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ABSTRACT

MATERIALS AND METHODS

Materials. Cell culture medium was obtained from Life Technologies, Inc.
(Gaithersburg, MD), and fetal bovine serum was from Gemini BioProducts,
Inc. (Calabasas, CA). Other cell culture materials were purchased from Fisher
Scientific (Pittsburgh, PA). Mouse antihuman NQO1 primary antibody from
hybridoma clone A180 was maintained by University of Colorado core facilities and does not cross-react with other souces of NQO1. Peroxidase-conjugated goat antimouse was obtained from Jackson ImmunoResearch Laboratories (Bar Harbor, ME). Secondary and tertiary antibodies for immunoelectron
microscopy (biotinylated goat antimouse and 10 nm of gold-conjugated antibiotin, respectively) were obtained from BBInternational (Vector Labs, Burlingame, CA). Antilamin B1 antibody was obtained from Zymed Laboratories,
Inc. (San Francisco, CA). All chemicals for electron microscopy were obtained
from Polysciences, Inc. (Warrington, PA). Precast 12% acrylamide gels were
purchased from Bio-Rad (Hercules, CA). Immobilon-P Western blotting membrane, antiactin monoclonal antibody, DCPIP, and all other chemicals were
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purchased from Sigma Chemical Co. (St. Louis, MO). H661 human non-small
cell lung carcinoma and HT29 human colon carcinoma cells were obtained
NQO13 (EC 1.6.99.2) or DT-diaphorase is an obligate two-electron from American Type Culture Collection and maintained at 37°C under a
reductase, which acts as a chemoprotectant by catalyzing the reduc- humidified atmosphere with 5% CO2. Cells were grown as monolayers in
tion and detoxification of a broad range of quinone substrates (1, 2). RPMI 1640 supplemented with 20% fetal bovine serum, 2 mM L-glutamine,
NQO1 also plays a role as an antioxidant enzyme and generates 100 units/ml penicillin, and 100 g/ml streptomycin and were Mycoplasma
antioxidant forms of ubiquinone and ␣-tocopherol (3–5). Paradoxi- free.
Isolation and Analysis of Intact Nuclei. Freshly collected cells were
cally, NQO1 also catalyzes the bioactivation of antitumor quinones,
washed three times in PBS and resuspended in 0.25 M sucrose containing 10
which exert their toxicity through direct DNA damage (6, 7). This is
mM triethanolamine and 10 mM acetic acid (pH 7.6), then homogenized until
currently under consideration as a therapeutic strategy to exploit the 90% of the cells were lysed (monitored by trypan blue exclusion). All steps of
elevated NQO1 activity found in certain human tumors.
the purification process were carried out at 4°C. The homogenate was centriThe enzyme is polymorphic in humans with a homozygous C609T fuged at 600 ⫻ g for 10 min to pellet nuclei, which were further purified on
point mutation ranging from 4 to 22%, depending on ethnicity (8). a sucrose gradient (60% barrier). The supernatant was centrifuged at
The homozygous C609T variant results in a null phenotype because of 100,000 ⫻ g for 60 min to isolate cytosol. Nuclei were washed in 150 mM
the loss of protein via rapid polyubiquitination and proteosomal Tris-HCl (pH 8), then disrupted by sonication. Protein samples were electrophoresed on 12% agarose, 0.1% SDS, before transfer to Immobilon P memdegradation (9). The presence of this C609T mutation has allowed for
brane (5 g of total protein loaded each lane). Purity of subcellular compartextensive epidemiological studies on the importance of NQO1 in a ments was monitored by immunoblot analysis using antibodies against actin
variety of disease states. Lack of NQO1 activity has been associated for cytosol and lamin B1 for nuclei. Activity of NQO1 was measured as the
with an increased incidence of benzene-induced hemotoxicity (10), dicoumarol-inhibitable fraction of DCPIP reduction as described (1) with
chemotherapy-related myeloid malignancies (11), leukemias (12), and modifications (17) and normalized to total nuclear or cytosolic protein (BioRad).
basal cell carcinoma (13).
Confocal Microscopy. Cells were grown on glass coverslips and fixed
NQO1 is found in a variety of human tissues throughout the
with 4% formaldehyde and 0.1% glutaraldehyde in PBS. Confocal images
body in particular in epithelial and endothelial cells. In addition to
were acquired with a 100 ⫻ oil immersion lens (numerical aperture ⫽ 1.3) on
normal tissues, NQO1 is overexpressed in a variety of solid tu- a Zeiss Axiovert 135 microscope equipped with a CARV optical module
mors, including thyroid, adrenal, breast, ovarian, colon, cornea, (“spinning disc confocal”) and a Hamamatsu Orca (C4742–95) digital camera
and lung (14 –16). There is little known about the subcellular (6.7 ⫻ 6.7 m of physical pixels). The Z-axis resolution was 0.45 m. The
localization of NQO1 in human tissues. In this study, we demon- enzyme distribution was confirmed in confocal images obtained through a
strate the presence of NQO1 in the nucleus, which may have digital deconvolution process. For these images, the system used was comimportant implications for both chemoprotection and the bioacti- prised of an Olympus IX70-inverted microscope with a 100 ⫻ oil immersion
lens (numerical aperture ⫽ 1.35), a Photometrics PXL camera with Kodak
vation of DNA-damaging antitumor quinones.
KAF1400 chip (6.7 ⫻ 6.7 m of physical pixels), and a Silicon Graphics O2
computer with DeltaVision deconvolution software (Applied Precision, Seattle, WA). The step size for the sectioning was 0.2 m for the deconvolved
Received 8/28/01; accepted 1/3/02.
images. For nuclear staining with Hoechst 33342, 4⬘,6-diamidino-2-phenylinThe costs of publication of this article were defrayed in part by the payment of page
dole excitation and emission filters were used, 360 and 457 nm, respectively.
charges. This article must therefore be hereby marked advertisement in accordance with
Texas red fluorescence was measured with 555-nm excitation and 617-nm
18 U.S.C. Section 1734 solely to indicate this fact.
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Immunoelectron Microscopy. HT29 cells were harvested by trypsinizing
The abbreviations used are: NQO1, NAD(P)H:quinone oxidoreductase 1; DCPIP,
2,6-dichlorophenol-indophenol.
and fixed through ultrarapid freezing before embedding and microwave im1420
NAD(P)H:quinone oxidoreductase 1 (NQO1) is implicated in both chemoprevention and bioactivation of DNA-damaging antitumor agents.
NQO1 is mainly cytosolic, but distribution in other cellular compartments, particularly in tumor cells, is poorly defined. Nuclear NQO1 in
HT29 human colon carcinoma and H661 human non-small cell lung
cancer cells was observed using both confocal microscopy and immunoelectron microscopy. NQO1 was not detected in mitochondria, golgi, or
endoplasmic reticulum. In addition, purified intact nuclei from HT29 cells
contained immunoreactive NQO1, which was catalytically active as determined by conventional activity assay. In summary, we have confirmed the
presence of nuclear NQO1, which has implications for chemoprotection
and bioactivation of DNA-damaging antitumor agents.
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munolabeling. For cryofixation and freeze substitution, the cells were placed
between copper Panama hats (Research Manufacturing Corp.) with slot grids
as spacers. Both hats were pretreated with 0.1% lecithin and dried. The sample
was rapidly frozen with a propane jet freezer at ⫺160°C and 60 psi (Research
Manufacturing Corp.; model MF 7200). The hats were broken apart in microfuge tubes filled with anhydrous acetone containing 0.2% glutaraldehyde
and 0.1% uranyl acetate, which was precooled to ⫺80°C. The samples were
allowed to undergo freeze substitution for 12 h at this temperature, then
warmed to ⫺20°C. Acetone was removed, and the samples were washed twice
with fresh methanol (⫺20°C). The sample was then infiltrated with 50%
methanol/50% Unicryl resin followed by three changes in 100% resin. Blocks
were hardened and cured under UV light at ⫺20°C. Thin sections (70 nm)
were cut on a MT 7000 microtome and placed on nickel grids. Unstained
sections were labeled using microwave-controlled heating. A 35-l sample
was placed on a Teflon sheet, and a temperature probe was placed in a center
dummy drop. Grids were placed on equivalent drops, and all binding steps
were carried out at 37°C. Samples were blocked in 0.2% Tween 20 in PBS for
2.5 min followed by 4 ⫻ concentrated primary antibody for 2.5 min (monoclonal mouse antihuman NQO1 hybridoma supernatant). Samples were rinsed
extensively in PBS followed by labeling with secondary antibody (biotinylated
goat antimouse), rinsing in PBS, labeling with tertiary marker antibody (10 nM
Gold-conjugated goat antibiotin), and rinsing in PBS. The antibody complex
was fixed at room temperature in 4% formaldehyde/1% glutaraldehyde for 2.5
min followed by extensive rinsing in distilled water. After immunolabeling,
samples were microwave counterstained at 60°C with saturated uranyl acetate
and lead citrate for 1 min each stain. Negative controls included sections
incubated without primary antibody. Sections were examined on a JEOL 100
CX II electron microscope at an accelerating voltage of 80 keV.

RESULTS
Confocal Microscopy. Using two-dimensional confocal microscopy (“spinning disc”), the intracellular distribution of NQO1 was
visualized in HT29 and H661 cells (Fig. 1). The confocal images were
obtained after focusing on the nucleus, which was visualized through
staining with Hoechst 33342 stain (green), and NOQ1 was localized
through visualization of Texas red-conjugated secondary antibody
(red). In both HT29 and H661 cells, staining for NQO1 was observed
throughout the cell. Its location within the nucleus is shown by yellow
in overlay images, and the relative level of staining is depicted in the
intensity profile generated by image analysis. In HT29 cells, NQO1
was primarily located in the cytoplasm with detectable but diminished
levels in the nucleus. In H661, the contrast between nuclear and
cytoplasmic levels was much less pronounced, indicating a higher
nuclear:cytoplasmic ratio of NQO1 in these cells. Plotting the intensity profile of NQO1 staining in these cells supports these conclusions
(Fig. 1). The enzyme distribution was confirmed separately by confocal images obtained through a digital deconvolution process (Fig.
2). The relative distribution of the enzyme in the nucleus and cytosol
of HT29 and H661 cells was found to be similar with both approaches.
Immunoelectron Microscopy. To confirm the results obtained by
confocal microscopy and extend these observations, HT29 cells were
analyzed using immunoelectron microscopy (Fig. 3), a technique with
greater resolving power than light microscopy. The cells were subjected to cryopreservation through rapid freezing, followed by freeze
substitution. Preparing cells in this manner ensures the preservation of
the basal state of the cell, and minimal movement occurs through
subcellular compartments (18). Immunoreactive NQO1 was visualized by the presence of 10 nM gold-conjugated goat antibiotin antibody in turn complexed with biotinylated goat antimouse and monoclonal mouse antihuman NQO1 (arrowheads). Immunogold labeling
of NQO1 was observed clearly in the nucleus (n) and cytoplasm (c)
but not mitochondria (m) of HT29 cells (Fig. 3A). To demonstrate
relative labeling in the cell, the photomicrograph was scanned, and a
cartoon of the cell was prepared with beads identified in yellow on a

Fig. 1. Visualization of NQO1 in H661 non-small cell lung cancer and HT29 human
colon carcinoma by spinning disc confocal microscopy. Cells were fixed on glass
coverslips and labeled with Hoechst 33342 to stain nuclei (green) and Texas redconjugated secondary antibody to anti-NQO1 primary antibody (red). Overlay panels, the
colocalization of NQO1 in the nucleus (yellow). The relative levels of NQO1 and nuclear
staining are presented as intensity profiles from computer-aided image analysis and given
in relative fluorescence intensity units. Profiles were generated from left to right through
the center of the top left cell (arrow) for HT29 cells and through the center of the H661
cell (arrow). X axis is distance (m), and the Y axis is relative fluorescence units (linear
scale).

blue background representative of the cell (Fig. 3B). There was no
apparent labeling of mitochondria (m), golgi apparatus (g), and endoplasmic reticulum (data not shown). There was no significant labeling
of sections in the absence of primary antibody (Fig. 3, B and D).
NQO1 Protein in Isolated Nuclei. To confirm the nuclear localization of NQO1, nuclei from HT29 cells were isolated by differential
centrifugation and purified through a sucrose gradient. Analysis of the
protein by immunoblot clearly demonstrates the presence of NQO1 in
the cytosol and nucleus of HT29 cells (Fig. 4). Purity of the isolated
nuclear fraction was determined using actin as a cytosolic marker and
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DCPIP was measured in the presence and absence of dicoumarol.
Enzymatic activity was measured in both fractions but at a much
higher level in cytosol (1613 ⫾ 44 nmol of DCPIP reduced/min ⫻ mg
of total cytosolic protein) compared with nucleus (36 ⫾ 16 nmol of
DCPIP reduced/min ⫻ mg of total nuclear protein).
DISCUSSION
There is little known about the subcellular distribution of NQO1
in human cells, and there is no definitive information on the
presence or absence of nuclear NQO1. From studies in rat liver, the
bulk of NQO1 (⬎84%) is located in the cytoplasm (19, 20). Lesser
amounts were found in mitochondria (13%) and trace levels in
golgi (1%) and microsomes (2%; Ref. 20). Although human and rat
NQO1 have overlapping substrate specificities and share 85%
amino acid homology, there are significant differences in posttranslational processing that could affect the cellular distribution.
Distribution in pig corpus luteum was similar to rat with NQO1

Fig. 2. Visualization of NQO1 in H661 non-small cell lung cancer cells and HT29
human colon carcinoma cells by digital deconvolution confocal microscopy. Cells were
fixed on glass coverslips and labeled with Hoechst 33342 to stain nuclei (green) and Texas
red-conjugated secondary antibody to anti-NQO1 primary antibody (red). Overlay panels,
the colocalization of NQO1 in the nucleus (yellow). Scale lines, 2 m.

lamin B1 as a nuclear marker. There was no significant presence of
cytosol in the isolated nuclear fraction, indicating that NQO1 present
in this sample originated from the nuclear compartment. To determine
whether the protein was enzymatically active, the ability to reduce

Fig. 4. Immunoblot analysis of protein from purified intact nuclei and cytosol isolated
by cellular fractionation from HT29 (5 g of total protein loaded each lane). Nuclear and
cytosolic purity was confirmed by detection of the presence of marker proteins lamin B1
and actin for nucleus and cytosol, respectively.

Fig. 3. Immunoelectron microscopic analysis of
HT29 human colon carcinoma cells after cryopreservation and freeze substitution. NQO1 is visualized from a ternary complex of mouse antiNQO1/biotinylated goat antimouse and 10-nm
conjugated mouse antibiotin. A, recognition of
NQO1 in HT29 cells demonstrated by the presence
of 10-nm gold beads (arrowheads). NQO1 was
localized to the nucleus (n) and cytosol (c) but does
not occur in significant quantities in mitochondria
(m) or golgi (g; scale line ⫽ 0.5 m). In C, negative
control samples were prepared by removing primary antibody in the sample preparation. In control
samples, immunolabeling was scarce, and little
nonspecific labeling was observed (scale line ⫽ 0.5
m). To demonstrate relative labeling in the cell,
the above photomicrographs were scanned, and a
cartoon of the cell was prepared with beads identified in yellow on a blue background representative
of the cell (B, positive staining; D, negative control;
box, overlapping area in matching panels).
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activity localized in cytoplasm, mitochondria, and microsomes
(21). The above data were obtained by measuring enzymatic activity in subcellular fractions after differential centrifugation. Under these conditions, it is possible for soluble components to
diffuse into or out of cellular compartments. To address this,
microscopy can be used to visualize organelles of interest within a
more fixed environment. We report here the subcellular distribution of NQO1 in human cancer cells and confirm the presence of
this enzyme in the nucleus of HT29 and H661 cells. The data were
obtained through a variety of sources, all of which indicate the
presence of karyophilic NQO1. NQO1 was colocalized in the
nucleus of H661 and HT29 cells visualized by confocal microscopy with dual labeling of the nucleus with Hoechst 33342 stain
and immunolabeling of NQO1 with Texas red-conjugated antibody
complex. Digital deconvolution confocal images were also obtained to confirm these results and demonstrated similar enzyme
distributions. Activity assays and immunoblots also confirmed the
presence of nuclear NQO1, although it is difficult to directly
compare on a quantitative basis data obtained by microscopy and
enzyme assay. All techniques used, however, demonstrated the
presence of a significant nuclear pool of NQO1.
To extend these results, HT29 cells were analyzed by immunoelecron microscopy after ultrarapid cryopreservation and freeze
substitution. Under these conditions, cellular components do not
have an opportunity for movement, and cellular localization can be
identified more readily (18). Using this technique, NQO1 was
found in the nucleus and cytosol of HT29 cells, but no NQO1
labeling occurred in the golgi apparatus, endoplasmic reticulum, or
mitochondria. Many sources report the presence of NQO1 in the
mitochondria in a variety of species, including rat, pig, and human
(19, 20, 22). Although the images obtained through immunoelectron microscopy do not support the presence of NQO1 in the
mitochondria, it is possible that the loss of antigenicity that occurs
when embedding cells in resin could account for the lack of
positive labeling. However, it should not be discounted that mitochondrial localization observed in previous studies could be attributable to movement of NQO1 into this compartment in response to
the stress of cell fractionation techniques.
Localization of proteins in the nucleus can occur through passive
diffusion through nuclear pore complexes, active transport by
nuclear localization signals, or binding to chaperone proteins. For
efficient passive diffusion through the nuclear pore, a protein
should be less than 40 – 60 kDa in size and, more importantly, ⬍10
nm in diameter (23). NQO1 has a molecular mass of 61 kDa (two
monomers of 30.7 kDa each), but analysis of the crystal structure
(Protein Data Bank accession no. 1D4A) with Insight II software
(Molecular Simulations, Inc.) indicates that NQO1 is relatively
spherical with a diameter between 60 and 70 nm, depending on
axis, making passive diffusion of even the monomeric form of
NQO1 unlikely. The classic nuclear localization signal was identified from the sequence of large T antigen and consists of a
consensus sequence, which is not present in the sequence of
NQO1. NQO1 does, however, have two hsp70 binding sites (amino
acids 4 –15 and 245–266), and hsp70 is known to chaperone
proteins into cellular compartments, including the nucleus (24, 25).
The presence of NQO1 in the nucleus is of significant interest
because of its utility as a target for bioreductively activated antitumor
quinones. These agents cause toxicity via direct DNA damage so the
presence of NQO1 in the nuclear compartment adjacent to DNA could
be of considerable importance to the toxicity caused by these agents.
NQO1 has also been implicated in the stabilization of p53 (26), and
the presence of nuclear NQO1 may also have implications with
respect to p53 function. Interestingly, the relative level of nuclear to

cytosolic NQO1 was higher in H661 cells, compared with HT29
cells, where a much smaller fraction of NQO1 was present in the
nucleus (Figs. 1 and 2), but the mechanisms underlying such
differences are currently unclear. The presence of a nuclear compartment of NQO1 may contribute to the lack of correlation that is
sometimes observed between the cytotoxicity of antitumor quinones bioactivated by NQO1 and total cellular NQO1 activity (27,
28). In conclusion, we report the presence of significant levels of
NQO1 in the nucleus of HT29 colon carcinoma cells and H661
non-small cell lung cancer cells as determined by confocal, immunoelectron microscopy, and cell fractionation techniques. This
pool of enzyme may become important in understanding the protective role of NQO1 in cells, as well as the role of NQO1 in the
bioactivation of DNA-damaging antitumor agents.
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