with the specific
antibodies. The signal was amplified by biotin-labeled goat anti-
mouse IgG and peroxidase-conjugated streptavidin. The protein was
visualized by exposing the membrane to an X-Omat film (Eastman
Kodak, Rochester, NY, USA) with enhanced chemiluminescent
reagent (Pierce, Rockford, IL, USA).

Drug-sensitivity and radiation-sensitivity assay. The drug and
radiation-sensitivity were measured by the number of cells killed
(21). The cells were seeded at 100, 1,000 and 10,000 cells/6-cm
plate 6 h prior to the drug challenge. The cells were treated with
various doses of radiation or concentrations of anticancer drugs,
such as adriamycin and cisplatin, for 2 h before removing drugs.
The negative control groups included cells without radiation or
cells treated with the same dilution of DMSO that was used as
the drug solvent. The total cell survival was determined 7 to 10
days following drug challenge by crystal violet staining. The
percent survival of cells was quantified by comparing with the
control group.

Gene cloning into mammalian expression system. To enhance the
DDH expression in low-expressing H23 cells, the ecdyson-induced
expression system and PerFect Lipid Transfection kit (Invitrogen)
were used to promote gene expression. Transfectants containing
the DDH gene were selected by bleomycin. Expression of the DDH
gene was monitored by gel electrophoresis to determine the extent
and the correct molecular weight of the protein. This expression
was verified by immunocytochemistry. The exact composition of
recombinant protein, isolated by immunoprecipitation, was
determined by partial trypsin digestion and amino acid sequencing.

Results

Correlation of DDH expression with drug and radiation
resistance as determined by immunoblotting and RT-PCR in
lung adenocarcinoma cells. Among the seven lung
adenocarcinoma cell lines screened by immunoblotting, six
(H1437, H1648, H2087, H2126, H23 and H838) expressed
DDH. The expression of DDH was high in H838, H1437
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Figure 1. Dihydrodiol dehydrogenase (DDH) protein and gene expression in lung adenocarcinoma cell lines. (A) The expression of DDH protein was
determined by immunoblotting with specific monoclonal antibodies. (B) DDH gene expression was determined by reverse transcription polymerase chain
reaction. Lane 1: HI1437; lane 2: H1648; lane 3: H2009; lane 4: H2087; lane 5: H2126; lane 6: H23; and lane 7: H838. P: positive control (column-

purified DDH fraction from pig liver), M: marker.

and H1648 and weak in H2126, H2087 and H23. DDH was
not detected in the H2009 cells (Figure 1A). The results
were further confirmed by RT-PCR (Figure 1 B). The
specificity of the amplified fragment was determined by
DNA sequencing and the DNA sequence was matched to
the particular DDH listed in the database of GenBank
(http://www.ncbi.nlm.nih.gov/). Interestingly, resistance to
adriamycin (H838>H1437=H1648>H2126>H2087=H23),
cisplatin (H838=H1437=H1648>H2126>H23>H2087) and
irradiation (H838>H1437>H1648=H2126>H2087=H23)
corresponded well to the extent of DDH expression in
these cells (Figure 2). Because the H2009 cells did not form
a discernible colony, no clonogenic result could be
obtained.

Effect of different DDH isoforms on drug and radiation
resistance. To determine whether a specific DDH isoform
mediated the development of drug and radiation resistance
in lung adenocarcinoma cells, full-length cDNAs of DDHI1,
DDH2 and DDH3 were inserted into an ecdyson-induced

expression system to promote DDH expression in H23 cells.
Since DDH4 was not detected in the lung cancer cells, it
was not cloned into the expression system. The transfectant
selected by bleomycin was further monitored by gel
electrophoresis for the extent and molecular weight of the
expressed protein. Among various mixtures of cationic lipid
and L-dioleoyl phosphatidylethanolamine (DOPE), pFx-3
rendered the best transfection results (Figure 3 A), so pFx-
3 treated cells were used in the following experiments. DDH
expression in the transfectant was further verified by
immunocytochemistry (Figure 3 B). The exact composition
of recombinant protein was isolated by immunoprecipitation
and was determined by partial trypsin digestion and amino
acid sequencing (data not shown). Although both DDH1-
and DDH2-transfectants were more resistant than the
parental H23 cells to adriamycin and radiation, no
significant differences in drug resistance was found between
the parental H23 and DDH3-transfected cells. The order of
resistance was determined as DDH2->DDHI1->DDH3-
transfectant (Figure 3 C).
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Figure 2. Sensitivity of lung adenocarcinoma cells to adriamycin, cisplatin and ionizing radiation. The percent survival is plotted against dose of drug (in
uM) or y-ray (in rad). The survival curves are the mean of triplicate experiments. The cell lines that expressed more DDH were more resistant to the
drugs and irradiation. H838 showed the strongest expression of DDH and was most resistant to cisplatin, adriamycin and irradiation. H23 showed almost
no DDH expression and was least resistant to adriamycin and irradiation. (=] : H838, <: H1437, B: H1648, ®: H2087, A: H2126, O: H23.

Discussion

In our previous work, we showed that NSCLC patients with
DDH overexpression had a significantly higher incidence of
early tumor recurrence and distant metastasis. In patients at
later stages of the disease, DDH overexpression was even
correlated with poor prognosis (10, 11). In the current study,
DDH expression was demonstrated in lung adenocarcinoma
cells. The cells with higher expression of DDH were more
resistant to cisplatin, adriamycin and radiation. After
transfection of the DDH gene into cells without DDH
expression, increased resistance to cisplatin, adriamycin and
radiation was demonstrated. The expression of DDH after
transfection was confirmed by immunocytochemistry.
Resistance to drug treatment and radiation was mainly
related to DDH2 and DDHI1.

DDH is an aldo-keto reductase that generally catabolizes
xenobiotic compounds, such as polycyclic aromatic
hydrocarbons (PAH). DDH activity could be detected in
human liver, but was barely detectable in human lung (22,
23). DDH converts PAH into catechol in the human liver
(12, 24). Further oxygenation of catechol into PAH
o-quinone can be detoxified by conjugation with
glutathione, sulfate or glucuronide (13, 25, 26). The ability
of DDH to generate reactive oxygen species (ROS) during
the oxidation of PAH trans-dihydrodiols may have
important implications for tumor initiation and promotion
(27, 28). In humans, at least four isoforms, DDHI1 to
DDHA4, have been identified (22). DDH2 overexpression
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was more frequently detected in esophageal squamous cell
carcinoma (29), while DDH1 overexpression was more
frequent in lung cancer (10, 30). DDH1 and DDH2 both
exhibit PGF synthase activity, which converts PGD2 into
9a, 11B-PGF, (31). This suggests a possible role of PG in
the regulation of cell proliferation and tumorigenesis.

Our gene transfer results clearly indicated that DDH
expression is required for increased cytoresistance to
adriamycin, cisplatin and radiation. However, the
mechanisms of this effect are not well known. The forced
overexpression of DDH induced high levels of cisplatin
resistance in DDH-transfected human ovarian carcinoma
cells (16). A review of the literature on DDH and cisplatin
resistance suggests the involvement of free radical
detoxification in this process (32). Cisplatin is an alkylating
agent, the cytotoxic effect of which via binding to DNA and
induction of DNA strand breaks. Cisplatin has also been
shown to increase the generation of ROS in tumor cells
leading to an up-regulation of the apoptotic process (33).
An increase in the activity of DDH in NSCLC cells lines
might be sufficient to repair the biochemical changes
induced by cisplatin (due to the generation of free
radicals), thus leading to the development of drug
resistance.

A literature review of DDH and adriamycin resistance
suggests that conversion of daunorubicin to daunorubicinol
is a significant step in detoxification, since the products of
anthracycline reduction, the 13-hydroxy
derivatives, are significantly less cytotoxic. Up-regulation of
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Figure 3. Effect of different isoforms of DDH on drug- and radiation-resistance. (A) Full-length cDNA of DDHI1, DDH?2 or DDH3 was cloned into an
ecdyson-induced expression system. The plasmid containing full-length DDH ¢cDNA was transfected into H23 cells using various mixtures of cationic
lipid and L-dioleoyl phosphatidylethanolamine (DOPE) as the delivering vehicle to promote DDH expression. The transfectant, which was selected by
bleomycin, was monitored by immunoblotting to determine the extent and the correct molecular weight of the expressed protein. The lipid mixture pFx-
3 rendered the best transfection results for DDHI, DDH?2 and DDH3. (B) DDH expression in transfectant was verified by immunocytochemistry. Panel
a: H23, panel b: DDH2-transfected H23 cells. (C) Sensitivity of H23 and DDH-transfectants to adriamycin, cisplatin and ionizing radiation. Percent
survival is plotted against dose of drug (in uM) or y-ray (in rad). Survival curves are the mean of triplicate experiments. Both DDHI1- and DDH?2-
transfectants were more resistant than the parental H23 cells. No significant difference of cytotoxicity was found between parental H23 and DDH3-
transfected cells. B: DDH I-transfected H23 cells, [2l: DDH2-transfected H23 cells, <: DDH3-transfected H23 cells, /\: untransfected H23 cells.
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a carbonyl reductase has been reported to induce the
development of doxorubicin resistance in tumor cells (15).
The examination of specific carbonyl reducing enzymes
revealed that the increased mRNA expression of carbonyl
reductase, aldose reductase and DDH2 were involved in
daunorubicin detoxification (15).

In conclusion, our results demonstrated that, in lung
adenocarcinoma cells, both drug and radiation resistance was
closely associated with DDH expression, in particular with
DDH1 and DDH2. DDH expression can be directly or
indirectly associated with drug inactivation as well as
mechanisms of DNA repair and, possibly, apoptosis. These
associations provide an interesting target for elucidating the
mechanism of cytoprotection.
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