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Abstract

There has been a new interest in using aldehyde dehydrogenase (ALDH) activity as one marker
for stem cells since the Aldefluor flow cytometry-based assay has become available.
Diethylaminobenzaldehyde (DEAB), used in the Aldeflour assay, has been considered a specific
inhibitor for ALDH1A1 isoform. In this study, we explore the effects of human ALDH
isoenzymes, ALDH1A2 and ALDH2, on drug resistance and proliferation, and the specificity of
DEAB as an inhibitor. We also screened for the expression of 19 ALDH isoenzymes in K562 cells
using TagMan Low Density Array (TLDA). We used lentiviral vectors containing the full cDNA
length of either ALDHZor ALDH1AZ1to over express the enzymes in K562 leukemia and H1299
lung cancer cell lines. Successful expression was measured by activity assay, Western blot, RT-
PCR, and Aldefluor assay. Both cell lines, with either ALDH1A2 or ALDH2, exhibited higher cell
proliferation rates, higher clonal efficiency, and increased drug resistance to 4-
hydroperoxycyclophosphamide and doxorubicin. In order to study the specificity of known ALDH
activity inhibitors, DEAB and disulfiram, we incubated each cell line with either inhibitor and
measured the remaining ALDH enzymatic activity. Both inhibitors reduced ALDH activity of both
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isoenzymes by 65-90%. Furthermore, our TLDA results revealed that ALDH1, ALDH7, ALDH3
and ALDH8 are expressed in K562 cells. We conclude that DEAB is not a specific inhibitor for
ALDH1AL1 and that Aldefluor assay is not specific for ALDH1AL activity. In addition, other
ALDH isoenzymes seem to play a major role in the biology and drug resistance of various
malignant cells.
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1. Introduction

Aldehyde dehydrogenases (ALDHSs) are a group of NAD(P)*-dependent enzymes involved
in the metabolism of a wide variety of aliphatic and aromatic aldehydesC According to the
latest database, the human genome contains 19 ALDH functional genes and three
pseudogenes [3-7]. The role of some of these ALDHs in endobiotic and xenobiotic
metabolism has been reviewed extensively before [1,2,8-15] and the specific metabolic
pathways affected have been previously detailed [1]. Many allelic variants within the ALDH
gene family have been identified, resulting in pharmacogenetic heterogeneity between
individuals which, in most cases, results in distinct phenotypes [1,15] including intolerance
to alcohol and increased risk of ethanol-induced cancers (ALDHZ2and ALDH1AI), Sjogren-
Larson Syndrome (ALDH3AI), type Il hyperprolinemia (ALDH4A1), 4-hydroxybutyric
aciduria (ALDH5AI), developmental delay (ALDH6AI), hyperammonemia (ALDH18A1I),
and late onset of Alzheimer’s disease (ALDH?Z). Furthermore, knockouts of ALDH1AZ and
ALDH1A3in mouse are embryonic lethal and newborn lethal, respectively [16-18].

ALDH activity is one of the identifying markers of stem cells, both normal and malignant
[19,20]. Different assays for the measurement of ALDH isozymes have been available
including Western blot analysis, RT-PCR, spectrophotometric assay for enzyme activity,
and immunohistochemistry. A relatively new flow cytometry-based method, Aldefluor
staining, has the advantage of measuring ALDH activity in viable cells. With the
introduction and marketing of the Aldefluor assay (StemCell Technologies, Inc.) it has
become more feasible to study the significance of ALDH expression in murine and human
hematopoietic cells [21-27]. These studies confirmed that ALDH activity is a good
surrogate marker for hematopoietic stem cell activity, both in vitroand in vivo. FACS
strategies that employ both surface marker expression and ALDH activity have been used to
enrich for hematopoietic stem cells (HSC) and in discerning primitive and progenitor cell
populations isolated from umbilical cord blood [27]. With the popularity of the cancer stem
cell hypothesis, there have been many publications and reviews about the usefulness of
measuring ALDH activity to identify cancer stem cells in the different tissues and its
potential as a therapeutic target [19,20].

It is widely presumed that this Aldefluor assay mostly measures ALDH1A1 isozyme activity
due to the report that diethylaminobenzaldehyde (DEAB) used in this assay is a specific
inhibitor for ALDH1A1 [28]. Therefore, most researchers believe that the high ALDH
activity detected in the early stem cells/progenitors is mainly due to ALDH1A1. On the
other hand, ALDH1A1 knockout does not affect hematopoietic stem cells and hematopoiesis
[29]. Based on this study and our own observation, we hypothesize that ALDH1A1 is not
the only enzyme responsible for the ALDH activity measured by Aldefluor assay and that
DEAB is not a specific inhibitor for ALDH1A1. Recently Marcato et al. [30] reported that
Aldefluor assay detects ALDH1AS3 activity in breast cancer stem cells as the main ALDH
isoenzyme. As part of our ongoing interest in ALDH isoenzymes and the search for specific
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inhibitors [31], we overexpressed two other isoenzymes, ALDH2 and ALDH1A2 in two
different cell lines and used them in the present study in order to examine our hypothesis.

2. Materials and methods

2.1. Materials and cell lines

We used three cell lines including K562 leukemia, H1299 lung cancer and Beas-2b lung
epithelial cell lines, all obtained from ATCC. K562 is known to express ALDH activity but
has low levels of ALDH1AL protein by Western blot, while both H1299 and Beas-2b are
known to have no significant activity by Aldefluor assay and Western blot [32]. Cells were
cultured and maintained in RPM11640 culture medium supplemented by 10% fetal bovine
serum and used for the experiments when in the exponential phase of their growth. Both cell
lines, K562 and H1299, were transduced with lentiviral vectors containing the full cDNA for
either ALDHZ2, ALDHI1AZ (see below) or green fluorescent protein (GFP, as a control) thus
creating 4 different cell lines for each: original wild type (WT), GFP, ALDH2 and
ALDH1AZ2 cell lines.

Aldefluor kit was purchased from StemCell Technologies, Inc. (Vancouver, Canada), and
used according to the manufacturer’s recommendations. A colorimetric assay kit (MTT
based) was purchased from Roche Diagnostic Corporation (Indianapolis, IN) and used for
cell proliferation experiments.

2.2. Lentiviral constructs and gene expression

We used RT-PCR to synthesize the full length cDNA for human ALDH2 (NM_000690.2)
and ALDHI1AZ2 (NM_170696). Primers were designed and purchased from MWG-Biotech
AG (Bridgeport, GA). Total RNA was extracted from wild type K562 cells and used for the
synthesis of the mentioned cDNAs. The Appropriate cDNAS were verified by size and full
sequencing before cloning into the self-inactivating (SIN) pTYF-EF lentiviral vector
between the BamH 1 and Spe | sites [33]. Cells were incubated at 1 x 10% in 300 I culture
medium with the lentivirus for 4-5 h and then transferred to a small flask for continuous
culture. Expression of the gene of interest was measured by RT-PCR using one primer in the
promoter of the lentiviral construct and another for the specific ALDH isoenzyme. ALDH
activity and Western blots were used to detect increase in ALDH activity and the
corresponding proteins (described below). These were performed on the parent cell line as
well the new cell lines expressing ALDH1AZ2or ALDH?Z. These cell lines were established
as single clones expanded from single colonies that were manually picked under an inverted
microscope.

2.3. Western blots

Western blot analysis was performed as described before[34,35]. In brief, lysates from each
of the cell lines were size separated in parallel on 12% denaturing SDS—polyacrylamide gels
(BioRad, Hercules, CA), electrotransferred onto nitrocellulose membranes, blocked with 5%
milk in TBS, and probed using mouse anti human ALDH1A2 and ALDH2 polyclonal
antibodies. Antibodies against ALDH1A2 were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA) and antibodies against AL DHZ2 were a generous gift from Dr. Henry
Weiner (Purdue University, West Lafayette, IN). Blots were incubated with ALDH1A2 and
ALDH2 primary antibodies at 1:200 or 1:300 dilution, respectively, for 1 h at room
temperature. After washing, the secondary antibody (horse-radish peroxidase-labeled rabbit
anti-mouse 1gG antibody; A8044, Sigma Chemical Co., St. Louis, MO) was used at 1:4000
dilution for 1 h. Chemiluminescence method (SuperSignal, Pierce, Rockford, IL) was used
for the final visualization of the protein bands on X-ray film (Super Rx, Fuji Photo Film,
Tokyo, Japan). After washing and blocking, the same blots were labeled again for
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visualization of actin as a loading control using anti-actin antibody (Oncogene Research
Products, Cambridge, MA).

2.4. ALDH activity measurement

The cell lysates used for Western blot analysis, were also freshly used to measure ALDH
enzyme activity using the spectrophotometric assay as described before [34,35]. Briefly, the
aliquots of 600 pl lysing buffer were incubated at 37 °C in Beckman DLC 64
spectrophotometer cuvettes with the addition of cell lysate, 5 mM NAD* and 5 mM
propionaldehyde as a substrate. The rate of change in absorbance at 340 nm was measured
in 3 replicates over 5 min. A control reaction in which the substrate was not added
monitored the endogenous rate of NAD* reduction. The ALDH activity was expressed in
nmol/107 cells*min.

2.5. Cell proliferation and colony formation assays

In order to study the effect of overexpressing the ALDH isoenzymes on cell behavior, we
performed several assays that measure cell proliferation and clonal efficiency on each of the
cell lines mentioned above. All experiments were performed in duplicates or triplicates as
indicated. First, cells were cultured in their usual culture medium at a concentration of 5 x
103 cells/mL/well in 6-well plates and manual cell count and viability (determined by trypan
blue exclusion) were performed daily over 3 days and the results were plotted against time
in order to show the growth rate. Second, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) cell proliferation assay was performed in a 96-well plate, 5 x
103 cells/100 wl/well of each cell line were cultured for 72 h. After the 72 h incubation
period, 20 pl of MTT reagent was added to each well, and incubated for one hour in a
humidified 5% CO5 incubator at 37 °C. The absorbance was measured using a
BIORADMicroplate reader at a wavelength of 490 nm according to the manufacturer’s
protocol. In this experiment, absorbance directly correlates with number of viable cells per
well. Mean * SD of the absorbance values were calculated for each experimental group and
graphically expressed. Differences were evaluated for significance using the #student test,
and Pvalue of <0.05 was considered statistically significant.

Liquid colony assay (for H1299 cell lines) and methylcellulose colony assay (for K562 cell
lines) were performed as described before [33,36]. H1299 cells were trypsinized, washed
and counted and 600 cells were added to 3 mL of RPMI culture medium supplemented by
10% FBS, and then aliquoted at 200 cells/mL/dish. K562 cells were harvested, counted and
then 600 cells were added to 3 mL of readily available methylcellulose-containing growth
factors (Methocult GF-H4435; Stem Cell Technology, Vancouver, BC, Canada). The dishes
were kept in a humidified 5% CO, incubator at 37 °C and colonies were counted on day 5-7
using an inverted microscope. The total number of colonies per culture dish was scored and
the mean + SD was obtained from triplicate readings. Differences between the different cell
types were evaluated for significance using the #student test.

2.6. Drug resistance induced by ALDH1A2 and ALDH2 overexpression

Previous studies have established the relationship between the expression of ALDH1A1 and
ALDH3A1 and drug resistance to cyclophosphamide and its derivatives [35], as well as
etoposide and mitomycin C [37]. The role of ALDH1AZand ALDHZin such drug
resistance has not been studied before. In order to evaluate the effect of ALDH1AZand
ALDH?Z overexpression on drug resistance, we exposed the different K562 and H1299 cell
lines to either 4-hydroperoxycyclophosphamide (4-HC) or doxorubicin and used MTT assay
described above to measure toxicity. We chose these two drugs for the following reasons:
both drugs are clinically effective and frequently used anti cancer chemotherapy, 4-HC is
known to be a substrate for ALDH1A1 and ALDH3A1, and doxorubicin is known not to be
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a substrate for any ALDH isoenzyme. We incubated 5 x 103 cells per well in triplicates
using 96-well plate and exposed them to the different concentrations of each drug for 72 h.
The viability was measured by BIORADMicroplate reader and expressed as the mean £ SD
for each treatment concentration.

2.7. Aldefluor assay

The Aldefluor reagent system supplied by Stem Cell Technologies (Vancouver, Canada)
uses an immunofluorescent method to detect intracellular enzyme activity of ALDH.
Aldefluor is supplied in the form of Bodipy-aminoacetaldehyde diethyl acetal (BAAA-DA).
BAAA-DA is converted to Bodipy-aminoacetaldehyde (BAAA) by exposure to acid. BAAA
is a fluorescent substrate for ALDH. In this study, we treated each cell mixture at 1.0 x 10°
cells in 1 ml of Aldefluor assay buffer with BAAA at a concentration of 1.5 mM for 45 min
at 37 °C. In each experiment, a sample of cells was stained under identical conditions with
15 uM of the ALDH inhibitor DEAB to serve as a negative control. Flow cytometry was
performed using FACScan instrument equipped with 488 nm argon laser (B-D Biosciences,
San Jose, CA) and the data analyzed using Cell Quest software, version 3.3 (B-D
Biosciences), as described before [32].

2.8. Tagman Low Density Array (TLDA) analysis

3. Results

WT K562 cells were stained for Aldefluor and sorted into cells with high (ALDHM) and low
(ALDH'°) ALDH activity groups of cells using FACScan flow cytometer as described
before [32]. Total RNA was isolated from each group of K562 cells using the RNeasy mini
kit from Qiagen. The RNA integrity number (RIN) was tested by using the Agilent 2100
Bioanalyzer (Agilent Technologies). Complementary DNAs (cDNASs) were produced from 2
g RNA of each sample using the High Capacity RNA-to-cDNA Master Mix (Applied
Biosystems) according to the manufacturer’s instructions. These cDNAs were used to
interrogate custom made TagMan array 96-well plates prepared by Applied Biosystems. The
wells contained primers for all known ALDH isoenzymes as well as suitable endogenous
control genes (using the GeneBank accession numbers) that included 18S, GAPDH, HPRTI,
and GUSP. Each sample was measured in triplicate and normalized to each of the control
genes. 30 pl of cDNA were mixed with 770 pl of nuclease-free water and 800 .l of 2 x
TagMan Gene Expression Master Mix (cat# 4369016, Applied Biosystems). 20 .l of the
reaction mix were delivered to each of the 72 wells containing the primers. Applied
Biosystems SDS software version 2.3 was used to cycle the plates, parameters were 50 °C
for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The data
for several plates were then combined into a study using the Applied Biosystems software
SDS RQ (relative quantity) Manager version 1.2. Threshold and baseline were set to auto.
RQ min/max confidence level was set to 99% and the plate centric view was used to export
the data as Ct values to Excel file. Ct is the fractional cycle number at which the
fluorescence intensity exceeds the threshold intensity. The final results reflected comparison
between the normalized values for each ALDH gene detected in ALDH cells to those in
ALDH!° cells and expressed as the log10 RQ in bar graphs.

3.1. Ectopic overexpression of ALDH1A2 and ALDH2

K562 leukemia and H1299 lung cancer cells were transduced with lentiviral vectors
encoding ALDH1AZ, ALDHZ, or GFP (as a control). The ALDHZand ALDHI1A2
transduced cells were cultured and single colonies were picked and expanded in culture.
These clones were harvested, given names designated sequentially either by numbers or
alphabetical letters and screened for expression of the corresponding isoenzyme using
Western blots as well as ALDH activity using spectrophotometry based assay. The results of
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Western blots and enzyme activity are shown in Fig. LA—-C. RT-PCR using one primer in the
promoter of the lentiviral constructs and another for the specific ALDH isoenzyme was also
performed and confirmed successful expression of each one of the isoenzymes (data not
shown). Overall, our results show high expression of ALDH1AZand ALDHZin the parent
cell lines and their clones shown in Fig. 1 without significant differences. Thus, we
established 4 different cell lines for K562 and H1299 (WT, GFP, ALDH1A2, and ALDH?2)
and used the clones and parent cell lines interchangeably throughout the experiments
described below. We also established that WT and GFP cell lines had similar ALDH activity
and proliferation rate (Fig. 1-S), and therefore we used WT cells only as the control in all
subsequent experiments.

3.2. Effects of ALDH1A2 and ALDH2 overexpression on cell proliferation and clonal

efficiency

Our previously published study showed that knock down of ALDH1IAIand ALDH3A1
resulted in a significant decrease in cell proliferation of A549 and H522 lung cancer cell
lines [33]. The effect of ALDH1AZand ALDHZ on cell proliferation and clonal efficiency
has not been studied before. Thus, we designed studies to explore these effects in both cell
lines used here. For cell proliferation, we used both 72 h cell culture as well as MTT assay
to detect differences in daily cell growth and the results from 5 different experiments are
shown in Fig. 2. For K562 leukemia cell lines, overexpression of ALDHZ2and ALDH1AZ2
significantly (P<0.022, at 96 h) increased the proliferation rate as compared to wild type
parental cells (Fig. 2A and C). On the other hand, only ALDH1AZ overexpression in H1299
increased the proliferation rate significantly (P< 0.043, at 96 h) when compared to the wild
type cells (Fig. 2B and D). The variation in the results suggests that overexpression of
ALDHZor ALDH1AZ promote cell growth yet the impact level differs depending on other
factors that may be specific to the cell type. Although the results presented here and in all
subsequent experiments in this paper reflect experiments that were performed on multiple
occasions and multiple cell cultures, there is still the possibility that certain clones of each
cell line may behave differently and that more experiments comparing individual clones
from each transduced cell line may be needed to confirm these results.

The ability to form colonies was also significantly increased (P < 0.018) by the
overexpression of either ALDH1AZ2or ALDHZ in both cell lines when compared to the
parent cell line (Fig. 3). The results reflect the mean + SD of number of colonies from 6
dishes per experimental group and obtained from two similar experiments.

3.3. Effects of ALDH1A2 and ALDH2 overexpression on drug resistance

In the present study, we treated K562 and H1299 cell lines with various concentrations of
either 4-HC or doxorubicin and assessed toxicity by MTT assay. Drug concentrations were
chosen according to published data. Interestingly, both ALDHIAZand ALDHZ2
overexpression resulted in increased relative resistance to both drugs at the different drug
concentrations used in both cell lines (Fig. 4).

3.4. Specificity of DEAB and disulfiram as ALDH activity inhibitors

One of our main aims for this study was to investigate the specificity of existing ALDH
activity inhibitors, such as DEAB and disulfiram (Antabuse, TT). DEAB is used as a
specific inhibitor for ALDH1AL [28], while TT is not specific inhibiting a number of other
enzymes [38]. In this study, we incubated each cell line with each inhibitor at a
concentration of 25 wM for 48 h, and then measured the ALDH activity in the cell lysate
using the spectrophotometric enzyme activity assay. The results are shown in Fig. 5, and
indicate that both DEAB and TT can inhibit 65-90% of the enzymatic activity resulting
from overexpressing ALDH1IAZ or ALDHZ. In addition, we measured the inhibitory effects
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of DEAB /n vitro by incubating the cell lysate from both cell lines with 1, 10, and 25 pM
DEAB for 5 min at 37 °C before measuring the ALDH enzymatic activity. These results are
shown in Table 1 and demonstrate again that DEAB inhibits both ALDH1A2 and ALDH2
isoenzymes. Thus, our main conclusion is that DEAB can inhibit other ALDH isoenzymes
other than ALDH1AL. However, DEAB at the concentrations used here may not be a strong
inhibitor for ALDH1A2. This is in good agreement with the observation made in Aldefluor
assay results shown in Fig. 6. The differences seen here between transduced K562 and
H1299 are most likely related to the differences in baseline ALDH activity. The use of
higher concentrations of DEAB up to 100 .M may have overcome that difference.

3.5. The specificity of Aldefluor assay

Aldefluor flow cytometry-based assay has been used to isolate candidate normal and cancer
stem cells from different human tissues [19,20]. Because DEAB is used as the control arm in
the Aldefluor assay, many investigators presumed that the detected ALDH activity in these
candidate stem cells was due to ALDH1AL. In order to test the specificity of the Aldefluor
assay, we used it to detect intracellular enzymatic activity of ALDH1A2 and ALDH2 in
each of the different K562 and H1299 cell lines created for this study. In order to facilitate
the detection of ALDH activity, we combined the ALDH1A2 or ALDH?2 cells (20-25%)
with Beas-2B immortalized lung epithelial cells (75-80%) known to have negligible ALDH
activity [32]. The cell mixture was then stained and analyzed and the results are shown in
Fig. 6. Overall, our results show that the enzyme activity of both ALDH1A2 and ALDH2
can be easily detected by the Aldefluor assay and therefore the Aldefluor assay cannot be
viewed as a specific assay for the detection of ALDH1 or ALDH1AL enzymatic activity. Of
interest is the fact that in both cell lines, the DEAB inhibition of ALDH1A2 was not
complete (middle panels, Fig 6). This finding was seen on repeated assays and could be
explained by inadequate concentration of DEAB versus the amount of ALDH1A2 molecules
to be inhibited. This finding does not affect our conclusions.

3.6. TLDA results show other ALDH isoenzymes expressed in K562 cells

The TLDA assay is used here to compare the expression of different ALDH isoenzymes
between ALDHN obtained from WT K562 cells and ALDH'® cells obtained from K562 cell
expressing ALDH1AZ2. These cells were sorted using aldefluor staining and FACS Vantage.
The measurements for the expression of each ALDH gene were normalized to each of the 4
reference genes expression. However, because the results did not differ significantly, the
final results reflect normalization to the 18S ribosomal RNA only. The comparative Ct
method was used to show the final change (relative quantity = RQ) in expression of the
different isoenzymes in ALDHM cells when compared to the ALDH' cells (Table 2). High
RQ value means higher expression of the specific ALDH isoenzyme in the ALDHN cells.
Some of the samples are assigned Ct values of >40. This is because after 40 cycles of PCR,
the calibrator sample did not produce enough fluorescence to cross the threshold, so there is
no cycle threshold (Ct) value, defined as the number of PCR cycles in order to get a
fluorescent signal. For quantitative purposes, these samples are assigned a Ct value of 40.
However, that is the best possible Ct value which is used to calculate an RQ value, thus the
RQ could be even much higher in samples where the value in ALDHM cells is lower than 40
and that of the ALDH! cells is >40 such as the case for ALDH3A1 and ALDHIL1. The RQ
value cannot be calculated if the Ct value is >40 in both groups of cells (see Table 2).

The results reveal that in addition to the ALDH1 isoenzymes, these cells express several
ALDH genes from other families including ALDH3, ALDH7and ALDH&and to a lesser
degree ALDH5and ALDH6. These isoenzymes seem to be contributing to the ALDH
activity as measured by Aldefluor assay and could be inhibited by DEAB as well. Further
studies, especially with ALDH7and ALDHS, are needed to confirm that.
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4. Discussion

The human ALDH family of enzymes contains 19 genes and belongs to the group of drug-
metabolizing enzymes [7]. The total number of substrates for these enzymes is very large
and the degree of substrate specificity is not well understood [39]. The ALDH family is
known to catalyze various endogenous and exogenous substrates with some specificity
[40,41]. The best evidence for isoenzyme substrate specificity comes from the
polymorphism of human ALDHs which in most cases is associated with altered drug
metabolism and disease phenotype [40,41]. On the other hand, in vitro enzymatic assays
have used few substrates such as propionaldehyde and benzaldehyde with little evidence of
specificity [42,43]. In this study, we show that ALDH1A2 and ALDH2 can metabolize
propionaldehyde using spectrophotometric assay, while our previous publications show that
ALDH1A1 and ALDH3A1 can do that as well [32-35]. These studies suggest an overlap in
enzymatic activity between 3 different ALDH families.

We have previously shown that knock-down of ALDH1A1and ALDH3AI using sSiRNA
affects cell proliferation and motility [33]. In this study, the overexpression of ALDH1AZ
and ALDH?Zresults in a significant increase in cell proliferation and colony formation. This
is previously unknown effect for these ALDH isoenzymes. The results from our microarray
analysis performed on the cells with knock-down of ALDH1A1and ALDH3AI[33]
showed that 4% of the induced genes were related to cell proliferation pathways while 5% of
the repressed genes were cell cycle related. Thus it is possible that the overexpression of
ALDHI1AZand ALDHZ affect similar genes that result in increased proliferation. We plan
to perform similar gene profiling analysis on the cells used in this study in order to verify
such possible mechanisms. Furthermore, these cells become more resistant to chemotherapy
such as 4-HC and doxorubicin. This is previously unknown finding, since there is no
literature on the activity of ALDH2 and ALDH1A2 and metabolism of cyclophosphamide
derivatives or doxorubicin. The mechanism for resistance to 4-HC is most likely related to
direct metabolism by ALDH1A2 and ALDHZ, similar to what is known about ALDH1A1
and ALDH3AL. The increased resistance to doxorubicin is most likely mediated through
other indirect mechanisms such as the oxidative stress response and clearance of free
radicals as reported before for ALDH3AL in relation to resistance to etoposide and
mitomycin C [37]. Further studies are still needed to verify such possible mechanisms;
however the results of our studies suggest a significant overlap among these ALDH
isoenzymes which has never been reported before. These findings also suggest that the use
of ALDH isoenzyme-specific inhibitors may not be clinically desirable when it comes to
treatment of drug resistant cancer. On the other hand, targeting ALDH activity for other
therapeutic purposes may turn out to be complicated, just as it has been demonstrated with
the clinical use of disulfiram in the treatment of alcohol addiction [44].

Over the last few decades, several investigators have tried to identify ALDH inhibitors with
variable specificity [45-47]. DEAB was promoted as a specific competitive inhibitor of
ALDH1 [28]. We and others have used it in our experiments over the years to inhibit other
ALDH isoenzyes [33,48,49], but never questioned its specificity before. However, current
interest in ALDH activity, Aldefluor assay and cancer stem cells and the potential clinical
implications have been behind our current questioning of the specificity of DEAB. Our
studies clearly demonstrate that DEAB as well as TT are not specific for ALDH1 family.
The implication of these findings is that DEAB mediated inhibition of ALDH activity is not
equivalent to exclusive inhibition of ALDH1. Furthermore, it is now clear that more specific
inhibitors of the active ALDH isoenzymes are needed for the appropriate clinical
applications such as targeting ALDH + cancer stem cells. Thus currently the only method of
specific inhibition available is the use of isoenzyme specific SiRNA, or similar approach, as
we have demonstrated before [33].
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Similarly, the results of our studies show that Aldefluor assay is not specific for ALDH1A1
and detects the activity of different ALDH isoenzymes including ALDH2 as shown in our
current results. Furthermore, WT K562 cells with high ALDH activity (ALDH") that were
sorted based on Aldefluor staining and studied by TLDA, show expression of other ALDH
isoenzymes including ALDH3, ALDH7 and ALDHS8. These results again show that ALDH
activity detected by Aldefluor may reflect the activity of other ALDH families beyond just
the ALDH1 family. For the future, it will be interesting to develop similar Aldefluor assays
using different but more specific substrates that will allow the detection of the exact ALDH
isoenzymes expressed in any given cell type.

5. Conclusions

In summary, ALDH1A2 and ALDH2 isoenzymes are important for cell proliferation and
drug resistance, and their enzymatic activity can be detected by Aldefluor assay and is
inhibited by DEAB and TT. K562 cells express more ALDH gene families other than just
the ALDH1 family. Thus, there are many overlaps in the expression and function of these
ALDH enzyme families. In view of these results and the clinical experience with the use of
disulfiram as a treatment for alcohol addiction, the future challenge is to develop more
specific inhibitors for the different ALDH isoenzymes for use in cancer therapy and other
diseases.
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Fig. 1.

Western blot analysis showing the expression of ALDH2 and ALDH1A2 isoenzymes in
each of the cell lines, K562 and H1299 (A and B). Baseline expression is shown for each of
the cell lines including the original cell line (WT), transduced cell line (parent) and several
clones obtained from single colonies of the transduced parent cell line. Western blots were
labeled for ALDH1A2 and ALDHZ2 as well as actin for loading control. A total of 40 Ig/lane
protein was loaded. (C) ALDH activity is shown for each of the transduced cell lines, K562
and H1299, expressing ALDH2 and ALDH1A2. The enzyme activity is measured by the
spectrophotometric enzyme assay and expressed as nmol/107 cells*min. Comparison is
made to the baseline enzyme activity in the parent cell line (WT). The results reflect the
mean + SD of at least 6 readings measured at P3 different experiments.
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Fig. 2.

The effect of overexpression of ALDH2 and ALDH1A2 on cell proliferation. Cell
proliferation for the different cell lines was measured by counting viable cells using the
trypan blue (A and B) or by the MTT colorimetric method (C and D). The results reflect the
mean + SD of triplicate measurements per one experiment repeated for P2 experiments.
*indicates significant difference in comparison to the WT cells (P < 0.05). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.

The effect of overexpressing ALDH2 and ALDH1AZ2 on colony formation. Colony assays
were performed as described in the methods for each of 3 cell lines established for K562 and
H1299. The results reflect mean = SD of the number of colonies per 200 cells/dish plated
and obtained from P2 different experiments. *indicates significant difference in comparison
to the WT cells (P< 0.05).
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Fig. 4.

The effects of overexpressing ALDH2 and ALDH1AZ2 on drug resistance. Cells were treated
with 4-HC (A and B) and doxorubicin (Dox) (C and D) at different concentrations and the
toxicity was measured by MTT assay. The results reflect mean + SD of triplicate wells
treated for each cell type and drug concentration.
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Fig. 5.

The use of ALDH activity inhibitors DEAB and disulfiram (TT). Each cell line was
incubated with ALDH inhibitor at a concentration of 25 wM for 48 h, and then measured the
ALDH activity in the cell lysate using the spectrophotometric enzyme activity assay. The
results reflect mean £ SD of the remaining ALDH activity % calculated from multiple
measurements obtained from at least 3 different experiments. The remaining activity % =
activity after inhibitor/activity without inhibitor x 100. See Fig. 1C for examples of ALDH
activity levels without inhibitors. The ALDH activity decreases to zero in WT K562 and
H1299 cells after similar treatments with the same inhibitors (data not shown).
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Fig. 6.

Aldefluor assay in K562 and H1299 cells expressing ALDH2 (H2), ALDH1A2 (1A2), or
wild type cells (WT). Mixtures of these cells with Beas-2B cells were labeled with Aldefluor
(BAAA) with and without the ALDH inhibitor DEAB as described in Section 2 and
analyzed by flow cytometry. The gate (R3 region) for ALDH + cells is determined in
relation to the DEAB control (first column DEAB+) and shows the brightly fluorescent
ALDH population versus the side scatter, a population that is absent/decreased in the
presence of DEAB. The number shown in each panel reflects the percentage of ALDH +
cells in each corresponding group.
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