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Abstract 

Cellular senescence is a state of permanent cellular arrest that provides an initial barrier to cell 
transformation and tumorigenesis. In this study, we report that expression of NAD(P)H:quinone 
oxidoreductase 1 (NQO1), a cytoplasmic 2-electron reductase, is induced during onco-
gene-induced senescence (OIS). Depletion of NQO1 resulted in the delayed onset of senescence. 
In contrast, ectopic expression of NQO1 enhanced the senescence phenotype. Analysis of the 
mechanism underlying the up-regulation of NQO1 expression during senescence identified that 
NQO1 promotes p53 accumulation in an MDM2 and ubiquitin independent manner, which re-
inforces the cellular senescence phenotype. Specifically, we demonstrated that NRF2/KEAP1 
signaling regulates NQO1 expression during OIS. More importantly, we confirmed that depletion 
of NQO1 facilitates cell transformation and tumorigenesis, which indicates that NQO1 takes part 
in the senescence barrier and has anti-oncogenic properties in cell transformation. 
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Introduction 
Cellular senescence is a state of permanent cel-

lular arrest triggered by several stimuli, which in-
cludes DNA damage, oxidative stress, oncogene ac-
tivation (premature senescence) and telomere erosion 
(replicative senescence) [1]. Genes that have the po-
tential to cause cancer (oncogene) can trigger onco-
gene-induced cellular senescence (OIS) [2]. Numerous 
studies have shown that OIS has an initial an-
ti-tumorigenic function [3-5]. Senescent cells develop 
a permanent cellular arrest by a number of factors. 
Several lines of evidence have implicated that the 
Arf/p53/p21, p16/pRB and the DNA-damage re-
sponse (DDR) pathway regulates cellular senescence 
[6-12]. However, lesions on those important regula-
tors of cellular senescence make cells more vulnerable 
against oncogenic stress.  

NAD(P)H:quinone oxidoreductase 1 (NQO1) is a 
cytoplasmic 2-electron reductase that is involved in 
the cellular defense mechanism against oxidative 
stress [13, 14]. NQO1 is induced in response to en-
dogenous and exogenous stress. It was reported that 
NQO1 has a gatekeeping role in regulating the MDM2 
and ubiquitin independent proteasomal degradation 
of certain proteins [15-17]. In addition, the NQO1 
polymorphism C609T has been associated with cancer 
susceptibility. However, high levels of NQO1 expres-
sion have been observed in a number of cancers, in-
cluding liver, breast, colon, and lung cancers, as 
compared with normal tissues of the same origin 
[18-21]. Furthermore, NQO1 induces cell cycle pro-
gression [22] and the proliferation of melanoma cells, 
and genetic deletion of NQO1 potentiates apoptosis 
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[23]. NQO1 silencing in prostate cancer cells leads to 
interactions between nuclear factor kap-
pa-light-chain-enhancer of activated B cells (NF-κB) 
and p300 that reinforce survival signaling [24]. 

We report for the first time that NQO1 is induced 
during OIS. Together, our investigation advances the 
understanding about the mechanisms regulating OIS, 
and the role of NQO1 in senescence and cell trans-
formation. 

Materials and Methods 
Cell culture 

Human diploid fibroblasts (HDF) 2BS and BJ 
cells were obtained from the National Institute of Bi-
ological Products (Beijing, China). IMR90 was pur-
chased from ATCC (Rockefeller, MD, USA). Cells 
were cultured as described previously [25]. 

SA-β-gal and BrdU incorporation assay 
SA-β-gal activity assay were performed as de-

scribed previously [25]. BrdU incorporation assay was 
performed as described previously [26]. 

Plasmid constructs 
To obtain constructs of NQO1 promoter plas-

mids, -891, 5’-cggGGTACCGGAGTGCAGTGGCACG 
ATCT and +135, 5’-gaAGATCTCTGGCCGGAACTA 
GGCTCTC were used to amplify the NQO1 promoter. 
The underlined sequences are the KpnI (New England 
Biolabs, Beverly, MA, USA) and BglII (New England 
Biolabs, Beverly, MA, USA) recognition sites. The 
PCR products of promoter were subcloned into 
pGL3-basic plasmid (Promega, Madison, WI, USA).  

 pITA-NQO1 was created as follows: the cDNA 
for NQO1 was amplified by PCR and subcloned into 
the NotI and BsrGI sites of the pITA vector. The se-
quences of primers were as follows: 
5’-ataagaatGCGGCCGCGAGCCATGGTCGGCAG 
and 5’-gggTGTACATCAGGGAAGCCTGGAAAG. 
The underlined sequences are the NotI (New England 
Biolabs, Beverly, MA, USA) and BsrGI (New England 
Biolabs, Beverly, MA, USA) recognition sites. 

shNQO1 were created with the following sense 
shRNA sequences into LentiLox 3.7 (pLL3.7) [27]. 
shNQO1#1 5’-GGTTTGAGCGAGTGTTCATAG; 
shNQO1#2 5’-GCAGCCTCTTTGACCTAAACT. 

RasG12V lentiviral vector was kindly provided by 
Judith Campisi (Buck Institute for Age Research). 
NRF2 and p53 knockdown lentiviral vectors were 
kindly provided by Li Shen (Health Science Center, 
Peking University, China). 

Site-directed Mutagenesis 
The NQO1-ARE promoter mutagenic primer: 5’- 

CTTCCAAATCCGCAGTCACAagactTCAatAGAAT 

CTGAGCCTAGGG and 5’- atTGAagtctTGTGACTGC 
GGATTTGGAAGGCTGAGAGTCCTG were used to 
create mutant construct. The underlined bases are the 
mutated bases. 

Viral transduction 
Infectious virus was produced as previously de-

scribed [28]. 

Cell proliferation assay 
2BS were infected with the indicated lentivirus, 

briefly selected for proviral integration, and subse-
quently infected with the RasG12V-encoding virus. 
Cells were fixed and stained with crystal violet10 days 
after exposure to RasG12V. 

Quantitative RT-PCR 
Quantitative RT-PCR (qRT-PCR) analyses were 

performed as previously described [25]. Primer sets 
used were as follows: GAPDH 5’-ACGGATTTGG 
TCGTATTGGG and 5’-TGATTTTGGAGGGATCT 
CGC; NRF2 5’-GTCACATCGAGAGCCCAGTC and 
5’-ACCATGGTAGTCTCAACCAGC; NQO1 5’-GTGA 
TATTCCAGAGTAAGAAGGCAG and 5’-ATTCTCC 
AGGCGTTTCTTCCAT; p53 5’-CCCAAGCAATGG 
ATGATTTGA and 5’-GGCATTCTGGGAGCTTCA 
TCT.  

Immunoblotting 
 Western blot and immunoprecipitations were 

carried out by standard method. Antibodies used for 
western blotting were against β-actin (Cell Signaling, 
Danvers, MA, USA; 4967), NQO1 (Abcam, Cam-
bridge, MA, USA; ab28947), p53 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA; sc-6243), p21 (Santa 
Cruz Biotechnology; sc-28777), p16 (Santa Cruz Bio-
technology; sc-28777), and NRF2 (Abcam; ab62352). 
Antibodies used for immunoprecipitations were 
against p53 (Abcam; ab28), c-MAF (Santa Cruz Bio-
technology; sc-7866), KEAP1 (Santa Cruz Biotech-
nology; sc-33569). 

 The densitometry data were analyzed by ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA). 

Luciferase assay 
For the NQO1 promoter activity assay, 2 days 

after exposure to RasG12V, 2BS cells were seeded and 
transfected with 0.45 µg of NQO1 reporter plasmid 
together with 0.05 µg of control. After 48 h, luciferase 
activity was measured with a luminometer (Centro LB 
960; BERTHOLD TECHNOLOGIES, Germany), and 
was normalized to that of the renilla control. 

Chromatin immunoprecipitation (ChIP) 
 ChIP assay was performed as previously de-
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scribed by Carey et al. [29]. Antibodies used for ChIP 
were anti-NRF2 (Abcam; ab62352). Primers for am-
plification of ARE specific, proximal region (nucleo-
tides -417 to -359) within the NQO1 promoter were 
(primerA): 5’-GGACTCTCAGCCTTCCAAAT and 
5’-CCCTAGGCTCAGATTCTGCT. For a non-specific 
distal NQO1 promoter region (nucleotides -1487 to 
-1413) the primers were (primerB): 5’-CTGCTGG 
CCACATTTCCAGT and 5’- CCCTATCTGTGCTGC 
CCAAG. 

Tumorigenic Assay 
 In the experiment, 5x106 cells were inoculated 

subcutaneously into the right legs of male BALB/c 
nude mice. All animal experiments were performed in 
accordance with the guidelines of Peking University 
Health Science Center Animal Care and Use Com-
mittee. 

Results 
NQO1 expression is induced during OIS 

In has been previously demonstrated that upon 
introducing mutant RasG12V in HDF in the absence of 
cooperating lesions, cells enter premature senescence 
around day 5-6 [26, 30]. To investigate whether NQO1 
is involved in OIS, we first performed senes-

cence-associated beta-galactosidase (SA-β-gal) stain-
ing and analyzed BrdU incorporation to confirm cel-
lular senescence. We studied cellular senescence re-
sulting from oncogenic signaling by mutant RasG12V, 
allowing the cells to develop a senescence phenotype 
consisting of a morphology of flat cells with a vacu-
ole-rich cytoplasm that stained positive for SA-β-gal 
(Fig. 1A). Consistent with previous reports, after in-
troducing RasG12V into 2BS cells, the percentage of 
cells with SA-β-gal staining was increased and the 
percentage of cells with BrdU incorporated was de-
creased (Fig. 1B). Furthermore, we assessed the ex-
pression of the cell cycle regulators p53, p21 and p16 
by western blot analysis after introducing RasG12V into 
2BS cells. In agreement with previous reports that 
oncogenic stress could induce OIS through 
Arf/p53/p21- and p16/pRB-pathways, we observed 
a significant accumulation of p53 protein, as well as 
p21 protein, and marked changes in the level of p16 
protein (Fig. 1C). Western blot showed that NQO1 
expression was up regulated during the onset of OIS 
(Fig. 1C). Similar results were obtained in other types 
of HDF cells, BJ and IMR90 cells, suggesting that 
NQO1 up-regulation is not unique to 2BS cells (Fig. 
1D). 

 
 
 
 

Figure 1. NQO1 expression is induced during OIS. (A) 
Representative microscopic view of 2BS cells upon exposure to 
RasG12V for 5d with SA-β-gal activity staining. Scale bars: 200 µm. (B) 
RasG12V-induced senescent 2BS cells at various time points were 
assessed for SA-β-gal activity and BrdU incorporation. Data are mean 
± SD from 3 independent experiments, each performed in triplicate. 
(*p<0.05; **p < 0.01). (C) NQO1, p53, p21 and p16 protein levels at 
the various time points in RasG12V-induced senescent 2BS cells were 
determined by western blotting. β-actin served as a loading control. 
(D) NQO1, p53, p21 and p16 protein levels in RasG12V-induced 
senescent BJ cells and IMR90 cells were determined by western 
blotting. β-actin served as a loading control. The densitometry data 
were analyzed by ImageJ software and normalized to the highest 
signal in the corresponding row. 
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NQO1 mediates premature senescence 
After finding that NQO1 levels correlated with 

senescence we wanted to understand if NQO1 could 
play a necessary role in senescence processing. To 
learn more about the contribution of NQO1 in senes-
cence, short hairpin RNA (shRNA) was used to stably 
knock-down NQO1 in HDF cells, and separately 
NQO1 was over-expressed in HDF cells, thereby al-
lowing us to acquire early passage 2BS cells with dif-
ferent levels of NQO1 expression. The amount of 
NQO1 mRNA in the HDF was reduced about 60% 
using two independent shRNAs (shNQO1#1 and 
shNQO1#2), as compared with the control (Fig. 2A). 
Subsequently, we introduced mutant RasG12V into 

these cells. We then performed a cell proliferation 
assay to test the relationship between NQO1 and OIS. 
NQO1 depletion resulted in continuous cell growth 
compared with corresponding control lentiviral vec-
tor (Cont) infected cells (Fig. 2B). In addition, the 
morphology changed during the OIS, with senescent 
cells exhibiting the typical enlarged and flattened 
shape. Five days after introducing RasG12V, NQO1 
depleted 2BS cells showed a different morphology 
compared with control 2BS cells (Fig. 2C). Accord-
ingly, we found that 2BS cells with NQO1 depletion 
reduced with SA-β-gal staining after expressing 
RasG12V (Fig. 2D). Lack of DNA replication is an ob-
vious marker for senescent cells. As such, we pre-

 
Figure 2. NQO1 mediates premature senescence. (A) 2BS stably expressing independent shRNAs against NQO1 upon exposure to RasG12V for 5d were analyzed for 
NQO1 transcript levels by qRT-PCR. Levels are represented relative to those found in control-infected cells as mean ± SD (n=3). (**p < 0.01). (B) Cells proliferation assay of 
polyclonal 2BS cells infected with the indicated vectors upon exposure to RasG12V for 12d. A representative experiment out of three independent experiments is shown. Crystal 
violet was extracted and quantified. (*p<0.05; **p < 0.01). (C) Representative microscopic view of 2BS cells infected with the indicated vectors upon exposure to RasG12V for 
5d with SA-β-gal activity staining. Scale bars: 200 µm. (D) 2BS cells infected with the indicated vectors upon exposure to RasG12V for various times were assessed for SA-β-gal 
activity. Data are mean ± SD from 3 independent experiments, each performed in triplicate. (*p<0.05; **p < 0.01). (E) 2BS cells were assessed for BrdU incorporation. Data are 
mean ± SD from 3 independent experiments, each performed in triplicate. (*p<0.05; **p < 0.01). (F) BJ cells stably expressing shRNAs against NQO1 upon exposure to RasG12V 
for 5d were assessed for SA-β-gal and BrdU incorporation. Data are mean ± SD from 3 independent experiments, each performed in triplicate (*p < 0.05). (G) IMR90 cells stably 
expressing shRNAs against NQO1 upon exposure to RasG12V for 5d were assessed for SA-β-gal activity and BrdU incorporation. Data are mean ± SD from 3 independent 
experiments, each performed in triplicate (*p < 0.05). 
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formed BrdU incorporation assay to further confirm 
our observation. We observed that knockdown of 
NQO1 resulted in an increased percentage of 2BS cells 
with BrdU incorporation after expressing RasG12V (Fig. 
2E). This result suggests that NQO1 depletion delayed 
the onset of RasG12V-induced cellular senescence. Sim-
ilar results were obtained in other types of HDF cells, 
BJ and IMR90 cells (Fig.2F and G). In contrast, ectopic 
expression of NQO1 clearly enhanced the senescence 
phenotypes induced by RasG12V, resulting in much 
stronger cell growth inhibition, elevated SA-β-gal 
activity and decreased levels of BrdU incorporation, 
compared with corresponding control lentiviral vec-
tor infected cells (Fig. 2B-E). These results can explain 
the finding of up-regulated NQO1 protein levels in 
premature senescence cells and highlight the func-
tional relevance of NQO1 in senescence establish-
ment. 

NQO1 binds and stabilizes p53 in senescent 
cells 

It has been shown that p53 increases in prema-
ture senescence, regulates transcription of genes in-
volved in senescence, and plays an important role in 
cellular senescence. A previous study suggested that 
NQO1 regulates p53 stability by a mechanism that is 
independent of MDM2 and ubiquitination. Hence, we 
speculated that NQO1 also contributed to p53 accu-
mulation during the onset of premature senescence. 
We found that NQO1 depletion clearly impeded p53 
accumulation during OIS (Fig. 3A). Consistent with 
this result, NQO1 overexpression seems to contribute 
to p53 accumulation during the same stress (Fig. 3B). 
Therefore, we hypothesized that NQO1 contributed to 
p53 protein accumulation, thereby modulating its 
function. The senescent cell-derived inhibitor p21 is a 
major downstream target of p53 [8]. Consequently, in 
order to determine whether NQO1 activates p53 in 
OIS we analyzed p21 expression. As we postulated, 
western blot analysis verified that p21 expression was 
modulated by NQO1 expression (Fig. 3A and B). To 
define whether NQO1-mediated modulation of p53 
has an impact on the onset of senescence, we used p16 
as a hallmark of senescence. Depletion of NQO1 re-
sulted in a noticeable up-regulation of p16 during OIS 
(Fig. 3A). In contrast, NQO1 overexpression modestly 
enhanced the p16 expression (Fig. 3B). Similar results 
were obtained in other types of HDF cells, BJ and 
IMR90 cells (Fig. 3C). These data suggest that NQO1 
contributes to the establishment of senescence arrest.  

We also investigated whether the NQO1-p53 in-
teraction was affected by NQO1 activity during the 
onset of OIS. It has been reported that curcumin and 
dicoumarol are inhibitors of NQO1 activity [31]. 
Analysis of the p53 level in 2BS cells showed that 

curcumin and dicoumarol only decreased the level of 
p53 in premature senescent 2BS cells (Fig. 3D), indi-
cating the important role of NQO1 activity in p53 sta-
bilization. Previous reports using various cancer cell 
lines have indicated that NQO1 binds to p53 [15, 16]. 
To test the relevance of NQO1-p53 binding in OIS, p53 
was immunoprecipitated in 2BS cells. Western blot 
analysis verified that NQO1 specifically interacted 
with p53 in premature senescence (Fig. 3E). Moreover, 
we found that curcumin and dicoumarol efficiently 
diminished NQO1 interaction with p53 after OIS in 
2BS cells (Fig. 3E). 

NQO1 cooperates with p53 to promote se-
nescence 

To further test whether NQO1 affects premature 
senescence mainly by stabilizing the downstream 
protein p53, we knocked down p53 in 2BS cells using 
shRNA (sh-p53) and in tandem either knocked down 
or over-expressed NQO1 in early passage 2BS cells to 
generate p53 depleted 2BS cells with different levels 
of NQO1 expression. Subsequently, we introduced 
RasG12V into these cells. The amount of p53 mRNA 
level in the HDF was reduced about 70% by shRNA, 
as compared with the control (Fig. 4A). We further 
confirmed the effect of the shRNA on p53 at the pro-
tein level (Fig. 4F). Considering p53 has an important 
role in cellular senescence, loss of p53 expression 
made a great impact on RasG12V induced senescence 
phenotypic features. We observed a bypass in the 
proliferation arrest, changes in senescent morphology, 
decreased SA-β-gal activity and loss in the inhibition 
of DNA synthesis (Fig. 4B-E). After introducing 
RasG12V to p53 depleted 2BS cells, overexpression or 
knockdown of NQO1 had less an impact on cell pro-
liferation (Fig. 4B). These results lead us to evaluate 
other senescence hallmarks under the same condition. 
We observed that p53 depletion abolished the effect 
between NQO1 expression and SA-β-gal activity (Fig. 
4D). In addition, the different levels of NQO1 expres-
sion did not change BrdU incorporation levels during 
the RasG12V induction. Furthermore, we assessed p16 
protein level as a hallmark of senescence. In accord-
ance with our previous result, we observed a signifi-
cant decrease in the level of p16 protein in p53 de-
pleted 2BS cells, but altering the levels of NQO1 in 
these cells did not regulate p16 expression (Fig. 1C). 
These results indicate that that shRNA-mediated de-
pletion of p53 sufficient blocks the functional rele-
vance between NQO1 and senescence (Fig. 4E) and 
NQO1 mediated senescence requires p53. Of note, the 
level of NQO1 protein in sh-p53/RasG12V cells was less 
than in cells expressing RasG12V alone, suggesting that 
p53 may take part in a positive feedback loop to 
up-regulate NQO1 during OIS (Fig. 4F). 
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Figure 3. NQO1 binds and stabilizes p53 in senescent cells. (A) 2BS cells stably expressing shRNAs against NQO1 were exposed to RasG12V for various times. NQO1, 
p53, p21 and p16 protein levels were determined by western blotting. β-actin served as a loading control. (B) 2BS cells stably over-expressing NQO1 were exposed to RasG12V 
for various times. NQO1, p53, p21 and p16 protein levels were determined by western blotting. β-actin served as a loading control. (C) BJ and IMR cells stably expressing shRNAs 
against NQO1 were exposed to RasG12V for 5d. NQO1, p53, p21 and p16 protein levels were determined by western blotting. β-actin served as a loading control. (D) 2BS cells 
upon exposure to RasG12V for 5d were treated with vehicle control, dicoumarol (200 µM) or curcumin (60 µM) for 6 h. NQO1 and p53 protein levels were determined by 
western blotting. β-actin served as a loading control. (E) 2BS cells upon exposure to RasG12V for 5d were lysed for immunoprecipitation (IP) with p53 antibody. The beads were 
washed without dicoumarol and curcumin, with 300 µM dicoumarol (dicoumarol wash) or with 90 µM curcumin (curcumin wash) and followed by western blotting with NQO1 
antibody. The densitometry data were analyzed by ImageJ software and normalized to the highest signal in the corresponding row. 

 
NRF2/KEAP1 signaling regulates NQO1 ex-
pression during OIS 

Having identified the role of NQO1 in RasG12V 
induced OIS, we went on to resolve the mechanism by 
which NQO1 is up-regulated. To begin we measured 
NQO1 transcript levels by qPCR and we found that 
NQO1 is up-regulated at the mRNA level during OIS 

(Fig. 5A). Previous reports have shown that NQO1 
gene expression is regulated by the transcription fac-
tor nuclear factor (erythroid-derived 2)-like 2 (NRF2) 
through an antioxidant-response element (ARE) in the 
gene’s promoter. Higher levels of NQO1 may be due 
to an adaptive mechanism against oxidative stress in 
senescent cells. Thus, we wished to confirm whether 
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the kelch-like ECH-associated protein 1 
(KEAP1)/NRF2/ARE pathway modulates NQO1 in 
OIS. The amount of NRF2 mRNA level in the HDF 
was reduced about 60% by shRNA, as compared with 
the control (Fig. 5B). In support of our hypothesis, 
depletion of NRF2 sufficiently impaired NQO1 ex-
pression during OIS (Fig. 5B). Notably, the NQO1 
promoter region contains an ARE element that when 
removed by mutation significantly attenuated the 
luciferase activity in premature senescent cells (Fig. 
5C). To confirm whether NRF2 directly modulates 
NQO1 transcription we first analyzed whether OIS 
induced a shift in NRF2’s interaction away from its 
repressor protein KEAP1 towards its transcriptional 
partner MAF. MAF and KEAP1 were immunoprecip-
itated from 2BS cells, and western blot analysis veri-
fied that during OIS NRF2 was dislocated from 
KEAP1 and bound with MAF, suggesting that OIS 

activates NRF2 and results in NRF2-mediated 
up-regulation of NQO1 (Fig. 5D). Next, we detected 
whether NRF2 bound to the endogenous NQO1 
promoter by chromatin immunoprecipitation (ChIP) 
assay (Fig. 5E). Interaction between NRF2 and the 
NQO1 promoter region was detected by qPCR. As 
expected, interaction between NRF2 and NQO1 pro-
moter only observed in senescent 2BS. To directly 
target NRF2, we stably infected 2BS cells with a 
sh-NRF2 lentiviral vector (Fig. 5B) and examined its 
binding to the NQO1 promoter. We found that 
knockdown of NRF2 diminished its interaction with 
the NQO1 promoter (Fig. 5E). In addition, we also 
determined whether NRF2 affected NQO1 promoter 
activity with ARE by the luciferase reporter assay 
(Fig. 5F). Taken together, these data strongly suggest 
that during OIS, NRF2/KEAP1 signaling regulates 
NQO1 expression.  

 

 
Figure 4. NQO1 cooperates with p53 to promote senescence. (A) 2BS cells stably expressing independent shRNAs against p53 upon exposure to RasG12V for 5d were 
analyzed for p53 transcript levels by qRT-PCR. Levels are represented relative to those found in control-infected cells as mean ± SD (n=3) (**p < 0.01). (B) Cells proliferation 
assay of polyclonal 2BS cells infected with the indicated vectors upon exposure to RasG12V for 12d. A representative experiment out of three independent experiments is shown. 
Crystal violet was extracted and quantified. (C) Representative microscopic view of 2BS cells infected with the indicated vectors upon exposure to RasG12V for 5d with SA-β-gal 
activity staining. Scale bars: 200 µm. (D) 2BS cells infected with the indicated vectors upon exposure to RasG12V for 5d were assessed for SA-β-gal activity. Data are mean ± SD 
from 3 independent experiments, each performed in triplicate. (E) 2BS cells were assessed for BrdU incorporation. Data are mean ± SD from 3 independent experiments, each 
performed in triplicate. (F) NQO1, p53, p21 and p16 protein levels in 2BS cells were determined by western blotting. β-actin served as a loading control. The densitometry data 
were analyzed by ImageJ software and normalized to the highest signal in the corresponding row. 
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Figure 5. NRF2/KEAP1 signaling regulates NQO1 expression during OIS. (A) NQO1 transcript levels at the various time points in RasG12V-induced senescent 2BS cells 
were analyzed by qRT-PCR. Levels are represented relative to those found in control-infected cells as mean ± SD (n=3). (B) 2BS cells stably expressing shRNAs against NRF2 
upon exposure to RasG12V for 5d were analyzed for NRF2 and NQO1 transcript levels by qRT-PCR. Levels are represented relative to those found in control-infected cells as 
mean ± SD (n=3) (*p < 0.05). (C) Effect of NRF2 binding site (ARE) mutations on the activity of the NQO1 promoter in 2BS cells upon exposure to RasG12V for 5d. Data were 
presented as means ± SD (n=3) (**p < 0.01). (D) 2BS cells upon exposure to RasG12V for 5d were lysed for immunoprecipitation (IP) with c-MAF, KEAP1 antibodies or control 
IgG, followed by western blotting with NQO1 antibody. (E) Chromatin immunoprecipitation (ChIP) was performed to examine the in vivo binding of NRF2 to the NQO1 
promoter. We used NRF2 antibody on chromatin isolated from 2BS cells upon exposure to RasG12V for 5d. %Input NQO1 promoter binding was plotted as mean ± SD (n=3) (*p 
< 0.05). (F) Effect of NRF2 depletion on the activity of the NQO1 promoter in 2BS cells upon exposure to RasG12V for 5d. Data were presented as mean ± SD (n=3) (**p < 0.01) 

 

 
Figure 6. NQO1 deficiency promotes cell transformation and tumorigenesis. (A) NQO1 protein levels in E1A/RasG12V/cont cells or E1A/RasG12V/shNQO1#1 
containing cells were determined by western blotting. β-actin served as a loading control. The densitometry data were analyzed by ImageJ software and normalized to the highest 
signal in the corresponding row. (B) Tumorigenicity assay was performed using same cell as Fig. 6A injected subcutaneously into immunocompromised mice. (C) Two repre-
sentative images of mice in Fig. 6B. 

 

NQO1 deficiency promotes cell transfor-
mation and tumorigenesis 

Although NQO1 is highly expressed in tumor 
cells, our results imply that it contributes to cellular 
senescence. We introduced E1A, RasG12V and 
shNQO1#1 or Cont in 2BS cells and injected subcu-
taneously into immunocompromised mice to inves-
tigate whether NQO1 has oncogenic properties in cell 
transformation (Fig. 6A). 2BS cells expressing E1A 
and RasG12V were weakly tumorigenic and NQO1 de-
pletion clearly lead to a strongly tumorigenic cell (Fig. 

6B). These results indicate that NQO1 has an-
ti-oncogenic properties in cell transformation. 

Discussion 
In this study we assessed NQO1 expression 

during the onset of OIS. It was found that NQO1 ex-
pression increases during the onset of OIS, suggesting 
that NQO1 may be involved in senescence. It has been 
shown that depletion of NQO1 expression by shRNA 
delayed OIS. Consistently, an increase in NQO1 ex-
pression contributes to the onset of premature senes-
cence. Collectively, we conclude that the increase of 
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NQO1 expression contributes to cellular senescent 
phenotypes. However, the molecular mechanisms 
underlying NQO1 expression in OIS require further 
investigation. 

Our results indicate that NQO1 modulates p53 
protein level during OIS. Numerous studies have 
shown that p53 is a key component in the 
Arf/p53/p21 and DDR pathway, and that p53 can 
regulate growth arrest, apoptosis and senescence. 
Under physiological conditions p53 protein level is 
regulated by the E3 ligase MDM2, through an ubiqui-
tin-dependent degradation that involves the 26S pro-
teasome [32-34]. During OIS, the activity of MDM2 is 
inhibited by DNA damage or oxidative stress, leading 
to p53 accumulation. Our results indicated that NQO1 
specifically binds with p53 in premature senescence. It 
has been reported that NQO1 directly bound with p53 
to protect it from 20S proteasomes degradation, act 
like a gatekeeper [16]. However, NQO1 contributes to 
p53 regulation in a different mechanism that is ubiq-
uitin-independent. Moreover, we identified that this 
increase in NQO1 expression was consistent with the 
NRF2 dislocation from KEAP1 and binding with 
MAF, which in turn, was found to bind and drive 
NQO1 promoter activity. It has been reported that the 
transcription factor NRF2 and its repressor protein 
KEAP1 respond to the rise in the levels of reactive 
oxygen species (ROS) [13]. Therefore, considering 
oncogenes frequently increase the production of ROS, 
and the ROS can activate NRF2, which we have 
demonstrated to induce NQO1, it is plausible that OIS 
regulates NQO1 activity. In contrast to the 
Arf/p53/p21 and DDR pathway, during OIS NQO1 
was induced in a different response element and ac-
cumulates p53 protein in a different mechanism that 
involves neither the E3-ubiquitin ligase MDM2 nor 
any E3 proteins [15]. We propose that the 
ROS-NQO1-p53 signaling may provide an additional 
fail-safe pathway for cells to respond to oncogenic 
stress. Our current study suggests that NQO1 plays a 
distinctive role in p53 protein level regulation during 
the establishment of OIS. 

It is widely accepted that premature senescence 
is an initial barrier to cell transformation and tumor-
igenesis [35, 36]. In this study, it has been demon-
strated that NQO1 itself is part of the barrier. In addi-
tion, NQO1 C609T polymorphism is significantly as-
sociated with colorectal cancer (CRC) susceptibility 
[37]. In support of this notion, we observed an in-
crease in tumorigenicity of NQO1 depleted cells. 
Combined expression of adenovirus E1A, Ha-RasG12V, 
and MDM2 is sufficient to convert a normal human 
cell into a cancer cell [38]. Our results shows that HDF 
with E1A, RasG12V combined expression and NQO1 
depletion can be transformed more efficiently than 

HDF with E1A and RasG12V expression, suggesting 
that NQO1 depletion has an overlapping function 
with MDM2 activity. This suggested to us that regu-
lations on the MDM2 ubiquitin proteasomes degra-
dation pathway and ubiquitin independent p53 pro-
teasomal degradation are required for an intact se-
nescence barrier. 

Overexpressed NQO1 has been reported in a 
number of cancer cells, as well as solid tumors [18-21], 
which seems conflict with our findings. Actually, 
NQO1 has positive effects on malignant cells that are 
already in neoplastic state [22-24], but, as a part of 
senescence barrier, NQO1 also exhibits an-
ti-tumorigenicity properties during the malignant 
progression by which normal cells evolve to cancer 
cells. 

In conclusion, our results shed some light on the 
mechanisms surrounding NQO1’s role in the senes-
cence barrier. Specifically, we identified that NQO1 
promotes p53 accumulation and thereby reinforces 
the cellular senescence phenotype. Moreover, we also 
confirmed that depletion of NQO1 facilitates cell 
transformation and tumorigenesis. 
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