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Background: NQO2 protects against � radiation-induced myeloproliferative disease, but the mechanism remains
unknown.
Results: Radiation-induced NQO2, independent of NQO1, competes with the 20 S proteasome for interaction with C/EBP�

region Ser-268 to Val-279 to stabilize C/EBP�, leading to protection against myeloproliferative disease.
Conclusion: NQO2 stabilizes C/EBP� against 20 S degradation to protect against myeloproliferative disease.
Significance: Stress-responsive NQO2 functions as an endogenous factor against myeloproliferative diseases.

NRH:quinone oxidoreductase 2 (NQO2) is a flavoprotein that
protects cells against radiation and chemical-induced oxidative
stress. Disruption of the NQO2 gene in mice leads to � radia-
tion-induced myeloproliferative diseases. In this report, we
showed that the 20 S proteasome and NQO2 both interact with
myeloid differentiation factor CCAAT-enhancer-binding pro-
tein � (C/EBP�). The interaction of the 20 S proteasome with
C/EBP� led to the degradation of C/EBP�. NQO2, in the pres-
ence of its cofactor NRH, protected C/EBP� against 20 S degra-
dation. Deletion and site-directed mutagenesis demonstrated
that NQO2 and 20 S competed for the same binding region of
S(268)GAGAGKAKKSV(279) in C/EBP�. Exposure ofmice and
HL-60 cells to � radiation enhanced the levels of NQO2, which
led to an increased NQO2 interaction with C/EBP� and
decreased 20 S interaction with C/EBP�. NQO2 stabilization of
C/EBP� was independent of NQO1, even though both inter-
acted with the same C/EBP� domain. NQO2�/� mice, deficient
in NQO2, failed to stabilize C/EBP�. This contributed to the
development of � radiation-induced myeloproliferative disease
in NQO2�/� mice.

Dihydronicotinamide riboside:quinone oxidoreductase 2
(NQO2) is a flavoprotein that catalyzes the reductive metabo-
lism of quinones (1). NQO2 belongs to a two-member quinone
oxidoreductase gene family that also includes NQO1 (2).
NQO2 utilizes NRH as an electron donor, and its activity is
inhibited by benzo(a)pyrene (1). Analysis of the crystal struc-
ture of NQO2 revealed that NQO2 contains a specific metal
binding site that is not present in NQO1 (3). NQO2 and/or
NQO1 are stress-inducible proteins that are known to protect

tumor suppressor p53, p33(INGIb), and p63 against 20 S pro-
teasomal degradation (4–6).
NQO2�/�mice generated in our laboratory showedmyeloid

hyperplasia and significantly increased granulocyte levels in the
peripheral blood (7). In addition, NQO2�/� mice demon-
strated increased sensitivity to � radiation-induced myelopro-
liferative disease and B cell lymphomas (7, 8). These studies
suggest that NQO2 plays a significant role in protection against
hematological disorders.
The transcription factors C/EBP�2 and PU.1 are known to

regulate hematopoiesis (9, 10). C/EBP� is found predominantly
in immaturemyeloid cells, whereas both lymphoid andmyeloid
cells express PU.1 (9, 10). Deregulation of C/EBP� has been
found to be associated with myeloid transformation (11, 12).
C/EBP� is known to regulate PU.1 gene expression (13).
In this report, we demonstrate that NQO2 protects myeloid

differentiation factor C/EBP� against 20 S proteasomal degra-
dation. NQO2 achieves this function by competing with 20 S
proteasomes for binding with C/EBP�. Mutagenesis studies
suggest that theC/EBP� region between amino acids Ser-268 to
Val-279 is required for binding with both NQO2 and 20 S.
Exposure of wild-type mice to � radiation induced NQO2,
which in turn led to increasedNQO2 interaction and decreased
20 S interaction with C/EBP�. This resulted in the stabilization
of C/EBP�, which affects myeloid differentiation. NQO2 stabi-
lization of C/EBP� was independent of NQO1, even though
both interacted with the same region in C/EBP�.

EXPERIMENTAL PROCEDURES

Materials—Purified 20 S fraction, FLAG antibody, Easyview
Red anti-FLAGM2affinity gel,NQO2antibody formouse cells,
and MG132 were obtained from Sigma. 20 S core subunit and
�5 subunit antibodies were fromCalbiochem, and V5 antibody
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was from Invitrogen. NQO1 siRNA (catalog no. 4090) and
NQO2 siRNA (catalog no. 9597) were from Ambion (Grand
Island, NY). Antibodies against NQO2 (human cells) or
C/EBP� and protein A/G-agarose were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). PU.1 antibody was from
Cell Signaling Technology (Beverly, MA). Perfluoro-octanoic
acid was from Oakwood Products (Columbia, SC). Nucleofec-
tor II and reagents were from Lonza (Cologne, Germany). Pep-
tides were from Biosynthesis (Lewisville, TX).
Construction of Plasmids—All mouse C/EBP� truncated

constructs were created by first performing a PCR to amplify
the cDNAof interest using primers carrying theXbaI, EcoRI, or
XhoI sites. By using XbaI (or EcoRI) and XhoI, the PCR prod-
uctswere digested and cloned into the pCMXvector containing
a double FLAG tag, resulting in final expression constructs. To
generate site-directedmutations of mouse C/EBP� cDNA, two
PCRs were carried out to amplify the 5� fragment of mouse
C/EBP� cDNA (carrying the XbaI site) and the rest of the 3�
fragment of mouse C/EBP� cDNA (with site mutations and
carrying the XhoI site). After blunt end ligation, the fragments
that were �1080 base pairs long were digested with XbaI and
XhoI and cloned into the pCMX vector containing a double
FLAG tag. This approach was applied because C/EBP� is
extremely GC-rich (72%), and site-directed mutagenesis kits
(from Stratagene and Invitrogen) do not work. Double-strand
DNA sequencing was used to verify all constructs.
FLAG-C/EBP� (1–162) and FLAG-C/EBP� (1–279) were

engineered by PCR using the same forward primer (5�-
TCTTTCTAGAATGGAGTCGGCCGACTTCTA-3�) and
reverse primer (5�-ACCTGGGGATCCTCAGGGCTCTTGTT-
TGATCACCAG-3� for construct 1–162 and 5�-ACCTGGGG-
ATCCTCACACCGACTTCTTGGCTTTGCC-3� for construct
1–279). FLAG-C/EBP� (157–359), FLAG-C/EBP� (268–359),
and FLAG-C/EBP�(279–359) were generated by PCR, all using
the same reverse primer (5�-CTTACTCGAGTCACGCGCAGT-
TGCCCATG-3�) and forward primers (5�-ACCTGGGAATT-
CGTGATCAAACAAGAGCCC-3� for construct 157–359, 5�-
ATTATTGAATTCAGCGGTGCCGGTGCGGGC-3� for
construct 268–359, and 5�-ACCTGGGAATTCGTGGACAA-
GAACAGCAACGAG-3� for construct 279–359). FLAG-C/E-
BP��268–279 was made by joining C/EBP�1–267 and C/EB-
P�269–359 with an EcoRI site.

All mouse NQO2-truncated constructs were created by
blunt-ended cloning, and all truncated NQO2 cDNAs were
subcloned into the pcDNA3.1/V5-His-TOPO vector for use.
NQO2 (1–140)-V5 and NQO2 (1–165)-V5 were engineered by
PCRusing the same forward primer (5�-GCCACCATGGCAG-
GTAAGAAAGTGCT-3�) and the reverse primers 5�-ACCCT-
TGAGAAAACCAGAGTCATA-3� and 5�-GAAATCTCCAC-
TGACCCCATCTTT-3�, respectively; NQO2 (110–243)-V5
and NQO2 (141–243)-V5 were created by PCR using the
forward primers 5�-GCCACCATGAAATTAGCTCTCCTT-
TCCTTA-3� and 5�-GCCACCATGGCAATCCTAAAAG-
GTTGG-3�, respectively, and the same reverse primer (5�-
CTCTTGGAAGTACCAAGGGGGTG-3�). The Invitrogen
GeneArt site-directedmutagenesis systemwas used to produce
NQO2Y104A, NQO2W105A, NQO2F106A, NQO2F126A,

NQO2Y155A, NQO2F131A, NQO2Y132A, NQO2H173A,
NQO2H177A, and NQO2C222A (all with a V5 tag).
Mice, Cells, and Cell Culture—The C57BL/6 wild-type and

C57BL/6 NQO2�/� mice were produced in our laboratory (7).
Human myelogenous leukemia HL-60 cells, U937 cells, and
human CD34-positive KG-1 cells, purchased from the ATCC
per its authentication, were cultured in RPMI/10% FBS/1%
antibiotics. No further authentication of cells was performed.
Bone marrow cells from mice femurs were accumulated and
suspended in RPMI/10% FBS.

� Radiation Treatment—Mice were either not irradiated or
irradiated with 3 Gy of � radiation. Mouse femur bone marrow
cells were collected 48 h after irradiation, lysed, and analyzed.
For ex vivo analysis, mice were euthanized, and their bonemar-
row cells were obtained in RPMI/10% FBS. Bone marrow cells
were irradiatedwith 3Gyof� radiation and cultured for 48 h for
further analysis.
Cell Lysate Preparation and Immunoprecipitation—Cells or

bonemarrowwere lysedwith cold lysis buffer (150mMNaCl, 25
mMTris (pH7.4), 1mMEDTA, and 1%perfluoro-octanoic acid)
containing a protease inhibitor mixture (Roche) and centri-
fuged at 14,000 rpm for 10min.The supernatantwas precleared
and immunoprecipitated overnightwith the desired antibodies,
followed by adsorption on protein A/G-agarose beads. The
beads were washed and boiled for 5 min in 2� SDS loading
buffer and analyzed by SDS-PAGE. Immunoprecipitation of
FLAG-tagged proteins was done by Easyview Red anti-FLAG
M2 affinity gel according to the protocol of the manufacturer.
Transfection—A Lonza cell line optimization nucleofector

kit V was used to transfect HL-60, U937, or KG-1 cells in sepa-
rate experiments with siRNA or plasmid DNA. 2 � 106 cells
were centrifuged and suspended in 100 �l of nucleofector solu-
tion. Different concentrations of siRNA or plasmids were com-
bined with the cell suspension, transferred into a cuvette, and
transfected under Nucleofector Program T-019. Subsequently,
500 �l of the prewarmed RPMI 1640 was used to transfer the
cell suspension into a 12-well plate. Cells were analyzed after
48 h.
InVitroTranslation of C/EBP�/Mutants andNQO1and20 S

Proteasomal Degradation—1 �g of NQO2 (or mutants) or
C/EBP� plasmid DNAs were in vitro-translated for 90 min at
30 °C. 2 �l of translated proteins were incubated with 20 S pro-
teasome in degradation buffer (100 mM Tris-Cl (pH 7.5) con-
taining 150mMNaCl, 5 mMMgCl2, and 2mMDTT) for various
time periods and immunoblotted. In related experiments, in
vitro-translated proteins were mixed with different reagents
(NADH, NRH, benzo(a)pyrene, and omeprazole) for the same
process.
Ubiquitination Assay—HL-60 cells were cotransfected with

0.5 �g of HA-tagged ubiquitin and 1 �g of FLAG-tagged wild-
type C/EBP� ormutant C/EBP�K276A or C/EBP�K277A. 24 h
later, the cells were lysed, and 1mg of cell lysates was immuno-
precipitated with anti-FLAG M2 affinity gel. After SDS-PAGE
and Western blotting, the PVDF membrane was probed with
anti-HA antibody.
Western Blot Analysis—Cell lysates were centrifuged at

10000� g, and supernatant protein was quantified. SDS-PAGE
analysis was performed as described previously (6).
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Statistical Analysis—Microsoft Excel (2007) and Prism
Graphpad (version 6) were used for statistical analysis. For sta-
tistical analysis, experiments were repeated three times, as
shown in the figure legends. Differences were considered sig-
nificant at p � 0.05.

RESULTS

NQO2 Protects C/EBP� against 20 S Proteasomal Degra-
dation—WTandNQO2�/� mice were not irradiated or irradi-
ated with 3Gy of � radiation to determine the short-term effect
of radiation on the expression of NQO2, C/EBP�, and PU.1.
The results are shown in Fig. 1A (left panel and bar graph). Bone
marrow cells from non-irradiated NQO2�/� mice showed
higher levels of C/EBP� and PU.1 as compared with wild-type
mice, suggesting that increased C/EBP� and PU.1 were respon-
sible for myeloid hyperplasia in NQO2�/� mice, as reported
earlier (7). Themechanism of higher expression of C/EBP� and
PU.1 in NQO2�/� bone marrow remains unknown. Interest-
ingly, exposure to 3 Gy of � radiation increased NQO2,

C/EBP�, and PU.1 to varying levels in wild-type mice but failed
to do so in NQO2�/� mouse bone marrow. These results indi-
cated that NQO2�/� mice, deficient in NQO2, were incapable
of inducing the myeloid differentiation factors C/EBP� and
PU.1 upon exposure to � radiation, as observed with wild-type
mice expressing the NQO2 gene.
Next, we performed ex vivo bone marrow studies to investi-

gate the role of protein degradation in the lack of induction of
C/EBP� and PU.1 because of exposure to � radiation. Bone
marrow cells fromwild-type andNQO2�/�micewere exposed
to 3 Gy of � radiation in the absence and presence of the pro-
teasome inhibitor MG132 and analyzed for C/EBP�, PU.1,
NQO2, and actin. MG132 treatment protected C/EBP� in
NQO2�/� mouse bonemarrow cells from proteasomal degrada-
tion (Fig. 1A, right panel and bar graph). This was evident from
increased levels of C/EBP� in bonemarrow cells fromNQO2�/�

miceexposed to� radiation in thepresenceofMG132.Theresults,
together, suggest that exposure to� radiation leads toproteasomal
degradation of C/EBP� in the absence of NQO2. In other words,

FIGURE 1. NQO2 regulates C/EBP� and PU. 1. A, left panel and bar graph, lack of induction of C/EBP� and PU.1 in response to � radiation. Mice were irradiated
with 3 Gy of � radiation, and bone marrow cells were immunoblotted. Right panel and bar graph, MG132 rescue of C/EBP� and PU.1 from � radiation-induced
degradation in NQO2�/� cells. Bone marrow cells were exposed to 3 Gy of � radiation and left alone or treated with 20 �M MG132 for 10 h, lysed, and
immunoblotted. * indicates statistically significant (p � 0.05) changes in protein levels between control and treatment groups. B, NQO2 regulates C/EBP� and
PU.1. Left panel, HL60 cells immunoblotted for NQO2. Center panel and bar graph, HL-60 cells were transfected with increasing amounts of FLAG-NQO2, lysed,
and immunoblotted. Right panel and bar graph, U937 cells were transfected with control or NQO2 siRNA and immunoblotted. Cntl, control. C, NQO2 protects
C/EBP� against 20 S degradation. In vitro-translated C/EBP� and NQO2, purified 20 S proteasome, NRH (1 �M), and MG132 (20 �M) were mixed in combinations,
as shown, for 1 h at 37 °C. 2 �l of mixtures from different treatments were immunoblotted.
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NQO2 is required for the stabilizationand inductionofC/EBP� in
response to � radiation.

Next, HL-60 and U937 cells were immunoblotted to com-
pare NQO2 levels. The results showed that U937 cells express
2-fold higher levels of NQO2 as compared with HL-60 cells
(Fig. 1B, left panel). These cells were used to further strengthen
our observation that NQO2 controls C/EBP�. HL-60 cells trans-
fected with the FLAG-NQO2 plasmid (Fig. 1B, center panel and
bar graph) and U937 cells transfected with NQO2 siRNA (right
panel and bar graph) were analyzed for alterations in NQO2 and
its effect on C/EBP� and PU.1. The results revealed that overex-
pression of NQO2 in HL-60 cells led to the up-regulation of both
C/EBP� and PU.1, whereas siRNA-mediated inhibition of NQO2
inU937cells led to thedown-regulationofbothC/EBP�andPU.1.
The inhibition of NQO2 followed by down-regulation of C/EBP�
and Pu.1 was observed with two different NQO2 siRNA (Fig. 1B,
right panel and bar graph). These results demonstrated and
strengthenedour earlier observation thatNQO2controlsC/EBP�
stability, followed by increased PU.1 expression.
We performed in vitro assays to investigate the role of the 20

S proteasome in C/EBP� degradation and the role of NQO2
protection against 20 S degradation of C/EBP�. Incubation of in
vitro-translated C/EBP� with the purified 20 S proteasome
showed significant degradation of C/EBP� within 1 h (Fig. 1C).
Inclusion of in vitro-translated NQO2 in the incubation mixture
partially protected C/EBP�. Interestingly, NQO2, in combination
with its cofactorNRH in the same experiment, provided complete
protection of C/EBP� against 20 S proteasomal degradation (Fig.
1C).Theresults collectively indicate thatNQO2stabilizesC/EBP�
against 20 S proteasomal degradation.
NQO2and20SBoth InteractwithC/EBP�butNotwithPU.1—

Immunoprecipitation assays were performed to investigate the
role of NQO2 and 20 S interaction with C/EBP� in the inhibi-
tion of 20 S degradation of C/EBP�. Bone marrow from wild-
type and NQO2�/� mice, HL-60 cells, and HL-60 cells trans-

fected with NQO2-V5 and FLAG-C/EBP� plasmids were
analyzed for interactions amongC/EBP�, 20 S, andNQO2 (Fig.
2A). The results showed that NQO2 and 20 S interact with
C/EBP� in mouse bone marrow (Fig. 2A, left panels), HL-60
cells (center panel), and transfected HL-60 cells (right panel).
The results also showed thatNQO2 and 20 S did not interact with
each other (Fig. 2A). The results further indicated that C/EBP�
interactedwith 20 S in the absence ofNQO2 inNQO2�/�mouse
bone marrow. In similar experiments, as described above for
C/EBP� in Fig. 2A, immunoprecipitation assays failed to show
PU.1 interactionwith eitherNQO2 or 20 S proteasomes (Fig. 2B).
This confirmedthatNQO2controlsPU.1 throughC/EBP�,which
regulates the transcription of PU.1.
Amino Acids Ser-268 to Val-279 of C/EBP� Are Required for

Its Interaction with Both NQO2 and 20 S Proteasome, and
Lysines 276/277 of C/EBP� Are Essentially Required for Its
Interaction with NQO2—FLAG-tagged C/EBP� deletions were
generated to identify protein domain(s) that interact with
NQO2 and 20 S. The various deletions produced expected sizes
of truncated C/EBP� bands upon transfection in HL-60 cells
(Fig. 3A, left panel). Transfection and immunoprecipitation
assays revealed that all deletions, except 1–162, 279–359, and
�268–279, interacted with NQO2 and 20 S (Fig. 3A, right
panel). The results, together, clearly indicate that the C/EBP�
protein region amino acid 268–279 is essential for interaction
with both NQO2 and 20 S.
Alignment of the mouse C/EBP� protein region between

amino acids 268–279 with the complementary human and rat
showed conserved residues Lys-274, Lys-276, and Lys-277;Gly-
269, Gly-271, and Gly-273; Ala-272 and Ala-275; Ser-278; and
Val-279. Site-directed mutagenesis was used to individually
mutate Lys-274, Lys-276, and Lys-277 to generate the FLAG-
tagged C/EBP� K274A, K276A, and K277A mutant plasmids.
Transfection and immunoprecipitation assays demonstrated
that mutation of Lys-276 and Lys-277 to alanine resulted in the

FIGURE 2. NQO2 and 20 S both interact with C/EBP� but not PU.1. A, NQO2 and 20 S both interact with C/EBP�. Bone marrow from wild-type and NQO2�/�

mice (left panel), HL-60 cells (center panel) and HL-60 cells transfected with FLAG-C/EBP� and NQO2-V5 (right panel) were lysed; immunoprecipitated (IP) with
IgG (control), C/EBP�, 20 S, and NQO2 antibodies; and immunoblotted. B, PU.1 does not interact with C/EBP�, NQO2, or 20 S. Mouse bone marrow (left two
panels) and HL-60 cell (right two panels) lysates were immunoprecipitated with IgG (control), PU.1, C/EBP�, NQO2, and 20 S antibodies and immunoblotted.
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loss of interaction of C/EBP�withNQO2, whereas the C/EBP�
K274A mutant still interacted with NQO2 (Fig. 3B). These
results suggest that Lys-276/Lys-277 of C/EBP� is required for
its interaction with NQO2. Interestingly, all four C/EBP�
mutants (K274A, K276A, K277A, and the double mutant
K276A/K277A) still interactedwith 20 S (Fig. 3B). These results
indicated that mutations in individual amino acids between
Ser-268 and Val-279 had no effect on C/EBP� interaction with
20 S, suggesting the requirement of all of the amino acids in the
268–279 domain for the interaction of C/EBP� with 20 S.
Histidine pull-down assays showed same results as those

observed in the immunoprecipitationassays (Fig.3C).BothNQO2
and 20 S were pulled down with C/EBP�-V5-His6 but not with
C/EBP��268–279-V5-His6. In relatedpull-downassays, 20 S, but
not NQO2, was pulled down with both mutant C/EBP�K276A-
V5-His6 and C/EBP�K277A-V5-His6. Ubiquitination assays
results showed that C/EBP� and the mutants were all ubiquiti-
nated to the same extent (Fig. 3D). This indicated that neither
Lys-276 nor Lys-277 are the ubiquitination sites of C/EBP�.
NQO2 Deletions Fail to Interact with C/EBP�—V5-tagged

deletions of NQO2 were generated to identify the domain(s)
required for interaction with C/EBP� (Fig. 4A). Transfection of
these mutants in HL-60 cells produced the expected size of

truncatedNQO2-V5 proteins (Fig. 4B, top panel). Transfection
and immunoprecipitation assays revealed that all deletions
failed to interact with C/EBP� (Fig. 4B). This suggests that a
full-length NQO2 protein is required to interact with C/EBP�.
In similar experiments, the mutations in FAD binding sites
(Y104A, W105A, F106A, and Y155A), catalytic sites (F126A,
F131A, and Y132A), and metal binding sites (H173A, H177A,
and C222A) of NQO2 also failed to block C/EBP� protection
against 20 S degradation (Fig. 4C). In related experiments, three
C/EBP� peptides (Ser-268 to Val-279 (full-length), Ser-268 to
Gly-273 (N-terminal half), and Lys-274 to Val-279 (C-terminal
half)) were synthesized and used in in vitro assays to determine
their effects onC/EBP� interactionwith 20 S (Fig. 4D). All three
peptides competedwith C/EBP� for binding with 20 S and deg-
radation. Interestingly, C-terminal half peptides containing
basic lysine residues were significantly more efficient in com-
peting with C/EBP� against 20 S degradation as compared with
the N-terminal half containing small/neutral amino acids.
Benzo(a)pyrene Inhibits NQO2 Protection of C/EBP� against

20 S Degradation, and � Radiation Leads to an Increase in
NQO2:C/EBP� Interaction and a Decrease in 20 S:C/EBP�
Interaction—We performed in vitro assays to determine the
effect of benzo(a)pyrene inhibition of NQO2 on its capacity to

FIGURE 3. The C/EBP� region between Ser-268 and Val-279 is required for interaction with both NQO2 and 20 S. Lysines 276 and 277 of C/EBP� are
required for its interaction with NQO2. A, the C/EBP� region between Ser-268 and Val-279 is required for interaction with both NQO2 and 20 S. Left top panel,
schematic domain structure of C/EBP� mutants and input for coimmunoprecipitation. DBD, DNA binding domain; LZD, leucine zipper region. Right panel,
HL-60 cells were cotransfected with full-length or truncated mutant FLAG-C/EBP� and NQO2-V5. Cell lysates were immunoprecipitated (IP) and immuno-
blotted with the indicated antibodies. WB, Western blot. B, mutation of C/EBP� Lys-276 and Lys-277 to alanine abrogates the interaction with NQO2 but not
with 20 S. HL-60 cells were cotransfected with FLAG-C/EBP� or mutant FLAG-C/EBP� and NQO2-V5, lysed, immunoprecipitated, and immunoblotted. C,
His-tagged-C/EBP� but not His-tagged-C/EBP�-�268 –279 pulls down NQO2 and 20 S, whereas the C/EBP�K276A and C/EBP�K277A mutants pull down 20 S
but not NQO2. HL-60 cells were cotransfected with the FLAG-NQO2 and C/EBP�-V5-His or C/EBP� mutant-V5-His plasmids. 1 mg of cell lysates was pulled down
using protein AG or nickel-nitrilotriacetic acid beads and immunoblotted with anti-V5, FLAG, or 20 S antibodies. Lane 1, FLAG-NQO2 � C/EBP�-V5-His6; lane 2,
FLAG-NQO2 � C/EBP��268 –279-V5-His6; lane 3, FLAG-NQO2 � C/EBP�K276A-V5-His6; lane 4, FLAG-NQO2 � mutant C/EBP�K277A-V5-His6. D, Lys-276 and
Lys-277 are not the ubiquitination sites of C/EBP�. HL-60 cells were cotransfected with HA-Ub and FLAG-tagged WT C/EBP� or C/EBP�K276A or C/EBP�K277A.
1 mg of cell lysates was immunoprecipitated with anti-FLAG M2 affinity gel and probed with anti-HA antibody.
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protect C/EBP� against 20 S degradation. Benzo(a)pyrene
treatment significantly reduced NQO2 protection of C/EBP�
against 20 S degradation in the presence or absence of 50 �M

CYP1A1 inhibitor omeprazole (Fig. 5A, top panel). Omeprazole
at 50 �M concentration inhibited 70–80% CYP1A1 activity in
Hepa-1 cells and rabbit reticulocyte lysate (Fig. 5A, bottom
panel). These results suggest that both NQO2 and cofactor
NRH are required for protection of C/EBP� against 20 S deg-
radation and blocking of benzo(a)pyrene inhibition. The results
also demonstrate that the benzo(a)pyrene metabolism is not
required for inhibition of NQO2 activity. Next, we used in vitro
assays to determine direct competition between NQO2 and 20
S for C/EBP�. In vitro-translated C/EBP� and purified 20 S
were mixed with increasing concentrations of NQO2 alone or
NQO2 � NRH, and coimmunoprecipitation assays were per-
formed to determine C/EBP� interactions with NQO2 and 20
S. The results indicated that NQO2 and 20 S proteasome
competed to interact with C/EBP�. Increasing NQO2 concen-
tration in the absence of NRH provided an NQO2 concentra-
tion dependent increase in NQO2:C/EBP� interaction and a
decrease in 20 S:C/EBP� that was clearly visible but not highly
significant (Fig. 5B, left two panels). In related experiments,
increasing the concentration of NRH reverted back the inhibi-
tory effect of benzo(a)pyrene on NQO2 protection of C/EBP�
against 20 S degradation, and increasing the NRH concentra-
tion in the presence of NQO2 led to NRH concentration-de-
pendent, highly significant increases in NQO2:C/EBP� inter-

action and decreases in 20 S:C/EBP� interaction (Fig. 5B, right
two panels). These results suggest that cofactor NRH, in asso-
ciation with NQO2, controls the interactions between NQO2:
C/EBP� and 20 S:C/EBP�.

HL-60 cells, not irradiated or irradiated with � radiation in
three independent experiments, were analyzed for C/EBP�,
NQO2, and 20 S interactions, and a densitometry analysis was
performed (Fig. 5C). The results demonstrated a 90% increase
in NQO2 interaction with C/EBP� in response to � radiation.
The results also revealed that � radiation induced a 40%
decrease in the 20 S interaction with C/EBP� (Fig. 5C). In sim-
ilar experiments,WTmice were exposed to 3 Gy of � radiation.
Bone marrow cells were collected and analyzed for C/EBP�,
NQO2,and20S interaction.Asignificant increase inNQO2inter-
action with C/EBP� and a nearly 2-fold decrease in 20 S interac-
tion with C/EBP� were observed (Fig. 5D). The results, together,
suggested that exposure to�-radiation led toa significantly greater
interaction of C/EBP� with NQO2 and reduced its interaction
with 20 S proteasomes, leading to the stabilization of C/EBP� and
the up-regulation of downstream gene expression.
NQO2 and NQO1 Independently Protect C/EBP�—The cur-

rent report on NQO2 and a report published previously on
NQO1 (14) suggest that both protect C/EBP� against 20 S pro-
teasomal degradation during stress. Therefore, we performed
in vitro and in vivo experiments to compare similarities and
differences between NQO2 and NQO1 protection of C/EBP�.

FIGURE 4. NQO2 with terminal deletions fails to interact with C/EBP�. A, schematic of C- and N-terminal NQO2 deletions. B, HL-60 cells were cotransfected
with V5-tagged, full-length NQO2 (NQO2-FL) or NQO2 deletion mutants and FLAG-C/EBP�, immunoprecipitated (IP), and immunoblotted. WB, Western blot. C,
in vitro 20 S degradation assay using NQO2 site mutations. In vitro-translated C/EBP� and NQO2 site mutations, purified 20 S proteasome, and NRH were mixed
in combinations for 1 h at 37 °C. 2 �l of mixtures from different treatments were immunoblotted. D, in vitro-translated, wild-type C/EBP� was incubated with
purified 20 S proteasomes in the absence or presence of the synthesized peptides C/EBP� (Ser-268 to Val-279, Ser-268 to Gly-273, and Lys-274 to Val-279) for
1 h and analyzed by immunoblotting.
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In Vitro Studies—NQO1 cofactor NADH or NQO2 cofactor
NRH alone were ineffective in blocking 20 S degradation of
C/EBP� (Fig. 6A, top panel). However, NADH in the presence
of NQO1 protected C/EBP� against 20 S degradation, and the
protective effect is positively proportional to the NADH con-
centration from 1–10 �M. In the meantime, NRH (1–10 �M) in
the presence of NQO1 was unable to provide more protection
of C/EBP� than NQO1 alone (Fig. 6A, center left panel and
bottom left bar graph). In a similar experiment, NRH in the
presence of NQO2 protected C/EBP� against 20 S degradation,
and the protective effect is positively proportional to the NRH
concentration from 1–10 �M. Although NADH (1–10 �M) in
the presence of NQO2 was unable to provide more protection
of C/EBP� than NQO2 alone (Fig. 6A, center right panel and
bottom right bar graph). In related experiments, the NQO1
inhibitor dicoumarol blocked NQO1 � NADH stabilization of
C/EBP�, but NQO2 inhibitor benzo(a)pyrene was unable to do
so (Fig. 6B, top panel). In a similar experiment, the NQO2
inhibitor benzo(a)pyrene abolished NQO2 � NRH protection
of C/EBP�, but the NQO1 inhibitor dicoumarol was unable to
do so (Fig. 6B, bottom panel). The above results collectively
suggested that NQO1�NADH and NQO2�NRH indepen-
dently protected C/EBP� against 20 S proteasomal degrada-
tion. The results also suggested that NQO1 could not com-

plement NQO2 and vice versa because of differences in
cofactor requirements.
In Vivo Studies—HL-60 cells were treated with either 10 �M

NQO1 inhibitor dicoumarol or 50 �M NQO2 inhibitor benzo-
(a)pyrene for 24 h, not irradiated or irradiated with � radiation,
and analyzed forC/EBP�, NQO1,NQO2, and 20 S interactions.
Dicoumarol treatment abrogated C/EBP� interaction with
NQO1, but not with NQO2, in both control and � radiation-
exposed cells (Fig. 7A). The results also demonstrated the
increase in NQO2 interaction with C/EBP� in response to �
radiation and the decrease in 20 S interactionwithC/EBP� (Fig.
7A). The benzo(a)pyrene treatment in a similar experiment
blockedC/EBP� interactionwithNQO2 but not withNQO1 in
non-irradiated and irradiated cells (Fig. 7B). Benzo(a)pyrene
also increasedNQO2 interaction with C/EBP� in response to �
radiation and decreased 20 S interactionwithC/EBP� (Fig. 7B).
The results, together, suggested that exposure to � radiation led
to a significantly greater interaction of C/EBP� with NQO1 or
NQO2 and reduced its interactionwith 20 S proteasomes, lead-
ing to the stabilization of C/EBP� and the up-regulation of
downstream gene expression. In related experiments, HL-60
cellswere transfectedwith either control siRNA,NQO1 siRNA,
NQO2 siRNA, or a combination of NQO1 and NQO2 siRNAs,
exposed to 3 Gy of � radiation, and analyzed. The results

FIGURE 5. Alterations in C/EBP� interaction with NQO2 and 20 S. A, top panel, benzo(a)pyrene (B(a)p) inhibits NQO2 protection of C/EBP� against 20 S
degradation. In vitro-translated C/EBP� and NQO2, purified 20 S proteasome, and 1 �M NRH were mixed with or without 2 �M benzo(a)pyrene in the absence
and presence of 50 �M CYP1A1 inhibitor omeprazole for 1 h at 37 °C and immunoblotted. Bottom panel, 7-ethoxy-resorufin-O-deethylase (EROD) assays. Hepa-1
cells or reticulocyte cell lysates were plated in 96-well plates and treated with without omeprazole (OME, 50 �M). EROD activities were determined by adding
7-ethoxyresorufin (40 mM final concentration) in PBS to each well and measuring in a TECAN fluorometer at a wavelength of 344 nm with a reference filter set
at 590 nm at room temperature. Each sample was analyzed in triplicate, and the mean � S.E. were used for the bar graph. B, in vitro 20 S degradation of C/EBP�
in the presence of different amounts of NQO2 (left two panels) and varying NRH concentrations (right two panels). The FLAG-C/EBP� and NQO1-V5 plasmids
were in vitro-translated and mixed with different amounts of in vitro-translated NQO2-V5 and different concentrations of NRH. The mixtures were immuno-
precipitated (IP) and probed with antibodies. C, NQO2 competes with the 20 S proteasome for C/EBP� binding, leading to stabilization of C/EBP�. HL-60 cells
were either not irradiated or irradiated with 3 Gy of � radiation, lysed, immunoprecipitated, and immunoblotted. The band density was measured and
normalized by densitometry. The ratios of interactions are the mean of three independent experiments. D, exposure of mice to � radiation increased NQO2:
C/EBP� and decreased 20 S:C/EBP� interactions. WT mice were either not irradiated or irradiated with 3 Gy of � radiation. Bone marrow cells were collected,
lysed, immunoprecipitated, and immunoblotted. * indicates statistically significant (p � 0.05) difference between control and irradiated samples.
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revealed that siRNA-mediated inhibition of NQO1 or NQO2
both significantly reduced C/EBP� levels in HL-60 cells (Fig.
7C). Interestingly, the combined inhibition of NQO1 and
NQO2 led to a complete loss of C/EBP� in � radiation-exposed
cells (Fig. 7C). The same results were observed in bone marrow

cells fromwild-type, NQO1�/�, NQO2�/�, and double knock-
out mice. The deletion of NQO1 or NQO2 led to a significant
decrease in C/EBP� levels (Fig. 7D). In addition, the combined
deletion of NQO1 and NQO2 led to a complete loss of C/EBP�
in radiation-exposed cells (Fig. 7D). Collectively, the in vivo results

FIGURE 6. NQO1 or NQO2 independently protect C/EBP� in in vitro assays. A, different concentrations of NADH and NRH (micromolar) in the absence and
presence of in vitro-translated NQO1 and NQO2 were used in a 20 S degradation of C/EBP� assay and analyzed. B, in vitro-translated C/EBP� and NQO1 or NQO2
were used for in vitro 20 S proteasome degradation in the presence or absence of dicoumarol or benzo(a)pyrene and analyzed.

FIGURE 7. NQO1 and NQO2 independently protect C/EBP� in HL-60 cells and mice. A, HL-60 cells treated with dicoumarol were either not irradiated or
irradiated with 3 Gy of � radiation. 24 h later, cells were lysed, immunoprecipitated (IP), and immunoblotted. B, HL-60 cells treated with benzo(a)pyrene were
either not irradiated or irradiated with 3 Gy of � radiation. 24 h later, cells were lysed, immunoprecipitated, and immunoblotted. C, HL-60 cells transfected with
control, NQO1, NQO2, and NQO1/NQO2 siRNA were either not irradiated or irradiated with 3 Gy of � radiation, lysed, immunoprecipitated, and immunoblotted.
The band density was measured and normalized by densitometry. D, wild-type, NQO1�/�, NQO2�/�, or double knockout (DKO) mice were either not irradiated
or irradiated with 3 Gy of � radiation. Bone marrow cells were collected, lysed, immunoprecipitated, and immunoblotted.
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supported invitro results and led to theconclusionthatNQO1and
NQO2 independently control the stability of C/EBP� against 20 S
proteasomal degradation.

DISCUSSION

Human gene polymorphism and mouse studies have shown
a direct association between NQO1 and its protection against
myeloproliferative diseases, including leukemia (15–16).
NQO2, structurally related to NQO1, also exhibited protection
against myeloid hyperplasia (7) and myeloproliferative disease
(8). This raised intriguing questions regarding the mechanism
of NQO2 protection against radiation-induced myeloprolifer-
ative diseases. Disruption of C/EBP� and PU.1 is known to be
associatedwith the development ofmyeloid leukemia (17). This
study investigated NQO2 control of C/EBP� and PU.1 as a
mechanism contributing to the protection against myeloprolif-
erative diseases. NQO2�/�mice exposed to� radiation showed
a lack of induction of C/EBP� and PU.1. Wild-type mice, upon
exposure to � radiation, showed a significant induction of
NQO2, C/EBP�, and PU.1 (this work) and the absence of
myeloproliferative diseases (7, 8). Therefore, the lack of induc-
tion of C/EBP� and PU.1 contributed tomyeloproliferative dis-
eases in NQO2�/� mice. The lack of induction of C/EBP� was
due to the rapid degradation by 20 S proteasomes in the absence
of NQO2. NQO2 directly interacted with C/EBP� and pre-
vented its degradation by the 20 S proteasomes. This led to the
stabilization of C/EBP�, normal differentiation of myeloid pro-
genitor cells, and protection against myeloproliferative dis-
eases. NQO2 indirectly regulates PU.1 because PU.1 does not
directly interact with NQO2 or 20 S proteasomes. C/EBP� is
known to up-regulate PU.1 gene transcription (16). Therefore,
NQO2-mediated stabilization or 20 S degradation of C/EBP�
up- or down-regulated PU.1 transcription, respectively.
NQO2 and 20 S proteasomes competed for the sameC/EBP�

region between amino acids Ser-268 andVal-279. Internal dele-
tion of this in C/EBP� resulted in the loss of interaction with
both NQO2 and 20 S. TheNQO2 interaction with C/EBP� was
further narrowed down to two lysine residues at positions 276
and 277.Mutations of one or both of these lysine residues abol-

ished C/EBP� interaction with NQO2 but not with 20 S. Inter-
estingly, single mutations in the 20 S-interacting domain had
no effect on CEBP� interaction with 20 S. This indicated that
the complete domain was required for C/EBP� and 20 S inter-
action. The NQO2/20 S-interacting domain in mouse C/EBP�
was highly conserved in humans and rats. Deletions in NQO2
protein had deleterious effects on NQO2 interaction with
C/EBP�. This indicates that secondary/tertiary/folding struc-
tures are required for NQO2 interaction with C/EBP�. This
study also revealed that NQO2 requires its cofactor NRH to
protect C/EBP� against 20 S degradation. The role of NRH in
NQO2 stabilization of C/EBP� requires further investigation.
A similar mechanism as that described above for NQO2 is also

reported by us for NQO1 stabilization of C/EBP� against 20 S
degradation (14). Therefore, we investigated similarities/differ-
ences and complementarity between NQO2 and NQO1 pro-
tection of C/EBP�. The similarities includedNQO2 andNQO1
competition with 20 S proteasome for interaction with the
C/EBP� domain S(268)GAGAGKAKKSV(279); the require-
ment of full-length NQO2 and NQO1 proteins to interact with
C/EBP�; and stress-induced, increased C/EBP� interaction
with NQO2 and NQO1 and decreased interaction with 20 S
proteasome, leading to the stabilization of C/EBP�. The differ-
ences included the requirement of different cofactors (NADH
for NQO1 and NRH for NQO2), the lack of complementarity
between NQO2 and NQO1 with respect to C/EBP� stabiliza-
tion because of different cofactor requirements, and the inabil-
ity of the NQO1 inhibitor dicoumarol to inhibit C/EBP�:
NQO2 interaction and of the NQO2 inhibitor benzo(a)pyrene
to inhibit C/EBP�:NQO1 interaction. These differences led to
the conclusion that the NQO2 � NRH and NQO1 � NADH
stabilization of C/EBP� against 20 S degradation are indepen-
dent of each other. This is supported by the observation that
combined siRNA inhibition ofNQO1andNQO2 inHL-60 cells
and double NQO1 and NQO2 deletion in mice both demon-
strated complete degradation of C/EBP� by 20 S proteasomes.
Individual deletions of NQO1 and NQO2 reduced, but did not
eliminate, C/EBP� stabilization.

FIGURE 8. Model to demonstrate NQO2 protection against stress-induced myeloproliferative diseases.
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The expression of the NQO1 and NQO2 genes is coordi-
nately activated in response to radiation and chemicals and is
critical in the protection against myeloproliferative diseases (7,
8, 18). The induction of NQO2 enhances interaction with
C/EBP� and reduces 20 S interaction with C/EBP�, leading to
the protection and stabilization of C/EBP�. NQO2-mediated
protection of C/EBP� allows the accumulation of C/EBP� and
downstreamPU.1 that is required for differentiation ofmyeloid
cells. NQO2�/� mice and, possibly, human individuals lack-
ing or deficient in NQO2 fail to accumulate C/EBP�, which
leads to myeloproliferative diseases. It is noteworthy that
human NQO2 gene promoter polymorphism is known to
lead to lower expression of NQO2 in a significant portion of
the population (19, 20).
A hypothetical model of NQO2 protection of C/EBP�

against 20 S degradation is shown in Fig. 8. Under normal con-
ditions, both 20 S andNQO2 interact with C/EBP� and control
the physiological levels of C/EBP�, PU.1, andmyeloid differen-
tiation. Exposure to � radiation leads to increased NQO2 levels
and increased NQO2 interaction with C/EBP�. Increased
NQO2 interaction with C/EBP� and decreased interaction of
C/EBP�with 20 S lead to the stabilization of C/EBP�, increased
expression of PU.1, and differentiation of myeloid cells and
protection against � radiation. On the contrary, the loss of
NQO2 leads to increased 20 S interaction with C/EBP�, deg-
radation of C/EBP�, down-regulation of PU.1, lack of mye-
loid cell differentiation, and myeloproliferative diseases,
including leukemia/lymphoma.
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