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BACKGROUND AND PURPOSE
The histone acetyltransferase MOF is a member of the MYST family. In mammals, MOF plays critical roles by acetylating
histone H4 at K16 and non-histone substrates such as p53. Here we have investigated the role of MOF in human lung cancer
and possible new substrates of hMOF.

EXPERIMENTAL APPROACH
Samples of human non-small cell lung cancer (NSCLC) were used to correlate MOF with clinicopathological parameters and
NF–E2-related factor 2 (Nrf2) downstream genes. 293T-cells were used to study interactions between MOF and Nrf2, and
acetylation of Nrf2 by MOF. Mouse embryonic fibroblast and A549 cells were utilized to assess involvement of MOF in
antioxidative and anti-drug responses. A549 cells were used to analysis the role of MOF in anti-drug response in vitro and
in vivo.

KEY RESULTS
hMOF was overexpressed in human NSCLC tissues and was associated with large tumour size, advanced disease stage and
metastasis, and with poor prognosis. hMOF levels were positively correlated with Nrf2-downstream genes. MOF/hMOF
physically interacted with and acetylated Nrf2 at Lys588. MOF-mediated acetylation increased nuclear retention of Nrf2 and
transcription of its downstream genes. Importantly, MOF/hMOF was essential for anti-oxidative and anti-drug responses
in vitro and regulated tumour growth and drug resistance in vivo in an Nrf2-dependent manner.

CONCLUSION AND IMPLICATIONS
hMOF was overexpressed in human NSCLC and was a predictor of poor survival. hMOF-mediated Nrf2 acetylation and
nuclear retention are essential for anti-oxidative and anti-drug responses. hMOF may provide a therapeutic target for the
treatment of NSCLC.

Abbreviations
ARE, antioxidant response element; CDDP, cis-diamminedichloroplatinum; GCLM, glutamate-cysteine ligase modifier
subunit; HO-1, haem oxygenase 1; Keap1, Kelch-like ECH-associated protein 1; MEF, mouse embryonic fibroblast; MOF,
males absent on the first; MSL, male-specific lethal; Nrf2, NF–E2-related factor 2; NQO1, NAD(P)H quinone
oxidoreductase 1; NSCLC, non-small cell lung cancer; 5-FU, 5-fluorouracil
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Introduction
The histone acetyltransferase MOF is a member of the MYST
(MOS, ΚB2/Sas3, Sas2 and TIP60) family of histone acetyl-
transferases, and was first described in Drosophila melanogaster
as an essential component of the X chromosome dosage
compensation male-specific lethal (MSL) complex (Hilfiker
et al., 1997; Akhtar and Becker, 2000). Acetylation of the
histone H4 at K16 in higher eukaryotes is mainly carried out
by MOF (Mellert and McMahon, 2009). The function of MOF
in dosage compensation is mediated by its acetyltransferase
activity (Bone et al., 1994; Hilfiker et al., 1997).

MOF is conserved among higher eukaryotes. Compared
with functions in Drosophila dosage compensation, the roles
of MOF in mammals are less well characterized. In mammals,
MOF is ubiquitously expressed and is clearly targeted to all
chromosomes. Loss of MOF gene in mice causes peri-
implantation lethality, as a result of massive disruption of
chromatin architecture in a wide range of cells (Gupta et al.,
2008; Thomas et al., 2008). In addition, by maintaining
normal chromatin structure, MOF is important for ataxia
telangiectasia mutated-dependent cell-cycle checkpoint con-
trol (Gupta et al., 2005), and transcription activation of
Hox genes in coordination with the H3K4 methyltransferase
MLL (Dou et al., 2005). Loss of MOF leads to severe G2/M
cell-cycle arrest, massive chromosome aberration, and defects
in ionizing radiation-induced DNA damage repair by both
non-homologous end-joining and homologous recombina-
tion (Li et al., 2010; Sharma et al., 2010). All these effects are
mediated by acetylation activity of MOF on H4K16. MOF
may also acetylate non-histone proteins. So far, two non-
histone substrates of MOF have been identified.One of these,
p53 is acetylated by hMOF on its DNA-binding domain
(K120) and helps to distinguish the cell-cycle arrest and apo-
ptotic functions of p53 (Sykes et al., 2006). The other non-
histone substrate of MOF is the TIP5 (K633) subunit of the
NoRC chromatin-remodelling complex (Zhou et al., 2009).
However, the pathophysiological functions of MOF in
mammals remain to be defined. Here we have investigated
the role(s) of hMOF in human non-small cell lung cancer
(NSCLC) and tried to identify new substrates of hMOF.

Oxidative stress is induced by a wide range of factors
including xenobiotic, drugs, heavy metals and ionizing radia-
tion. The transcription factor NF–E2-related factor 2 (Nrf2)
was originally identified as a crucial factor for protecting cells
from oxidative and electrophilic insults (Kaspar et al., 2009).
Under homeostatic conditions, Nrf2 is retained in the cyto-
plasm by the anchor protein Kelch-like ECH-associated
protein 1 (Keap1) and is maintained at a low level by the
Keap1-dependent ubiquitination and proteasomal degrada-
tion system (Kaspar et al., 2009). When cells were exposed to
oxidative or electrophonic stress, the Keap1-dependent ubiq-
uitin ligase activity is inhibited, and Nrf2 can be phosphor-
ylated and then translocated to the nucleus where it binds to
a consensus sequence called the antioxidant response
element (ARE; Jaiswal, 2004; Zhang, 2006; Kaspar et al.,
2009). Nrf2 effector genes bearing ARE include many of the
anti-oxidative and phase II detoxifying enzymes (Jaiswal,
2004). In addition to these enzymes, recent studies have
shown that Nrf2 transactivates a wide variety of genes,
including several ATP-dependent drug efflux pumps (Hayashi

et al., 2003; Vollrath et al., 2006). Activation of Nrf2 in cancer
cells, lung cancer cells for example, increases cell prolifera-
tion and survival from exposure to anticancer drugs (Singh
et al., 2006; Ohta et al., 2008; Homma et al., 2009; Yamadori
et al., 2012). Post-translational modification is important for
Nrf2 activation. Current studies indicate that acetylation of
Nrf2 mediates its activation. Acetylation of Nrf2 by p300/CBP
augments promoter-specific DNA binding of Nrf2 during the
anti-oxidative responses (Sun et al., 2009). Moreover, Sirt1-
mediated deacetylation of Nrf2 regulates its transcriptional
activity and nuclear localization (Kawai et al., 2011).
However, how Nrf2 is regulated in anti-oxidative and anti-
drug responses is not fully understood.

Here we show that hMOF was overexpressed in NSCLC
and associated with tumour size, disease stage, metastasis and
patients’ survival. We found that hMOF bound to Nrf2 and
acetylated Nrf2 at Lys588. hMOF-mediated acetylation pro-
moted Nrf2 nucleus maintenance and regulated anti-
oxidative and drug-resistance responses by facilitating
Nrf2-dependent gene expression. Furthermore, hMOF was
essential for lung cancer growth and drug resistance in vivo.

Methods

Cells and cell culture
WT and Nrf2-KO mouse embryonic fibroblasts (MEF) were
gifts from Xingfen Su of Nanjing University. 293T cells and
NCI-H292 were purchased from ATCC (Manassas, VA, USA).
Human lung cancer cell lines A549 and LC-AI were obtained
from Riken BioResource Center (Tsuba, Japan). 293T, MEF,
A549 and LC-AI cells were cultured in high glucose-
containing DMEM supplemented with 10% FBS, 100
units/ml penicillin and 100 μg/ml streptomycin. H292 cells
were cultivated in RPMI 1640 with 10% FBS, 100 units/ml
penicillin and 100 μg/ml streptomycin. All cells were cultured
at 37°C in a humidified atmosphere containing 5% CO2.

Plasmids
Lysine to arginine (K → R) substitution mutations of Nrf2
were created at Lys588 and Lys591. Nrf2 was mutated at putative
acetylation sites using the QuikChangeTM site-directed
mutagenesis kit from Stratagene (La Jolla, CA, USA). Muta-
tions were confirmed by DNA sequencing. HA-Nrf2WT,
HA-Nrf2K588R, HA-Nrf2K591R and Flag-hMOF cDNAs were
cloned into pcDNA3 vector respectively. The Nrf2 and
Nrf2K588R were also cloned into pGEX-4T-1, a plasmid
expressing in prokaryote.

Transfection and treatment
293T-cells were transfected with plasmids expressing
HA-Nrf2, HA-Nrf2K588R or HA-Nrf2K588R with/without
Flag-hMOF co-transfection with Lipofectamine 2000 (Invit-
rogen, Grand Island, NY, USA) according to the manufactur-
er’s protocol. 293T, mouse embryonic fibroblasts (MEF) and
lung cancer cells were transfected with the MOF/hMOF-
siRNA or NC-siRNA (Santa Cruz Biotech, Dallas, TX, USA)
with Lipofectamine RNAi Max (Invitrogen) according to the
manufacturer’s protocol.
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Generation of lung cancer cell lines stably
expressing hMOF short hairpin RNA
hMOF shRNA, Nrf2 shRNA and Ctrl shRNA retroviruses were
packaged as described previously (Kapoor-Vazirani et al.,
2008; Rachakonda et al., 2010). For transduction, A549 cells
were incubated with virus-containing supernatant in the
presence of 8 mg·mL−1 polybrene. After 48 h, infected cells
were selected for 72 h with puromycin (2 mg·mL−1) or hygro-
mycin (200 mg·mL−1).

Immunoprecipitation (IP) and
immunoblotting (IB)
IP and IB analysis were done using standard protocols as
described previously (Lu et al., 2011). Anti-HA and Anti-Flag
antibodies were purchased from Abcam (Cambridge, MA,
USA). Anti-Nrf2, anti-hMOF, anti-β-actin were purchased
from Santa Cruz Biotech. Anti-ac-K (acetylated lysine) and
anti-histone H3 antibodies were purchased from Cell Signal-
ing Technology (Shanghai, China).

RNA extraction and real-time quantitative
PCR (q-PCR)
Total RNA was extracted from cells or tissues with TRIzol.
q-PCR was performed as previously described (Li et al., 2011).
One Step RT-PCR Kit and SYBR Green were purchased from
TAKARA (Dalian, China). The primers used are listed in Sup-
porting Information Table S1.

Chromatin immunoprecipitation (ChIP)
ChIP was carried out as described previously (Lu et al., 2011)
with anti-Nrf2 antibody. DNA recovered from chromatin
immunoprecipitation was analysed by q-PCR as described
above. The primers used in ChIP/q-PCR are listed in Support-
ing Table 2.

GST pull-down assay
Nrf2 or hMOF sequences were in vitro transcribed and trans-
lated according to the manufacturer’s instructions (Promega,
Madison, WI, USA), and glutathione-S-transferase (GST) pull-
down assays were performed as previously described (Shi
et al., 2006).

Cell viability assay
Cell viability was assayed with the MTT Cell Proliferation and
Cytotoxicity Assay Kit (Beyotime, Beijing, China) according
to the manufacturer’s protocol.

Tumour xenograft experiments
All animal care and experimental procedures complied with
the guidelines of Shanghai Chest Hospital, Shanghai Jiao
Tong University and were approved by the animal ethics
committees of Shanghai Chest Hospital, Shanghai Jiao Tong
University and of Longhua Hospital, Shanghai University of
Traditional Chinese Medicine. All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 64 animals were used
in the experiments described here.

Equal numbers of A549 cells expressing luciferase and
either control or hMOF/Nrf2/Nrf2 + hMOF knockdown
vectors were injected subcutaneously, within 30 min of har-
vesting, over the right and left flanks in male nu/nu mice
between 4 and 6 weeks of age. Tumour growth was monitored
using callipers. For drug-resistance analysis, tumour-bearing
mice received CDPP (5 mg·kg−1, i.p.) treatment or saline
(vehicle/control, i.p.) weekly since day 21 post implantation
for 4 weeks. Tumour size was also quantified by biolumines-
cence imaging. Tumour weight was quantified at the end of
experiment. Eight mice were used in each group.

Patients
This study was approved by the Clinical Research Ethics
Committee of Shanghai Jiaotong University and by the Clini-
cal Research Ethics Committee of Shanghai University of
Traditional Medicine. Full informed consent was obtained
from all 54 patients with NSCLC included in this study. The
diagnosis of lung cancer was established using World Health
Organization morphological criteria. Thirty-five patients
were recruited from the Shanghai Chest Hospital (Shanghai)
and the others were recruited from Longhua Hospital (Shang-
hai). The patients consisted of 39 (72.2%) men and 15
(27.8%) women with a mean age of 61 years. Tumours were
histologically classified into 37 adenocarcinomas and 17
squamous cell carcinomas. Clinicopathological parameters
including age, gender, smoking history, histological grade,
tumour status, lymph node metastasis and histological type
were analysed.

Immunohistochemistry
Tissues were fixed with 4% neutral formalin. Cancer or adja-
cent tissue sections were subjected for immunohistochemical
staining with anti-hMOF antibody. Paraffin sections were
subjected to high-temperature antigen retrieval, 3 min in a
pressure cooker in 0.01 M citrate buffer pH 6.0. slides were
treated with 3% H2O2 for 15min, blocked in 5% normal horse
serum in PBS for 20min, and stained with anti-hMOF anti-
body in 5% normal goat serum overnight at 4°C. Secondary
antibody was used according to Vectastain ABC kits, followed
by DAB staining. The areas of total lung tumors and hMOF-
positive areas were quantified using ImageJ. The average per-
centage of hMOF-positive area was 34%. This value was used
to divide the subgroups of all immunohistochemical vari-
ables in our data. The patients were then divided into two
groups: hMOF high expression group (≥34% hMOF-positive/
total tissue cores, n = 26) and hMOF low expression group
(<34% hMOF-positive/ total tissue cores, n = 28)

In vitro acetylation assay
Wide type and K588R mutant Nrf2 were expressed in E. coli
and the recombinant proteins were purified. In vitro acetyla-
tion assay was performed as described (Lin et al., 2012). The
reaction was performed in 40 μL of reaction mixture contain-
ing 20 mM Tris-Cl, pH 8.0, 20% glycerol, 100 mM KCl,1 mM
DTT and 0.2 mM EDTA, 10 μM TSA, 10 mM nicotinamide,
100 μM acetyl-CoA, and hMOF (SignalChem, Richmond, VA,
USA). After incubation at 30°C for 1 hour, the reaction was
stopped by addition of 10 μL of 5 × SDS sample buffer. The
samples were subjected to SDS–PAGE and Immunoblotting.
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Assessment of intracellular ROS
Intracellular ROS was measured using 2′,7′-dichlorodi-
hydrofluorescein diacetate (DCFH-DA) Kit (Beyotime) accord-
ing to the manufacturer’s protocol. After H2O2 or UV
treatment, cells were washed with PBS and then incubated
with 10 μM H2DCF-DA in PBS for 30 min at 37°C in darkness.
Cells were then harvested and washed with PBS. After cen-
trifugation, cells were resuspended in PBS and analysed with
a FACSCalibur flow cytometer (Becton-Dickinson) with Win-
MDI software at excitation and emission settings of 480 and
525 nm respectively.

Total glutathione quantification
Intracellular total glutathione was quantified using a Total
Glutathione Quantification Kit (Dojindo, Rockville, MD,
USA) according to the manufacturer’s protocol.

Data analysis
All values were expressed as the mean ± SEM of at least three
independent experiments. Statistical differences between two
groups were determined using Student’s t-test. The correla-
tion of hMOF immunoreactivity with patients’ clinicopatho-
logical variables was analysed by the χ2 test or Fisher’s exact
test. The Kaplan–Meier method was used to estimate overall
and disease-free survival. Correlation of survival differences

with hMOF expression was analysed by the log–rank test.
Regression analysis was performed using GraphPad Prism
(version 6; La Jolla, CA, USA). P < 0.05 was considered statis-
tically significant.

Materials
The cis-diamminedichloroplatinum (cisplatin; CDDP), H2O2

and 5-fluorouracil (5-FU) were purchased from Sigma (St.
Louis, MO, USA). Bleomycin was purchased from Nippon
Kayaku (Chiyada-Ku, Japan). The drug and molecular target
nomenclature follows Alexander et al. (2013 a,b).

Results

hMOF is overexpressed in human lung cancer
tissues and correlates with low survival
To study the role of hMOF in human NSCLC, we first ana-
lysed the pattern of expression of hMOF gene in tumour and
adjacent normal tissues from 54 NSCLC patients. hMOF
expression was markedly up-regulated in tumour tissues com-
pared with their matched normal adjacent tissues (Figure 1A).
To further validate these observations, we used immunohis-
tochemistry to analyse hMOF expression in NSCLC tissues.

Figure 1
hMOF was overexpressed in human lung cancer tissues and correlated with lower survival. (A) hMOF mRNA increases in human lung cancer. The
mRNA levels of hMOF in adjacent and cancer tissues from 54 NSCLC patients were analysed with q-PCR. (B) hMOF protein level is up-regulated in
human lung cancer. Paraffin sections of adjacent and cancer tissues from 54 NSCLC patients were subjected to immunohistochemical analysis with
anti-hMOF antibody. (C–D) Kaplan–Meier curve showing high hMOF expression correlates with lower overall (C) and disease-free (D) survival.
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Whereas normal adjacent lung tissues exhibited negligible
hMOF staining, NSCLC tissues had a clear increase in levels of
immunoreactive hMOF protein (Figure 1B). These findings
indicated that hMOF may be involved in human NSCLC. We
therefore analysed correlations between hMOF and clinical
parameters. We found that high levels of hMOF (>34% immu-
nopositive) were associated with metastasis and recurrence
(P = 0.024), tumour size (P = 0.0113) and disease stage (P =
0.0243; Table 1). Patients with low levels of hMOF (<34%
immunopositive) had a longer overall survival than those
with high levels of hMOF (P = 0.0103; Figure 1C). Addition-
ally, hMOF expression was associated with recurrence. High
hMOF expression predicted adverse disease-free survival (P =
0.0295; Figure 1D).

hMOF is correlated with
Nrf2-downstream genes
We next investigated how hMOF might mediate human
NSCLC. The transcription factor, Nrf2 activated NSCLC in
humans and facilitated lung cancer cell proliferation and
drug resistance (Singh et al., 2006; Ohta et al., 2008; Homma
et al., 2009). Further, Nrf2 acetylation and deacetylation are
important for its translocation and activation (Sun et al.,
2009; Kawai et al., 2011). Therefore, we evaluated acetylation

of Nrf2 by MOF and the consequent effects on genes down-
stream of Nrf2, samples of human NSCLC. First, we assessed
the expression of Nrf2 and its downstream genes in lung
cancer and adjacent normal tissues from human NSCLC. The
expression of Nrf2 and its target genes haem oxygenase 1
(HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO1) were
significantly up-regulated in tumour samples compared with
adjacent normal samples (Figure 2A–C). Furthermore, linear
regression analysis indicated that HO-1 and NQO1 levels
were significantly and positively correlated with the level of
hMOF. However, the level of Nrf2 was not related with hMOF
level (Figure 2D–F). These findings suggested that hMOF
might regulate Nrf2 at a posttranslational level. One likely
possibility is that hMOF can acetylate Nrf2, increasing
nuclear retention of Nrf2 and thus facilitate the transcrip-
tional activity of Nrf2 (Kawai et al., 2011).

hMOF physically interacts with Nrf2
If hMOF did acetylate Nrf2 there should be a physical inter-
action between the two proteins. Flag-tagged hMOF (Flag-
hMOF) and HA-tagged Nrf2 (HA-Nrf2) were expressed or
co-expressed in 293T-cells and cell lysates were subjected to
IP and IB analysis. The results revealed that HA-Nrf2 was
associated with Flag-hMOF (Figure 3A) and IB analysis of

Table 1
Clinical characteristic of the patients with NSCLC

Variables Total hMOF low expression hMOF high expression P value

Age (years)

≥60 30 15 15 0.7905

<60 24 13 11

Gender

Male 39 19 20 0.55

Female 15 9 6

Smoking history

Never 22 15 7 0.5756

Ever 32 19 13

Histology type

Adenocarcinomas 37 17 20 0.1429

Squamous cell carcinomas 17 4 13

Tumour size (cm)

≥3 21 6 15 0.0113

<3 33 22 11

Metastasis and recurrence

Present 19 14 5 0.024

Absent 35 14 21

Stage

I 18 14 4 0.0243

II 19 8 11

III 17 6 11

Low expression of hMOF is <34% MOF-positive cells and high expression represents >34 % MOF-positive cells. The P-values less than 0.05
are in bold.
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endogenous Nrf2 also revealed a specific interaction with
exogenous hMOF and vice versa (Figure 3B). Notably, the
hMOF-Nrf2 interaction was augmented by H2O2 treatment
(Figure 3B), suggesting that H2O2-dependent translocation of
Nrf2 to the nucleus facilitates its interaction with hMOF.
However, we also found that hMOF could bind to Nrf2 in
lung cancer tissues (Supporting Information Fig. S1). Next,
we performed in vitro GST pull-down assay to test whether
hMOF can directly interact with Nrf2. The results showed
that hMOF directly interacted with Nrf2 (Figure 3C).

hMOF acetylates Nrf2 and promotes Nrf2
nucleus retention
We next explored whether Nrf2 is a non-histone substrate of
hMOF. We found that hMOF enhanced the acetylation of
Nrf2 (Figure 4A). In addition, H2O2 promoted the acetylation
of Nrf2, and hMOF overexpression significantly up-regulated
Nrf2 acetylation induced by H2O2 (Figure 4B). Conversely,
when hMOF was knocked down, H2O2 was unable to
up-regulate the acetylation of Nrf2 (Supporting Information
Fig. S2a).

hMOF and Sirt1 exert opposing effects on H4K16, p53 and
TIP5 acetylation (Zhou et al., 2009; Dai and Gu, 2010; Hajji

et al., 2010), as Sirt1 deacetylated Nrf2 on Lys588/591 in the
Neh3 region (Kawai et al., 2011). We therefore We created two
mutant Nrf2 structures which could not be acetylated by
MOF, by changing lysine to arginine at Lys588 or Lys591. As
shown in Figure 4C, the K588R mutant, but not the K591R
mutant, was totally resistant to acetylation by hMOF, indi-
cating that hMOF acetylates Nrf2 at Lys588. To exclude the
possibility that other lysine residues could be acetylated by
hMOF, we generated the K588R Nrf2 mutant and cloned the
gene to a prokaryotic vector. We expressed wild-type Nrf2
and the Nrf2 mutant in Escherichia coli and purified the pro-
teins. Further, an in vitro acetylation assay was performed. We
found that hMOF acetylated the wild-type Nrf2, while the
Nrf2K588R mutant could not be acetylated (Figure 4D). This
finding indicates that only the Lys588 of Nrf2 can be acetylated
by hMOF.

Acetylation of Nrf2 regulates its nuclear retention (Sun
et al., 2009; Kawai et al., 2011). We therefore measured the
nuclear retention of Nrf2 in our system. 293T-cells were trans-
fected with control siRNA (si-Ctrl) or siRNA targeting hMOF
(si-hMOF) followed by H2O2 treatment. As shown in
Figure 4E, hMOF knockdown markedly reduced the nuclear
content of Nrf2, under basal and oxidative conditions.

Figure 2
hMOF correlates with NQO1 and HO-1 levels in human lung cancer tissues. q-PCR was performed to analysis the mRNA levels of Nrf2 (A), NQO1
(B) or HO-1 (C) in adjacent and cancer tissues from human NSCLC. The relation between the levels of hMOF and Nrf2 (D), NQO1 (E) or HO-1
(F) in lung cancer tissues was analysed with linear regression analysis.
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Conversely, hMOF overexpression up-regulated Nrf2 levels in
the nucleus (Supporting Information Fig. S2b). Importantly,
hMOF overexpression was not able to increase the nuclear
abundance of the mutant Nrf2K588R (Supporting Informa-
tion Fig. S2c).

MOF regulates Nrf2-dependent oxidative
stress response
The acetylation of Nrf2 is important for its transcriptional
activity, which prompted us to explore whether hMOF facili-
tates the binding of Nrf2 to the promoters of its target genes
and mediates their transcription, and thus regulates oxidative
stress response. As Figure 5A shows, MOF knockdown signifi-
cantly down-regulated H2O2-induced Nrf2 binding to the
promoters of HO-1, NQO1, thioredoxin reductase 1 and
glutamate-cysteine ligase modifier subunit (GCLM). Similarly,
Nrf2-dependent ARE genes were down-regulated under basal
and H2O2-induced conditions when MOF was knocked down
(Figure 5B and data not shown). However, MOF knockdown
did not change the recruitment of HA-Nrf2K588R to ARE
regions, and did not change the expression of anti-oxidative
stress genes in Nrf2−/− MEFs (data not shown), indicating that
the effects of MOF in conditions of oxidative stress were
totally dependent on the presence of Lys588 in Nrf2. As our
results show, the levels of MOF did not affect the mRNA and
protein levels of Nrf2 itself (Figures 5B and 7F). Those results
were consistent with the results in Figure 2D, suggesting that
MOF regulates Nrf2 activity, but not its expression.

To further investigate the function of MOF in the envi-
ronmental stress response, we analysed the effects of MOF on
the cellular response to oxidative (H2O2) or DNA damage (UV

irradiation). Firstly, MOF knockdown increased the produc-
tion of intracellular ROS induced by H2O2 and UV irradiation
(Figure 5C and D). In addition, MOF knockdown increased
the susceptibility of MEFs to H2O2 and UV treatment
(Figure 5E and F). However, MOF knockdown was not suffi-
cient to change intracellular ROS production and sensitivity
of Nrf2–/– MEFs to H2O2 and UV (Supporting Information
Fig. S3). Taken together, these results demonstrated that
MOF participated in stress responses in an Nrf2-dependent
manner.

hMOF regulates drug resistance and cell
proliferation of human lung cancer cells
Overexpression and hyperactivation of Nrf2 contribute to
carcinogenesis and chemo-resistance in a large number of
solid cancers and leukaemia (Ganan-Gomez et al., 2013). Nrf2
has been extensively studied in NSCLC, which is the most
common type of lung cancer and is characterized by a low
sensitivity to chemotherapy. To assess the effects of hMOF on
drug resistance and proliferation of human NSCLC, the
expression of hMOF was knocked down in A549 cells. hMOF
knockdown significantly increased the sensitivity of these
cells to CDDP (Figure 6A) and to two other types of cytotoxic
agent, 5-FU (Figure 6B) or bleomycin (Figure6C). We also
assessed the effects of hMOF knockdown on the growth
of A549 cells in the absence of any cytotoxic agent and
found that the proliferation of these cells was markedly
decreased (Figure 6D). Those results are paralleled with Nrf2-
knockdown (Homma et al., 2009).

To explore whether Nrf2 is essential for the effect of
hMOF, we assessed the effects of hMOF on LC-AI and

Figure 3
hMOF interacts with Nrf2. (A) hMOF can interact with Nrf2. Plasmids expressing HA-Nrf2 or Flag-hMOF were transfected or co-transfected into
293T-cells. 48 h after transfection, total proteins were subjected to IP and IB analysis with indicated antibodies. (B) H2O2 promotes the interaction
between hMOF and Nrf2. 293T-cells were transfected with plasmids expressing HA-Nrf2 or Flag-hMOF. Thirty-six hours later, the cells were left
untreated or were treated with 100 μM H2O2 for additional 12 or 24 h. Cell lysates were subjected to IP and IB analysis with the indicated
antibodies. (C) GST pull-down assay showing Nrf2 binds directly to hMOF. In vitro Nrf2 bound purified recombinant GST-hMOF. GST served as
the pull-down control. Equal amounts of input Nrf2 were measured by CBB staining, while the pull-down products were detected with anti-Nrf2
antibody.
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NCI-H292, two lung cancer cell lines expressing low levels of
Nrf2 and less resistant to CDDP treatment, compared with
A549 cells (Homma et al., 2009), but their expression of
hMOF is as high as in A549 cells (Homma et al., 2009 and
Supporting Information Fig. S4e). The results showed that
hMOF knockdown did not change the sensitivity of LC-AI
and NCI-H292 cells to CDDP (Supporting Information
Fig. S4a and b) or their basal proliferation, i.e., in the absence
of cytotoxic agent (Supporting Information Fig. S4c and d).

hMOF regulates expression of self-defence
genes in lung cancer cells
Several studies have shown that the development of drug
resistance is related to the expression of self-defence genes
such as those encoding drug metabolizing enzymes, drug
efflux transporters and antioxidant enzymes. Nrf2 regulated

the expression of such self-defence genes in human NSCLC
(Homma et al., 2009). In our experiments, we found that
CDDP treatment of A549 cells induced expression of gens for
antioxidant enzymes (heavy and light subunits of γ-glutamyl
cysteine synthetase (GCLC and GCLM), HO-1, glutathione
reductase and glutathione peroxidase 2), xenobiotic metabo-
lism enzymes (NQO1, thioredoxin and thioredoxin reductase
1) and ATP-dependent drug efflux pumps (multidrug
resistance-associated protein 1 and 2 and ATP7A; Figure 7A–
C). When hMOF was knocked down, the basal and CDDP-
induced expression of those genes were markedly reduced
(Figure 7A–C). We also found that CDDP enhanced Nrf2
binding to hMOF and thus increased Nrf2 acetylation, which
was reduced by hMOF knockdown (Figure 7E–F). However,
we did not observe any changes in expression of self-defence
genes when hMOF was knocked down in LC-AI and NCI-
H292 cells (data not shown).

Figure 4
hMOF acetylates Nrf2 and promotes its nuclear retention. (A) hMOF acetylates Nrf2. Plasmids expressing HA-Nrf2 and Flag-hMOF were
transfected respectively or together into 293T-cells for 48 h. Cell lysates were subjected to IP and IB analysis with indicated antibodies. (B) H2O2

promotes the acetylation of Nrf2 by hMOF. 293T-cells were transfected with plasmids expressing HA-Nrf2 with/without Flag-hMOF. Thirty-six
hours later, the cells were left untreated or were treated with 100 μM H2O2 for additional 12 h. Then, cell lysates were subjected to IP and IB
analysis with indicated antibodies. (C–D) hMOF acetylates Nrf2 at lysine 588. (C) 293T-cells were transfected with the plasmids expressing the
indicated proteins. Forty-eight hours post-transfection, cells lysates were subjected to IP and IB analysis with indicated antibodies. (D) Recombi-
nant wide-type Nrf2 and Nrf2K588R proteins were expressed in Escherichia coli, and the purified proteins were subjected to in vitro acetylation
with/without recombinant hMOF. The products were subjected to IB analysis with indicated antibodies. (E) hMOF promotes Nrf2 nuclears
retention. 293T-cells were transfected with control siRNA (NC-siRNA) or siRNA targeting hMOF (hMOF-siRNA) for 36 h. Then the cells were treated
with or without 100 μM H2O2 for 12 h. The nuclear and cytoplasmic proteins were subjected to IB analysis with the indicated antibodies.
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Figure 5
MOF knockdown reduces Nrf2-dependent gene expression and anti-oxidative response. (A) MOF knockdown decreases Nrf2 binding to the
promoters of its downstream genes. MEF cells were transfected with negative control siRNA (NC-siRNA) or MOF-siRNA for 36 h (knockdown
efficiency was shown in Figure 3E) and followed by 100 μM H2O2 treatment for 12 h. Then cells were subjected to chromatin IP (ChIP) and q-PCR
analysis with indicated antibodies and primers, respectively. **P < 0.01; significantly different from Ctrl + H2O2. (B) MOF knockdown reduces the
expression of Nrf2-downstream genes. The total RNA of the cells in (A) was subjected to q-PCR analysis with indicated primers. *P < 0.05, **P <
0.01; significantly different from Ctrl; #P < 0.05, ##P < 0.01; significantly different from Ctrl + H2O2. (C–D) MOF knockdown increases intracellular
ROS induced by H2O2 (C) and UV (D). MEF cells were transfected with NC-siRNA or MOF-siRNA for 24 h and then the cells were treated with
100 μM H2O2 or 2 Jm−2 UV-C irradiation. Intracellular ROS was measured with DCFH-DA at the indicated time points. (E–F) MOF knockdown
decreases cell survival following treatment with H2O2 (E) or UV (F). MEF cells were transfected with NC-siRNA or MOF-siRNA for 24 h and then
the cells were treated with 500 μM H2O2 or 10 Jm−2 UV-C. The cell survival was measured with MTT method at the indicated time points. *P <
0.05, **P < 0.01; significantly different from Ctrl.
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Because GCLC and GCLM are rate-limiting enzymes for
glutathione biosynthesis, we then quantified total intracellu-
lar glutathione levels in A549 cells. hMOF knockdown sig-
nificantly reduced basal and CDDP-induced synthesis of
glutathione (Figure 7D).

hMOF regulates tumour growth and drug
resistance in vivo
Because hMOF can regulate stress response and drug resist-
ance in vitro, and the high level of hMOF predicts poor sur-
vival, we wanted to know whether hMOF can regulate drug
resistance in vivo. We therefore generated A549 cells consti-
tutively expressing shRNA targeting hMOF or Ctrl shRNA and
injected them subcutaneously over the right and left flanks in
male nu/nu mice between 4 and 6 weeks of age. Tumour
growth 4 weeks after implantation was less in the mice

bearing A549 cells with hMOF knockdown (Figure 8A). In
tumour-bearing mice treated with CDDP, the mean tumour
weight in the Ctrl shRNA group decreased to 63%, whereas
the mean tumour weight of hMOF shRNA group decreased
to 22% (Figure 8B). Similar results were obtained in biolumi-
nescence imaging analysis (Figure 8C and D). Finally, we
showed that hMOF knockdown did not induce additional
reduction of cell growth either with or without CDPP treat-
ment when Nrf2 was silenced (Figure 8E), indicating that
Nrf2 is an essential component of the response to hMOF in
tumour cells.

Discussion and conclusions

In this study we found that hMOF was overexpressed in
human NSCLC and was correlted with a poor prognosis. We

Figure 6
hMOF regulates drug resistance and cell proliferation in human lung cancer cells. (A–C) hMOF knockdown enhances drug-induced decrease of
survival. Human lung cancer A549 cells were transfected with NC-siRNA or hMOF-siRNA for 24 h. Then the cells were treated with CDDP (A), 5-FU
(B) or Bleomycin (C) of the indicated concentration for 48 h. Cell survival was monitored by MTT method. (D) hMOF knockdown decreases cell
proliferation. A549 cells were transfected with NC-siRNA or hMOF-siRNA. Cell proliferation was monitored by MTT method at the indicated time
points post-transfection. *P < 0.05, **P < 0.01; significantly different from Ctrl.
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Figure 7
hMOF regulates the expression of drug-defence genes. (A–C) hMOF knockdown reduces expression of self-defence genes. A549 cells were
transfected with NC-siRNA or hMOF-siRNA for 24 h, followed by 5 μΜ CDDP treatment for 48 h. Total RNA was subjected to q-PCR analysis for
the indicated antioxidant genes (A), drug metabolising enzymes (B) and ATP-dependent drug efflux pumps (C). (D) hMOF knockdown reduces
glutathione production. The intracellular total glutathione of the cells in (A) was quantified. (E) CDPP enhances Nrf2 interaction with hMOF. (F)
hMOF knockdown reduces CDDP-induced acetylation of Nrf2. The total proteins in (A) were subjected to IP and IB analysis with the indicated
antibodies. *P < 0.05, **P < 0.01; significantly different fromNC-siRNA; ##P < 0.01, significantly different from NC-siRNA + CDDP.
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Figure 8
hMOF regulates lung cancer growth and drug resistance in vivo. (A) A549 cells constructively expressing sh-RNA targeting hMOF (hMOF shRNA)
were injected in the flank of male athymic nude mice (n = 8). A549 cells expressing Ctrl shRNA were used as control (n = 8). Weekly measurements
were made of the tumours. *P < 0.05, **P < 0.01; significantly different from Ctrl shRNA. (B) Mice bearing hMOF shRNA- or Ctrl shRNA-expressing
A549 cells were treated with CDPP (5 mg·kg−1, i.p.) or saline (vehicle/control, i.p.) weekly after day 21 for 4 weeks. Each treatment group involved
eight tumour-bearing mice. Weight of the tumour was recorded at the termination of the experiment. (C) Tumour size was quantified by in vivo
bioluminescence imaging. (D) Quantitative analysis of total photon flux values. (E) Mice bearing Nrf2-shRNA, Nrf2-shRNA + hMOF shRNA- or Ctrl
shRNA-expressing A549 cells were treated with CDPP (5 mg·kg−1, i.p.) or saline (vehicle/control, i.p.) weekly after day 21 for 4 weeks. Each group
involved eight tumour-bearing mice. Weight of the tumour was recorded at the termination of the experiment. *P < 0.05 significantly different
from Ctrl shRNA + Veh; **P < 0.01, significantly different from Ctrl shRNA + CDPP.
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identified Nrf2 as a novel non-histone substrate of hMOF.
MOF acetylated Nrf2 at Lys588. We showed that MOF pro-
moted Nrf2 nucleus retention and transcriptional activation
by acetylating Nrf2. MOF facilitated anti-oxidative responses
and drug resistance via Nrf2-dependent manners in vitro and
regulated tumour growth and drug resistance in vivo.

MOF plays an essential role in mammals during carcino-
genesis. In comparison with primary cells or normal tissues,
all immortalized human normal and tumour cell lines and
primary tumours showed similar or elevated hMOF level.
Accordingly, MOF overexpression correlates with increased
cellular proliferation, oncogenic transformation and tumour
growth (Gupta et al., 2008). Abnormal gene expression of
hMOF is involved in certain primary cancers, including
breast cancer (Kapoor-Vazirani et al., 2011), renal cell carci-
noma (Wang et al., 2013), ovarian cancer (Liu et al., 2013),
medulloblastoma (Pfister et al., 2008), as well as lung cancers
(Song et al., 2011; Zhao et al., 2013). Song et al. (2011) found
that hMOF mRNA was frequently overexpressed in lung
cancer tissues and that hMOF knockdown led to a significant
inhibition of growth in the Calu-6 cell line. However, the
mechanism underlying the involvement of hMOF inlung
cancer remained unknown. When the present paper was
under preparation, Zhao et al. (2013) reported that hMOF
promoted proliferation, migration and adhesion of NSCLC
cells in vivo, and attributed the effects of hMOF to acetylation
of H4 at K16 and S-phase entry. However, they did not
confirm their conclusions in vivo and in human lung cancer
samples.

Here, we have shown that hMOF was markedly overex-
pressed in human NSCLC tissues compared with normal adja-
cent lung tissues, and that hMOF regulated tumour growth
and drug resistance in vitro and in vivo. High levels of hMOF
were significantly correlated with tumour size, disease stage,
metastasis and recurrence. In addition, hMOF overexpression
predicted decreased overall and disease-free survival. Impor-
tantly, we demonstrated that hMOF expression was signifi-
cantly correlated with the expression of Nrf2-downstream
genes, NQO1 and HO-1, two important genes in carcinogen-
esis and drug resistance (Dinkova-Kostova and Talalay, 2010;
Ganan-Gomez et al., 2013). Our in vitro results strongly sug-
gested that hMOF increased expression of self-defence genes
and facilitated drug resistance and proliferation of human
lung cancer cells. These effects of MOF/hMOF were largely
Nrf2-dependent. Therefore, hMOF may facilitate the devel-
opment and drug resistance of NSCLC, through regulating
Nrf2-dependent genes. Our findings in lung cancer cell lines
and in NSCLC patients have allowed us to identify a novel
mechanism by which hMOF could support the development
of lung cancer.

Plasticity in transcription regulation can be achieved by
dynamic regulation of the chromatin structure, involving
ATP-dependent changes in nucleosome positions, modifica-
tion of histone tails or DNA methylation. Notably, the
modification of transcriptional regulators and factors is also
important. In Drosophila, MOF acetylates H4K16 and other
proteins, including MSL3, a subunit of the dosage compen-
sation complex. Acetylation modulates the interaction of
MSL3 with roX2 RNA (Hilfiker et al., 1997; Akhtar and
Becker, 2000; Buscaino et al., 2003). Posttranslational modi-
fication of the DNA-binding domain of p53 is important for

its role in apoptosis. p53 is rapidly acetylated after DNA
damage and this is catalysed by hMOF and TIP60 (Sykes
et al., 2006; 2009). In addition, acetylation regulates the
interaction of NoRC with promoter-associated RNA (pRNA),
which in turn affects heterochromatin formation, nucleo-
some positioning and rDNA silencing. The acetylation of
NoRC is regulated by MOF (Zhou et al., 2009). Here, we
present data showing that Nrf2 is another non-histone sub-
strate of MOF. Importantly, Nrf2 is the second transcrip-
tional factor identified to be a substrate of hMOF. Such
evidence strongly indicates that MOF regulates transcription
through acetylating both histone (H4K16), and non-histone
proteins, especially transcriptional factors (p53, Nrf2) and
regulators (TIP5, NoRC).

MOF plays important roles in DNA damage repair (DDR)
by modulating recruitment of the DDR protein, Mdc1 (Li
et al., 2010). Several earlier studies have shown MOF to be
involved in many steps of the DDR process (Gupta et al.,
2005; Taipale et al., 2005; Sharma et al., 2010). Also, MOF
interacts with proteins such as the MORF-related gene on
chromosome 15 (Pardo et al., 2002; Garcia et al., 2007),
Ruvb1/2 (Dou et al., 2005; Jha et al., 2008), and DNA-
dependent protein kinase catalytic subunit (Sharma et al.,
2010) that are important for DDR. Acetylation of p53 occurs
rapidly after DNA damage and is catalysed by the MYST
family acetyltransferases, hMOF and TIP60 (Sykes et al.,
2006). In addition, hMOF is important for G2/M cell-cycle
arrest (Gupta et al., 2005; Sykes et al., 2006; Zhao et al.,
2013). Our present evidence showed that hMOF reduced
oxidative stress and induced expression of self-defence genes
to prevent apoptosis and promote survival. Taken together,
those data indicate that MOF is involved in several steps of
oxidative stress, DNA damage repair and apoptosis to
promote cell survival. MOF not only acetylates H4K16,
changes the local chromatin structure and recruits DDR pro-
teins, but acetylates non-histone proteins such as p53 to
regulate cell arrest and apoptosis, and orchestrates responses
to oxidative stress that induces DNA damage by acetylating
Nrf2.

In summary, our present findings uncovered novel
mechanisms in which MOF dynamically interacts with and
activates Nrf2 through acetylation at Lys588. We have pro-
vided additional mechanistic insights into the processes
underlying regulation by MOF of responses to oxidative
damage and of drug resistance in vitro and in vivo. Our
results have also explained how Nrf2 is regulated during
cellular responses to oxidative stress and cytotoxic drug
treatment. Finally, our data suggest that hMOF may serve as
a potential target in developing new drugs for the treatment
of NSCLC.
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Figure S1 hMOF interacts with Nrf2 in human lung cancer
tissues. Proteins from human lung cancer tissues were immu-
noprecipitated with anti-IgG or anti-Nrf2 antibodies. The
immunoprecipitates and input were subjected to IB analysis
with anti-hMOF, anti-Nrf2 and anti-β-actin antibodies.
Figure S2 MOF promotes Nrf2 acetylation and nuclear
retention. (A) hMOF knockdown reduces H2O2-induced
acetylation of Nrf2. 293T-cells were transfected with negative
control siRNA (NC-siRNA) or siRNA targeting hMOF (hMOF-
siRNA) for 36 h and then treated with/without 100 μM H2O2

for additional 12 h. Cells lysates were subjected to IP analysis
and the immunoprecipitates and input were analysed by IB
with indicated antibodies. (B) hMOF overexpression pro-
motes Nrf2 nuclear retention. 293T-cells were transfected
with plasmids expressing Flag-hMOF for 48 h. Nuclear and
cytoplasmic proteins were extracted and subjected to IB
analysis with indicated antibodies. (C) hMOF-mediated Nrf2
nucleus retention depends on K588 of Nrf2. Plasmids express-
ing HA-Nrf2WT or HA-Nrf2K588R were transfected to
Nrf2-KO MEF cells with/without Flag-hMOF co-transfection.
48 h post transfection, nuclear and cytoplasmic proteins were
extracted respectively and subjected to IB analysis with indi-
cated antibodies.
Figure S3 MOF does not affect the intracellular ROS produc-
tion and survival of Nrf2-KO MEFs. (A–B) Nrf2-KO MEF cells
were transfected with NC-siRNA or MOF-siRNA for 24 h fol-
lowed by 100 μM H2O2 (A) or UV (B) treatment for the indi-
cated time. DCFH-DA method was used to analyse ROS level.
(C-D) Nrf2-KO MEF cells were transfected with NC-siRNA or
MOF-siRNA for 24 h followed by 500 μM H2O2 (C) or UV (D)
treatment for 24 or 48 h. MTT method was used to analyse
survival. (E) IB showing the knockout efficacy of Nrf2. (F)
IB showing the knockdown efficacy of MOF. Values are
expressed as mean ± SEM of three independent experiments.
Figure S4 hMOF does not affect survival and proliferation of
LC-AI and NCI-H292 cells. (A–B) hMOF knockdown does not
affect LC-AI and NCI-H292 cell survival. NC-siRNA or hMOF-
siRNA were transfected to LC-AI (A) or NCI-H292 (B) cells for
24 h, and then the cells were treated with CDDP of the
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indicated concentration for 48 h. (C–D) hMOF knockdown
does not affect LC-AI and NCI-H292 cell proliferation.
NC-siRNA or hMOF-siRNA were transfected to LC-AI (C) or
NCI-H292 (D) cells. MTT was used to analysis cell survival
and proliferation. (E) IB result showing Nrf2 and hMOF

protein levels in A549, LC-AI and NCI-H292 lung cancer cells.
Values are expressed as mean ± SEM of three independent
experiments.
Table S1 Primers used for q-PCR analysis.
Table S2 Primers used for CHIP/q-PCR analysis.
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